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INVITED  PAPERS  

DÜNNE ORGANISCHE SCHICHTEN

Von

M. A u w ä r t e r

INSTITUT FÜR ANGEWANDTE PHYSIK, UNIVERSITÄT TÜBINGEN, TÜBINGEN, BRD

U nter Dünnen Schichten versteht m an m eistens anorganische m aterielle Zustände, bei 
denen das Verhältnis

V  olum enatom e  
O berflächenatom e

<  104 ist.

Es g ibt eine Fülle organischer Schichten, w elche diese D efinition ebenfalls erfüllen.
B ei allen Dünnen Schichten beeinflusst die freie Oberflächenenergie das physikalische  

Verhalten.
D ie Biologen haben schon lange festgestellt, dass die Farben vieler Tiere durch Dünne  

Schichten entstehen. D ie N atur benützt ausser der Brechung alle physikalischen M öglich
keiten  zu ihrer Erzeugung. Dafür werden B eispiele angeführt.

Organische langkettige Stoffe wie z.B . Paraffine sind durch hydrophile und hydro
phobe Enden begrenzt. Sie haben auf einer W asseroberfläche ähnliche Strukturen, w ie die 
Lipide in der Membran einer biologischen Zelle. Da ihre Schichtdicke 10 nm  beträgt, sind sie 
ebenfalls unter die Dünnen Schichten einzuordnen. Ihr Aufbau und ihre W irkungsweise werden  
beschrieben.

V on besonderer B edeutung ist die P hotosynthese, von der erwartet wird, dass eine 
W asserstofftechnologie entw ickelt werden kann, welche das Energieproblem  langfristig lösen  
könnte.

A u f einen schwerwiegenden N egativeffekt wird hingewiesen, der durch D ünne organi
sche Schichten auf W asserflächen entstehen kann.

D er V ersuch, m öglichst viele u n d  sehr v e rsch ied en artig e  o rganische 
d ü n n e  S ch ich ten  zu beschre iben , is t fü r  den  P h y sik e r besonders reizvoll. D ass 
beim  vorliegenden  R e fe ra t spezifische biologische P ro b lem e v e rn ach lässig t 
w erden  m üssen , lieg t an  d e r un g en ü g en d en  F ach k en n tn is  des R eferen ten .

D ü n n e , fa s t  ausschliesslich  an o rg an isch e  S ch ich ten  w erden  se it ru n d  
40 J a h re n  in  physik a lisch en  L a b o ra to rie n  m it grossem  A ufw and  an  a p p a ra 
tiv e n  M itte ln  erfo rsch t u n d  en tw ick e lt. Ih re  P ro d u k tio n  fü llt  h eu te  F a b rik e n .

D ie N a tu r  aber sch a fft über R egelsystem e, die in  v ie len  ih re r  E in ze l
h e iten  im m er noch  u n g e k lä r t sind , eine M an n ig fa ltig k e it aus o rgan ischen  
S u b stan zen .

D ie zunehm ende Z u sam m en arb e it zw ischen R iologen, M edizinern , P h y 
sikern  u n d  C hem ikern  fü h r t  bere its  zu  einer Fülle  n e u e r E rk en n tn isse , die 
sich  in  e inem  Ü berm ass an  V erö ffen tlichungen  d o k u m en tie ren . P hysik a lisch e  
F o rsch u n g sm itte l wie das E lek tro n en m ik ro sk o p , das R a s te re le k tro n en m ik 
roskop  u n d  die versch iedenen  O b erfläch en an a ly sen g erä te  h ab en  e rm ög lich t, 
E ig en sch aften  d er G renzflächen  und  d ie  an  ihnen  ab lau fen d en  E rsch e in u n g en
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b esse r v e rs teh en  zu  können . S icher w erden  bei e inem  v e r tie f te n  V erstän d n is  
d e r  en e rg e tisch en  A bläufe  eine  M enge an  A nregungen  au ch  fü r  n ich tb io lo 
g ische Prozesse zu  e rw arten  sein .

E in  w esen tlich e r U n te rsch ied  zw ischen dem  V e rh a lte n  anorgan ischer 
u n d  o rgan ischer R e a k tio n sp a r tn e r  is t die G eschw ind igkeit d e r B ildung  einer 
V erb in d u n g . O rgan ische  R e a k tio n e n  lau fen  fa s t im m er v iel lan g sam er ab  als 
an o rg an isch e .

W enn  es ü b lic h  gew orden  is t, a lle in  k ü n s tlic h  e rzeu g ten  »dünnen S chich
ten «  aus n ah ezu  ausschliesslich  ano rg an isch en  S u b stan zen  diese B ezeichnung 
zu  rese rv ie ren , d a n n  lieg t d a fü r  keine sinnvolle  B eg rü n d u n g  vo r. Alle A rten  
v o n  S ch ich tsy s tem en  u n te rlieg en  p h y sik a lisch en  G esetzm ässigkeiten , die ih re  
E ig en sch a ften  m itb es tim m en . D ies g ilt auch  fü r  solche, d ie  aus lebender 
M ate rie  b es teh en . E s is t d esh a lb  v e rn ü n ftig , eine e rw e ite rte  D efin ition  zu 
geben .

D er B eg riff  »D ünne S chich ten«  um fasse alle m a te rie llen  Z u stän d e , die 
sich  in  A b g ren zu n g  zum  F e s tk ö rp e r  oder e iner F lü ssig k e it d u rc h  ih re  D ü n n e  
u n d  ih re  d ab e i flä c h e n h a fte  A u sd eh n u n g  u n te rsch e id en . E in e  q u a n tita tiv e  
A ussage  lä ss t sich  d u rc h  das V e rh ä ltn is

V o lu m en a to m e  ^

O b erfläch en a to m e
m ach en .

D am it ab e r sind  c h a ra k te ris tisch e  E ig en sch a ften  m it  einem  solchen 
S y stem  gek o p p elt. E s g renz t m it seinen O berflächen  im m er a n  stofflich  frem de 
P h a se n , w obei d as  V olum en im  G egensatz  zum  F e s tk ö rp e r  bee in flu sst w ird . 
D ies g ilt auch  fü r  d ü n n e  S ch ich ten  u n te r  H o ch v ak u u m b ed in g u n g en . Bei 10 _7 P a  
i s t  eine re in e  O berfläche  n a c h  10 ~3 S ek u n d en  m it 1012 A to m en  b ed eck t, die 
w egen  ih re r  O berfläch en b ew eg lich k e it solche P lä tz e  b ese tzen , bei denen  die 
fre ie  O berflächenenerg ie  e in  M inim um  w ird . D iese b ev o rzu g ten  P lä tze  ab e r 
ä n d e rn  sich in fo lge d er G itte rsch w in g u n g en  s tän d ig .

In  einem  M eh rp h asen sy stem  h ab en  die an  d er O berfläche  des F e s t
k ö rp e rs  liegenden  A tom e, Io n e n  oder M oleküle w eniger u m gebende N a c h b a rn  
als im  In n e re n  u n d  deshalb  eine n ic h t v o lls tän d ig e  V a len zab sä ttig u n g .

Die E n e rg ie  eines belieb igen  G esam tsy stem s is t

G =  N G ° +  fG s ,

w o N  die Z ah l d e r A tom e des F e s tk ö rp e rs , G° d ie E nerg ie  eines seiner A tom e, 
Gs die freie O b erfläch en en erg ie  a  p ro  F läch en e in h e it u n d  f  das O b erfläch en 
a re a l b ed eu ten .

Im  G le ich g ew ich tszu stan d  is t G b e s tre b t, sich a u f  e in  M inim um  e in 
zuste llen . D ies is t  be im  F e s tk ö rp e r  n u r  ü b e r eine R e d u k tio n  von  Gs m öglich.
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Abb. 2. Das W eibchen des braunen K olibris (SE L A P IIO R U S R U FU S). D ie  Färbung des 
Gefieders entsteht hauptsächlich durch Interferenzeffekte [4 |.

Abb. 3. Das M ännchen der rotköpfigen Spielart des G oldsam adines (E R Y T IIR U R A  
G O U L D IA E ), dessen Färbung durch Absorption und Interferenz e n tsteh t [5].

Abb. 4. Der Schwalbenschwanz [6]

Abb. 5. 15-fache Yergrösserung eines A usschnittes der F lügeldecke des Schw albenschw anzes 
m it dachziegelartiger Anordnung der Schuppen, in denen Interferenzen die Farben erzeugen

[6].
Abb. 6. Der nordam erikanische Puppenräuber (CALOSOMA SCRUTATOR), dessen Farben 

durch Interferenz und Beugung en tstehen  [7 |.
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D a a im m er positiv  is t ,  w erden in  G renzsch ich ten  zw ischen  versch iedenen  
P h asen  die V a len zk räfte  m ite in an d e r so w echselw irken, dass die fre ie  O ber
flächenenerg ie  v e rk le in e rt w ird. B e s te h e n  die P hasen  au s F lü ssig k e iten  oder 
an d eren  le ich t defo rm ierb aren  K ö rp e rn  wie z. B. G elen, d an n  w erd en  sich 
die G renzflächen  im  G egensatz  zu  F e s tk ö rp e rn  g eom etrisch  nach  k le ineren  
f  än d ern . D ie g ü n stig ste  G eom etrie w äre  die K ugel. Im  In te rface  zw ischen 
den  s ta r re n  F es tk ö rp e rn  tre te n  k o m p lex e  u n d  erhebliche S pannungen  a u f  [1] 
(A bbildung  l a  und  b .)

Phase [3

Phase oi 

Festkörper 

b)
Abb. 1. a) Zwei flüssige Phasen a  und ß , deren Grenzfläche wegen ihrer unterschiedlichen Ober
flächenspannungen gekrüm m t ist; b) zwei Festkörper. Im  Interface treten  wegen der verschie

denen freien Oberflächenenergien Spannungen auf.

B iologische S y stem e w erden w egen  des oft h o h en  W asserg eh a lts  eint 
energe tisch  günstige geom etrische F o rm  annehm en .

E s is t  üb lich , a  be i F lü ssig k e iten  m it O berflächenspannung , b e i F est- 
k ö rp en  m it freier O berflächenenerg ie  zu  benennen .

D ie G rösse der fre ien  O b erflächenenerg ie  is t fü r E le m e n te  u n d  V e rb in d 
ungen  aussero rd en tlich  versch ieden . D e r besonders n ied rig e  W ert fü r  a  bei 
o rgan ischen  S u b stan zen  gegenüber M eta llen  und  O x iden  is t besonders au f
fa llend . D ie d ad u rch  b ed in g te  n ied rig e  energetische W echselw irkung  m ach t 
sich z. B . beim  B egehen  frisch g eö lte r oder gew achste r F ussb ö d en  o ft u n 
angenehm  b em erk b ar.

Als B eispiel des E in flu sses v o n  a  d iene die L eg ie ru n g  P t-A g . Sie h a t  an 
ih re r O b erfläche  eine d u rc h  D iffusion  en ts tan d en e  e in a to m are  S ch ich t aus 
Ag, weil crAg <  crPt. D iese V e rän d e ru n g  in  d er Z u sam m ense tzung  d er F e s tk ö r
p e ro b erfläch e  t r i t t  au ch  d an n  ein, w en n  A g n u r als V erun re in ig u n g  im  P t  e n t
h a lte n  is t.

E s w äre  zu u n te rsu c h e n , ob die an  B lä tte rn  u n d  F rü c h te n  v ieler P fla n z e n  
b e o b a c h te ten  w asserabstossenden  d ü n n e n  O berflächensch ich ten  ebenfalls 
d u rch  die freie O berflächenenerg ie  b e d in g t sind . A uf d er zellfreien, die P flan ze  
v o r A u stro ck n u n g  sch ü tzen d en  A u ssen sch ich t, der K u tik u la , b ild e t s ich  eine 
am orphe W ach ssch ich t. D ad u rch  w erd en  a u f  solchen B lä tte rn  u n d  F rü c h te n
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Tabelle I

W erte der freien Oberflächenenergie <J für M etalle, anorganische und organische Verbindungen

Substanz a (103 Joule/m*) Temperatur (K)

w 2900 2000
Pt 2340 1520
N i (110) 1900 1490
N i (100) 1821 1490
Au 1410 1300

Ag 1140 1180
MgO 1200 298

NaCl 227 298
W asser 72,75 293
Polyvinylchlorid 39 293
Polystyrol 33 293
Polyäthylen 31 293
Polytetrafluoräthylen (Teflon) 18,5 293

k o n ta m in ie r te  schäd liche  V eru n re in ig u n g en  w ie z. B. A eroso le du rch  R egen  
le ic h te r  abgew aschen  als v o n  w achsfreien  P flan zen . B esonders w ich tig  is t  
e in  e rh ö h te r  S c h u tz  vor V e rs to p fu n g  d e r fü r  d en  G asau stau sch  u n e n tb e h r
lich en  S p a ltö ffn u n g en .

Z ur U n te rsu c h u n g  d ieser d ü n n e n  W ach ssch ich ten  b e n ü tz te  R e n t sc h l e r  
[2] d ie  e lek tro n en m ik ro sk o p isch e  P rä p a ra tio n sm e th o d e  d er G efrie rä tzu n g  n a c h  
M o o r  u n d  M ü h l e t h a l e r  [3] a ls einzig b ra u c h b a re .

E rs ta u n lic h  is t  die F ä h ig k e it  der N a tu r , ausser d e r B rech u n g  F a rb e n  
m it  a llen  a n d e ren  d e r P h y sik  b e k a n n te n  M eth o d en  zu e rzeugen , w obei o rg an i
sche  dünne S ch ich ten  selbst o d e r in d irek t T rä g e r  sind. D as R e fe ra t sch liesst 
n ic h t  Ü berlegungen  ein, wie d ie  F a rb en  be i P flan zen  u n d  T ieren  genetisch  
e n ts ta n d e n  s in d  u n d  auch n ic h t  ü b e r  ih ren  Z w eck ausser in  F ä llen , bei denen  
d ie spezifische P h y s ik  die en tsch e id en d e  R olle sp ie lt.

A b so rp tio n , R eflex ion , S treu u n g , In te rfe ren z  und  B eugung , D o ppel
b re c h u n g  u n d  P o la risa tio n  s in d  die M ittel, w elche die N a tu r  an  O berflächen  
u n d  d ü n n en  S ch ich ten  an w en d e t, u m  F a rb e ffe k te  zu gew innen . E inige B ild e r 
so llen  den  E in d ru c k  der V ie lg esta ltig k e it v e rm itte ln .

A bb. 2 ze ig t das W eib ch en  des b ra u n e n  K olibris (S E L A P H O R U S  
R U F U S ), dessen F ä rb u n g  h a u p tsä c h lic h  d u rch  In te rfe ren ze ffek te  e n ts te h t [4].

A bb. 3 ze ig t das M ännchen  d er ro tk ö p fig en  Sp ie lart des G oldsam adine 
(E R Y T H R U R A  G O U L D IA E ), einen P ra c h tf in k  aus dem  N orden  A u s tra 
lien s , dessen F a rb e n  du rch  A b so rp tio n  und  In te rfe ren z  b e d in g t sind  [5].

D er S chw albenschw anz u n d  ein ~  15-fach v e rg rö sse rte r A u ssch n itt aus
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d e r F lügeldecke dieses schönen S ch m ette rlin g s  sind in  d e r  A bbildung  4 bzw . 
5 zu sehen. D ie dachz iegela rtige  A n o rd n u n g  der S chuppen , in  denen  I n te r 
ferenzen  die F a rb e  erzeugen, is t  deu tlich  z u  sehen  [6].

D er n o rdam erikan ische  P u p p e n rä u b e r  (Abb. 6) (CALOSOM A S C R U 
TA T O R ) is t ein  n a h e r  V e rw an d te r  des eu ro p ä isch en  L a u fk ä fe rs  G oldschm ied . 
Seine F ä rb u n g  e n ts te h t  d u rch  In te rfe ren z  u n d  B eugung [7].

K örperfarben  en ts teh en  d u rch  se lek tiv e  A b so rp tio n  an  S to ffen , die 
en tw ed er in  geschlossener F o rm  vorliegen  oder in  der fa rb lo sen  M atrix  e iner 
d ü n n en  S ch ich t k ö rn ig  v e rte ilt  s ind . Die so e ingelagerten  P a rtik e l b eze ich n e t 
die B iologie m it P ig m en t. Solche K ö rp e rfa rb en  allein v e ru rsa c h e n  die F ä rb u n g  
d er B lü ten  u n d  F rü c h te  von  P flan zen  u n d  ih r B la ttg rü n . A uch bei T ie ren  
f in d e t m an  sie h ä u fig . F a rb en  d ieser A rt zeigen keine Ä n d e ru n g  ihres S p ek 
tru m s  bei versch iedenen  E in fa llsw inkeln .

R e la tiv  se lten  f in d e t m an  die m eist m a tte  F ä rb u n g  d u rch  den T vn d a ll-  
effekt. E r  e n ts te h t heim  D u rch g an g  v o n  L ich t du rch  o p tisch  inhom ogene 
M edien, d. h. w enn  die B rech zah l du rch  F rem d k ö rp e r o d e r D ich tesch w an 
k u n g en  in eng b eg ren z ten  B ere ichen  v a r i ie r t .  Die G rösse der F rem d k ö rp e r 
lieg t bei B ru ch te ilen  der W ellen längen  des e in g es trah lten  L ich tes. D ie  I n 
te n s i tä t  des g e s tre u te n  L ich tes is t  p ro p o rtio n a l der Z ah l d e r  s treu en d en  T e il
chen  in  der V olum eneinheit, d em  Q u a d ra t ihres V olum ens und u m g e k e h rt 
p ro p o rtio n a l d er v ie rten  P o te n z  der W ellen länge X. D ass auch in  d ü n n e n  
S ch ich ten  in ten s iv e  S treu fa rb en  e n ts te h e n , w urde  ex p erim en te ll du rch  th e rm i
sche A usscheidung  a to m ar in  e in er A/4 s ta rk e n  M atrix  au s  M gF2 v e r te il te n  
G oldes nachgew iesen . D abei w a r es m öglich , eine S tre u in te n s itä t  zu e rre ich en , 
die d er eines 1 cm  dicken  R ub ing lases e n tsp r ic h t. E in  B eisp iel fü r den T y n d a ll-  
e ffek t sind  die F a rb e n  von L ibellen .

Sehr h äu fig  f in d e t m an  b e i In se k te n , M uscheln, K opffüsslern , F isc h e n  
u n d  beim  G efieder der Vögel Interferenzerscheinungen  a n  d ü n n en  S ch ich ten , 
die ebenso wie d ie  B eugung c h a ra k te ris tisc h e  F arb en  e rgeben . D er S ch w er
p u n k t ih res S p ek tru m s ä n d e rt sich  m it s te ig en d em  E in fa llsw inke l n a c h  k ü r 
zeren  W ellen. D er Biologe b eze ich n et d iese  E rsch e in u n g  m it S ch ille rfarbe . 
V ielle ich t d ien t sie dazu , F e in d e  zu  ir r i t ie re n  u n d  abzusch recken .

In te rfe ren z  e n ts te h t d a n n , w enn s ich  k o h ären te  u n d  lin ear p o la ris ie rte  
W ellen  m it gem einsam en  Schw ingsebenen  ü b erlag ern .

A n jed e r G renzfläche  zw ischen  v ersch ied en en  a b so rp tio n sa rm en  M edien 
w ird  die re f le k tie r te  A m plitude  des se n k re c h t ein fallenden  L ich tes d u rc h  den  
F resn e lk o effiz ien ten

_ n o  n i

n0 +  n x

b e s tim m t, wo n 0 u n d  n x die B rech zah len  d e r  M edien 1 u n d  2 sind . I s t  n 1 n 0, 
d a n n  e n ts te h t e in  P h a se n sp ru n g  von X/2, n ich t jed o ch , w enn  n 1 <7 n„ is t.
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12 M. A U W ÄRTER

E in e  d ü n n e  S ch ich t b es itz t zw ei G renzflächen , an  denen W ellenzüge re f le k tie r t  
w erd en  u n d  sich  ü b erlag ern . E in  schönes B eisp ie l zeig t e ine  Seifenblase, b e i 
d e r fü r  eine P h asen d iffe ren z  v o n  1/2n, wo n  d ie B rechzah l d er S eifenlam elle 
is t , völlige A uslöschung  des e in fa llenden  L ich te s  e n ts te h t.

E in  M eh rsch ich tsy stem  m it abw echse lnd  hohen u n d  n iedrigen  B re c h 
zah len  k a n n  be i geeigneter A n o rd n u n g  zu  h o ch re flek tie ren d en  Spiegeln m it  
ü b e r  99, 90%  R eflex io n sv erm ö g en  füh ren . D ie  dafü r n o tw en d ig e  S ch ich tzah l 
be i B rech zah len  v o n  1,45 u n d  2,4 lieg t b e i 50. Solche S piegel m it g e rin g stem  
A b so rp tio n sv erm ö g en  sind  V orbed ingung  fü r  die E rzeu g u n g  hoher I n t e n 
s i tä te n  bei den  op tisch en  R eso n a to ren  von  L ase rn .

D en  S tra h le n g a n g  in  e in e r M eh rfach sch ich t zeig t sch em atisch  A b b . 7. 
D ie den  p n zu g eo rd n e ten  A m p litu d en  w erd en  du rch  die F o rm eln  fü r p x, p 2, 
p 3 u n d  p n S ch ich ten  w iedergegeben  [8]. (A bb. 8).

Pi

Pz 
П2
---- P3
n3

Pi 

PS

Abb. 7. Strahlengang in einer 4-fachschichtl 
n 0 =  1,0 [Luft, rej =  n3 =  1,38 Mg F2, n2 =  n4 =  2,30 A120 3, к — Schichten, ^ ^ G r e n z 

schichten

*1

'21

Ï r 321

(?21 ~Ь O l Q ' 8  g l  . 

1 O12P10 e *

О32 +  r l  ' в " '* *  .

1—а>зг1 • e- '“*
0<3 +  Г21 • e ~ , a '  .
1 Р з 4 г21 ‘ e  ÍCt*

тр , р - 1 ...2 .1  —
Qp+bP +  rp - i i  — • 2,1 e la|> _ 

1 Qp,p+i Tp—i ,p — 2  2 Д  • e r

Q k,k+ 1 —  —  Q k + i,k  5 

4 n  ,
«k  =  —  • n k ‘ ck ‘ d k  i  ck  =  c ° s  <Pk ;

Abb. 8. D ie  Form eln für das R eflexionsverm ögen eines V ielsch ichtsystem s
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DÜNNE O RG A N ISCH E SCH ICH TEN 13

A bb . 9 g ib t ein  S ystem  von 8 S ch ich ten  au s anorgan ischen  S u b stan zen
m it

n0 =  1,0 (L u ft) , n t =  1 ,38 (M gF2), n 2 =  2,30 (A120 3)

in  a lte rn ie ren d e r F o lge der B rech zah len  n1 u n d  n 2 w ieder und  A b b . 10 zeig t 
die zugehörigen  K u rv e n  der R eflex io n  für 6 u n d  8 Schich ten . D ie Abszisse 
w ird , u m  S ym m etrie  zu erha lten , m it  A/A0 a u fg e trag en , wo A0 die P h asen 
d ifferenz A0/2n u n d  A die von ih r ab w eich en d en  W ellen längen  b e d e u te n  [9].

D ie N a tu r  b ild e t soche S tap e lsy s tem e  in  versch iedener W eise aus. 
A bb . 11 zeig t sch em atisch  ein T e ils tü c k  e in e r E n ten fed er m it M ehrfach 
sch ich ten  aus M elan instäbschen  M  in  der d o rsa len  R inde d R  u n d  A bb. 12 
ih re  A no rd n u n g  in  d e r F ed er [10].

n0

^  ^  ̂ /-/✓ /-#- ❖  "  *  'S  's  Ss Г
/ /  /У zz ZZ ZZ zz zz

Abb. 9. Schem atischer A ufbau eines System s m it 8 Schichten. nn =  1,0 Luft; nl =  n3 =  n5 — n7;
n2 =  n4 =  щ  =  nH; uq =  1.54 Glas

*0
\

Abb. 10. Kurve zu m  System  der Abb. 9

Abb. 11. Schem atische Anordnung von dünnen M elaninschichten
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14 M. A U W ÄRTER

Abb. 12. D ie  Verteilung v o n  dünnen M elaninschichten in  der dorsalen Rinde einer Entenfeder

P u l k e r  u n d  S t e i n b b e c h t  u n te rsu c h e n  die K u tik u la  der P u p p e  des 
S ch m ette rlin g s  E U P L O E A  aus d e r F am ilie  d e r D A N A ID E A . Sie haben  
freund licherw eise  aus ih re r  noch  u n v e rö ffe n tlic h ten  A rb e it in  einem  A u ssch n itt 
ein  B ild  der S c h ic h ts tru k tu r  der K u tik u la  zur V erfü g u n g  geste llt. E s  is t be
w u n d e rn sw ert, m it w elcher P räz is io n  die N a tu r  M ehrfachsch ich ten  aus 
a lte rn ie re n d  an g eo rd n e ten  n ieder- u n d  h o ch b rech en d en  S u b stan zen  a u fb a u t
(A bb. 13).

Solche h o ch re flek tie ren d en  S tru k tu re n  f in d e t m an  in den  A ugen  von 
K o p ffü ssle rn  u n d  M uscheln  m it d isk re te n  S ch ich ten  oder P la tte n  aus G uanin  
(eine P u rin b ase  C5H 5N 50 )  m it d e r B rechzah l na =  1,83 und  dem  n ied rig 
b re c h e n d e n  C y to p lasm a  (nc — 1,34).

A bb ild u n g  14 ze ig t sehr sch em atisch  den A u fb a u  des Auges d er K am m u - 
schel. D as e in fa llende L ich t d u r c h tr i t t  eine S am m ellinse u n d  w ird  d a n n  durch  
d en  R e fle k to r  a u f  d ie R e tin a  k o n z e n tr ie r t. D a seine D icke 6 • 103 n m  b e trä g t, 
b e s te h t  er aus ~  50 E in ze lsch ich ten  [11].

S e lten er t r e te n  be i T ieren  an  d a fü r  geeigneten  S tru k tu re n  F a rb e n  du rch  
B eugung  auf. B eu g u n g  des L ich tes e n ts te h t  im m er d an n , w enn es a n  seiner 
fre ien  A u sb re itu n g  z. B . du rch  eine B lende g e h in d e rt w ird . Langw elliges 
L ic h t w ird  s tä rk e r  ab g e len k t alz kurzw elliges. W eisses L ich t w ird  deshalb  
sp e k tra l  zerleg t. B esonders e in d rü ck lich  is t dies a n  einem  B eu g u n g sg itte r  
d e r F a ll . D abei t r i t t  b e i der W ellen länge 1 ein M ax im um  an In te n s i tä t  bei

d  • sin  a  =  m • ?.

au f, wo d  der G itte ra b s ta n d , a  d e r B eugungsw inkel u n d  m  eine ganze  Z ahl 
b e d e u te t. (0, ^ 1 ,  ^ 2 ,  . . .).

F a rb e n  d u rch  B eugung  zeigen R ip p en q u a llen  (C T E M O P H O R E S ) und  
d ie  S eem aus (A P H R O D IT E  A C U L E A T A ), e in  M eeresw urm , d e r zu den 
V ie lb o rs te rn  g eh ö rt. A n seiner K ö rp e rse ite  t r ä g t  er lange B o rs te n  und  in  
T -ängsrich tung  v e rlau fen d e  C h itin -F ib rillen .

E in  k lassisches B eu g u n g sg itte r  zeigen K äfe r  d e r G a ttu n g  S E R IC A  aus 
d e r F am ilie  d er S C A R A B A ID E A  a u f  ih ren  F lüge ldecken . In  R ic h tu n g  der 
K ö rp e rach se  sind  a u f  ihn en  K erb en  d e r S tr ic h z a h l 8000—10 000 p ro  cm zu

Acta Physica Academiae Scientiarum Hungaricae 49, 1980



DÜNNE O RGA N ISCH E SCHICHTEN 15

Abb. 13. Schn itt durch die K utikula der Schm etterlingspuppe E U P L O E A  aus der Familie 
D A N A ID E A . Die elektronenm ikroskopische Aufnahme wurde von den Herren Dozenten  
R. A. St e in b r e c h t  vom  In stitu t für V erhaltensphysiologie des MP T und H. K . P u lk er , 

Balzers AG, freundlicherweise zur Verfügung gestellt.

Abb. 14. Schem a des Auges der Kam m uschel m it Linse (a) und R eflektor (b) nach M. F. Land

zählen . H ochw ertige  G itte rs tr ic h m a sc h in e n  e rlau b en  höchstens 2 b is  3 m al 
m ehr S trich e  pro cm u n te rz u b rin g e n .

N a tü rlic h  ist die U rsach e  fü r d a s , w as eben m it In te rfe ren z  u n d  B eugung 
b ezeichnet w urde, p h y sik a lisch  d ieselbe, näm lich  die Ü berlag eru n g  v o n  in te r-
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16 M. AUW ÄRTER

fe ren zfäh ig en  W ellenzügen . A lle A r te n  der P L U S IO T IS , die zu  d er bereits 
e rw ä h n te n  F am ilie  S C A R A B A E ID E A  gehören, s in d  besonders fa rb ig e  K äfer. 
S ie h ab e n  ausser einem  re flex ionserzeugenden  V ie lfachsch ich tsystem  noch 
e ine  d ü n n e  C h itin sch ich t in  d er äusseren  K u tik u la , die bis zu  70 %  H a rn 
s ä u re  (2, 6, 8 -trih y d ro x y p u rin )  e n th ä l t .  Diese 1,8 • 103 nm  d icke  Schich t is t
r ic h tu n g so r ie n tie r t. B ed ing t d u rc h  O rien tie ru n g  u n d  D o p pelb rechung  der 
H ä rn sa u re  e n ts te h e n  alle m öglichen  physik a lisch en  E ffek te  w ie zirku lar
polarisiertes L ich t u n d  optische A k tiv itä t .  D er D rehw inkel is t d e r S ch ich td icke 
p ro p o rtio n a l u n d  w e llen längenabhäng ig . D iese äussere  S ch ich t en tsp rich t 
e in em  p e rfek ten  A/2 P lä ttc h e n , U rsach e  fü r d as  z irk u la r p o la ris ie rte  L ich t. 
D ie  aus der O p tik  b e k a n n te n  E x p e rim e n te  zeigen, d iesm al nicht d u rch  In te r 
fe ren z  b ed in g t, in te n s iv e  F a rb en .

A g nes  P o c k e l s  [12] b e o b a c h te te  1891 d as  eigenartige V e rh a lten  von  
K am p fe rm o lek ü len , die sich aus d e r  G renzfläche zw ischen dem  K ris ta ll und  
W a sse r  a u f  der F lü ss ig k e itso b erfläch e  ausb re iten .

S ind  die K rä f te  zw ischen d en  M olekülen eines L ö su n g sm itte ls  u n d  
d e n e n  einer g e lösten  S ubstanz  k le in e r  als die zw ischen den  M olekülen  des 
L ö su n g sm itte ls , d a n n  w erden sich  n ach  dem  G ibbschen  S a tz  d ie  M oleküle 
d e r  gelösten  S u b s ta n z  an der O b erfläch e  des L ö su ngsm itte ls  ansam m eln . D a 
d a fü r  eine k le in ere  A rb e it n ö tig  is t ,  als fü r  d ie M oleküle des L ö sungsm it
te ls , w ird  die O b erfläch en sp an n u n g  des L ösu n g sm itte ls  v e rk le in e r t. S to ff
g ru p p e n  dieses V erh a lten s  sind  K o h lenw assersto ffe  m it lan g en  K e tte n  u n d  
e in e m  po laren  E n d e . Sie heissen  k a p illa ra k tiv e  S u b stan zen . D e r G ibbsche 
S a tz  lä ss t d u rch  M essung d er Ä n d eru n g  der O b e rfläch en sp an n u n g  in A b
h ä n g ig k e it der K o n z e n tra tio n  d ie  S u b stan zm en g e  festste llen . L a n g m u ir  [13] 
k o n s tru ie r te  fü r  so lche M essungen d ie  nach ih m  b en an n te  W aag e . E ines der 
d a m it  gew onnenen  E rgebnisse  e rg a b , dass a lle  p a ra ffin isch en  Stoffe m it 
g e s tre c k te n  K o h le n w a sse rs to ffk e tten  pro M olekül u n d  u n a b h ä n g ig  von der 
L än g e  einen  P la tz b e d a r f  von  0,2 n m 2 benö tigen . D arau s fo lg t, d ass  bei einer 
S c h ic h t d ic h te s te r  P ack u n g  alle M oleküle p a ra lle l zue inander u n d  senkrech t 
a u f  d e r O berfläche  des L ö su n g sm itte ls  s teh en  m üssen . D ie K r a f t  zw ischen 
d e m  h y d ro p h ilen  E n d e  der K e tte  u n d  den O berflächenm olekü len  des L ösungs
m itte ls  is t k le in e r als die B in d u n g  der M oleküle des L ö su n g sm itte ls  zuein 
a n d e r .

W ird  eine so lche o rgan ische m onom oleku lare  Schicht in  d as  L ösungs
m itte l  W asser g ed rü ck t, d an n  f a l te t  sie sich zu  e iner b im o lek u la ren  Schicht, 
in  d e r  ih re  h y d ro p h o b en  E n d e n  gegeneinander u n d  die h y d ro p h ile n  E n d en  
w ied e r n ach  dem  L ö su n g sm itte l g e rich te t sind . A n  solchen S ch ich ten  w urde 
ü b rig e n s  von  L a n g m u ir  und  B l o d g e t t  R eflex io n sv erm in d eru n g  b eo b ach te t.

E ine  F a ltu n g  v o n  P hospho lip idm olekü len  m it ih ren  a m p h ip o la ren  E igen
sc h a fte n  zeigt A b b . 15. Die so k ü n s tlic h  h e rg es te llte  D o p p elsch ich t h a t eine 
Ä h n lich k e it m it d en  M em branen  bio logischer Zellen  [14].
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a)
hydrophiler Kopf hydrophober Schwanz

i
Abb. 15. Phospholipidm olekül (a ) und Bildung einer Phospholipidm em bran (b) nach M. H öfer

U n te r  einer so lchen Zelle v e rs te h t  m an  einen B ere ich  aus k e rn h a ltig em  
Z y to p lasm a , der d u rch  eine ihn  u m h ü llen d e . M em bran  gegenüber d e r  U m 
gebung ab g eg ren z t is t. In n e rh a lb  d ieses B ereiches lieg t be i den  m e is ten  Zell
a r te n  d e r Zellkern  u n d  versch iedene O rganellen , die w ieder von M em b ran en  
um geben  sind . Ih re  D ick e  is t ~  10 n m . Sie gehören dem nach  gem äss der 
g em ach ten  D efin ition  zu  den  d ü nnen  S ch ich ten .

D ie Zelle is t der E lem en ta ro rg an ism u s des L ebens u n d  die Z e n tra le  der 
E n erg iekonversion  ü b e r die P h o to sy n th e se . D urch  ih re  M em branen  erfo lg t 
d er S to ffau s tau sch  zw ischen  der U m g eb u n g  und  dem  In n e re n  der Z elle  über 
v e rsch ied en artig e  W ege.

D er B au  einer E in h e itsm e m b ra n  is t  in  A bb. 16 seh r sch em atisch  d a r
geste llt [15]. Die h y d ro p h ilen  K öpfe d e r  M oleküle d e r b im o lek u la ren  L ip id 
sch ich t s in d  nach  aussen  o rien tie rt. S ie w erden  au f b e id e n  Seiten  m it  u n te r 
sch ied lichen  P ro te in sch ich ten  b ed eck t. A usserdem , n ic h t  in  der A b b ild u n g  
e ingezeichnet, d u rch d rin g en  P oren  d ie  M em bran  u n d  P ro te in m o lek ü le  m it 
ih ren  h y d ro p h ilen  E n d e n  d u rch sto ssen  die L ip id sch ich ten  oder sie s in d  m it 
den  h y d ro p h o b en  E n d en  in  diese e in g e b a u t.

Abb. 16. M odell der E inheitsm em bran m it bim olekularer Lipidschicht (a) bedeckt m it assym - 
m etrischen P roteinschichten (b,) und (h.,)
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D ie tie risch en  u n d  p flan z lich en  Zellen e n th a lte n  ein R ö h ren sy stem , 
d essen  W a n d u n g en  aus E in h e itsm em b ran en  b e s te h e n  u n d  d ie  Z ellm em bran  
m it  d er K e rn m e m b ra n  v e rb in d e n . Dieses en d o p lasm atisch e  R e tik u lu m  ge
n a n n te  S ystem  e rfü llt  A ufgaben  des Stoffw echsels.

D er F e in b a u  d er M ito ch o n d rien , ein  m eisten s lan g g estreck tes  Zell- 
o rg an e ll m it e in e r L änge  von  103 n m  und einem  D urchm esser v o n  102 nm  is t  
r e la t iv  g u t b e k a n n t. A b b ildung  17 [16] zeig t, w ied er sehr sch em atisch , ih ren  
A u fb a u . V on d en  zwei M em b ran sy stem en  h a t  die innere M em bran  F a lte n  
u n d  rö h ren fö rm ig e  G ebilde. Sie b e s te h t aus h y d ra tis ie r te n  P ro te in -  u n d  f e t t 
a r tig e n  L ip o id sch ich ten . Die M itochondrien  s in d  die T räg e r d er A tm u n g s
fe rm e n te . D u rch  O x y d a tio n  d e r N äh rsto ffe  w ird  E n erg ie  gew onnen , die h a u p t
säch lich  fü r  die S y n th ese  v o n  A d e n o s in tr ip h o sp h a t, einer b e im  Stoffw echsel 
u n d  der P h o to sy n th e se  b eso n d ers  w ich tigen  S u b stan z , v e rw e n d e t w ird. I h r  
g ro sser A nteil an  d e r Zellm asse b is  zu  25%  lä ss t ih re  B ed eu tu n g  fü r  die E x is 
te n z  der Zelle a h n e n .

E in  anderes Z ellorganell i s t  d e r G o lg i-A p p ara t. E rb e s te h t  aus ü b e re in 
a n d e r  g esch ich te ten  flachen , w ied er m it M em branen  u m h ü llte n  R äum en . 
Sie d ienen  d azu , S toffe, die im  z y to p la sm a tisch en  R au m  d u rc h  eine Ü b e r
p ro d u k tio n  sch äd lich  w erden , au fzu n eh m en , zu  iso lieren  u n d  au s der Zelle zu  
e n tfe rn e n  (A bb. 18).

D ie k a u m  fassb a re  B e d e u tu n g  der b io logischen  M em branen  und  ih re  
F u n k tio n e n  so llte  m it dieser k u rz e n  und  frag m en ta risch en  D ars te llu n g  gezeigt 
w erd en .

A bb. 17. M itochondrium  (a) und das Schnittb ild  (b) m it schem atisch gezeichneter Doppel
m em bran (nach J . P f e if f e r  [15])

О О

A bb. 18. Schem atischer Schnitt durch den Golgi-Apparat m it G olgi-Zisterne (a) und Golgi- 
V esikel (b) (N a ch  G. V ogel und H . A n germ a n n )
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B eim  S to ff tra n sp o rt d u rch  die Z e llm em bran  w erd en  M oleküle e iner 
S u b stan z  v o n  einem  K o m p a rtim e n t in  e in  anderes ü b  e r g e fü h rt. D ab e i k a n n  
E nerg ie  aus dem  S toffw echsel b e n ö tig t w erden . D er V organg  h e iss t d a n n  
a k tiv e r  T ra n sp o r t  im  G egensa tz  zum  sp o n ta n  ab lau fen d en , dem  p ass iv en  
T ra n sp o rt.

D ie D iffusion  d u rc h  die M em bran  is t  eine A r t des S to fftra n sp o rts . 
D a  die M em bran  w egen ih re r  b im o lek u la ren  L ip id s tru k tu r  fü r h y d ro p h ile  
S u b stan zen , also au ch  fü r  das lebensw ich tige  "Wasser, eine B a rrie re  
b ild e t, w ird  angenom m en , dass sich in  d e r M em bran  P o ren  b e f in d e n , 
die sich fü r  einen g e s te u e rte n  D u rch g an g  von  W asserm olekü len  u n d  
seinen  Io n e n  eignen.

A usserdem  w ird  n eb e n  den  oft d u rc h  k a ta ly tisc h e  R eak tio n en  b e d in g te n  
V orgängen  ein  S to ff tra n sp o rt d u rch  T rägerm olekü le  angenom m en. D iese m it 
C arrier beze ichneten  P ro te in m o lek ü le , s in d  bere its  e rw ä h n t w orden . Sie 
d u rch d rin g en  die L ip o id sch ich t u n d  e rm öglichen  ü b er eine K o m p lex b ild u n g  
m it den  zu tra n sp o rtie re n d e n  S u b stan zen  a u f  noch  n ic h t gek lä rte  W eise den 
S to ffübergang .

U m  ih re  F u n k tio n e n  erfü llen  zu k ö n n en , sind d ie N ervenzellen , im  
G egensatz  zu  nah ezu  a llen  in  grober N ä h e ru n g  kugelfö rm igen  K örperze llen , 
s ta rk  v e rä s te lt . Sie k ö n n e n  deshalb  aus grösseren  B ez irk en  aufgenom m ene 
Im p u lse  an  die o p e ra tiv en  S tellen  w e ite rle iten . D abei a b e r  w ird  g egenüber 
an d eren  Zellen m ehr E n erg ie  v e rb ra u c h t, d ie  n u r  du rch  e rh ö h te n  S toffw echsel 
ü b e r die e x tre m  grossfläch ige M em bran  ge lie fe rt w erden  k a n n .

A uch M uskelzellen h a b e n  infolge ih re r  la n g g es treck ten  F o rm  grosse 
M em branoberflächen . F ü r  ih re  durch  N erven im pu lse  ausgelösten  ra sc h e n  
u n d  s ta rk e n  F o rm ä n d e ru n g e n  w ird  e rh ö h t E n erg ie  b e n ö tig t. Sie w ird  w ied er 
ü b e r den S to ff tra n sp o rt d u rc h  die v e rg rö sse rte  M em bran  zu g efü h rt.

E s w u rd e  bere its  a u f  die fu n d a m e n ta le  B ed eu tu n g  der b io logischen  
Zellen g rü n er P flanzen  als Z en tra len  d er E n erg iek o n v ersio n  ü b er die P h o to 
sy n th ese  h ingew iesen.

D ie C h lo rop iasten  (A bb. 19) sind Z ellorganellen , d ie  fre i im  Z ellp lasm a 
ex is tie ren  u n d  ein p ig m en tb ese tz te s  M em b ran sy stem  e n th a lte n , das T h y lak o id . 
In  ih m  sitzen  die G rana  in  S tape lfo rm , w ied er ein  S y stem  aus P ro te in -  u n d  
L ip o id sch ich ten . In  die L ip o id sch ich t s in d  d ie fü r  die P h o to sy n th e se  w irk 
sam en  P ig m en te  aus C h lo rophy ll und  C a rtin o id  e in g eb au t [17]. A n ih n e n  
erfo lg t ü b e r d ie  E in s tra h lu n g  d er S onnenenerg ie  die sehr kom plexe R e a k tio n

6 C 0 2 +  6 H 20  +  hi» —► C6H 12Oe +  6 0 2,

also die B ild u n g  v o n  Z ucker u n d  freiem  S au ers to ff. Ü ber eine w eitere  R e a k tio n s 
k e tte  w ird  Z u ck er in  Eiwreiss, S tä rk e  u n d  Cellulose, die N ah ru n g  d er T ie re  
u n d  B a k te rie n , ü b e rg e fü h rt.
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Die L e is tu n g  d er P h o to sy n th e se  is t  im m ens. Im  J a h r  w erden  v o n  
ih r  1,7 • 1011 T o n n e n  T ro ck en su b stan z  m it e inem  E n e rg ie in h a lt von 3 • 1021 
J o u le  geb ildet.

D ie so gew onnene E n e rg ie  w ird  von  d e r  N a tu r  fa s t  ausschliesslich  zu m  
e rn e u te n  A u fb a u  von  P fla n z e n  g en ü tz t. E s  w äre d esh a lb  in te re ssa n t, die 
R e a k tio n sk e tte  d e r  P h o to sy n th e se  d o rt ab zu b rech en , w o d ie  E nerg ie , s t a t t

Abb. 19. P hotosynthèse
Pflanzenzelle m it Chloropiasten (a) Strom alam elle (b) und Grana m it Lipoidschichten (c) in  die 

Chlorophyll un d  Carotinoid (d) eingelagert sind.
(nach G. V o gel  und H . A n g erm a n n )

z u m  A u fb au  d e r  P flan zen , z u r freien  V erfü g u n g  des M enschen gew onnen  
w erd en  k ö n n te . D iese A u fg ab en ste llu n g  is t  h e u te  eine d e r  g ro ssa rtig s ten  d e r 
F o rsch u n g . Sie w ird  in  v ie len  In s t i tu te n  in te n s iv  b e a rb e ite t [18].

E in  a n d e re r  W eg w ird  v o n  K u h n  u n d  seinen M ita rb e ite rn  [19] als 
m ögliche L ö su n g  vo rgesch lagen  u n d  b e re its  in  g ro ssartig en  ex p erim en te llen  
T e ilsc h ritte n  v e rfo lg t. F ü r  d ie  Ü b erlassu n g  v o n  auch  n ic h t  v e rö ffen tlich ten  
M a n u sk rip te n  sei P ro f. K u h n  g ed an k t.

Sie v e rsu c h e n , den P ro zess  der E n erg iek o n v ersio n  d e r Sonnenenerg ie  
in  chem ische E n e rg ie  so n a c h zu ah m en , d ass  m it k ü n s tlic h  e rzeug ten  d ü n n e n  
S ch ich ten  d e r V organg  d e r D issozia tion  des W assers d u rc h  e in g e s tra h lte  
L ic h tq u a n te n  e rz ie lt w ird  u n d  so fre ier W asse rs to ff gew onnen  w erden  k a n n . 
D a z u  m uss m a n  das G ru n d p rin z ip  des E lek tro n en k re is lau fe s , wie er in  d e r 
P fla n z e  s ta f f in d e t , an  solchen k ü n stlich en  M em branen  rea lis ie ren . D ie d ü n n e n
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S ch ich ten  se lb st w erden  m it der gleichen M ethode e rzeu g t, wie sie b e re its  
bei der H e rs te llu n g  e in e r b ipo laren  L ip id sch ich t besch rieb en  w u rd e . A n 
ih re r  Stelle w erd en  S ch ich ten  aus d a fü r geeigneten  F a rb s to ffm o lek ü len  v e r
w endet.

Sollte es a u f  dem  e inen  oder a n d e ren  W eg gelingen , freien W asse rs to ff  
zu gew innen, d a n n  w äre  das E nerg iep rob lem  fü r im m er lösbar.

D ünne o rgan ische S ch ich ten  sind  e legan te  S tu d ien o b jek te  v ie lse itig e r 
A rt. Es w ar d esha lb  zu e rw arten , dass d ie  Chem ie diese A rt eines m a te rie llen  
Z u stan d es fü r  die L ösung  re a k tio n sk in e tisc h e r P rob lem e ü bernom m en  h a t .

Die M ethoden  d e r V erdam pfung  u n d  Z e rs täu b u n g  von  M eta llen  bei 
g leichzeitiger K o n d e n sa tio n  einer o rgan ischen  S u b stan z  u n te r  H o c h v a k u u m  
u n d  als d ü n n e  S ch ich t ö ffnen  der Chem ie M öglichkeiten  zu n e u a rtig e n  S y n 
thesen .

M eta lla to m e besonders der U bergangsm eta lle  h a b e n  im  F e s tk ö rp e r  eine 
s ta rk e  W echselw irkung . D ie E nerg ie des fre ien  M eta lla tom s aber is t grösser. 
D eshalb  is t zu e rw arten , dass sein E in b au  in  eine ano rgan ische  oder o rgan ische  
S u b stan z  als isoliertes A to m  zu R eak tio n en  fü h rt, die au ch  bei tiefen  T em p e
ra tu re n  ab lau fen . In  d en  le tz te n  J a h re n  h ab en  solche U n te rsu ch u n g en  bei 
o rgan ischen  S y n th esen  w esen tliche  E rfo lge e rb rach t, so dass von einer n eu en  
Chem ie gesprochen  w ird .

E ine  Z u sam m en fassu n g  a p p a ra tiv e r  u n d  ex p erim en te ller E rgebn isse  a n 
lässlich  eines 1974 s ta ttg e fu n d e n e n  Sym posium s geben  einen e rs ten  Ü b e r
b lick  [20].

W ie b e re its  besch rieb en , e n ts te h t n ah ezu  v o lls tän d ig  der freie S a u e r
s to ff  als F o lg ep ro d u k t d e r  P h o to sy n th ese , w obei w ie e rw äh n t L a u b b ä u m e  
u n d  besonders die A lgen H a u p tp ro d u z e n te n  sind. D er V erb rau ch  a n  S a u e r
s to ff  w ird  d u rc h  die V erb ren n u n g  der fossilen  V orrä te  so gesteigert, dass in  
en tw ick e lten  L ä n d e rn  die S au ersto ffb ilan z  n eg a tiv  gew orden  is t. D ie  Z er
s tö ru n g  der R eg en w äld er d er tro p isch en  Zonen d u rc h  R a u b b a u  u n d  Zer- 
sied lung  w ird  in  u n v e ra n tw o rtlic h e r  W eise gesteigert.

D ünne o rgan ische S ch ich ten  z. R . aus Ö len h ab en  die E ig en h e it, w egen 
der m eist geringen  L ö slich k e it u n d  k le inen  O b erfläch en sp an n u n g  g eg en ü b er 
W asser, G ew ässer m it e in er d ü nnen  S ch ich t, die e in m o lek u la r sein k a n n , zu 
bedecken . D ies is t  m e istens in  K ü s te n n ä h e  des M eeres d e r F all. D a m it w ird  
d er in  einem  G leichgew ich t stehende S to ffau s tau sch  zw ischen  A lgen, W asse r 
u n d  A tm o sp h äre  b e la s te t. D ies aber fü h r t  zu einer G efäh rd u n g  der M eeres
flo ra  u n d  F a u n a  m it a ll den  v o rau ssch au b a ren  N eg ativ effek ten . W as die 
N a tu r  m it e iner V ielfalt v o n  d ü nnen  S ch ich ten  zu leb en strag en d en  S y stem en  
en tw ick e lte , z e rs tö r t der M ensch w ieder d u rch  von ih m  v e ru rsach te  d ü n n e  
Sch ich ten . So e rw äch st fü r  R iologen, C hem iker, P h y sik e r u n d  In g en ieu re  die 
A ufgabe, a u f  die fü r den  n ich t F a c h o rie n tie rten  schw ierig  ü b e rsch au b a ren  
G efahren  au fm erk sam  zu m achen  und  se lb st m itzu w irk en , ihnen  zu begegnen .
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METASTABLE STATES IN GASES WITH LIVES 
OVER 24 HOURS

B y

D j. A. B o s a n , M. M. P e j o v i c

FACULTY OF ELECTRONIC ENGINEERING, NI§, YUGOSLAVIA 

and

M. V. V u jo v ic

BORIS KIDRICH INSTITUTE OF NUCLEAR SCIENCES, BEOGRAD. YUGOSLAVIA

These investigations were conducted in order to study the behaviour and lifetim e of 
m etastab les in various vapours and gases including noble gases as well as H , and N 2. M eta
stables were detected by tim e delay m easurem ents o f electrical breakdown in gases (th is being 
caused by secondary em ission from  the deexcitation  of m etastables at the cathode.) I t  was 
confirm ed that m etastable states at pressures sm aller than 1 bar deexcite exponentia lly  w ith  
a half-life o f 50 m in and under certain conditions even  an order o f m agnitude longer. The 
decrease of lifetim e w ith the increase of pressure was also confirm ed. A sharp dependence of 
the concentration o f m etastables on electrode tem peratures was discovered. Transport pheno
m ena of m etastables through several meter long glass tubes were observed as well as d eex cita 
tion  by illum ination. New data were obtained on the dependence o f breakdown tim e delays 
and correspondingly on concentrations of m etastables on the type and pressure of the gas f il
ling, shapes and materials o f  electrodes, overvoltages, gas flow rates, tem peratures, etc.

1. Introduction

A tom s an d  m olecules m ay  pass, b y  m eans of ab so rp tio n  o f energy , 
in to  tw o k inds o f ex c ited  s ta te s :

— ex c ited  s ta te s , in  th e  n a rro w er sense, from  w hich  th e y  d ecay  to  
low er energy  s ta te s  b y  e lec tric  dipole ra d ia tio n  (fu rth e r re fe rred  to  as ex c ited  
s ta te s )  an d

— m e ta s ta b le  s ta te s  from  w hich se lec tion  ru les fo rb id  electric  d ipo le 
tra n s it io n s  (fu rth e r re fe rred  to  as m e ta s tab le s ) . M etastab les  m ay  deex c ite  
e lec tro m ag n etica lly  v ia  m echanism s to  w h ich  these se lec tion  ru les do n o t 
ap p ly , such  as e lectric  q u ad ru p o le  or m ag n e tic  dipole ra d ia tio n .

H ow ever, these  ra d ia tiv e  d eex c ita tio n s  are  fa r less p robab le  th a n  th e  
e lec tric  dipole ones. Such deex c ita tio n s ta k e  p lace th e o re tic a lly  in  an  ab so lu te  
v acu u m  an d  p ra c tic a lly  u n d e r  cosm ic space  cond itions. U n d e r rea l e a r th ly  co n 
d itio n s  deex c ita tio n s a re  m o stly  done b y  o th e r  m echan ism s.

M etastab les deexcite  n o n ra d ia tiv e ly  in  collisions w ith  electrons, a to m s 
an d  m olecules in  a gas or in  collisions w ith  solids such as vessel w alls o r elec
tro d es . T hese d eex c ita tio n s are fa r m ore p ro b ab le  and  ta k e  p lace u n d e r n o rm a l 
e x p e rim e n ta l cond itions.

Acta Physica Academiae Scientiarum Hungaricae 49, 1980



24 D J. A. BOSAN e t al

T ak in g  in to  acco u n t p h en o m en a  s tu d ied  in  th is  p ap er th e  m ost im p o r ta n t  
m e ta s ta b le  d e e x c ita tio n  m echan ism  is th e  seco n d ary  em ission  of ca th o d e  
e lec tro n s.

2. M etastable life  in  gases according to literature

L ife tim es o f  ex c ited  s ta te s  o f a tom s d ecay in g  v ia  e lec tric  dipole ra d ia tio n  
a re  acco rd in g  to  D e l c r o ix  a n d  his cow orkers [1] in  th e  ra n g e  from  1 0 ~ 10 
to  1 0 -2 s.

M etastab les  h av e  a lo n g er ra d ia tiv e  life w hich , acco rd in g  to  l i te ra tu re , 
m o s tly  has v a lu es  betw een  1 0 ~4 an d  10s s. S m ir n o v  [2] cites  th e  d a ta  on 
co n sid e rab ly  lo n g e r life tim es. A l l e n  [3] gives a c h a ra c te ris tic  exam ple  o f 
a lo n g  life tim e o f hyd ro g en  m e ta s ta b le s  w h ich  is 3.5 • 1014 s. T h is is th e  w ell- 
k n o w n  21 cm  ra d ia t io n  in ra d io a s tro n o m y .

C onclusions on  th e  m e ta s ta b le  s ta te  life tim es in  th is  p a p e r  are based  on 
m easu rem en ts  o f  collective e ffec ts  re la te d  to  e lec tric  b reak d o w n  in gases in  
th e  period  a f te r  th e  cu rren t th ro u g h  th e  gas is sw itched  o ff (afterg low  p eriod ). 
M easu red  w ere tim e  spans a f te r  w hich  th e  gas in  a diode com plete ly  re tu rn s  
to  th e  s ta tio n a ry  s ta te  defined  b y  th e  te m p e ra tu re  and  th e  in ten s itie s  o f lig h t, 
ra d io a c tiv e , cosm ic an d  o th e r ra d ia tio n s . T h a t  is th e  period  o f  tim e for w h ich  
th e  reco m b in a tio n  o f  ions a n d  d eex c ita tio n  o f  exc ited  an d  m e ta s ta b le  s ta te s  
ta k e  place u p  to  th e  degree w h en  th e y  c a n n o t con sid erab ly  in fluence  th e  
b reak d o w n  an d  o th e r  m acroscopic  e lec trical ch a rac te ris tic s  o f  a gas. In  th is  
p a p e r  th is  is re fe rre d  to  as th e  “ to ta l  reco v ery  tim e ”  r r.

T he to ta l  gas recovery  tim e  r r a fte r th e  b reak d o w n  has been  in v e s tig a te d  
e x te n s iv e ly  u n d e r  various co n d itio n s  an d  th e  o b ta in e d  va lu es  w ere, as a ru le , 
b e tw een  10~10 a n d  1 s.

McCa n n  a n d  Clark  [4] f in d  th a t  a f te r  th e  b reak d o w n  a t  large gaps in  
a ir  t r is a b o u t 14 m s. St r ig e l  [5], H a g e n g u t h  [6, 7] a n d  m any  o th e r  in 
v e s tig a to rs  w ho , because o f th e  fu n d a m e n ta l c h a rac te r  o f  th is  p rob lem  fo r 
e lec tro en erg e tic s , d id  in v es tig a tio n s  for th e  la rg e s t w orld  com panies o f  elec
t r ic a l  eng ineering , o b ta in  re su lts  o f th e  sam e o rd er o f m ag n itu d e . F ro m  th e  
B u t k e v i c h ’s m o n o g rap h y  [8] i t  can  be seen th a t  a fte r b reak d o w n  in pow er 
lines up  to  500 kV  d e io n iza tio n  tim es w ere m easu red  to  be  below  1 s. A fte r  
P o lá k  [9], Ma,l k i n  [10] an d  o th e rs  th e  m easu red  tim es xr in  p lasm a physics 
w ere  also fa r  be low  1 s and a re  m o stly  be tw een  10 _0 and  1 0 -3  s.

S im ilar r e s u lts  were o b ta in e d  in  in v es tig a tio n s  of th e  a. c. e lectric  a rc  
(S i s o j a n , [11 ]) ,  a n d  also o f  v a rio u s afte rg lo w  p h enom ena  [12] an d  o th e r  
specific  in v e s tig a tio n s  ca rried  o u t b y  BouciQUÉ and  h is cow orkers [13],  
H e r t z  [14], J a b l o n s k i j  an d  J a n k i n  [15], e tc .

In  th e  sam e  range w ere also th e  Tr v a lu es  o b ta in ed  in  m easu rem en ts  
o f  e le tric  c h a rc te ris tic s  of gas filled  e lec tron  tu b e s  described  b y  K ag ano v  [16],
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P h il ip s  D a ta  H a n d b o o k  [17, 18], F o g el jso n  a n d  cow orkers [19], K no ll  an d  
E ic h m e ie r  [20], B r a n d t  and  T ih o m ir o v  [21], e tc .

T he longest to ta l  recovery  tim es  w ere o b ta in e d  b y  th e  m eth o d  o f tim e  
d e lay  m easu rem en t o f  e lec trical b reak d o w n  in  gases. P rio r to  th e  ex p erim en ts  
described  in  th is  p a p e r  th e  o b ta in e d  values o f  xr w ere less th a n  10 m in. (BÜGE, 
[22]). T he sam e m e th o d , im p ro v ed  an d  used b y  B osan  a n d  cow orkers ([23] 
e tc .) show ed th a t  xr ]> 24 h.

3. Tim e delay o f electrical breakdown in gases

E lec trica l b reak d o w n  in gases does n o t ta k e  place in s ta n tly  u p o n  ap p ly in g  
a d e fin itiv e  v o ltag e  to  th e  e lec tro d e , b u t  a f te r  a co rrespond ing  delay . T he 
f i r s t  in v estig a tio n s in  th is  fie ld  w ere  re p o rte d  b y  J a u m a n n  in  1895 [24] an d  
W a r b u r g  in  1896 an d  1897 [25, 26]. The f i r s t  m easu rem en ts  w ere carried  
o u t so th a t  th e re  w as o n ly  one m easu rem en t o f  tim e  delay  o f e lec trica l b re a k 
dow n in a gas (td) u n d e r  d e fin ite  co n d itions. T h u s , n o th in g  cou ld  be o b serv ed  
concern ing  th e  s to c h a s tic  c h a rac te ris tic s  of th e  phenom enon . A  clear p ic tu re  
o f  th is  phenom enon  w as given b y  Z u b e r  in  1925 [27] show ing th a t  td va lu es  
are  su b jec ted  to  s ta tis t ic a l  f lu c tu a tio n s  an d  h av e  a d e fin ite  d is tr ib u tio n . 
V ery  d e ta iled  in v es tig a tio n s  o f th e se  p h enom ena  w ere d one  b y  S t r ig e l  
[5, 28], H a g e n g u t h  [6, 7] and  m a n y  o th e r a u th o rs  because o f  th e  im p o rtan ce  
o f  th is  p rob lem  in  e lec troenerge tics. In  1949 W ijs m a n  [29] p u b lish ed  a d e ta il
ed  analysis  of th e  b reak d o w n  p ro b ab ilitie s  in  gases. M any a u th o rs  dealing  
w ith  th e  problem s o f b reak d o w n  tim e  delays re fe rred  to  th is  p ap e r. A n ex 
ten s iv e  p a p e rw ith  m odern  electron ic  d a ta  h an d lin g  was pu b lish ed  byTAGASHiRA 
an d  Sakam oto  in  1969 [30]. A d e ta ile d  su rv ey  o f th is  p rob lem  w ith  th e  la te s t  
re su lts  o f in v estig a tio n s from  th e  p o in t o f v iew  of connec tion  o f  th ese  p h e 
n o m en a  w ith  m e ta s tab le s  was g iven  b y  B o sa n  in  1975 [23] a n d  th e  la te s t  
s itu a tio n  is inc luded  in  th e  m o n o g rap h y  b y  M eeic and Crag g s [31].

F ro m  th e  c ited  l i te ra tu re  i t  can  be seen th a t  th e  p ro b lem  of e lec trical 
b reak d o w n  tim e  delays in  gases w as m ostly  tr e a te d  u n d er co n d itio n s w hen  
th e  v alue  o f td w as betw een  1 0 _e a n d  1 s. T h is tim e m ay , o f  course, h a v e  
m u ch  la rg e r va lues. T he tim e  td, u n d e r  o th e r g iven  cond itions, despends on 
th e  vo ltage  applied  to  diode Uu,. W hen  th e  v o ltag e  Uw in decreasing  ten d s  
to  th e  s ta tic  b reak d o w n  vo ltage  Us, th e  td values te n d  to  in f in ity . L l e w e l l y n - 
J o n e s  [32] gives a th e o re tic a l an a ly sis  o f tim e  delays in h y d ro g en  w ith  Us =  
=  350 V. In  th e  case w hen  Uw is o n ly  0,1 V t h a t  is 0,03 %  sm alle r th a n  Us, 
one o b ta in s  td — 10:i0° s, hav in g  no  p rac tica l significance. H ow ever, from  
th is , one can  see th a t  th e  s ta tic  b reak d o w n  v o ltag e  is v e ry  sh a rp ly  defined  
ow ing to  th e  know ledge o f b reak d o w n  p ro b a b ility  and  delay  processes.
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4. C onditions u n d e r w hich  tim e  delays of e lec trical breakdow n t d
w ere m easu red

As a lread y  m en tio n ed , th e  values o f td can  h a v e  large f lu c tu a tio n s . 
H ow ever, th e  m ean  v a lu es  o f d a ta  o b ta in e d  b y  m easu rem en ts  u n d er id en tica l 
co n d itio n s depend  on  v a rio u s ex p e rim en ta l p a ra m e te rs , b u t  before all on th e

o v erv o ltag e
U ,

100% T he sm aller th e  td va lu e , th e  m ore im p o r ta n t it

is to  h av e  its  e x a c t d e fin itio n . O n th e  o th e r  h an d  fo r la rge  td th e  m easu re 
m e n t p rob lem  is sim p ler, so th a t  w ith  th e  increase o f  td values th e  n eed  of 
a prec ise  d efin itio n  d isap p ea rs . A ccord ing  to  th e  d e fin itio n  given by  T amm  [28] 
th e  tim e  delay  of th e  e lec trica l b reak d o w n  is th e  tim e  e lap sed  from  th e  m om ent 
w h en  th e  app lied  v o ltag e  reaches th e  v a lu e  o f  s ta tic  b reak d o w n  v o ltag e , to  
th e  m o m en t w hen  i t  s ta r ts  to  decrease due to  th e  b reak d o w n  across th e  diode.

R eg ard in g  th a t  longer tim e  delays, such as th o se  betw een  10 ~2 and  
103 s, w ere in v e s tig a te d  b y  th e  au th o rs  o f th is  p ap er, th e  d e fin ition  fo r p rac 
tic a l  reasons w ould  be [23]: t d is th e  tim e  w hich  passes from  th e  m o m en t of 
a p p ly in g  an  o p e ra tin g  v o ltag e  > Uw (w here Uw >  Us) to  th e  diode, u p  to  th e  
m o m e n t w hen  th e  c u rre n t across th e  d iode reaches th e  v alue  of 10 f iA .  Since 
th e  s a tu ra tio n  v a lu e  o f  th e  c u rre n t across th e  diode is above 1 m A , th is  defi
n it io n  d id  n o t a ffec t th e  exac tness o f th e  m easu rem en ts .

As a lread y  kn o w n  (P e n n in g , [33], Me e k  an d  Crag g s, [34] e tc) th e  
tim e  de lay  td inc ludes tw o  p a r ts :

— th e  f irs t  is th e  “ s ta tis t ic a l  tim e  d e la y ”  ts or th e  d elay  of th e  in itia tio n  
o f th e  b reakdow n . T h a t  is th e  tim e  w hich  passes fro m  th e  m o m en t w hen 
v o lta g e  Uw is ap p lied  to  th e  diode u p  to  th e  b eg inn ing  o f  th e  d ischarge  deve
lo p m e n t, i. e. u p  to  th e  ap p earan ce  o f th e  elec tron  w hich  in itia te s  th e  b re a k 
dow n in  th e  gas,

— th e  second is th e  “ fo rm ativ e  tim e ”  tf . T h a t is th e  tim e  of th e  c u rren t 
in c rea se  from  zero (m ore e x a c tly  from  th e  values w h ich  are u su a lly  b e tw een  
10 ~ 19 an d  10 ~8 A) u p  to  a b o u t 10 f iA .  T hus td =  fs -f- tj.

T he s ta tis t ic a l  tim e  d e lay  has a s to ch as tic  c h a ra c te r , and  as show n b y  
L a u e  [35], th e  v a lu es  o f ts o b ta in ed  in  m easu rem en ts  m eet th e  req u irem en ts  
o f  th e  follow ing e q u a tio n : log N t/ N 0 =  — fci, w here  N t is th e  n u m b e r of th e  
m easu red  tim e  d elays w ith  values la rg e r th a n  t, N 0 is th e  to ta l  n u m b e r  o f 
th e  m easu red  v a lu es , t th e  o b ta in e d  va lu es  o f td, к  is a c o n s tan t.

A lth o u g h  L a u e ’s m a th e m a tic a l t r e a tm e n t o f  th is  p rob lem  h a d  to  be 
c o rre c ted  to  som e e x te n t so fa r, i t  has n o t lo s t its  fu n d a m e n ta l sign ificance.

P a r t  o f th e  m easu rem en t d a ta  in  th is  p ap e r h as  been  processed  s ta t is t i 
ca lly  an d  w as in  good ag reem en t w ith  classical L a u e ’s d iagram s o r “ laue- 
g ra m s”  [23]. T he la te s t  processing  aspec ts  o f th e se  d a ta  are g iven  in  th e  
m en tio n ed  Me e k — Craggs m o n o g rap h y  [31].
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F ro m  each g ro u p  of d a ta  o b ta in ed  in  m easu rem en ts  described  here  
a r ith m e tic  m ean  v a lu es  were used  fo r fu r th e r  processing . Such a choice w as m ade 
b ecau se  i t  was show n th a t  th e  sam e resu lts  w ere o b ta in e d  as w hen  th e  m ost 
p ro b a b le  or som e o th e r  c h a rac te ris tic  values are  used  from  each d a ta  group .

T he m easu rem en t cond itions w ere alw ays such  th a t  th e  tim e  tj  w as neg
lig ib ly  sm all w ith  re g a rd  to  ts:

Ь <  tj  ~  h  ■

T h erefo re  from  now  on  we shall m en tio n  only  th e  td va lues.
T he fo rm ativ e  tim e  is also o f  a s to ch as tic  c h a ra c te r  w ith  a d efin ite  

d is tr ib u tio n . Since u n d e r  o p e ra tin g  cond itions If w as m a n y  orders o f m ag n itu d e  
sm alle r th a n  ts, i t  w as n o t necessary  to  consider it.

A ll in v es tig a tio n s  o f e lec trical b reakdow n  in  gases, described  in  th is  p ap er, 
w ere  carried  ou t u n d e r  cond itions exclud ing  th e  p o ssib ility  of th e  ap p earan ce  
o f th e rm o e lec tro n , au to e lec tro n  (field-) an d  p h o to e lec tro n  em ission.

A ll m easu rem en ts  of td va lu es  w ere done on e lectrodes a t  ro o m  te m p e ra 
tu re  excep t one t h a t  w as done on  specially  p rep a red  e lectrodes. A nalysing  
R ic h a r d so n  - D u s h m a n ’s expression  (D u sh m a n  [36], S livk o v  [37]) one can  
co n c lu d e  th a t  u n d e r  o p era tin g  cond itions th e rm o e lec tro n  em ission Teas 
p ra c tic a lly  excluded , an d  th e o re tic a lly  com plete ly  negligible.

A u to e lec tro n  em ission, w hich  is realized  b y  tu n n e l-e ffec t m echanism , 
occu rs in  s trong  e lec tric  fields w hich  are  n o t used  here . A nalysing  th e  p rob lem  
b y  F ow ler-N ordhe im ’s eq u a tio n  i t  can  be concluded  th a t  au to e lec tro n  em ission 
in  th e se  ex p e rim en ts  could be d isreg ard ed  (L o eb  [38], St e e n b e c k  [39], 
B r o d s k ij  [40] e tc).

To elim inate  th e  p h o to e lec tro n  em ission, tu b e s  w ere p ro te c te d  from  
th e  lig h t.

T h e  tu b es w ere  also held  fa r  from  th e  ra d ia tio n  sources o f  rad iow aves 
o f  all frequencies, as w ell as from  X -ra y  ra d ia tio n .

F ro m  all sa id  i t  comes o u t t h a t  in  diodes, in  w hich  a fte r  long  passive  
tim e  m e ta s tab le  s ta te s  d isap p eared , th e  ap p earan ce  o f e lec trons causing  th e  
b reak d o w n  m igh t a rise  only  u n d e r  th e  ac tio n  o f e n v iro n m en ta l rad io ac tiv e  
o r  cosm ic rad ia tio n .

5. Survey o f investigations

T h e described  in v es tig a tio n s  o rig in a te  from  th e  re search  done b y  B o sa n  
[23] in  E lec tron ics In d u s try  (E le k tro n sk a  in d u s tr i ja , fo rm er Z avod i R R ), 
N is (Y ugoslavia) o n  th e  d eve lopm en t o f surge a rre s te rs . T he in v es tig a tio n s  
w ere done on d iodes filled  w ith  H e , N e, A r, K r, X e , H 2, N 2, Cl2, H g , w a te r  
v a p o u r  an d  air as w ell as w ith  m a n y  m ix tu res  o f th e  m en tio n ed  gases an d  
v a p o u rs . T he p ressu re  ran g e  was b e tw een  1.3 m b a r a n d  1.013 b a r . E lec tro d es
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w ere  m ad e  o f A l, F e , Cu, Mo, B a , W , A u, H g  an d  P b . T he b u lb s  w ere m ade 
o f  g lass or iro n  w ith  co rresp o n d in g  in su la to rs . M easu rem en ts w ere carried  
o u t  w ith  v a rio u s  sizes and  shap es o f  e lectrodes an d  bu lb s  w ith  d iffe ren t over
v o ltag es , w ith  d . c. an d  a. c. v o ltag es  a t  frequencies be tw een  50 H z an d  15 
k H z . In  a d d itio n  to  m easu rem en t on diodes in  d a rk n ess , som e m easu rem en ts  
w ere  also done w ith  diodes u n d e r  v a rio u s k in d s o f  n a tu ra l  and  a rtif ic ia l illu 
m in a tio n  or ir ra d ia tio n  b y  ra d io a c tiv e  sources. In v e s tig a te d  w ere also system s 
o f  d iodes in te rc o n n e c ted  w ith  g lass or m e ta l tu b in g s , e tc . B esides m easu re 
m e n ts  w ith  cold elec trodes, som e w ere also done w ith  e lec trodes h e a te d  u p  
to  673 K .

T he d iodes w ere h e rm e tica lly  sea led , how ever, m easu rem en ts  w ere 
d o n e  also w ith  gases flow ing th ro u g h  th e  d iode a t  v a rio u s  ra te s  in  th e  m en tio n 
ed  p re ssu re  ran g e .

M any  td dependences on d iffe ren t p a ra m e te rs  observed  w ere such  as:

— o v ervo ltage ;
— ra d ia tio n  o f v a rio u s  k inds;
— v o ltag e , freq u en cy ;
— elec trode  gap;
— p ressu re  an d  gas flow  ra te ;
— elec trode  m a te ria l;
— “ passive t im e ”  o f d iode r  (m em ory  curve) an d
— co m b in a tio n  o f  th e se  an d  o th e r p a ra m e te rs .

These m easu rem en ts  w ere re p o r te d  b y  B o sa n  [41, 42, 23, 43] a n d  B o sa n  
a n d  P e jo v ic  [44, 45, 46, 47, 48 ]. D a ta  on th e se  in v e s tig a tio n s  a re  c ited  b e 
cau se  th e y  a re  in  a good a g reem en t w ith  th e  s ta te m e n t on th e  m e ta s ta b le  
s ta te  life tim e.

5.1. M em o ry  curves

T he m ost im p o r ta n t  re su lts  of th ese  ex p e rim en ts  in c lu d e  th e  “ m em ory  
c u rv e s”  o f d iodes. T h a t is a fu n c tio n a l d ependence  of th e  b reak d o w n  tim e  
d e la y  td on th e  “ passive  tim e ”  т o f th e  d iode. Cycles tc o f such  m easu rem en ts 
a re  show n in  F ig . 1. One m e asu rem en t o f t d is ca rried  o u t d u rin g  one cycle. 
A s F ig . 1 show s each  cycle co nsists  o f a “ p assive”  an d  an  “ a c tiv e ”  p a r t .

A passive  tim e  т is a c o n s ta n t period  o f tim e  be tw een  tw o  m easu rem en ts  
d u rin g  w hich  d iode  vo ltage  eq u a ls  zero. A n ac tiv e  tim e  ta is a perio d  of tim e  
d u rin g  w hich  th e  diode is u n d e r  v o ltag e . I t  consists  o f tw o  p a r ts :  th e  b re a k 
dow n tim e  d e lay  t d an d  th e  c o n s ta n t perio d  t(- d u rin g  w hich  c u rre n t i flow s 
th ro u g h  th e  d iode . T herefo re:

( ( = т  +  (о )

t a =  t d~ír  t i  ■
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Fig. 1. A pplied voltage (U w) and diode current (i)  versus tim e (() diagram

In  all m easu rem en ts  t,- w as h e ld  a t  1 s. T h is was su ffic ien t to  e s tab lish  
s a tu ra tio n  co n cen tra tio n s  of ions, ex c ited  s ta te s  an d  m e ta s tab le s  in  th e  d iode. 
T h e  increase o f {, is irre le v a n t fo r  th e  m easu rem en t re su lts . As can  be seen, 
tim es г  an d  i, a re  c o n s ta n t in  th e  cycle , an d  o n ly  tim e  td v a rie s  because o f th e  
s to ch as tic  c h a ra c te r  o f th e  phen o m en o n . In  m easu ring  th e  m em ory  curves 
(td =  / ( t)), tim e  T h a d  various a n d  p red e te rm in ed  va lues, w hile all o th e r  
co n d itions o f m easu rem en t w ere th e  sam e. F o r  each value  o f  r  th e re  h a v e  
been  m ade a t  le a s t one h u n d red  m easu rem en ts  o f td an d  th e  co rrespond ing  
a r ith m e tic  m ean  v a lu e  has been  fo u n d . M easurem ents w ere done accord ing  
to  th e  schem atic  d ia g ra m  in  F ig . 2.

A  ty p ic a l m em o ry  curve is g iv en  in  F ig . 3, cu rve  1. T im e r  h a d  a v a lu e  
ran g in g  from  3 s u p  to  7 days. A s can  be seen , b reak d o w n  d e lay  depends 
la rg e ly  on  th e  p e rio d  o f tim e  t .  T h e  curve reach es sa tu ra tio n  a f te r  a perio d  
w hich  is c e rta in ly  lo n g er th a n  24 h . C learly , th e  diode “ m em orizes”  t h a t  
th e re  w as a b reak d o w n  th ro u g h  i t  b efo re  th e  v o lta g e  is sw itched  on.

As w as show n b y  B osan  in  1956 [41] a n d  la te r  [23, 42— 44] an d  b y  
B o sa n  an d  P e jo v ic  [45, 46, 47, 48] such  cu rves w ere o b ta in e d  for all noble  
gases, as w ell as fo r H 2 an d  N 2.

M ost of th e se  cu rves were o b ta in e d  w ith  sp h erica l iro n  e lec trodes, 1 cm  
in  d iam e te r  and  w ith  an  1 to  5 m m  elec trode  g ap . P ressures w ere  above th e

Fig. 2. Schem atic diagram  of m easurem ents
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Fig. 3. M ean value o f tim e delay ( l lt) as a function o f passive tim e (r)

values w h ich  co rrespond  to  th e  m in im a  on P asch en ’s curves. A possib le  in 
fo rm al e x p la n a tio n  o f th is  p h enom enon  is th e  h y p o th es is  on th e  presence  
o f  long-lived  m e ta s ta b le  s ta te s  of a to m s or m olecules in  th e  gas.

5.2 Check o f  the hypothesis on the long-lived metastable states

To o b ta in  th e  f in a l e x p lan a tio n  o f  th e  p ro longed  diode “ m em o ry ”  i t  
w as n ecessa ry  to  e s tab lish  w h e th e r th e  p h enom enon  w as due to  th e  gas, to  
b u lb  or to  e lec trodes.

To answ er th e  q u es tio n  w h e th e r th e  long d iode  m em ory  w as d u e  to  
th e  b u lb , tw o  diodes w ere m ade d iffering  only in  b u lb  volum es th e  ra tio  of 
w hich  w as 1 : 40 (B o§a n , [23]). T h e e lec trodes w ere  o f  spherica lly  shaped  
iro n , 1 cm  in  d iam e te r , 1.3 m m  spaced . T h e  tu b es  w ere  n itrogen  filled  u n d er 
4 m b a r p ressu re . M easured  w ere m em o ry  curves oh th e se  tw o diodes an d  i t  
w as fo u n d  t h a t  over th e  w ide range  o f  t  values tim e  delays in  th e  sm all diode 
w ere lo n g er th a n  in  th e  b ig  one. T h a t  p o in ts  to  th e  p a r t  m e tastab les  p la y  in  
in it ia tin g  th e  e lec trica l b reakdow n .

T h e  in v es tig a tio n s  done b y  S a d e g h i  and  P e b a y -P e y r o u l a  [4 9 ], and  
Ma r t is o v it § e t al [50] show ed th e  decrease o f m e ta s tab le s  co n c e n tra tio n  
to w ard s  th e  vessel w alls, i. e. th e ir  m ore  in ten siv e  d eex c ita tio n  on th e  w alls 
th a n  in side  th e  gas. Since th e  la rger tu b e  has sm all b u lb  and  e lec trode  surface 
p er u n it  gas vo lum e, d eex c ita tio n  w ill be  sm aller, m e ta s ta b le  life tim e longer, 
an d  c o n c e n tra tio n  h ig h er. T h a t m eans th a t  one m ay  ex p ec t a h ig h e r b re a k 
dow n p ro b a b ili ty  in  th e  la rg e r tu b e , t h a t  is, sh o rte r  tim e  td, w h a t w as ex
p e rim e n ta lly  con firm ed .
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A fu rth e r  c ru c ia l co n firm a tio n  th a t  th e  cause o f  th e  long m em o ry  tim es 
o rig in a tes  from  th e  gas, is o b ta in ed  b y  m easu rem en t o f td in  th e  d iode w ith  
gas s tream in g  u n d e r  v a rio u s co n d itions (B o sa n , [23 , 4 3 ]). I t  w as also shown 
th a t  th e  cause o f th e  b reak d o w n , o rig in a tin g  from  th e  gas stream  b y  electrical 
d ischarge  or b y  h e a tin g  th e  e lec trode , is tra n sp o r te d  th ro u g h  th e  gas an d  th a t  
i t  m a y  be  d e tec ted  b y  m easu ring  td va lues. As show n in  our la b o ra to ry  the  
in it ia to rs  o f th e  e lec trica l b reak d o w n  in  th e  described  diode w ere tra n sp o r te d  
b y  a v e ry  slow gas s tre a m  th ro u g h  th e  m any  m e te r  long glass tu b e s . Such 
a phenom enon  can  be exp la ined  b y  th e  ex istence o f th e  long-lived m e ta s tab le s .

T he sam e conclusions on m e ta s tab le s  re su lt from  th e  m easu rem en t 
o f td on th e  diodes w ith  co n tro lled  h ea tin g . V arious p o la rities a n d  com bina
tio n s  o f  vo ltages show  th a t  w ith  th e  increase o f  te m p e ra tu re , d u e  to  th e  
increase  o f m e ta s ta b le  c o n cen tra tio n , tim e  delay  decreases (B o sa n  [23, 43], 
B o sa n  an d  P e jo v ic , [4 5 ]).

T he m ost in te re s tin g  resu lts  from  th is  series o f  ex perim en ts w ere given 
b y  th e  follow ing co m b in a tio n  o f cond itio n s. M etastab les , g en e ra ted  b y  th e  
h e a te d  e lectrode, w ere tra n sp o r te d  b y  th e  gas s tre a m  to  th e  d iode  w here 
th e y  w ere d e tec ted  b y  th e  m easu rem en t o f td. The a c tio n  w as cancelled  illum in 
a tin g  th e  gas s tre a m  b y  ce rta in  l ig h t ray s . T h a t gives th e  p o ss ib ility  for an 
ex ac t id e n tif ic a tio n  o f  th e  k ind  of m e ta s ta b le  s ta te s .

In  p rincip le , it  is possible to  look  fo r an  ex p la n a tio n  for th e  long  m em ory  
in  solid  s ta te  p h en o m en a  supposing  th e  phenom enon  o rig inates from  the  
m e ta l e lec trode , i. e. from  th e  so lid  s ta te  p ro p ertie s  o f e lectrode m ateria l. 
To check  such a su p p o sitio n  we m ad e  a m ercury  e lec tro d e  diode (sim ilar to  
m ercu ry  sw itches) filled  w ith  h y d ro g en  u n d er low  pressure . T h e  m em ory  
curve  w as m easured  in  th e  range o f r from  5 up to  60 s (BoáAN, [2 3 ]) . In  th a t  
ran g e  th e  curves d id  n o t  show  any  te n d e n c y  to w ard s s a tu ra tio n , m ean in g  th a t  
th e  liq u id  m ercu ry  e lec tro d e  behaves id en tica lly  to  th e  solid m e ta l e lectrode. 
I t  is in te re s tin g  to  m en tio n  th a t  c e r ta in  resu lts  o f th e  b reakdow n  d e lay  m ea
su rem en ts  w ith  m ercu ry  electrodes w ere ob ta in ed  b y  P e d e r s e n  [51] in  1923.

W e m ay  also suppose  a h y p o th es is  th a t  th e  described  p h en o m en a  are 
due to  th e  P ae to w -M alte r’s effect. To check th a t  su p p o sition  a d iode  was 
m ade w ith  iron  b u lb  in  w hich  th e  free  su rface of in su la tin g  p a rts  w as reduced  
to  a m in im u m  and  p laced  fa r  aw ay from  th e  d ischarge place. Iro n  electrodes 
w ere spherica l.

M easurem ents o f  m em ory  cu rves w ere done w ith  H 2, N 3 an d  a ir , w ith  
an d  w ith o u t gas flow  a t  a tm o sp h eric  p ressu re . In  p a r t  o f th e  m easu rem en ts  
th e  b u lb  w as a t  anode  p o te n tia l, a n d  d u rin g  th e  p assive  diode tim e  th e re  
w as a v o ltag e  b e tw een  th e  ca th o d e  an d  th e  an o d e-b u lb  system  w h ich  was 
s lig h tly  low er th a n  th e  s ta tic  b reak d o w n  v o ltage . U n d e r all m en tio n ed  con
d itions th e  s ta n d a rd  m em o ry  curves (B o sa n , [23]) p o in te d  ou t t h a t  th e  role 
o f P ae to w -M alte r’s effect w as excluded .
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M em ory cu rves w ere also m easu red  in  a d iode  filled  w ith  w a te r  v ap o u r 
in  w h ich  th e  to ta l  p ressu re  w as e q u a l to  th e  p re ssu re  of th e  s a tu ra te d  w a te r 
v a p o u r  a t  20 °C. M easu rem en ts w ere  m ade in  th e  ran g e  o f r  fro m  1 to  60 s 
a n d  also  un d er th e se  cond itions th e  d iode show ed ty p ic a l m em ory  phenom ena 
d iffe rin g  only  in  td w h ich  was s lig h tly  sh o rte r th a n  in  o th e r gases.

I n  th e  ch lo rine  s tream in g  d iode  u n d er a tm o sp h eric  p re ssu re  td w as 
m e a su re d  for th e  case  w hen r  =  5 s. The td v a lu e s  were in  th e  ran g e  o f a t  
le a s t  1 : 10000 w h ich  is m uch h ig h e r th a n  in  o th e r  gases. Due to  g re a t d ifficu l
t ie s  in  th e  w ork  w ith  chlorine, m e m o ry  curve w as n o t  m easured .

P e jo v ic , B o sa n  and  St o il jk o v ic  [48] in v e s tig a te d  th e  e lec trode  gap 
in flu e n c e  on th e  b reak d o w n  tim e  d e la y  in  a diode w ith  spherical iro n  electrodes. 
T h e  d iode was filled  w ith  n itro g e n  un d er 3 m b a r  pressure. M easurem ents 
sh o w ed  th a t  th e  cu rv e  has a m a x im u m  a t a d e fin ite  electrode gap.

T he in v es tig a tio n s  done b y  H a y d o n , F o l k a r d  and  W il l ia m s  [61, 65, 
70, 71, 72, etc] a n d  M olnár  [73, 74] show ed a de fin ite  dependence  of th e  
m e n tio n e d  seco n d ary  em ission coeffic ien t on th e  e lec trode  gap . A  com parison  
o f  o u r  resu lts w ith  th o se  cited  in  th e se  papers is in  progress.

T he follow ing conclusions ca n  be  d raw n fro m  th e  cited  ex p erim en ts:
1. The long d io d e  m em ory  is n e ith e r  due to  th e  electrode o r b u lb  m ateria ls  

n o r  is a surface p h en o m en o n  re la te d  to  them .
2. The e lec tro d e  m ate ria l h a s  a defin ite  q u a n ti ta t iv e  in flu en ce  on th e  

td v a lu es  in  te rm s o f  th e  m a te r ia l w ork  fu n c tio n , b u t  does n o t in fluence th e  
p ro cess  q u a lity .

3. E x p e rim e n ts  w ith  v a rio u s  gases u n d er d iffe re n t co n d itions show th a t  
th e  m em ory  is in  th e  gas.

4. E x p e rim en ts  done on d io d es w ith  n o n -ex c ited  s tream in g  gas, as well 
as in  a flow o f gas p rev iously  e x c ite d  b y  an  a u x ilia ry  h e a te d  electrode or 
e le c tr ic  d ischarge, show  th a t  th e  carrie rs  of th e  m em o ry  in  th e  gas are m e ta 
s ta b le  s ta te s .

5. In  th e  e x p e rim en t in  w h ich  th e  d e e x c ita tio n  o f  th e  m e tas tab le  
s ta te s  b y  illu m in a tio n  was d e te c te d  i t  was show n  th a t  th e  gas is th e  lin k  
b e tw e e n  th e  w hole com plex o f  th e  described  p h en o m en a .

6. In  these  m easu rem en ts  th e  elec trical b reak d o w n  tim e  d e lay  in  gases 
(td) w as used as a m e th o d  o f q u a lita tiv e  m e ta s ta b le  s ta te s  d e tec tio n .

6. On the role of m etastables in electrical breakdown in  gases

M etastab le  s ta te s  p lay  a n  im p o r ta n t ro le in  th e  e lec trical b reak d o w n  o f 
gases, in  th e  case o f  th e  h igh tim e  de lay  values. E ngstrom  a n d  H u x f o r d  [52] 
show ed  th a t  th e  diffusion o f a rg o n  m eta s tab le  a tom s to w ard s  th e  ca th o d e  
a n d  th e  co nsecu tive  secondary  e lec tron  em ission  is th e  source o f  b reakdow n
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a t  h igh  td v a lu es . L o eb  [38] considers th e ir  co n tr ib u tio n  to  be an  im p o r ta n t  
p ioneering  in v estig a tio n .

A n analysis  of th e  td va lu e  d is tr ib u tio n  fac ilia ted  th e  sep a ra tio n  o f  th e  
n u m b er o f th e  secondary  e lec trons re leased  on th e  ca th o d e  b y  th e  p o s itiv e  
ions an d  arg o n  m e ta s ta b le  a to m s. I t  w as show n th a t  a t  re la tiv e ly  low  p re s 
sures in  b reak d o w n  m echan ism s and  T o w n sen d  d ischarges an  im p o r ta n t  
role is p la y e d  b y  m e ta s ta b le  a to m s d iffusing  an d  ion iz ing  th e  gas o r im 
p u ritie s  in  i t  an d  re leasing  elec trons from  th e  ca thode.

N e w t o n  [53] m ade an  analysis o f th e  tra n s itio n  p h enom ena  o f  th e  
b reak d o w n  in  T ow nsend  d ischarge . I t  w as show n th a t  e lec tro m ag n etic  r a d i 
a tio n , ions an d  m e ta s tab le s , each  on its  ow n p a r t ,  in fluence th e  second T o w n 
send  coeffic ien t. On th e  cu rve  o f th e  d isch arg e  fo rm atio n  we can se p a ra te  
th ree  phases, each  w ith  its  ow n sa tu ra tio n  v a lu e . The f ir s t  p a r t  is in it ia te d  b y  
th e  ac tio n  o f e lectrons an d  p h o to n s 1 0 _8 s a f te r  th e  process s ta r te d , th e  second  
p a r t  b y  th e  ac tio n  a f ions 10 ~e s la te r, a n d  th e  th ird  p a r t  is caused b y  th e  
ac tio n  o f th e  d iffused m e ta s ta b le s  on th e  ca th o d e  10~3 s' a f te r  th e  process 
s ta r te d .

T he in fluence  o f th e  long-lived  m e ta s tab le s  on th e  o p e ra tio n  of co u n te rs  
filled  w ith  argon  or a rg o n -C 0 2 m ix tu res w as s tu d ied  b y  Co lli an d  F a c c h in i 
[54]. A n analysis  o f th e  in fluence  o f m e ta s ta b le s  on th e  io n iza tio n  precesses 
in  n itro g en  is g iven b y  H a y d o n  an d  W il l ia m s  [55] a n d  o th e r  au th o rs . As 
show n b y  v a rio u s au th o rs  (H a y d o n  [61]. H a y d o n  and  W illia m s  [62]) th e  
seco n d ary  e lec tro n  em ission from  th e  ca th o d e  caused b y  th e  im p a c t of m e ta 
s tab le  m olecules N 2 ( A 3 27^) p lay s th e  m ost im p o r ta n t  role in  th e  process o f  th e  
m olecular n itro g en  io n iza tio n . As show n b y  J a n c a  [63] th e  ra d ia tiv e  life tim e  
o f th ese  s ta te s  is 12 s.

E x p e rim e n ts  have  show n (R a zev ig , S okolova [64], Mo lnár  [73]) 
th a t  th e  coeffic ien t o f th e  seco n d ary  em ission from  th e  c a th o d e  surface in  an  
im p a c t o f th e  m e ta s tab le  a to m s or m olecules o f  som e gases is close to  or ev en  
la rg e r th a n  th e  coefficient o f  th e  secondary  em ission cau sed  b y  th e  p o sitiv e  
ion  im p a c t. T h u s, for exam ple , in  argon  filled  diodes w ith  tu n g s te n  e lec trodes 
th e  coeffic ien t o f th e  seco n d ary  em ission fo r m etastab les  is 0.023, an d  fo r 
p o sitive  ions 0.022. F o r a rg o n  filled  diodes w ith  m o lybdenum  electrodes th e  
co rrespond ing  coefficien ts fo r m e tastab les  a n d  ions are 0.071 an d  0.065, r e 
sp ec tiv e ly  [64].

E x ten s iv e  in v es tig a tio n s  in  th e  field  o f  gas d ischarge associa ted  w ith  
th e  seco n d ary  elec tron  em ission from  th e  c a th o d e  are p re se n te d  b y  H a y d o n , 
W illiam s  an d  F o lk ard  [61, 65, 66, 70, 71, 72]. These a u th o rs  used co p p er 
and  gold e lec trodes in  h y d ro g en  an d  n itro g en , as well as o th e r  a rran g em en ts . 
T he p ap ers  also describe th e  fu n d a m e n ta l ro le o f  m olecules N 2 (M327+).

A s sh ow n  b y  B orst  [67], at low  en ergies in  n itrogen , th e  sta tes  A 32 J u ,  

a1 IJg and E 32Jg, w ith  en ergies 6.12, 8.55 and 11.82 eV, re sp e c tiv e ly  are im p ort -
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a n t  (V id a u d  a n d  E n g e l  [75]). M olecules in  th e se  s ta te s  a re  n o t  able to  io n ize  
th e  gas, b u t  c an  cause seco n d a ry  e lec tro n  em ission fro m  th e  ca thode [61, 
68 ]. T he ra d ia t iv e  life tim e o f a1 I I g s ta te  is 15 • 10~6 s (R e it s  [69]).

As m e n tio n e d  before  th e  ra d ia tiv e  life tim e  of th e  n itro g e n  m e ta s ta b le  
s ta te  A 3Eu  is som e te n  seconds. T he re a l life  o f those  a n d  o th e r  m e ta s ta b le  
s ta te s ,  because  o f  th e  n o n ra d ia tiv e  d e e x c ita tio n , should  ev en  be considerab ly  
sh o rte r .

H ow ever, th e  in v es tig a tio n s  described  in  th is  p a p e r suggest th a t  e ith e r  
th e  d a ta  fro m  th e  l i te ra tu re  a re  n o t e x a c t enough or t h a t  th e re  are som e 
o th e r  s ta te s  w ith  co n sid e rab ly  longer life tim es . B ecause o f  th e  c h a ra c te r  o f 
in v e s tig a tio n s  th e  questio n  does n o t a rise  w h e th e r m e ta s ta b le  s ta te s  a re  
tra n s fe rre d  fro m  one m olecule to  a n o th e r, w h a t is v e ry  lik e ly , b u t is o f  no 
sign ificance  in  th is  case. ,

7. Conclusion

I t  w as d e f in ite ly  show n th a t  m easu rin g  th e  e lec trica l b reakdow n  tim e  
d e la y  m e ta s ta b le  s ta te s  in  a gas filled  d iode  m a y  be d e te c te d  m ore th a n  24 h 
a f te r  th e  in te r ru p tio n  of th e  c u rre n t in  all p rev io u sly  m en tio n ed  gases.

The m em o ry  curves p ro v e  th a t  th e  m e ta s ta b le  c o n cen tra tio n  decreases 
in  th e  d iodes in  ex p o n en tia l m an n e r.

The m e ta s ta b le  c o n c e n tra tio n  in  gases u n d er fav o u rab le  co n d itio n s 
m a y  reach  h ig h  va lues. T h u s , fo r exam ple , th e  m e ta s ta b le  co n cen tra tio n  o f 
h e liu m  im m e d ia te ly  a f te r  th e  d ischarge  is s to p p e d  m ay  re a c h  th e  value o f a b o u t 
1013 cm -3 a t  to ta l  c o n c e n tra tio n  of h e lium  a to m s o f 1017 c m -3 and  exceeds 
th e  e lec tron  c o n c e n tra tio n  t h a t  is 101 1  u p  to  10 12 cm -3 (S m ir n o v  [2 ]), E v e n  
h ig h e r m e ta s ta b le  co n c e n tra tio n s  m ay  be re a c h e d  in  n itro g e n  (1014 cm-3).

As m e n tio n e d  before, th e  m ost f re q u e n tly  used  m e ta s ta b le  d e te c tio n  
m e th o d  is th e  a b so rp tio n  o f l ig h t of a d e fin ite  w av e len g th . T h a t  is th e  m e th o d  
w h ich  can be  u sed  in  h igh m e ta s ta b le  co n cen tra tio n s . T h e  lig h t rays u sed  fo r 
th is  pu rpose  a re  o b ta in ed  b y  in te rfe ren ce  f ilte rs . The m e ta s ta b le  of H e 23S is 
in v e s tig a te d  b y  th e  388.9 n m  w av e len g th  lig h t, an d  H e 21S b y  501.6 n m , e tc . 
A ccord ing  to  B o l d e n  e t al [58] th is  is th e  w ay  to  d e te rm in e  m e ta s ta b le  
co n c e n tra tio n s  above 5 • 106 c m -3 .

In  th e  case o f sm aller co n cen tra tio n s  i t  is m ore e ffec tive  to  d e tec t elec
tro n s  p ro d u ced  b y  th e  seco n d ary  em ission caused  b y  m e ta s ta b le  in te ra c tio n  
w ith  m eta l su rface  (Ma r t iso v it s  an d  K o sin a r  [56]). A ccord ing  to  th e  la te s t  
d a ta  (L a n c a st e r  an d  N y g a a r d  [57]) th is  m e th o d  m ay  be  10s tim es m ore 
sen sitive  th a n  th e  op tica l m e th o d s.

In  o rd e r to  o b ta in  te n ta t iv e  d a ta  on  th e  half-lives o f  m e tas tab le  s ta te s  
u n d e r  th e  d esc rib ed  co n d itions we m ade tw o  su p p ositions:
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F irs tly , t h a t  a t  p ressures b e tw een  1.3 a n d  40 m b ar, th e  m e ta s ta b le  
c o n c e n tra tio n  im m e d ia te ly  a f te r  th e  in te r ru p tio n  o f th e  d isch arg e  in  th e  
d iode is N 0 =  1013 cm -3  (J anc a  [63]).

Secondly, t h a t  b y  th e  m easu rem en t m e th o d  o f td i t  is possib le  to  d e 
te c t m e ta s tab le  s ta te s  a t  a c o n c e n tra tio n  N  =  104 cm -3 (L u k a s h e v  a n d  
Ch ist y a k o v  [76]).

F ro m  th e  fo rm u la  N  =  N 0 exp
0.7 f I

~ f ~ i
for t =  24 h , th e  h a lf-life 

t im e  o f  th e  d etec ted  s ta te s  T  is a b o u t 50 m in (B o sa n  and P e jo v ic  [45]).
E v e n  h av in g  th e se  conclusions an d  d a ta  in  m ind  th e  n ew ly  o b ta in ed  

m em o ry  curve is v e ry  su rp rising . T h a t  is curve 2 in  F ig . 3. I t  re fe rs  to  helium  
a t  1.3 m b a r p ressu re . As can be seen , th e  curve u p  to  r  =  24 h  does n o t show  
a s a tu ra tio n  te n d e n c y . This in d ic a te s  th e  ex istence  of a t le a s t one o rd er o f  
m a g n itu d e  longer m e ta s ta b le  life tim es th a n  in  p rev io u s cases. S uch  a te n d e n c y  
w as in  p rincip le  e x p e c te d  from  th e  p ap ers  p u b lish ed  so far.

In  n o n ra d ia tiv e  d eex c ita tio n  m echanism  th e  m ean m eta sta b le  life tim e  
d ep en d s also on th e  gas pressure. P ik e  [59] m easu red  th e  m ean  m eta sta b le  
life tim e  т o f  neon  an d  foun d  th a t  for th e  s ta te  3 P 2

2 - 10~3
T = ---------------

P

w here  P  is th e  p re ssu re .
M o y  and  cow orkers [60] also pub lished  a p a p e r  on m easu rem en ts  w ith  

h e liu m  from  w hich  i t  can  be seen th a t  in  th e  ran g e  from  zero to  a b o u t 40 
m b ar, th e  lifetim e o f  th e  excited  s ta te s  decreases w ith  th e  increase  o f  p ressu re . 
S im ilar re su lts  w ere o b ta in ed  b y  o th e r  au th o rs , th u s  curve 2 (F ig . 3) is a con
f irm a tio n  o f a s im ila r tre n d  on th e  new  o rder o f  m ag n itu d e  o f  m e ta s ta b le  
life tim e.

M etastab le  life tim es are c ite d  in  m any  p ap e rs . H ow ever, v e ry  o ften  
th e y  do n o t  s ta te  ex p lic itly  w hich life tim e is in  q u es tio n : w h e th e r i t  is a ra d i
a tiv e , n o n ra d ia tiv e . m ean  or h a lf-life tim e  o f an  ex p o n en tia l d e s tru c tio n  
p rocess (decay). I n  th e  l i te ra tu re  th e  lifetim e o ften  refers to  th e  perio d  a f te r  
w hich  th e  m e ta s ta b le  co n cen tra tio n  decreases to  th e  level below  w hich  d e tec 
tio n  c a n n o t be done b y  th e  m e th o d  applied . In  th o se  cases th e  p lo tte d  de
s tru c tio n  curves cross th e  abscissa w ith o u t in d ica tin g  th e  ex p o n en tia l c h a ra c te r  
o f th e  process.

T h e  reason t h a t  u n d e r th e  re a l ex p e rim en ta l cond itions, a t  p ressu res 
from  1 to  1000 m b a r , long-lived  m e ta s ta b le  s ta te s  h av e  n o t been  d e te c te d  so 
fa r, p ro b a b ly  lies in  th e  in su ffic ien t sen s itiv ity  o f  m ethods ap p lied . O w ing to  
th is  i t  w ill be in te re s tin g  to  re p e a t som e classical ex perim en ts in  th e  l ig h t 
o f th e  described  re su lts .
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By

H . P aul

INSTITUTE FOR PHYSICS, JOHANNES KEPLER UNIVERSITY 
LINZ, A-4040 LINZ/AUHOF, AUSTRIA

The main processes involved in  energy loss of charged particles are briefly  considered  
and compared to inner shell ionization. Som e applications of particle induced X -ray em ission  
are m entioned. The higher order corrections to the P W B A  and SCA theories for the ionization  
cross section are briefly  sketched and com pared to each other.

Selected К -shell cross section data (from  the com pilation by Ga r d n e r  and Gra y , and  
from  som e recent publications) for projectiles from protons to oxygen ions on various targets 
are compared to each other and to theories. I t  is found th a t alm ost all the data  lie betw een 60%  
above and 60% below  the corrected P W B A  theory by B r a n d t  et al, bu t th a t there are also 
system atic discrepancies between theory and experim ents where the reduced v e loc ity  variable £ 
has about the values 0.2, 0.3, and 0.6. Possible reasons for these discrepancies are given. The 
SCA theory, as corrected by Laeg sg a ard  et al, has a rather lim ited range o f va lid ity , bu t 
w ithin th is range, it  agrees better w ith the data than the P W B A  theory.

1. In tro d u c tio n

I t  m ay  be u sefu l f irs t to  consider w h a t h ap p en s  to  a b eam  o f lig h t ions 
(e. g. 1 MeV p ro to n s) as i t  h its  a so lid . L e t us assum e th a t  th e re  w ill be a b o u t 
I  ion izing  collision p e r a tom ic ta r g e t  lay e r a n d  th a t  each ion iz ing  collision 
p roduces, as in  a gas, an  energy loss o f ab o u t 30 eV. T hen  we ex p ec t a range  
o f  a b o u t 3 X 104 a to m ic  layers o r 6fj,m (assum ing  an  average la y e r  spacing  
o f 0.2 n m , as for Cu). Indeed , th e  ran g e  o f 1 M eV p ro to n s in  Cu is 7 ухn  [1]. 
I t  follows th a t  I M eV p ro tons a re  usefu l to  in v e s tig a te  th in  film s or n e a r
surface lay ers .

A ctu a lly , th e  s to p p in g  is n o t  c o n s ta n t as we h av e  assum ed  b u t  reaches 
a m ax im u m  a t  a b o u t 100 keV [1]. A t th is  energy , th e  p ro to n  v e lo c ity  is ju s t  
tw ice th e  B ohr v e lo c ity , v0. H ence i t  seem s p lausib le  th a t  th e  s to p p in g  pow er 
has its  m ax im um  w h ere  th e  p ro to n  ve lo c ity  is close to  th e  o rb ita l  ve lo c ity  
o f  o u te r  ta rg e t  e lec tro n s.

C om pared  to  th o se  ion izing  collisions w h ich  affect m a in ly  th e  o u te r
m o st e lec trons, К -shell ion iza tion  is a v e ry  ra re  process. In d e e d , since th e  
К -shell io n iza tio n  cross section  fo r 1 MeV p ro to n s  on Cu is 17b, th e  p ro b ab i
l i ty  to  p roduce  1 К -shell hole th ro u g h o u t th e  ra n g e , g iven  b y  th e  cross section  
tim es  th e  n u m b er o f  ta rg e t  a tom s p e r  u n it  su rface , is less th a n  1 0 -3 . N ev er
the less th is  process is easily  d e tec ted  v ia  th e  su b seq u en t X -ra d ia tio n .
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In  an a lo g y  to  th e  sto p p in g  po w er, we m ay  e x p e c t th e  m ax im u m  K -shell 
io n iza tio n  w here th e  p ro jec tile  v e lo c ity  v1 m atch es th e  o rb ita l v e lo c ity  of 
ta rg e t  К -shell e lec tro n s , v2K, To exp ress th is  e x p e c ta tio n  also in  te rm s o f 
energy , we in tro d u c e  th e  va riab le  r]K [2] :

__ v i  =  m  £ i =  ® K  T w
VK v\ k “  M ,  ‘ Z l K R  4 I K ’

w here  Z 2K — Z 2 — 0 .3  corrects fo r in n e r sh ield ing , 0 K (0 .6  <  &K ^  1) for 
o u te r  sh ield ing . R  =  13.6  eV is th e  R y d b e rg  en e rg y , T m — is th e
m ax im u m  possib le en erg y  tra n s fe r  to  a free e lec tro n  (m ass m )  a t  re s t , E x is 
th e  in c id e n t p ro jec tile  energy , M 1 th e  p ro jec tile  m ass, I K th e  ex p e rim en ta l 
K -io n iza tio n  energy . T h e  indices 1 a n d  2 re fe r to  p ro jec tile  and  ta rg e t ,  re sp ec t
ive ly .

In  th e se  te rm s , th e  m ax im u m  cross sec tion  is ex p ec ted  w here  rjK ^  1 
or w here  T m ^  4 I K . O n th e  o th e r h a n d , a collision w ith  an  e lec tron  w hich is
free ex cep t th a t  i ts  b in d in g  en erg y  m u s t be overcom e, could n e v e r lead  to
io n iza tio n  i f  T m <  I K. O r converse ly , i t  is on ly  th e  b in d ing  t h a t  m akes 
ion iz ing  collisions in  th e  low en erg y  reg ion  possible [2]. H ence we ex p ec t th e  
low  en erg y  cross sec tio n  to  increase  s tro n g ly  w ith  increasing  7]K a n d  to  de
crease s tro n g ly  w ith  increasing  Z 2. T h is  b eh av io u r o f  th e  cross sec tio n  is clearly  
seen , e. g. in  th e  fig u res  given b y  B a s b a s  e t al [3 ]. 2

2. Applications

T he m e asu rem en t of p a rtic le  induced  X -ra y  em ission (P IX E )  is w ell 
su ite d  to  d e te rm in e  th e  c o n c e n tra tio n  of m an y  e lem en ts s im u ltan eo u sly  in  
sm all sam ples, w ith  p p m  se n s itiv ity . M any ap p lica tio n s  have  been  described  
in  th e  f ir s t  conference on th is  su b je c t [4], and  m ore re c e n tly  in  [5].

P IX E  m easu rem en ts  m ay  also  be used to  d e te rm in e  th e  d e p th  profile  
o f  a fo re ign  e lem en t in  b u lk  m a te r ia l, due to  th e  s tro n g  v a ria tio n  o f  th e  cross 
sec tio n  w ith  energy . I f  one assum es, e. g., t h a t  th e  foreign a to m s occupy 
a la y e r  o f  th ick n ess  6 a t  a m ean  d e p th  o, w ith  a co n c e n tra tio n  c, th e n  these  
th re e  p a ra m e te rs  m a y  be d e te rm in ed  b y  m easu rin g  th e  X -ra y  y ie ld  o f th e  
sam p le  a t  th re e  d iffe ren t energies, i f  th e  y ie ld  fo r a  th ic k  lay e r o f  th e  p u re  
fo re ign  m a te r ia l is also know n [6]. T h is m e th o d , a lth o u g h  n o t  as generally  
ap p licab le  as R u th e rfo rd  b a c k sc a tte rin g , shou ld  b e  useful fo r e lem ents o f 
s im ila r Z , fo r low -Z  foreign  m a te r ia l in  h igh-Z  b u lk , an d  for fo re ig n  m ate ria l 
o f  low  c o n c e n tra tio n . A n o th e r re c e n t ap p lica tio n  o f  th is  m e th o d  has been  
p u b lish ed  b y  V eg h  e t  al [7].
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3. T heore tica l description

C learly , th e  q u a n tita tiv e  a p p lica tio n  of P IX E  req u ires  e ith er ca lib ra tio n  
m easu rem en ts  on kn o w n  sam ples, o r a know ledge o f th e  cross sections. E m p ir i
cal re la tio n s  could be used  here [8], b u t  i t  is also o f  in te re s t to  see how  well 
th e  cross sections are  described  b y  th e o re tic a l ap p ro ach es. In  th e  follow ing, 
we re s tr ic t  th e  d iscussion  to  К -shell io n iza tio n  b y  lig h t ions (Zx <  0.3 Z 2).

Tw o basic  app ro ach es have re c e n tly  been used w ith  considerab le  success: 
th e  sem i-classical ap p ro x im a tio n  (SCA) [9] and  th e  P lan e-W av e-B o rn -A p p ro 
x im a tio n  (PW B A ) [2]. I t  has been show n th a t  b o th  approaches m u s t le ad  to  
id e n tic a l re su lts  i f  th e  sam e e lec tron  w ave func tions are  used [10]. T h e  SCA 
ap p ro ach  can  be easily  v isualized : th e  p ro jec tile  passes th e  ta rg e t  a to m  a t 
a d is tan ce  b from  th e  nucleus, fly in g  in  a s tra ig h t line  a t  c o n s tan t speed , and 
i t  ionizes th e  К -shell th ro u g h  its  ra p id ly  v a ry in g  e lec tric  field . In te g ra tin g  
over a ll im p a c t p a ra m e te rs  b yields th e  to ta l  cross sec tio n , aK.

B o th  app roaches co rrespond  to  f ir s t  o rder p e r tu rb a tio n ; th e  cross 
sec tion  o b ta in ed  is th e re fo re  p ro p o rtio n a l to  Z t2 an d  depends on th e  p ro jec tile  
energy  on ly  th ro u g h  iq [11].

I t  is useful to  know  w hich im p a c t p a ra m e te r  b co n trib u te s  m o st to  th e  
to ta l  <rK, for a g iven  tq. H ere  ag a in , th e  sim plest classical a rg u m e n t leads 
to  a co rrec t re su lt: th e  collision tim e  (o f th e  oder bjv1) should  be co m p arab le  
to  th e  perio d  of rev o lu tio n , l/coK . H en ce  th e  la rg es t co n tr ib u tio n  com es from  
b =  vJ(oK =  rad, w here  rcd is th e  so-called  “ ad iab a tic  d is tan ce”  [9]:

r ad ~  v l l m K  =  Ч Д *  • (2 )

In  te rm s  o f  rad, w e m ay  define a re d u ced  velo c ity  |  w hich b ears  a sim ple 
re la tio n  to  r]K:

I =  r a d la 2K  =  (2 ® k) \I t1k  î (3)

w here aOK =  a0/Z 2K is th e  screened hydro g en ic  К -shell rad iu s . W hen  p ro p erly  
n o rm alized , aK is a u n iv e rsa l fu n c tio n  o f f  [3]. A lth o u g h  th e  basic  fea tu res  
of th e  cross section  a re  w ell described  b y  b o th  th eo rie s , a de ta iled  com parison  
w ith  ex p erim en ts  show s th e  necessity  o f  ad d itio n a l co rrec tions:

a . In c reased  b in d in g . A t low iq , w here  1, th e  p ro jec tile  p asses well 
w ith in  th e  ta rg e t  К -shell rad iu s , th u s  increasing  th e  b in d in g  energy  I K and 
decreasing  T he sim p lest w ay  to  co rrec t for th is  e ffec t [12] is to  rep lace  
Z 2K2 b y  (Z 2K -f- Z ,)2, th u s  decreasing  r)K in  E q . [1].

b . P o la risa tio n  [3]. A t h igher v a lu es  tq, th e  p ro jec tile  m ay be th o u g h t 
o f as passin g  o u tside  th e  К -shell, d efo rm ing  th e  w ave fu n c tio n  in  such  a w ay 
as to  decrease I K (since th e  e lec tro n  is, on th e  av e rag e , fa r th e r  a w a y  from  
th e  nucleus). This increases aK.
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c. R e la tiv ity . M ost ca lcu la tio n s  use (n o n -re la tiv is tic ) hyd rogen ic  w ave 
fu n c tio n s . T his c a n n o t be c o rre c t fo r h igh-Z 2 ta rg e ts  (and  ev en  for m ed ium  
Z 2 i f  th e  in n e rm o s t p a r t  of th e  a to m  is p ro b ed  b y  slow p ro jec tile s). S tro n g ly  
b o u n d  elec trons m ove fast; th is  increases T m (due to  th e  re la tiv is tic  m ass 
in c rea se )  an d  h en ce  r]K. B r a n d t  an d  L a p ic k i  [13] h av e  re c e n tly  show n 
h o w  th is  can  b e  eas ily  in c o rp o ra te d  in to  th e  P W B A  calcu la tion .

d . C oulom b deflection . F o r  low  vv  th e  p ro jec tile  can  no  m ore be a s 
su m e d  to  m ove a t  c o n s tan t sp eed  in  a s tra ig h t line . The C oulom b force b o th  
d e f le c ts  th e  p ro je c tile  and  slows i t  dow n, th u s  decreasing  rjK.

A ll th ese  effec ts  have b e e n  in c o rp o ra te d  in to  th e  P W B A  th e o ry  [3, 
13]. T h e  b in d in g , re la tiv ity  a n d  Coulom b co rrec tions are  also  co n ta ined  in  
th e  fo rm u la tio n  o f  th e  SCA th e o ry  given b y  L a e g sg a a r d  e t a l [12]. B ecause 
o f  th e  sim ple b in d in g  correc tion  (see above), th e  la t te r  is on ly  good for sm all 
p ro je c tile  ve lo c ities  (f  <  0.25).

Since th e  Coulom b c o rre c tio n  is m u ch  d iffe ren t from  u n i ty  w herever 
th e  re la tiv ity  c o rre c tio n  is [14] a n d  since th e se  tw o  corrections te n d  to  cancel 
e a c h  o th e r, i t  is n o t  easy  to  s e p a ra te  th em  b y  ex p erim en t.

T here is, how ever, a n o th e r  th eo re tica l ap p ro ach  w hich  sheds lig h t on 
th e  b in d in g /p o la riza tio n  co rrec tio n . F ord e t  a l [15] have ca lcu la ted  K -shell 
io n iz a tio n  b y  p ro to n s  using seco n d  o rder p e r tu rb a tio n  th e o ry  fo r  cases w here  
b o th  re la tiv ity  a n d  Coulomb co rrec tio n s a re  n o t  im p o rta n t. C om paring  th e ir  
seco n d  order to  th e ir  f irs t o rd e r re su lt shou ld  give th e  sam e b ind ing /po la ri-

binding polarization correction for p-»-Ti

Fig. 1. The binding/polarization correction for protons on T i according to three different theor
etica l approaches: B B L  [3], F F R  [15], and LAL [12]
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z a tio n  co rrec tio n  as is o b ta in e d  b y  co m p arin g  th e  co rrec ted  to  th e  u n c o rre c ted  
P W B A  cross section . F ig . 1 show s th a t  th e re  is indeed  fa ir ly  good a g reem en t 
b e tw een  th e  tw o  ap p ro ach es. T he SCA cu rv e  (labelled  LA L) beh av es q u ite  
d iffe ren tly , i t  is re m ark ab le  th a t  it  does n o t agree w ith  th e  P W B A  cu rve  
{labelled B B L ) in  th e  lim it  o f v an ish ing  en e rg y  (where i t  shou ld  be b est) .

4. C om parison o f experim en ta l and  th eo re tica l io n iza tio n  cross-sections

Since th e  co m p ila tio n  of К -shell io n iza tio n  cross sections was re c e n tly  
p u b lish ed  b y  Ga r d n e r  a n d  Gr a y  [16], w e h av e  been  try in g  to  use th e  la rg e  
a m o u n t o f  in fo rm a tio n  from  T able I o f t h a t  co m p ila tio n  to  com pare  th e  
e x p e rim e n ta l d a ta  b o th  w ith  each  o th e r a n d  w ith  th e  th eo rie s , using  a com 
p u te r  p ro g ra m . F irs t re su lts  h av e  been p re se n te d  before [17].

M ore recen tly , we h av e  au g m en ted  th e  d a ta  b a se  b y  new  p u b lish ed  
d a ta , a n d  w e h av e  changed  th e  p ro g ram  to  norm alize th e  d a ta  th ro u g h  d iv i
sion  b y  th e  P W B A  th e o ry  w ith  all co rrec tions. Id ea lly , th e n , all th e  n o rm alized  
cross sec tio n  d a ta  shou ld  be  close to  u n ity ;  in  p rac tice , w e fin d  a lm ost a ll th e  
d a ta  in  th e  ran g e  (0.4, 1.6) and  th e  g re a t m a jo rity  w ith in  (0.8, 1.2) i. e. th e  
o v era ll ag reem en t w ith  th e  co rrec ted  P W B A  th e o ry  (for m any  d iffe re n t 

— Z 2 co m bina tions) is good, a lth o u g h  som e ex p erim en ts  m ay h a v e  ex 
cessive e rro rs . B y  w ay  o f  exam ple , we p re se n t here  a few  re p re se n ta tiv e  
g rap h s; th e  fu ll com parison  will be p u b lish ed  elsew here [20].

F ig . 2 show s re la tiv e  cross sections fo r p ro tons o n  Ne. The d iffe ren t 
sym bols re fe r  to  d iffe ren t m easu rem en ts id en tif ied  b y  codes. O f th is  code, 
th e  f ir s t  le t te r  gives th e  ty p e  of m easu rem en t (X  for X -ra y , A  or I  for A u g er); 
th e  second le t te r  gives th e  ty p e  o f ta rg e t  (G  fo r gas, N  fo r th in  solids, К  for 
a  th ic k  so lid); th e  rem a in in g  sym bols d efine  th e  p u b lic a tio n  (see T ab le  I). 
B efore p lo ttin g , th e  ex p e rim en ta l X -ra y  o r A uger d a ta  h a v e  been co n v e rte d  
to  io n iza tio n  cross sec tions using  th e  ta b le  o f fluorescence coefficients b y  
K r a u se  [1 8 ]. Fig. 2 show s ra th e r  la rge  d iscrepancies b e tw een  d iffe ren t ex 
p e rim en ts  a t  low  energy.

F ig . 3 (p on Cu) show s good ag reem en t betw een  m a n y  d iffe ren t a u th o rs , 
an d  a few  ex p e rim en ta l d iscrepancies. F ig . 4 (p on A u) show s th a t  th e  h ig h  
en e rg y  p o in ts  now  agree ra th e r  well w ith  th e  co rrec ted  P W B A  th e o ry , due  
to  th e  in c lu sio n  o f th e  r e la t iv i ty  co rrec tio n  [13], b u t  t h a t  th e  th e o ry  is to o  
h igh  fo r low  energies. T he co rrec ted  SCA th e o ry  is also p lo tte d  as a line (x —x —x 
in  th e  reg io n  |  <  0.25, a n d  + —+—+ in  th e  reg ion  f  >  0 .25); i t  follows th e  
d a ta  v e ry  w ell.

In  F ig . 5, cross sec tio n  d a ta  are p lo tte d  for p ro to n s  (jEx <[ 15 MeV) on 
five  d iffe ren t ta rg e ts  (4,A g  — 51Sb), versus th e  reduced  v e lo c ity  va riab le  | .  A l
th o u g h  th e  v a rio u s  co rrec tio n s are  n o t o n ly  fu n c tio n s o f  | ,  an  a p p ro x im a te ly
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u n iv e rsa l b e h a v io u r  is seen a t  low  energy : th e  po in ts  b e n d  dow n s h a rp ly  
a t  I  ^  0.2. T h e  h ig h  p o in ts  (p  ->  49In) a re  d u e  to  K L 76. F ig . 6 (p on Ag) 
show s th a t  th e  low  energy b e n d  is found  b y  th re e  d iffe ren t groups: B R 78 , 
L A 79 , and  B E 7 9 . T h is is so m ew h at in  c o n tra d ic tio n  to  B r a n d t  and  L a p ic k i

[13 ] who s ta te  t h a t  only  A n h o l t ’s d a ta  [14] are  n o t in  ag reem en t w ith  
th e i r  th eo ry . T h e  reason  for th e se  d iffe ren t fin d in g s m ay  b e  th e  so m ew h at 
d iffe re n t d a ta  b ase .

Table I
R eferences for experim ental data

A K 7 4  R. A k s e l s s o n  an d  T. B . J o h a n sso n , Z. P h y sik , 266, 245, 1974.
A N 7 8  R. A n h o l t , P hys. R ev., A17, 983, 1978.
B E 7 3  R. C. B e a b s e , J. A. Cl o s e , J . J. Ma l a n if y  and C. J . U m barger, Phys. R ev ., A 7, 

126, 1973.
B E 7 8  A. B e r in d e , C. D e b e r t h , I. N ea m u , C. P r o t o p , N. Sc in t e i, Y . Z oran , M. D o st , 

and S. R ö h l , J. P hys., B l l ,  2875, 1978.
B E 7 9  O. B e n k a  a n d  M. Ge r e t s c h l ä g e r , J .  P h y s . B . 13, 3223, 1980.
B D 7 8  T. B a d ic a , C. Cio r t e a , A . P e t r o v ic i and I. P o pe sc u , R ev. R oum . Phys., 23, 1019, 

1978.
B R 7 8  C. B a u e r , R . Ma n n  and W . R u d o l p h , Z. P hysik , A287, 27, 1978.
G R 76A  T. J. Gr a y , P. R ic h a r d , R . L. K a u f f m a n , T. C. H o llo w a y , R. K. Ga r d n e r , 

G. M. L ig h t , J. Gu e r t in , P hys. R ev., A 13, 1344, 1976.
H 0 7 5 A  F. H o p k in s , R . B r e n n , A . R . W h it t e m o k e , J . K a rp  and S. K . B h a t t a c h e r je e ,  

P h y s . R e v ., A l l ,  916, 1975.
H 0 7 5 B  F. H o p k in s , R. B r e n n , A . R . W h it t e m o r e , N . Cu e  and  V. D u t k ie w ic z , P hys. R e v ., 

A l l ,  1482, 1975.
K A 77 M. K a m iy a , K. I s h ii , K . Se r a , S. Mo r ita  and H. T a w a ra , P h ys. R ev., A16, 2295, 

1977.
K B 76  N. K o b a y a s h i, N . Ma d e a , H . H ori and M. S aka isak a , J . P hys. Soc. Japan , 40 , 

1421, 1976.
KH75 N. A. K helil and T. J. Gray, Phys. R ev ., A ll ,  893, 1975.
K L 76 E . K o l t a y , D . B e r e n y i , I. K is s , S. R iez , G. H ock and  J. B a sc o , Z. Physik , A 278, 

299, 1976.
L A 76 A. L a n g e n b e r g  an d  J. v a n  E ck , J. P h ys., B9, 2421, 1976.
L A 79 E . L a e g sg a a r d , E. U . A n d e r s e n  and F . H o geda l , Nucl. In s tr .  & M eth ., 169, 

293, 1980.
L E 75 R. L e a r  and T. J. Gr a y , P h ys. R ev., A8, 2469, 1973.
L I73  R. B . L ie b e r t , T. Za b e l , D . M il ja n ic , H . L a r so n , V. V a lk o v ic  and G. C. P h il l ip s , 

P hys. R e v ., A8, 2336, 1973.
L 0 7 9 B  J. S. L o p e s , A. P. J esu s  and S. C. R a m os, N ucl. Instr. & M eth ., 169, 311, 1980.
M D77A  F. D . M cD a n ie l , J. L. D u g g a n , P. D. M il l e r  and G. D. A l t o n , Phys. R ev ., A 15, 

846, 1977.
M I76 M. M ila zzo  and G. R ic c o b o n o , Phys. R ev ., A13, 578, 1976.
M K 76 R. H . M cK n ig h t  and R . G. R a in s , P h y s . R ev ., A14, 1388, 1976.
P E 79  M. P o n c e t  an d  Ch. E n g e l m a n n , Nucl. I n s t t .  & M eth., 159, 455 , 1979.
R N 76 R. R . R a n d a l l , J. A. B e d n a r , В. Cu r n u t t e  an d  C. L. Co c k e , Phys. R ev ., A13, 

204, 1976.
R S 76 Md . R a sh id u zza m a n  K h a n , D . Cru m pto n  a n d  P. E. F r a n c o is , J. Phys., B9, 455, 

1976.
S 0 7 6  C. G. S o a r e s , R. D. L e a r , J. T. Sa n d e r s  and H. A. Va n  R in s v e l t , P hys. R ev ., 

A13, 953, 1976.
ST75 N . St o l t e r f o h t  an d  D . S c h n e id e r , P h y s . R ev ., A l l ,  721, 1975.
T R 77 J. T r ic o m i et al, Phys. R e v ., A15, 2269, 1977.
W L 76 S. R . W il s o n . F. D. M cD a n ie l , J. R. R o w e  and J. L. D u g g a n , Phys. R ev ., A16, 

903, 1977.
W 0 7 4  C. W . W o o d s , R . L. K a u f f m a n , K. A . J a m is o n , C. L. Co c k e  a n d  P. R ic h a r d ,

J. P h ys. B7, L474, 1974.
W 0 7 6  C. W . W o o d s , R . L. K a u f f m a n , K . A. J a m is o n , N. St o l t e r f o h t  and  P. R ic h a r d , 

P hys. R e v .,  A13, 1358, 1976.
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Fig. 2. Experim ental К -shell ionization cross section  for protons on N e versus projectile energy, 
■divided by th e  fully corrected PW B A  theory [3, 13]. The different sym bols correspond to 
different references (see Table I), the first two letters define the typ e  of m easurem ent and the

type of target (see text)

1 H+ on Cu

XNLE 75 
XNH0 75A 
XNH075B 
XNKL 76 
XNMI 76 
XKRS 76 
XNBE73 
XNAK74 
XNRN76 
XNBE79 
XNLO 79 В 
XKBR78 
XNLA79 
XNLI 73 
XNBD78 
XNPE79

Fig. 3. Like F ig . 2, for protons on Cu. N ote th a t a few sym bols have been used tw ice
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Fig. 4. Like F ig. 2, for protons on A u. The (norm alized) SCA-theory [12] is p lotted  here as a lin e
( x - x - x  for 1 :> 0 .25 , -)------ 1------ 1- for I  >  0.25). I t  fits  the data at low  energies m uch b e tter

than the P W B A  theory. D ata  are due to K A77 (squares) and A N 78 (diamonds)

Fig.  5. E xperim ental К -shell ion ization  cross sections, normalized as in F ig. 2, plotted versus  
th e  reduced v e lo c ity  f  (Eq. 3), for protons on Ag, Cd, In, Sn, and Sb. The different sym bols, 
correspond to d ifferent target atom ic num bers, as shown. N ote the low energy bend at 0.2

Acta Physica Academiae Scientiarum Hungaricae 49, 1980



X-RAYS IN D U C ED  BY  LIG H T IONS 47

1.20 -,

1.00 -

0.80

0.60 -

0.40

H+on Ag

0.20
0.00

■» О

д Д Д Д Д Д Д д Д

a XNWL76 
О XNKH 75 

. X XKRS 76 
' Д XNBE 73 
X + XNAK 74 

ш XKBR 78 
О XNBE79 

в *  XNLA79 
a XKAN78 

О в XNLI 73 
О XNBD78 
X XNBE78

2.00
energy [MeV]

3.00 4.С0

Fig. 6. Like F ig. 4, for protons on Ag

120 ,

1.00 -

0.80 -

0.60 -

0.40 -

X X

xx
Ф X
_ X

$> *
Ф Xx 0

4>X
ÙÛ>

□
О
X
д

Д А  Д X Х X
£  А Д ф

А X

75
78
79 
82 
83 
90 
92

I*

0.20
0.00

<ь

0.10 X

А
0.20 0.30

XI
0.40 0.50 0.60
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F ig . 7 (p ro to n s  on heav y  ta rg e ts :  75Re — 92U , E 1 <  13 MeY) shows th e  
sa m e  general b e h a v io u r . The low  en erg y  bend  is ag a in  found  b y  th re e  groups: 
K A 77 , A N 78, a n d  LA 79.

F ig . 8 (a lp h as  on  ta rg e ts  fro m  22T i to  30Zn, E x <  10 MeV) show s v e ry  m any  
p o in ts  w ith in  (0 .8 , 1.2), a few h igh  p o in ts  (K L 76) a n d  a few low  p o in ts  (S076). 
F le re , th e  b end  a t  £ ~  0.2 is on ly  b a se d  on m easu rem en ts  b y  one g ro u p  (B E79).

—
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0.80

0.60

ж X

0.40
0.00

%  +

О о

0.20 040 0.60 0.80

о 22 
О 23 
ж 24 
Д 25 
+ 26 
ш 27 
О 28 
ж 29 
л 30

1.00
XI

Fig. 8. Like Fig. 5, for alphas on targets from Ti to Zn

T h e re  m ay  also b e  an  in d ica tio n  o f a m ax im u m  a t  f  ~  0.3. F ig . 9 (a lphas 
on  h e a v y  ta rg e ts , <  60 MeV) show s th e  sam e general b e h a v io u r; th e  low  
en e rg y  p o in ts  a re  h ere  only due  to  AN78.

T he re m a in in g  figures re fe r  to  s ligh tly  h e a v ie r  p ro jec tiles . F igs. 10 an d  
11 (14N p ro jec tile s  on ta rg e ts  fro m  20Ca to  51S b, E  <  36 MeV) show  a new  
fe a tu re : a p ro n o u n c e d  m in im um  a t  |  ~  0.6. W hereas Fig. 10 co n ta in s  a lm o st 
o n ly  d a ta  b y  M D 77A , Fig. 11 has d a ta  b y  fo u r d ifferen t g ro u p s: M D77A, 
B R 78 , G R 76A , T R 7 7 .

F ig . 12 (160  on  26Fe to  35B r, E  <  91 MeV) show s th e  sam e m in im um  less 
c lea rly  due to  th e  som ew hat d isc re p a n t d a ta . F ig  13 (160  on 37R b  to  62Sm , 
E  <  56 MeV) m a y  again  show  th e  m ax im u m  a t  f  ~  0.3, th o u g h  n o t v e ry  
c lea rly . F ig . 14 (160  on 67H o to  92U , E  <  56 MeV) shows th e  b e n d  a t  £ ~  0.2 
a n d  th e  m a x im u m  a t  f  ~  0.3.
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Fig. 10. Like F ig. 5, for 14N  projectiles on targets from  Ca to Ni. 
N o te  the m inim um  a t £ ~  0.6
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Fig. 11. Like Fig. 5, for 14N projectiles on targets from  Cu to  Sb
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In  re tro sp e c t, i t  c an  b e  n o ted  t h a t  n o t  only  th e  b e n d  a t  |  ~  0.2 b u t  
also th e  fe a tu re s  a t  £ ~  0.3 a n d  |  ~  0.6  ca n  be seen (o r guessed) fro m  th e  
F igu res fo r p ro to n s  an d  a lp h as , b u t  t h a t  th e y  are less p ro n o u n ced  th e re  th a n  
fo r th e  h e a v ie r  p ro jec tiles.

5. D iscussion

A lth o u g h  these  re m a in in g  d iscrepancies b e tw een  th e  co rrec ted  P W B A  
th e o ry  due  to  B r a n d t  e t  a l [3, 13] an d  ex p erim en ts  are  no t v e ry  la rg e , it  
w ou ld  be in te re s tin g  to  f in d  reasons. C learly , th is  w ill n o t  be possib le from  
o u r com parisons alone, b u t  w ill req u ire  th e o re tic a l in s ig h t also.

C oncern ing  th e  b en d  a t  |  ~  0.2, w e m ay  assum e, following th e  w ork  
o f  K o cbach  [19] and  A n h o l ^  [14], th a t  B r a n d t ’s [3 ,1 3 ]  Coulomb co rrec tio n  
fa c to r  is n o t  as d iffe ren t fro m  u n ity  as i t  sh o u ld  be.

Since e lec tro n  c a p tu re  b y  th e  p ro jec tile  is n o t in c lu d ed  in  th e  theo ries 
used , th e  q u e s tio n  arises w h e th e r th e  m ax im u m  a t  |  ~  0.3 could be d u e  to  
th is  effect. T ak in g  160  p ro jec tile s  as a n  exam ple , one w ould  ind eed  ex p ec t 
th e  m a x im u m  o f К -c a p tu re  to  occur a ro u n d  E x =  26 MeV (where v 1 equals 
th e  v e lo c ity  o f  p ro jec tile  К -electrons). B u t  th e  co rrespond ing  v a lu es  o f  £ 
w ould  th e n  lie be tw een  |  =  0.17 (for U ) a n d  |  =  0.53 (for R b), w h ereas  the  
m ax im u m  is em pirica lly  fo u n d  a t  a fix ed  v a lu e  £.

F in a lly , one m ay  a sk  w h e th e r th e  fea tu re s  a t  |  =  0.3 and  0.6 a re  due 
to  n o t q u ite  sa tis fa c to ry  th e o re tic a l co rrec tio n s. H ere  th e  b ind ing  co rrec tio n  
w ould  be th e  m ost lik e ly  c a n d id a te  since  i t  becom es m ore im p o r ta n t  w ith  
in c reasin g  Z v  F o r 14N p ro jec tile s , e. g. i t  am o u n ts  to  a b o u t 0.16 fo r £ =  0.6, 
w hereas th e  o th e r  co rrec tio n s are  close to  u n ity . H en ce , th e  d ev ia tio n s m ay 
w ell be due  to  th e  b in d in g  co rrec tion .

T he co rre c ted  SCA th e o ry  is n o t w ith in  its  ra n g e  o f  v a lid ity  (ß  <C 0.25) 
on  m ost g ra p h s . W here i t  is va lid , h o w ever, it  follow s th e  d a ta  b e t te r  th a n  
th e  P W B A  th e o ry .
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RECENT DEVELOPMENT IN AND BY RUTHERFORD 
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Backscattering spectrom etry (B S) developed recently in  two directions. 1. B etter under
standing of channelling opened up the area of surface and defect studies, 2. optim alized e x 
perim ental conditions led  to better “ chem ical” , depth and lateral resolution.

BS helps ТЕМ 1 as a non-destructive preliminary tool and helps SIMS2 and Auger (sput
ter) profiling w ith an absolute depth and concentration scale, as well as w ith  a check of arte
facts connected w ith  sputtering.

T he u n d e rs ta n d in g  of d iffe ren t in te rac tio n s  b e tw een  m ateria ls  a n d  p artic les 
o r ph o to n s gives in fo rm atio n  on  th e  physica l s ta te  of these  m a te ria ls . In  
m a n y  cases s tru c tu ra l  com position  c h a rac te riza tio n  is possible. T he goal of 
th e se  in v estig a tio n s is to  p rep a re  “ ta ilo red ”  s tru c tu re s . A cce le ra ted  ions 
becam e im p o r ta n t from  all th re e  phases o f ta ilo rin g , i.e. d o p ing  (im p lan 
ta t io n ) , m ach in ing  (sp u tte rin g ), a n d  analysis (F ig. 1).

In  th is  rev iew , recen t dev e lo p m en ts  are su m m arized , w hen  in fo rm atio n  
com es from  th e  sc a tte r in g  of MeV lig h t ions in  solids. These solids m ay  be 
am o rp h o u s or c ry s ta llin e , an d  th e  in fo rm atio n  is m ain ly  a b o u t chem ical 
co m position  an d  s tru c tu re  o f su rface  layers, dow n to  som e m icrons.

The te rm  R u th e rfo rd  h a c k sc a tte rin g  (R B S or R IB S , “ I ”  fo r ion) ac
co rd in g  to  th e  m a jo r ity  of users does n o t in c lude  partic le  chan n e llin g  in  
c ry s ta llin e  ta rg e ts . In  th is  p a p e r  B ack sca tte rin g  S p ec tro m e try  (BS) w ill be 
u sed  as a general te rm  [1].

BS s till does n o t include P a rtic le  In d u ced  X -R a y  E x c ita tio n  (P IX E ) 
a n d  P a rtic le  In d u c e d  N uclear R eac tio n s  (P IN R ), th o u g h  th e  th re e  tech n iq u es 
a re  closely re la te d  to  each o th e r. T h ey  are  co m p lem en ta ry  in  a sense th a t ,  if  
re so lu tio n  or se n s itiv ity  o f one o f  these  m ethods fails for a p a r tic u la r  case, 
th e  o th ers  m ay  be  s till a d ap tab le . T echn ica lly  th is  is v e ry  co n v en ien t, because 
a ll th re e  m ethods a re  based  on th e  sam e eq u ip m en t a p a r t  from  special d e tec 
to rs .

1 ТЕМ: Transm ission Electron M icroscopy
2 SIMS: Secondary Ion Mass Spectrom etry
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Fig.  1. Different uses of ions

Quantities m easured in BS analysis

A BS m easu rem en t can  b e  ch a rac te rized  b y  d iffe ren t q u a n titie s  an d  
fe a tu re s , i. e.

1) energy  losses (k in em atic  an d  stopp ing );
2) an g u la r scan ;
3) f lu x  p eak in g  (anom alous y ield);
4) c ritica l ang le ;
5) shadow  cones o f a to m s;
6) m in im um  y ie ld ;
7) d ech an n e llin g ;
8) d irec t b a c k sc a tte iin g  fro m  th e  f irs t a to m ic  row  or from  la tt ic e  defects. 
T here  are  s till m ore p a ra m e te rs , such  as en erg y  s tragg ling , in fluence  o f

m u ltip le  sc a tte rin g , b u t  th ese  a re  p resen tly  t r e a te d  as p a ra s itic  effects, no 
s t ru c tu ra l  in fo rm a tio n  w as e x tra c te d  from  m easu rem en ts  o f th e se  q u a n 
titie s .

A n o th e r im p o r ta n t  issue is to  optim ize
1) th e  ty p e  o f  p a rtic le  (H  + , H c+  ,. . ., C + , N +),
2) its  a cce le ra tio n  energy ,
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3) sc a tte rin g  geom etry ,
4) b eam  sp o t size

to  each  prob lem , th o u g h  m ost re su lts  were o b ta in e d  w ith  1 — 2 MeV H e+  a t  
165° sc a tte rin g  a n d  w ith  a beam  size o f some te n th  of a m m .

In  th is  rev iew , f irs t  som e re c e n t an d  c h a rac te ris tic  exam ples w ill be 
g iven , how  to  e x tra c t  in fo rm a tio n  from  th e  m easured  q u a n titie s  and , la te r , 
som e cases w ill il lu s tra te  th e  use o f  o p tim alized  ex p erim en ta l cond itions.

Energy losses w ere th e  f i r s t  q u an titie s  ana lyzed  in  B S , to  get d ep th - 
d ep en d en t chem ical com position . A fte r d e ta iled  discussions a n d  critic ism s, 
th e se  d ays m ost d a ta  req u ired  b y  q u a n tita tiv e  analysis seem  conv incing  [1].

F o r c ry sta llin e  solids, fu r th e r  ch a rac te ris tic s  of BS m easu rem en t a re  
im p o r ta n t.

A ngu lar scan  is s till one o f  th e  m ost in fo rm a tiv e  m easu rem en ts  in  B S. 
I t  c an  be ta k e n  a t  a n y  energy w indow  of th e  b a c k sc a tte re d  p a rtic le s , th e re 
fore, i t  m ay  re p re se n t d iffe ren t chem ical e lem en ts  a t  d iffe ren t d ep th s  in  th e  
solid . C h arac te ris tic  are th e  h a lf-w id th  and  th e  re la tiv e  d e p th  o f th e  valley . 
T his la t te r ,  w hen  ta k e n  a t  an  en erg y  rig h t b eh in d  th e  so-called su rface  p eak , is 
called th e  m in im um  y ield  (%mjn). T h e h a lf-w id th  w as used e. g. b y  Merz e t al [2]

(110) incidence

high energy 
small shadow 

cone 
two atoms 
per row

low energy 
wide shadow 

cone
one atom 
per row
(111) incidence 
one atom 
per row

{ il l}  surface

Fig. 2. M easurement of surface relaxation  by BS. Nonrectangular incidence brings
the inform ation (after [4 ])
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to  d e te rm in e  la ttic e  lo ca tio n  o f im p la n te d  B i in  G aP . C om parison  o f th e  th ree  
h a lf-w id th s  show ed th a t  th e  B i sits on ph o sp h o ru s sites.

T he an g u la r scan  is ex trem e ly  im p o r ta n t, w h en  in te rs titia ls  a re  on 
spec ia l la tt ic e  p o sitions. T he C oulom b p o te n tia l  in  th e  channels s te e rin g  the  
in co m in g  p a rtic le s  m ay  focus th e  beam , say , along th e  m edian  ax is o f  the  
c h an n e l. I f  im p u r ity  a to m s s it p re fe re n tia lly  th e re , th e  b a c k sc a tte re d  yield 
w ill increase  fo r ions ru n n in g  in  th e  ax is an d  h it t in g  th o se  atom s ( f lu x  p ea k
in g ) .

T he critical angle is a q u a n ti ty  describ ing  th e  co n d itio n  for th e  tra v e llin g  
ions to  s ta y  in  th e  channe l. T h is angle goes inverse ly  w ith  \ E , i- e. decreases 
w ith  energy . T his fe a tu re  w as used  to  d e te c t “ h ig h ly  o rien ted ”  silicon  crys
ta ll i te s  (p o ly c ry sta llin e  Si) on  silicon single c ry s ta l [3], because fo r a lower 
en e rg y  good chan n e llin g  w as fo und , w hile h igher en erg y  BS d e te c te d  the  
su rface  as “ am o rp h o u  ” .

T his te ch n iq u e  is re la te d  to  re su lts  an a ly z in g  th e  shadow  cones. A 
re m a rk a b le  exam ple  is th a t  o f D a v ie s  e t  al [4], w ho have  m easu red  the  
su rface  re la x a tio n  o f p la tin u m  c ry s ta ls . I t  can  be seen  in  Fig. 2 th a t  i f  re lax 
a tio n  occu rred , th e  la ttic e  c o n s ta n t w ere m odified  b y  A d  for th e  f i r s t  atom ic 
lay e r. A n o n -rec tan g u la r , th o u g h  ch anne lled  b a c k sc a tte rin g  analysis  ta k e n  
a t  h ig h er b eam  energies w ill see tw ice as m uch  “ su rface”  atom s, th a n  a lower 
en e rg y  BS analysis  or th e  one a t  n o rm a l incidence does.

T h is is one o f th e  ex p erim en ts , w h ich  clearly  d em o n stra te s  th e  pow er 
o f  th e  B S, as i t  re a lly  “ sees”  in d iv id u a l a to m s.

T he n e x t q u a n titie s , as th e  m in im u m  y ie ld  a n d  dechannelling  a re  key  
to  d efec t id e n tif ic a tio n . D efects in  single c rysta ls  m a y  cause

1) d irec t b a ck sca tte rin g ;
2) en h an ced  dechannelling ;
3) en h an ced  m in im um  yield.
F ig . 3 show s th e  f ir s t  o b se rv a tio n  o f o r ie n ta tio n  dependence o f  e p ita 

x ia l reg ro w th  in  d iso rd ered  im p la n te d  lay ers  [5]. T h e  1.5 MeV an a ly s is  feels 
c ry s ta l q u a lity  b o th  b y  m in im um  y ie ld  (a t ap p ro x . 1.1 MeV) o f th e  aligned 
sp e c tra  an d  b y  d ech anne lling  (slope o f th e  curves). T h e  best c ry s ta l regrow s 
i f  - < 1 1 0 >  su b s tra te s  w ere used. T he p rob lem  of reg ro w th  was in v e s tig a te d  
in  d e ta il for silicon se lf-im p lan ted  lay e rs  b y  Cs e p r e g i  e t al [6]. F ig . 4 shows 
th e  dependence  o f reg ro w th  ra te  o f Si on c ry s ta l o rien ta tio n , w hile  Fig. 5 
d isp lay s th e  co rrespond ing  A rrhen ius p lo ts  for Si a n d  Ge. The e q u a l slope 
in d ica te s  th e  sam e v ac a n c y -ty p e  reg ro w th  m echanism .

A m o rp h iza tio n  b y  se lf- im p lan ta tio n  and  a low  te m p e ra tu re  h e a t  t r e a t 
m e n t fo r reg ro w th  helped  to  im prove  th e  c ry sta llin e  q u a lity  o f  silicon on 
sap p h ire  su b s tra te  (SOS). In  th is  case an  in v e rted  am o rp h iza tio n  w as m ade 
b y  h igh  energy  chan n e lled  im p la n t [7] leav ing  th e  su rface  of th e  silicon  u n 
d am ag ed . T h e  560 °C h e a t t r e a tm e n t w as enough  to  produce a n  e p itax ia l
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Fig. 3. Orientation dependence of ep itaxia l regrowth for A s-im planted silicon (im plantation at 
room tem perature). Note d ifferent m inim um  yields and dechannelling.

reg ro w th  from  th is  surface la y e r  dow n to  th e  in te rface , w here  m o st of th e  
defec ts w ere lo ca ted  before (F ig . 6). B o th  s tru c tu ra l  and  e lec trica l ch a rac 
te ris tic s  o f th is  sand w ich  im p ro v ed  b y  an  order o f  m agn itude  [8].

T he influence o f d islocations on  dechannelling  w as ca lcu la ted  b y  QuÉRÉ 
[9] a n d  m easu red  f i r s t  on A1 b o m b ard ed  w ith  Z n  b y  F oti e t a l (F ig . 7, [10]). 
I n  accordance  w ith  QuÉRÉ’s m odel, d islocations do n o t cause d irec t back- 
sc a tte r in g , b u t th e  dechannelling  d u e  to  th em  h as an  .E-dependence.

BS p ic tu re  o f  m isfit d islocations ly ing  460 n m  deep, p ro d u ced  b y  th e rm a l 
o x id a tio n  o f p h o sp h o ru s-im p lan ted  layers in  silicon, was d e te c te d  b y  T sen g  
e t al ([11], F ig. 8). T h e  step  in  th e  ch annelled  sp e c tru m  is caused b y  th e  decrease 
in  “ tra n sp a re n c y ”  o f  th e  channel (F ig . 9).

S tack ing  fa u lts , on th e  o th e r  h an d , increase  th e  m in im u m  yield , b u t  
dechannelling  is in d e p e n d e n t of b o m b ard in g  en erg y  [12].
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T (°C)

Fig. 5. Arrhenius p lots o f  epitaxial regrowth rate o f am orphous layers on self-im planted Si
(after [6])
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Fig. 4. R egrow th o f am orphous (a) layers on Si-sam ples of different orientation, self-im planted
at liquid N . tem perature (after Г61)
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Fig. 6. Regrow th of silicon on sapphire after a channelled, low  tem perature self-im plantation . 
Regrow th front m oves downwards from undam aged surface layer.

N ote  im proved dechannelling, i.e. im proved crystal quality

Fig. 7. D echannelling caused b y  dislocations. (R p is the penetration depth o f im planted Zn). 
N ote the energy-dependence of dechannelling (after [10])



energy [ MeV ]
Fig. 8. BS spectrum  influenced  by m isfit dislocations. The structure was produced b y  thermal 

oxidation  o f a high-dose phosphorus-im planted Si

Fig. 9. E xplanation  o f Fig. 8 by the decrease of “ transparency” of the channel in  the presence 
o f  hexagonal dislocation  network proven also by ТЕМ



R U TH ER FO R D  BACKSCATTERING STU D IES 63

Fig. 10. E xtraction  of inform ation from  BS on tw inned regions in silicon (after [13])

T w ins m an ifest them selves th ro u g h  re la tiv e ly  good < 5 1 1  >  channelling , 
as th is  is th e  d irec tio n  o f tw in -g ro w th  in  d iam o n d  la ttic e . D is tr ib u tio n  of 
tw ins w as deduced  from  BS sp ec tra  b y  P ronko  e t al (F ig . 10 [13]).

T he questio n  is a t  h an d , w h a t can  BS do fo r p rac tica l analy sis  ? O f 
course, tran sm issio n  elec tron  m icroscopy  (ТЕМ ) is th e  m eth o d  to  d e tec t 
in d iv id u a l defects. H ow ever, Т Е М  needs laborious sam ple  p re p a ra tio n  an d  i t  
is d e s tru c tiv e . BS gives in  a re la tiv e ly  sh o rt tim e  an  overview  a b o u t th e  
d e p th  d is tr ib u tio n  an d  n a tu re  o f defec ts . I ts  n o n -d es tru c tiv en ess  m a y  also 
be im p o rta n t.

T h ere  are o th e r  an a ly tica l m e th o d s, w hich  need  help fro m  B S . The 
SIM S a n d  A uger p ro filing  m ay  be su b je c t to  a rte fa c ts  due  to  selective s p u tte r 
ing . T he B S, being  based  on f irs t  p rinc ip les, is a n a tu ra l  too l to  check  s p u tte r 
ing.
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R esults by optim alization of experim ental conditions

T h e choice o f  th e  p roper bombarding particle  m ay  increase th e  sen s itiv ity  
o f  B S . D e a r n a l e y  e t  al [14] an a ly zed  carb o n  su b s tra te s  w ith  sp u tte re d -o n  
h e a v y  m eta ls  fro m  a  T o k am ak  w all. I t  tu rn e d  o u t th a t  a 3 MeV UN+ BS 
a n a ly s is  is an  a b so lu te  and  th e  m o st sensitive m e th o d  for th is  ty p e  o f p ro b 
le m s: su b -m o n o lay er coverage o f  a lig h t s u b s tra te . T he to ta l  n u m b e r of h eav y  
m e ta l  a tom s in v o lv ed  in  th e  an a ly s is  was a b o u t 109.

A n exam ple fo r  optim um  energy is th e  3.05 MeV re so n a n t sc a tte rin g  of 
H e +  ions on o x y g en  atom s [15, 16]. A BS an a lysis  a t  th is  en e rg y  has an  
a lm o s t 20-fold in c rea se  in  se n s it iv ity  for ox y g en . C om position  o f  “ n a tiv e ’1’ 
o x id es , say , on G a P  can  be s tu d ie d  th is  w ay  (F ig . 11, [17]). B y  stepw ise  ch an g 
in g  th e  acce lera tio n  energy , th e  d e p th  d is tr ib u tio n  o f oxygen can  be m easured . 
T h is  te ch n iq u e  c a n  be app lied , in  general, fo r an a ly tic a l ap p lica tio n s o f re 
s o n a n t nuclear reac tio n s , say , o f  (p y ), (pa), (dp) ty p e .

O ptim um  geom etry  m ay  in c rease  d e p th  re so lu tio n . W il lia m s  [18] p ro 
p o sed  a g lancing ang le  geo m etry  fo r b o th  b eam -in  an d  b eam -o u t case im p ro v 
in g  d e p th  re so lu tio n  to  a b o u t 2 n m . In  th is  case channelling  s tu d ie s  are n o t 
possib le  (a t le a s t n o t  ax ia l channe lling ). In  a v e rsion  b y  M e z e y  e t al [19] 
a n d  W illiam s [20], on ly  th e  d e te c to r  w as t i l te d  to  g lancing angles. This w ay  
ch an n e lled  in c id en ce  is possible w ith  all b en e fits  an d  th e  d e p th  re so lu tio n  is 
s t i l l  good, a b o u t 4 nm . F ig . 12 show s a com p ariso n  o f “ re g u la r”  BS (top) 
a n d  “ ti l te d -d e te c to r”  BS (b o tto m ) on an  a n tim o n y -im p la n te d  sam ple. T he 
e x te n d e d  d ep th  sca le  for th e  la t t e r  case gives b e t te r  d is tr ib u tio n  o f  displaced 
S i-a to m s.

Focussing  o f  th e  an a ly z in g  b eam  “ m icro b eam ”  is also a challenging  
a re a , especially  in  a w orld  keen  on  m icroelec tron ics. Focussing  is r a th e r  sim ple

Fig. 11. N ative oxide on GaP. Peaks m arked w ith arrow show  the three elem ents in the surface 
layer. Comparison o f areas gives chem ical com position
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50 100 150 200
enerqy ( channel number )

Fig. 12. Comparison of “regular” B S  and “ tilted-detector” geom etry. N o te  the expansion o f  the  
depth scale and enhanced sensitivity to  surface im purities (C and 0 ).

to  10 —15/tm , b u t  1 — 2 fim  is possible, e. g. [21]. As io n  b eam  exposu re  of 
lith o g ra p h y  re s is t layers is a fie ld  of g row ing  in te re s t, m icrobeam  fac ilities  
m ay  also get a p u sh  from  t h a t  side.

In  su m m a ry , BS m ade a rem ark ab le  progress in  th e  fie ld  of d efec t an d  
su rface  s tu d ie s  th ro u g h  th e  b e tte r  u n d e rs ta n d in g  of th e  channelling  effec t. 
O p tim alized  ex p erim en ta l con d itio n s led to  im proved  “ ch em ica l” , d e p th  a n d  
la te ra l reso lu tio n . The b u ilt- in  ca lib ra tio n  o f b o th  co n c e n tra tio n  an d  d e p th  
scales is v e ry  usefu l to  help  sensitive , b u t  less q u a n tita tiv e  m ethods, as SIM S 
a n d  A uger pro filing .
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Abstract

T h e genera tio n  o f  p ro p er v acu u m  cond itions in  a fusion re a c to r  w ith  
m ag n e tic  con finem en t rep resen ts  a challeng ing  ta s k  fo r v acu u m  tech n o lo g y . 
S ta r tin g  from  ra th e r  e lem en ta ry  p h y sica l considera tions a ce rta in  f ra m e  of 
specifica tions for th e  v a c u u m  ou tline o f  a reac to r  as env isaged  to d a y  w ill be 
derived . B u t u n c e rta in tie s  o rig in a tin g  fro m  still in co m p le te  know ledge of 
im p o r ta n t  de ta ils  in  p la sm a  b eh av io u r — e. g. p lasm a co n fin em en t o f  H eliu m  

ren d e r i t  im possib le to  gain  all n ecessary  d a ta . T he v a c u u m  tech n o lo g y  o f a 
p lasm a ex p erim en t — ty p ic a l for p re se n t d a y  m ach ines — w ill be d iscussed  
b rie fly  a n d  com pared  w ith  a som ew hat d e lib e ra te ly  se lec ted  reac to r d esign  to  
show  th e  enorm ous in crease  in  co m p lex ity , caused, la s t  b u t  n o t le a s t, b y  th e  
h an d lin g  o f tr i t iu m  in  th e  v acu u m  sy stem , and  b y  th e  n e u tro n  a c tiv a tio n  of 
s tru c tu ra l v acu u m  co m ponen ts.
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Abstract

S ca tte rin g  o f  n e u tra l a to m s an d  m olecules w ith  th e rm a l energy fro m  
single c ry s ta l su rfaces has b o rn  o u t  in  th e  la s t  y ea rs  m an y  in te re s tin g  re su lts . 
E sp ec ia lly  i f  d iffrac tio n  is o b se rv ed , im p o r ta n t d e ta ils  of th e  gas a to m —c ry s ta l  
su rface  in te ra c tio n  p o te n tia l becom e ex p e rim en ta lly  accessib le an d  p e rm it 
generalized  q u a n ti ta t iv e  know ledge on p h y siso rp tio n . A tom ic  sc a tte rin g  also 
allow s th e  in v e s tig a tio n  o f th e rm a l p ro p erties  o f  surface a to m s  an d  o f s tru c 
tu r a l  p rob lem s o f  th e  to p m o st su rface  lay e r. E x am p les  o f a to m ic  sc a tte r in g  
re su lts  from  ionic  c ry s ta ls , sem iconducto rs, a n d  m eta l su rfaces w ith  o rd e red  
ab so rb â te s  are  d iscussed .
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ELECTRON AND PHOTON STIMULATED 
DESORPTION -  ESTARLISHED FACTS AND 

RECENT DEVELOPMENTS
By

D . Me n z e l

INSTITUTE FOR SOLID STATE PHYSICS, PHYSICS DEPARTMENT OF TU MÜNCHEN 
D-8046 GARCHING, FRG

E xtended  A b s tra c t

E lec tro n  S tim u la ted  D eso rp tio n  (E S D ), th e  lib e ra tio n  of ions a n d  
n e u tra ls  from  ad so rp tio n  lay e rs  b y  b o m b a rd m e n t w ith  slow  electrons, has 
been  s tu d ied  in  d e ta il for th e  la s t  15 years (for a review  o f o lder w ork see [1] 
an d  th e  l i te ra tu re  given th e re in ) . U p to  re c e n tly , m ost f in d in g s  were ex p la in ed  
in  te rm s of th e  R e d h e a d  - M e n z e l  Go m er  (RM G) m echan ism , w hich assum es 
a p rim a ry  v a lence  ex c ita tio n  w ith  cross sec tio n  com parab le  to  those o f e x c ita 
tio n  an d  io n iza tio n  of co rrespond ing  iso la te d  m olecules, follow ed b y  de-ex- 
c itin g  re c a p tu re  processes o f  th e  ou tgo ing  desorb ing  p a r tic le  for w hich  th e  
p ro b a b ility  is generally  h igh  fo r m eta l su rfaces  (m ost in v estig a tio n s so fa r  
w ere done on such  surfaces) b u t  s trong ly  v a r ia b le  d epend ing  on the  ty p e  a n d  
s tre n g th  o f th e  bond . This m echan ism  ex p la in s  m any o b se rv ed  c h a ra c te r is 
tics, for in s ta n c e  th e  genera lly  low  cross sec tions, th e ir  s tro n g  v a ria tio n  b e 
tw een  d iffe ren t ad so rp tio n  s ta te s  o f the sam e  partic le  on  th e  sam e su rface  
a n d , in  p a r tic u la r , th e  iso tope effect which c a n  be ex trem ely  h ig h  (e. g. a f a c to r  
o f  150 for H /D  on W (100) [2]). B r e n ig  [3] has given a q u a n tu m  m ech an ica l 
version  o f th is  m echanism . L a s t  y e a r  K n o t e k  and  F e ib e l m a n  [4] h av e  p ro 
posed a n o th e r m echan ism  fo r ionic surfaces (w here RM G w ould  n o t be  e x 
p ec ted  to  w ork ): core level io n iza tio n  follow ed b y  Auger d ecay . For m a x im u m  
valence oxides w here th e  m e ta l ions do n o t  re ta in  any  va len ce  electrons a n d  
th e  la t te r  all reside  on th e  0 2~ ions, the  f i r s t  s tep  is su p p o sed  to  be m a in ly  
io n iza tio n  o f h igh  ly ing  m e ta l core e lectrons an d  th e  second  s tep  in te ra to m ic  
A uger decay  w hich  tra n sfe r  u p  to  th ree  e lec tro n s from  O2^ to  th e  m eta l io n s. 
T he p ro o f consists in  s tro n g  secondary  th re sh o ld s  for 0 + desorp tion  fo u n d  
a t  th e  metal core energies (besides a w eak one a t  th e  0(2s) energy). W e h a v e  
show n [5] t h a t  such  seco n d ary  th resho lds can  also be fo u n d  for 0 /W (1 0 0 ) 
for an  ad so rp tio n  s ta te  w hich can  be assum ed  to  be oxidic. M ore im p o r ta n tly , 
we h av e  show n m ore recen tly  [6] th a t  adsorbate core e x c ita tio n  of c o v a len tly  
b o u n d  CO on W  leads to  io n  desorp tion  as evidenced b y  secondary  th r e s h 
olds. T he e x p la n a tio n  is also A uger decay o f  p rim ary  core excita tio n s w h ich
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le ad s  to  ch a rg e  accu m u la tio n  in  th e  b o n d in g  region a n d  to  “ C oulom bic e x 
p losion”  [7] o f  t h e  a d so rb a te  com plex.

P h o to n  In d u c e d  D eso rp tio n  (PSD ), th e  co rrespond ing  process in d u c e d  
b y  p rim a ry  p h o to e x c ita tio n  [8], is a co n tro v e rs ia l su b je c t, as i t  has n o t  b een  
co m p le te ly  c lea r  in  m an y  in s tan ces  w h e th e r  th e  o b served  effects a re  d u e  to  
th e rm a l processes (for n e u tra l  deso rp tion  a t  low  energies) o r, w here th is  is no 
p ro b lem  (for io n  deso rp tio n  a t  high p h o to n  energies) w h e th e r  th e  effects are  
d u e  to  E S D  b y  secondary  o r p h o to e lec tro n s  [9] or to  re a l p rim ary  p h o to 
effects. T h e  p ro o f  for th e  l a t t e r  was possib le  for C 0/W (100) [6]. F o r ox ides 
a n d  sim ilar su rfaces, K n o t e k  h as show n t h a t  his m ech an ism  also w orks w ith  
p h o to n s  [10]; i t  shou ld  be u sab le  for a v e ry  surface-specific  ty p e  o f  E X A F S  
[11]. T his p o ss ib ility  as w ell as an o th e r ap p lica tio n  h as  b een  envisaged  also  
fo r  a d so rb a te  core  e x c ita tio n  [6].

On th e  side  of ap p lica tio n s , E SD  h a d  been used  to  m onito r th e  co n 
c e n tra tio n s  o f  p a r tic u la r  su rface  species (fo r exam ples see [1]), and  to  ded u ce  
s tru c tu ra l  in fo rm a tio n  [12]. I n  recen t y e a rs , the  ap p lic a tio n  of E S D IA D  
(E lec tro n  S tim u la te d  D eso rp tio n  Ion  A n g u la r  D is tr ib u tio n s  [13]) for th e  e lu 
c id a tio n  o f  g eom etrica l in fo rm a tio n  on th e  ad so rb a te  h a s  becom e m ore w id e 
sp read . As a n  exam ple , w e h a v e  deduced  recen tly  fro m  such  m easu rem en ts  
t h a t  p a r t  o f  th e  m olecular CO lay er on  W (100) is o r ie n te d  n o n v e rtica lly  on 
th e  su rface  [14]. S om ew hat sim ilar re su lts  on  C 0/M o(100) have  been  in te r 
p re te d  v e ry  d iffe ren tly , n a m e ly  as exp ressio n  of th e  v ib ra tio n a l d is tr ib u tio n  
o f  th e  a d so rb a te  [15]. T he c o n tr ib u tio n  o f  th e  la tte r , as w ell as of o th e r effec ts, 
to  th e  a n g u la r  w id ths o f  E S D IA D  p e a k s  is no t y e t  com pletely  c lea r a t 
p re se n t [16].

F o r p ra c tic a l p u rp o ses , th e  e x tre m e ly  s trong  d ep en d en ce  o f E S D  an d  
P S D  cross sec tio n  on su rface  conditions a n d  th e  s trong  changes o ften  in d u ced  
b y  v e ry  sm all am o u n ts  o f  im p u ritie s  a re  m o s t n o te w o rth y , «lbeit in  a n e g a 
tiv e  sense, as th e y  m ake a  p red ic tio n  o f  th e  ESD a n d  P S D  p ro p ertie s  o f  a 
p ra c tic a l su rface  v ir tu a lly  im possib le. T h ese  c h a rac te ris tic s  are u n d e rs ta n d 
ab le  in  te rm s  o f  b o th  th e  R M G  and  th e  K F  (or o ther A uger) m echanism s an d  
ca n  be a t t r ib u te d  to  th e  co n trib u tio n s  o f  m in o rity  species in  ESD  a n d  P S D .
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Note added in proof:  The proposition m entioned above th a t PSD  via core ionization  
could be used for a v ery  surface-specific E X A F S  m easurem ent has very recently  been 
realized for 0 +  from O/M o (100) where i t  w as possible to  determ ine the Mo—Mo distance  
in the surface (R. J a e g e r  et ab, su bm itted  to Phys. R ev . L ett.).
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COMPLEX INVESTIGATION ON Fe (111) AND 
Cr Ni STAINLESS STEEL (100) SURFACES BY 

SURFACE ANALYSIS METHODS

By

F . S t o r b e c k

TECHNICAL UNIVERSITY DRESDEN, PHYSICS SECTION, DRESDEN, GDR

Abstract

R esu lts  o f th e  in v es tig a tio n  o f in it ia l  s ta te s  o f th e  o x id a tio n  o f s ta in less 
stee l b y  th e  m ethods

— L E E D  (Low  E n e rg y  E lec tro n  D iffraction)
— A E S  (A uger E le c tro n  S pectroscopy)
— SIM S (S econdary  Io n  Mass S pectroscopy)
— W FC  (W ork  F u n c tio n  C hange)
— E L S  (E n erg y  Loss S pectroscopy)

a re  d iscussed . T he com plex  use o f th e se  m ethods gives ex ac t in fo rm a tio n  
a b c u t  th e  s tru c tu re  o f th e  surface lay e rs .

B y  th e  sam e m eth o d s th e  s tru c tu re  o f  th e  p ( l  X 1) su lp h u r lay e r fo rm ed  
on th e  F e  (111) surface b y  su lp h u r seg reg a tio n  du ring  an n ea lin g  o f th e  m o n o 
c ry s ta l h as  been  in v es tig a ted . T he com p ariso n  o f th e  e x p e rim en ta l a n d  th e o r 
e tica l L E E D  d a ta  allow s th e  estim a tio n  o f  th e  p o sitio n  o f  th e  su lp h u r a to m s 
on th e  iro n  (111) su rface . T he a d v a n ta g e  o f th e  co m b in a tio n  o f d iffe ren t 
m ethods in  th e  fie ld  o f su rface  science h as  b een  d e m o n s tra te d .
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INFLUENCING THE GROWTH OF THIN FILMS
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, The formation of thin films is discussed by considering the surface chemical inter
actions taking place between the very active surface of the developing film and the foreign 
species impinging. The surface structure — steps, kinks, etc. — which represent the sites of 
films growth are also extremely sensitive to impinging impurities by breaking bonds, develop
ing bonds of precursor state and by contributing to the formation of stable compounds.

The foreign species codeposited in these ways can be built into the lattice or accumul
ated onto the surface of the growing crystals or amorphous grains developing a surface cover
ing layer.

T he fo rm a tio n  o f v acu u m  deposited  th in  film s invo lves th e  bu ild -u p  o f 
these  film s v ia  in co rp o ra tio n  o f im ping ing  a d a to m s. This a to m -b y -a to m  p ro 
cess ta k e s  p lace on th e  free su rface  of th e  develop ing  film . T h e  s tru c tu re  o f 
th is  su rface  is reo rgan ized  from  tim e  to  tim e  d u rin g  th e  f ilm  fo rm atio n  a n d  
it  is v e ry  open  to  ev ery  in fluence  o f  th e  e n v iro n m en t. T h a t is th e  reason  w h y  
th e  ex p erim en ts  rev ea led  a h igh  sen s itiv ity  o f  s tru c tu re , s t ru c tu ra l  changes 
an d  p ro p ertie s  o f th e  film s on th e  n a tu re  an d  im p ing ing  ra te  o f  im p u rity  sp e 
cies com ing e ith e r  fro m  th e  re s id u a l gases o r from  th e  e v a p o ra tio n  sources 
( ta rg e ts ) . R ecen t re su lts  o f th e  chem ical analy sis  carried  o u t b y  e lectron  b eam  
m icrop robe , A uger, SIM S or b y  R B S  p roved  th a t  m ost o f th e  th in  film s a re  
m ore or less c o n ta m in a te d  [1 — 4]. O xygen a n d  carbon  a re  u su a lly  d e te c te d  
in  th e m  an d  th e  q u a n ti ty  o f  th e se  c o n ta m in a n ts  is g en era lly  co rre la ted  to  
th e  d iffe ren t p ro p ertie s  of th e  film s.

T he su p erco n d u c tin g  b e h a v io u r of A1 film s is a sc ribed  to  th e  o x id e  
lay e r covering  th e  g ra in  b o u n d aries  [5]. T he v a lid ity  of th is  hypo thesis  h as  
been  p ro v ed  b y  ph ase  c o n tra s t im ag ing  of th e se  typ es o f film s in  the  Т Е М  
[6]. A l e x a n d e r  an d  H o ffm a n n  [7] have fo u n d  a co rre la tio n  betw een  th e  
av erag e  in tr in s ic  s tress in  v a p o u r  deposited  N i film s an d  th e  c o n cen tra tio n  
o f oxygen . M ü l l e r  e t al [8] p re se n te d  an  ex am p le  how  c a rb o n  b u ilt in  c a n  
s tab ilize  th e  s tru c tu re  of Bi film s d u rin g  a h e a t tre a tm e n t. T h e  s tab iliz a tio n  
o f am o rp h o u s Ge an d  Si film s b y  in c o rp o ra te d  oxygen is also well kn o w n  
19, 10].
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The in  s itu  e lectronm icroscop ic  s tu d y  o f  th e  fo rm a tio n  o f In  film s ca rr ied  
o u t b y  PÓCZA e t  al [11] a n d  b y  B a r n a  [12] discovered t h a t  b o th  ca rb o n  an d  
o x ygen  c o n ta m in a n ts  are  accu m u la ted  o n to  th e  surface o f  th e  grow ing c ry s
ta ls . A la y e r  o f  these  im p u ritie s  or th e ir  com pounds co v erin g  com plete ly  th e  
su rface  o f th e  grow ing c ry s ta ls  can  deve lop  and  sto p  th e ir  grow th . F ilm  fo r
m a tio n  p roceeds b y  new  n u c lé a tio n  an d  g ro w th  on th e  su rface  of these  covered  
c ry s ta ls  a t  th is  g row th  s tag e .

T he l is t  o f  these  ex am p les  could be  con tinued . B u t  in stead  o f  th is  we 
h a v e  to  co n c lu d e  th a t  in  sp ite  of th e  la rg e  n u m b er o f  ex p erim en ta l re su lts  
o u r know ledge on th e  m echan ism s how  th e se  im p u rity  species are d ep o sited  
a n d  p a r tic ip a te  in  th e  b u ild  u p  process a n d  in  w hich w a y  th e y  in flu en ce  th e  
s tru c tu re , is v e ry  lim ited . T o  u n d e rs ta n d  these  p h en o m en a  tw o p ro b lem s 
sh o u ld  be an a ly sed :

1 .  T he a d so rp tio n  an d  in  g iven  c ircu m stan ces also th e  fo rm a tio n  o f im p u r ity  
species condensed  on th e  grow ing f ilm  surface;

2. T he p a r tic ip a tio n  o f im p u r ity  species in  th e  a to m -b y -a to m  b u ild in g  p ro 
cess o f th e  film  s tru c tu re  a n d /o r th e ir  in flu en ce  on th is  process.

A  la rg e  a m o u n t o f  in fo rm a tio n  a n d  ideas to  u n d e rs ta n d  th e  p h en o m en a  
m en tio n ed  in  p o in t 1. a re  offered  b y  th e  v e ry  d e ta iled  a n d  som etim es sop h is
t ic a te d  su rface  stud ies c a rr ie d  o u t on s ta t ic  surfaces in  th e  la s t decade. Som e 
o f th ese  can  b e  m en tioned  also here  on ly  to  i l lu s tra te  th e  la rg e  v a rie ty  o f  su rface  
chem ical in te ra c tio n s  s tu d ie d  u n til  now .

A m odel o f a he te rogeneous solid surface d e p ic tin g  d ifferen t possib le 
su rface  sites considered  b y  th e  surface sc ien tis ts  [13] is show n in Fig. 1. A c tiv e  
sites re p re se n te d  m ain ly  b y  geom etrical co n fig u ra tio n s are  th e  m o n o a to m ic  
s tep s , k in k s, s tep  ad a to m s an d  te rra c e  vacancies. T h e  v e ry  d e ta iled  L E E D  
stu d ies  d iscovered  th e  la rg e  v a r ie ty  o f th e se  co n fig u ra tio n s w hich can  deve
lop  on th e  d iffe ren t c ry s ta llo g rap h ic  faces. T his is th e  reaso n  w hy th e  d iffe r
e n t faces sh o u ld  be ch a ra c te riz e d  b y  d iffe ren t m icrochem ical a c tiv ity . I t  is 
now  also w ell know n th a t  th e  chem ical processes ta k in g  p lace on c ry s ta ls  a re

Fig. 1. M odel o f a heterogeneous solid surface. T he different surface sites are characterized b y
their number o f nearest neighbours.
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d e te rm in e d  b o th  b y  th e  k in d  o f m a te ria ls  an d  b y  th e  o rien ta tio n  an d  ac tu a l 
s tru c tu re  o f th e  c ry s ta l faces.

E x p e rim en ts  b y  Ch e st e r s  an d  S om o rjai [14] on  gold c ry s ta l p ro v ed  
th e  ra te  o f  o x id a tio n  to  be in d ep en d en t o f th e  o r ie n ta tio n  of th e  c ry s ta l face. 
T hese “ su rface  oxides”  p ro v ed  to  be v e ry  stab le . W hereas th e  c ry s ta l faces 
o f d ifferen t M iller ind ices show ed d iffe ren t ad so rp tio n  ch a rac te ris tic s  o f  h y d 
ro ca rb o n s.

T he oxygen  u p ta k e  curves o f th e  (100), (110) a n d  (111) faces o f A1 
c ry s ta l m easu red  b y  F lodströ m  an d  M a r t in sso n  [15] are  show n in  F ig . 2. 
T he differences in  th e  u p ta k e  ra te s  on th e  d ifferen t faces can  be seen c learly . 
T he L E E D  stud ies rev ea led  these  ad so rb ed  oxygen lay e rs  to  be am o rp h o u s 
on  (110) an d  (100) faces, w hereas th e y  ex h ib it a reg u la r s tru c tu re  on th e  (111) 
face.

T he lis t of exam ples can  be co n tin u ed  b y  m en tion ing  th e  o b serv a tio n s th a t  
a to m s on th e  steps an d  k inks are  e x tre m e ly  ac tive  in  sp littin g  chem ical bonds 
o f  h igh b in d in g  energy  such  as H  —H , C — H a n d C  —C, e tc . [13]. K in k s p ro v 
ed  to  be ac tiv e  in  C — C bo n d  b reak in g , w hereas th e  o th e r  tw o ty p es  o f  bonds 
m a y  sp lit on  steps to o  [16]. T h a t is w h y  e. g. S o m o rjai has a t t r ib u te d  m ost 
o f c a ta ly tic  ac tiv ities to  th e  ex istence o f  such  steps. C arb o n -co n ta in in g  m ole
cules a rriv in g  from  th e  gas phase m ay  fo rm  a carbonaceous o v erlay e r w hich 
can  be o rdered  or d iso rd e red  as p roved  b y  L E E D . D iffe ren t ty p es of o v erlay e rs  
m ay  e x h ib it d ifferen t c a ta ly tic  ac tiv itie s .

C arbon  m ay  also fo rm  th ree  d im ensional s tru c tu re s  on m eta l c a ta ly s ts . 
F r y e r  an d  P aál  [17] h a v e  found  sp ira l g rap h ite  w hiskers form ed on P t  b lack  
surface from  1-hexane. T he grow th  of ca rb o n  w hiskers on  Ni surface h as  been 
observed  b y  B ak er  e t  al [18]. T he d ep osition  of co lu m n ar an d  la m in a r form s

Fig. 2. In ten sity  change for the 0 KLL peak on the (100), (110), and (111) crystal faces as a 
function of oxygen  exposure. The disappearence o f the L E E D  pattern from the (110) and (100) 

faces is ind icated  b y  arrows, a and b, respectively [15].
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o f  ca rb o n  on p o ly c ry sta llin e  N i foils has been  described  b y  B a ir d  [19]. T he 
c a rb o n  p ro d u ced  from  CO, p ro p a n e  or b u ta d ie n e  m ay  te a r  o ff sm all m e ta l 
p a rtic le s  fro m  th e  N i lay er g ra in s . T hese sm all p a rtic le s  are  b u il t  in to  th e  th re e  
d im en sio n a l c a rb o n  “ fib er”  a n d  s tim u la te  its  fu r th e r  g ro w th  [18].

A n o th e r c o n ta m in a n t im p o r ta n t  for changes o f m e ta l c a ta ly s ts  is h y d 
ro g en . B a ir d  e t al [20] p roved  t h a t  h ea tin g  p la tin u m  b lack  in  hyd ro g en  causes 
s in te r in g  a t  te m p e ra tu re s  as low  as 500 — 700 K . A p p a ren tly , h y d ro g en  en te rs  
th e  m e ta l la t t ic e  an d  p roduces i ts  rec ry s ta lliz a tio n . T he a c tiv a tio n  o f h y d 
ro g en  m ay  o ccu r also on step s . T h e  re c o n s tru c tio n  o f P t  single c ry s ta l surfaces 
u n d e r  h y d ro g en  ad so rp tio n  h as  b een  also o b served . Special a tte n tio n  shou ld  
b e  d raw n  to  th e  fa c t th a t  m o n o a to m ic  steps becam e tw ice as h igh un d er th e  
e ffec t of ad so rb e d  hydrogen  as show n  b y  Ma ir e  an d  co-w orkers [21].

Im p u r ity  a to m s s itu a te d  on  th e  surfaces o f  c rysta ls  can  influence  th e ir  
b eh av io u r. W h e n  crysta ls  o f  p la tin u m  b lack  co n ta in in g  silicon in  th e  ran g e  
o f  a few te n th s  o f  p e r cen t a re  h e a te d  n ea r to  1200 K , a g ra d u a l s in te ring  is 
o b serv ed  b y  in  s itu  electron  m icroscopy  (F ig . 3).

Fig. 3. Gradual sintering of the crystals of platinum  black containing Si during a heat
treatm ent at 1200 К

O xygen ad layers or o x id e  layers can  a lte r  seriously  th e  surface ten s io n  
o f  sm all c ry s ta ls . This m ay  re s u lt  in  th e  c ry s ta lliz a tio n  o f sm all d rop le ts [22] 
o r in  tra n s fo rm in g  sm all fa c e te d  c rysta ls  in to  g lobu lar ones. T his oxide la y e r  
ca n  h in d er th e  coalescence o f  c o n tac tin g  g ra in s  [23], can  change th e  w e ttin g  
o f  su b s tra te  a n d  prom ote  th e  m ob ility  o f c ry s ta ls  on th e  su b s tra te  [24]. 
P la tin u m  p a rtic le s  are “ f la t”  on  oxide su b s tra te s  w ith o u t oxygen. In  th e  
p resence  o f  o x y g en  w ettin g  does n o t tak e  p lace  an d  th e  su b seq u en t b reak in g
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up  o f th e  partic les  increases th e  d ispersion [25]. This p h en o m en o n  m ay  be 
e x trem e ly  im p o r ta n t fo r in d u s tr ia l  ca ta lysis. I t s  im p o rtan ce  c a n n o t be denied  
from  th e  p o in t o f v iew  of film  fo rm a tio n  since i t  is n o t in d iffe ren t w h e th e r 
th e  f ilm  adheres w ell to  its  s u p p o r t or ten d s  to  fo rm  sm all g lobules in s tead . 

In te r ru p tin g  h ere  th e  l is t o f  exam ples we m a y  conclude th e  follow ing:
— Surfaces ex h ib it special chem ica l p ro p ertie s  co rre la ted  to  th e ir  specific 

a to m ic  s tru c tu re s .
— S urface stud ies ap p ly in g  th e  new est so p h is tic a ted  m eth o d s accu m u la ted  

a lre a d y  a v e ry  im p o r ta n t reso u rce  of know ledge in  th is  re sp ec t, how ever, 
o u r p resen t u n d e rs ta n d in g  o f  th e se  p h enom ena  is v e ry  lim ited .

— F ro m  th e  p o in t o f  view  o f film  fo rm atio n , th e  surface a to m ic  s tru c tu re s  
(e. g. steps, k in k s , etc .) re p re se n t th e  sites o f  fu r th e r  film  g row th , th e y  
a re  also ex trem ely  sensitive  to  im ping ing  im p u ritie s .

— T h e  v e ry  in ten siv e  surface s tu d ie s  in  progress m ay  ad d  m ore an d  m ore to  
o u r know ledge a n d  u n d e rs ta n d in g  of rea l su rface  s tru c tu re s  an d  th e  che
m ica l p h enom ena  ta k in g  place on  th em . In  th is  w ay  th in  film  physics people 
m a y  search  fo r th is  k ind  o f  in fo rm atio n  to  be app lied  fo r th e  descrip tion  
o f  th e ir  specific system s.

N ow  we h av e  to  com e b a c k  to  our f irs t  p rob lem  an d  give som e ideas 
a b o u t th e  p henom ena  b y  w hich th e  codeposition  o f im p u rity  species can  ta k e  
p lace.

F ir s t  o f all i t  can  be u n d e rs to o d  th a t  th e  b u ild ing  u p  process o f th in  
film s p roduces th e  ac tiv e  e lem ents o f  surface s tru c tu re  show n in  F ig . 1 con
tin u o u s ly , b o th  in  th e  case o f c ry sta llin e  an d  am orphous film s. As a conse
quence  o f th is  th e  f ir s t  steps o f  a ll surface in te ra c tio n s  co rre la tin g  to  th ese  
ac tiv e  sites tak e  p lace  d u ring  th e  p re p a ra tio n  o f  th e  film s. P h en o m en a  to  be 
considered  in th is  re sp ec t are sum m arized  in  T ab le  I.

T h e  n e x t p o in t is to  give id eas  how  th ese  im p u r ity  species adso rbed  can  
p a r tic ip a te  in  an d /o r in fluence  th e  bu ild ing  u p  process o f th e  a to m ic  system s 
o f th in  film s. F o r th is  purpose we sum m arize th e  basic  g ro w th  processes o f 
th in  f ilm  fo rm atio n  accord ing  to  R e ich a  an d  B a r n a  [23], in  T ab le  I I .

P rocess A ta k e s  p lace on th e  su b s tra te  su rface  an d  is d e te rm in ed  m ain ly  
b y  its  p roperties.

P rocess В rep re sen ts  th e  g ro w th  o f g ra in s (g row th  o f c ry s ta ls  or an  
am o rp h o u s n e tw o rk ). T h a t process ex ists p ra c tic a lly  d u rin g  th e  w hole period  
o f film  p re p a ra tio n . C o n sequen tly , th e  in fluence  o f  surface in te ra c tio n s  shou ld  
h av e  th e  s tro n g est in fluence  on th is  process.

Process C is u su a lly  a v e ry  sh o r t  one ex is tin g  m ain ly  in  th e  case o f liq u id  
like coalescence. I t  is co n tro lled  b y  th e  o r ie n ta tio n  an d  su rface  cond itions 
o f th e  co n tac tin g  c ry s ta ls  as w ell as b y  th e  su b s tra te -g ra in  in te rface  energy . 
Surface p roperties o f  c o n tac tin g  su rfaces (o rien ta tio n , coverage) a re  developed  
d u rin g  th e  grain  g ro w th  process befo re  coalescence.
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Table I

Surface interactions contributing to the participation of im purity species in the building up o f film s

Phenomena Species Sources of species

condensation e. g. m etal, carbon evaporation source; 
targets;
heated parts o f the system

bonding in precursor state atom s and molecules of gases 
and vapours

environment;
desorption

breaking bonds,
formation o f fragm ents 
to be condensed

m olecules o f gases and 
vapours

environm ent, desorption
' ■ • 1

form ation of stable  
compounds

atom s or molecules:
im pinging or bonded in 
precursor state and 
fragm ents

evaporation Source; 
targets; 
heated parts; 
environm ent; desorption

Table II

Basic growth processes o f thin film  formation

Process takes > place

A  Nucléation

, . r

at the beginning of the condensation and later on , 
the em pty substrate surface developing at the  
contraction during the liquid-like coalescence

В Building up o f the structure by  
an atom -by-atom  process
— growth of crystal
— building up of 

amorphous network

in the individual grains following the nucléation  
and liquid-like coalescence

in islands and in continuous film s — the growth of 
film  perpendicular to the substrate

' . ; ■ ’ • ■ ■ i * . i ' 1

C Coalescence
■ •— liquid-like (contraction) 
— growth

when the individual crystals/grains become 
contacted

D  R ecrystallization, lateral 
growth o f grains

in islands; in continuous film s

T he la te ra l  g ro w th  o f g ra in s  in  th e  is lands or co n tin u o u s film s is in flu en ced  
b y  th e  p ro p e rtie s  o f g ra in  b o u n d a rie s  (low or large angle  gra in  b o u n d a ry  and  
cav e rag e) deve loped  d u rin g  th e  g ra in  g row th .

T his an a ly sis  in d ica tes  t h a t  th e  g ra in  g ro w th  (c ry s ta l la ttic e  o r  amor^ 
p h o u s  n e tw o rk ) is th e  process m o st sensitive  to  im p u ritie s .
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Some e x p e rim en ta l re su lts  on c ry s ta llin e  film s w ill b e  m en tio n ed  in  th e  
fo llow ing to  get ideas on th e  c o n tr ib u tio n  o f  im p u rity  species in  th e  g ro w th  
m echan ism  o f a to m ic  s tru c tu re s  in  film s:

— D ev e lo p m en t of a s ta b le  lay e r of im p u ritie s  or th e ir  com pounds covering
th e  surface o f  c ry s ta ls  p a r t ly  o r com plete ly  [11, 12, 23]. T hese  show c lea rly  
t h a t  som e im p u r ity  species can  be accu m u la ted  onto  th e  su rface  d u rin g  th e  
g ro w th  o f th e se  cry sta ls . 1

— B unches o f g row th  s tep s  can  develop on  th e  surfaces o f  A1 single c ry s ta ls  
o f th in  film s in  th e  presence o f  oxygen [23, 26].

— C rysta ls  o f d ifferen t o rien ta tio n s  h a v e  d ifferen t g ro w th  m orphologies
[26].

B ased  on these  re su lts  w e m ake som e proposals concern ing  som e p o s
sible m echan ism s [23, 26]:

— Im p u r ity  species are  b o n d ed  in  a p recu rso r s ta te  a t  th e  active sites o f  
su rface  s tru c tu re s  b u t  th e y  can  be m obile to o .

Fig. 4. A1 crystal grown epitaxially on]mica at 820 К  substrate temperature; The edges betw een  
(111) planes are destroyed by the developed oxide laÿer.
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— T hese  im p u r ity  species can  be re p la c e d  by  th e  im p in g in g  film  ad a to m s.
— Im p u r i ty  species can  be d raw n  w ith  th e  m oving  g ro w th  steps in  th is  

w a y  an d  th e ir  c o n c e n tra tio n  along th e  s te p s  increases.
— R each in g  a c ritica l c o n cen tra tio n , th e  stab le  p h ase  o f im p u rities  ( th e ir  

com p o u n d s) ca n  be n u c lea ted  a t  th e  a c tiv e  sites of s tep s .
— A  tw o  or th ree  d im ensional p h ase  o f im p u ritie s  (com pounds) c a n  be 

deve loped  b y  th e  ad a to m s because th e  edge of th is  n ew  phase can  b e  v e ry  
ac tiv e  fo r b in d in g  th e  im p u r ity  species.

R e ic h a  an d  B a r n a  [23] ex p la in ed  th e  fo rm a tio n  o f  bunches o f  steps 
a n d  d iffe ren t ty p e s  o f h illocks in  A1 film s in  th e  p resence  o f  oxygen , b y  con
siderin g  th e se  m echanism s.

T he c ry s ta l  show n in  F ig . 4 ta k e n  b y  R e ich a  a n d  B a r n a  [23] p re se n ts  
an  ex am p le  to  i l lu s tra te  th e  effect [15] o f  th e  d iffe ren t oxygen  u p ta k e  ra te s  
o f  d iffe ren t c ry s ta l  faces o f  A1 on th e  g ro w th  m orpho logy . I t  is c learly  show n 
t h a t  th e  edges b e tw een  (111) p lanes are  d estro y ed . T h e  covering  lay er d ev e lo p 
ed  here  h in d e re d  th e  g ro w th  in  th is  a rea . T h e  edges b e tw een  (111) a n d  (100) 
faces a re  v e ry  sh a rp .

C onclusion

T he ex is ten ce  o f ac tiv e  sites on th e  surface o f  develop ing  film s is — 
m ore  or less — a p reco n d itio n  o f fu r th e r  film  g row th  a n d  a t  th e  sam e tim e  
re p re se n ts  e x tre m e ly  ac tiv e  sites w here su rface  chem ica l processes c a n  tak e  
p lace , i. e. w here  film  g ro w th  m ay  be s to p p ed . The se p a ra tio n  of th e se  tw o 
oppo site  effec ts  requ ires fu r th e r  carefu l consid era tio n s a n d  stud ies as w ell as 
a v e ry  in te n s iv e  co llab o ra tio n  o f sc ien tis ts  w ork ing  in  surface science and  
th in  film  physics.
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In  general th e  q u a n ti ta t iv e  A uger e lectron  spectroscopic  an a ly sis  o f m eta l f ra c tu re  
surfaces is based  on  e lem en tal sen sitiv ity  facto rs o f th e  com ponents, seg regated  im p u ritie s  o r 
second phases. In  m eta llu rg ica l A E S stud ies m o stly  th e  P H I  A uger H an d b o o k  is u sed , th e  
re la tiv e  sen sitiv itie s  being d e te rm in ed  on  atom ic c lean  m eta l an d  sem ico n d u cto r su rfaces, o r 
in su la tin g  com pounds (e.g. MgO, KC1, CdS, G aP). In  th e  lite ra tu re , m a n y  c o n tra d ic to ry  d a ta  
are co m m unica ted . In  th e  ana ly sis  o f segregated  film s, how ever (C, S, P  e tc .), th e  c o n tr ib u tio n  
o f b a ck sca tte rin g  from  th e  fra c tu re d  m eta l m igh t be im p o rta n t.

Som e prob lem s of f ra c tu re  analysis on steel a n d  tu n g s ten  are  d iscussed , considering  th e  
b a ck sca tte rin g  correction , escape d e p th  an d  ex c ita tio n  cross sections as well.

T he use o f e lem en ta l sen s itiv ity  fac to rs  in  A uger e lec tro n  spec tro sco p y  
is a w idely  ap p lied  p ra c tic a l ap p ro x im a tio n  [1 — 6]. A reso n ab le  accu racy  of 
surface analysis can  be ach ieved  in  m any  cases, under som e cond itions:

— th e  energy  of A uger peaks (escape d e p th  of A uger e lectron) is n o t 
v e ry  d iffe ren t;

— th e  b a c k sc a tte rin g  ex c ita tio n  can  be neglected  fo r elem ents s i tu a te d  
in  th e  ne ighbourhood  in  th e  periodic ta b le ;

— A uger em ission is p roduced  b y  a to m ic  tran s itio n s  (i. e. n o t K V V  or 
LVY tra n s itio n s  in  in su la to rs);

-г- roughness o f th e  su rface can  be neg lected .

In  th e  analysis o f seg regated  im p u ritie s  below  th e  m ono layer th ick n ess  
ran g e , considerab le  d iscrepancies m ay occur. A p p a ren tly  anom alous va lu es  
or re la tiv e  se n s itiv ity  fa c to rs  o f som e seg reg a ted  (e. g. S) e lem en ts h av e  b een  
described  in  th e  li te ra tu re  (e. g. [4]).

In  th e  li te ra tu re  o f q u a n tita tiv e  A ES using  e lem en ta l se n s itiv ity  fac to rs , 
l i ttle  a tte n tio n  has been  p a id  h ith e rto  to  b a c k sc a tte rin g  ex c ita tio n . A fte r th e  
fu n d a m e n ta l w orks of G a l l o n  an d  cow orkers [7], re c e n tly  J a b l o n s k i  [8] 
show ed th e  g re a t im p o rtan ce  o f th e  b a ck sca tte rin g .

In  th is  p a p e r some prob lem s o f q u a n ti ta t iv e  AES o f seg rega ted  im p u r i
ties on f ra c tu re  surfaces are  discussed. M c M a h o n  and  cow orkers p u b lish ed  a 
g re a t n u m b er o f w orks on  A E S stud ies o f  s tee l fac tu re  su rfaces (e. g. [9]).
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R ecen tly , th e  a u th o r  and  cow orkers re p o rte d  on A ES s tu d y  o f too l s tee l [10], 
w hereas M e n y h a r d  re p o rte d  on tu n g s te n  [11].

In  th is  w ork  analysis  is based  on  th e  new ly  pu b lish ed  m eth o d  of 
M a r c h u t  a n d  M cMah o n  [12], im prov ing  th e ir  accu racy  w ith  considering  th e  
e ffec t o f b a c k sc a tte rin g  e x c ita tio n . Ma r c h u t  and  McMa h o n  derived  som e 
sim ple e q u a tio n s  for th e  case o f  tw o co m p o n en t alloys w ith  X 1 and  X 2 =  1 — X t 
su rface  com po sitio n ; a sso c ia ted  w ith  a n d  I 2 A uger p e a k  in ten sities :

Jj_ PL Xx l - k 2 
h  P 2 1 —  X i  1 -  * !  ’ 

In  E q . (1) P i a n d  P 2 are  th e  A uger y ie lds,

ki =  exp
L  _

0 ,74 Li ’

( 1 )

L  is th e  la tt ic e  spacing , L f d eno tes th e  escape d e p th  o f A uger e lectrons. T he 
fa c to r  0.74 in  к г comes from  th e  42° co llec ting  angle o f th e  CMA.

In  a s im ila r w ay  Ma r c h u t  derived  a sim ple exp ression  for th e  case o f a 
su rface  im p u r ity  (/,■) w ith  coverage & on  a su b s tra te  w ith  A uger em ission 
in te n s ity  J j  :

( 2)

I t  w ill be show n in th is  p a p e r  th a t  P 1 an d  P 2 can  be d e riv ed  from  th e  e lem en ta l 
se n s itiv ity  fa c to rs , ta k in g  in to  accoun t th e  b a c k sc a tte rin g  ex c ita tio n  [ rB] com 
p a rin g  th e  A uger p eak  h e ig h ts  o f tw o hom ogeneous sam ples:

(3)

E q . (3 )  h o w ev er co rresponds to  th e  A uger sp ec tra  p re sen ted  in  th e  P H I  
H an d b o o k  [ 1 ] .  T he ra tio  P J P 2 can  be d e te rm in ed  fo r a n y  pair o f e lem en ts, 
p ro v id ed  re liab le  d a ta  are  av a ilab le  for th e  escape d e p th  L { an d  th e  b a c k sc a t
te r in g  e x c ita tio n  fac to rs. I n  o u r E qs. (1  — 3 )  L ,/L  den o tes  th e  n u m b er o f  a to 
m ic layers crossed  b y  escap in g  A uger e lec tro n s. O ur analy sis  is b ased  on  th e  
re c e n tly  p u b lish ed  d a ta  o f L e H e r i c y  [5]. O n th e  o th e r  h a n d , rea l v a lu es  of 
th e  b a c k sc a tte rin g  fac to r  are  ra th e r  p ro b lem atic . B esides o f some e a r ly  ex 
p e rim e n ta l d a ta  o f S m i t h  [ 7 ] ,  G o t o  [ 1 3 ] ,  Y r a k k i n g  [ 1 4 ]  below  E p =  1 ,5  keV 
e x c ita tio n  energy , J a b l o n s k i ’s recen t ca lcu la tio n s gave  considerab ly  h igher 
v a lues. R e c e n tly , th e  b a c k sc a tte rin g  sp e c tra  of v a rio u s elem ents h a v e  been 
m easured  in  o u r la b o ra to ry  [1 5 ] .

T he b a c k sc a tte rin g  coeffien ts -— n o t id en tica l w ith  th e  A uger e x c ita 
tio n  b a c k sc a tte rin g  fac to rs  — found  in  o u r recen t w o rk  show ed s im ila rity
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w ith  E v e r h a r t ’s [16] an d  McA f e e ’s d a ta  [17], av a ilab le  u n fo rtu n a te ly  
on ly  below  Z  =  32. F o r  h igher Z  v a lu es , s a tu ra tio n  c h a ra c te r  w as observed  
[16], as found  also b y  S m ith  [7] on rB. F o r th is  reason , in  som e cases rB va lues 
w here derived  b y  e x tra p o la tin g  Ga l l o n ’s ex p e rim en ta l d a ta  [7]. Som e re su lts  
are  sum m arized  in  F ig . 1 e x h ib itin g  also ca lcu la ted  d a ta  o f  J a b l o n s k i , fo r
E J E ,  =  10.

I t  is reaso n ab le  to  assum e th a t  th e  (A uger ex c ita tio n ) b a c k sc a tte rin g  fa c to r  
rB should  be p ro p o rtio n a l to  th e  b a c k sc a tte rin g  coefficient r o f  th e  surface. 
F it t in g  th e  ex p erim en ta l r values w ith  J a b l o n s k i’s d a ta , th e y  are  conform  
below  Z  =  26, b u t  above iron , d e v ia tio n  is increasing  w ith  Z . J a b l o n sk i 
m ade his ca lcu la tio n  u p  to  Z  =  46 (P d ) on ly  fo r som e e lem ents. S upposing  th e  
p ro p o rtio n a lity , in  ou r analysis, th e  red u ced  rB curve w as ap p lied . In  F ig . 1 
ex p erim en ta l po in ts  availab le  [7, 14] are also ind ica ted .

The p a ra m e te rs  used  in  o u r analysis  an d  resu lts  a re  sum m arized  in  
T ab le  I . T he A uger y ield  ra tio s  a re  re fe rred  to  th e  7 0 3  eV p eak  of iron  [4] 
for E p =  3 keV  ex c ita tio n  energy. T h e  A uger ex c ita tio n  cross sections a  a re  
ta k e n  from  Y r a k k in g  an d  M a y e r  [ 1 8 ] ,  b u t  fo r 3 keV.

or(-E) w as ca lcu la ted  accord ing  to  Y r a k k in g  for aK an d  Gr y z in s k i  [7] fo r aL. 
In  p rincip le , th e  P i A uger yield va lu es  shou ld  be p ro p o rtio n a l to  a. In  a sim ilar

Fig. 1. The rg Auger excitation backscattering factor and the r backscattering coefficient
versus Z ------  J a b l o n s k i’s data for E p =  3 keV , £,• =  0.3 k e V . ----------- reduced rB curve.
-  • -  • -  r, cu rve  of McA f e e , x p o in ts ow n resu lts . ® p o in ts  d a ta  of Sm it h  a n d  Ga llo n
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Table I

N um erical values o f param eters for A E S

Element
(compound) z «/« Fe 

Palmberg rBi LilL cT xl0~19 
cm2 P r J P i

c 6 2.08 1.21 3.2 0.43 1.1

Si 14 0,58 1.55 1.8 2.1 0.25
P(GaP) 15/23 0.39 1.75 2 1.9 0.208
S(CdS) 16/32 0.35 1.85 2.3 1.6 0.216

K(KC1) 19 0.28 1.64 3.1 0.19
Fe 26 1 1.61 5 0.3 1

W 74 3.04 2.1 2.85 2.43

w ay , Р,- is p ro p o rtio n a l a p p ro x im a te ly  to  th e  e lem en ta l sen s itiv ity  fac to r, 
n eg lec tin g  th e  effect o f  b a ck sca tte rin g . L e t us com pare  d a ta  in  T ab le  I  w ith  
e x p e rim e n ta l c a lib ra tio n  d a ta , p u b lish ed  in  th e  l i te ra tu re . F o r th is  reason , 
th e  A uger signal or coverage  has to  be co m p ared  w ith  th e m . In tro d u c in g  th e  
b a c k sc a tte rin g  e x c ita tio n  in to  E q s. (2):

4  2 -^2 T B n 0

P i  r  b i
1

I —  k x

(4)

r Bl d eno tes th e  b a c k sc a tte rin g  fac to r  o f th e  s u b s tra te , w hereas r B21 deno tes 
th e  ex c ita tio n  of seg reg a ted  im p u r ity  b y  th e  s u b s tra te , ta k in g  in to  acco u n t 
th e  e x c ita tio n  energ ies. K now ing  p a ra m e te rs  P ( an d  r Bl E q . (4) can  be u sed  for 
e v a lu a tin g  A uger sp e c tra  o f  th in  su rface  layers, seg reg a ted  on g ra in  b o u n 
d a ry  frac tu re s .

F o r tw o  im p u ritie s  w ith  in ten s itie s  J 2 an d  I 3 a n d  coverages 0 2 a n d  0 3

in p 3 r B 3 l11

P i r s i  I  1  0 2  
U — f e i

U n fo r tu n a te ly , v e ry  few  re liab le  ca lib ra tio n  d a ta  a re  availab le  in  th e  lite 
ra tu re .

In  A E S fra c to g ra p h y  of stee l a lloys, S, P , an d  Sb are th e  m o st in te re s t
in g  seg rega ting  im p u ritie s , p ro d u c in g  te m p e r e m b rittle m e n t. F o r P , Sb an d  
S n , c a lib ra tio n  s ta n d a rd s  h av e  been  s tu d ied  b y  Ma r c h u t  [13]. C a lcu la ting  
I J I i  f ° r  0  =  0,1 p h o sp h o ru s w ith  E q . (4) gives 0.54, in s tead  o f 0.30 found  
b y  Ma r c h u t . T he d isc rep an cy  can  be  ex p la in ed  b y  th e  in ad eq u acy  o f  a  =  
=  0.55 e lem en ta l se n s itiv ity  fac to r o f P ,  d e te rm in ed  on G aP . G aP  is a sem i
c o n d u c to r  c ry s ta l o f  h igh  perfec tio n , possib ly  p ro v id in g  a h igher m ean  free
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p a th  (escape d e p th )  o f A uger e lec trons, as g iven b y  th e  ‘im m a te r ia l”  s ta n d a rd  
cu rv e . I t  shou ld  he em phasized  th a t  in  L e H e r ic y ’s recen t p a p e r  ex p eri
m e n ta l po in ts  a re  w idely  sc a tte re d  a ro u n d  th e  s ta n d a rd  cu rve . T he d iscre
p a n c y  o f th e  ж o f phosphorus also occurs, co m p arin g  its  a ex c ita tio n  cross 
sec tio n  w ith  t h a t  o f  Si. T he a u th o r  is n o t aw are o f re liab le  ca lib ra tio n  d a ta  of 
S on Fe, b u t a  a n d  a o f S are  sim ilar to  those  o f  P . R egard ing  th e  case of p o ta s 
sium  on tu n g s te n , q u a n tita tiv e  d a ta  are  g iven b y  T hom as an d  H a a s  [19]. 
F o r  0  =  0.5 E q . (4) gives 6.1, in s te a d  of 2.5 [19]. T he ra tio  o f e lem en ta l sen 
s it iv ity  fac to rs o f  К  an d  W  m akes 27. E v en  w ith  our co rrections in  T ab le  I , 
th is  ra tio  is 12.8. T he d isc repancy  can  be reso lved  again  b y  th e  h igh  escape 
d e p th  o f A uger e lec trons in  KC1, a h igh ly  p e rfec t in su la to r  c ry s ta l, as found  
b y  B a t t y e  an d  cow orkers [20] on alkali halide  c ry sta ls . S um m ariz ing  th e  re 
su lts  o f th is  ana lysis , th e  ev a lu a tio n  o f A uger sp ec tra  o b ta in ed  on frac tu re  
su rfaces needs ex trem e  care. In  case o f  seg reg a ted  P  or S, or К  on W  (surface 
d iffusion , as fo u n d  b y  Me n y h a r d ), th e  sim ple use o f e lem en ta l sen s itiv ity  
fac to rs  is h a rd ly  ju s tified .
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XPS-INVESTIGATIONS OF ELECTRODE 
SURFACES

By

M . F . E b e l

INSTITUTE FOR TECHNICAL PHYSICS, TECHNICAL UNIVERSITY OF VIENNA, AUSTRIA

and

E . PUNGOK
INSTITUTE FOR GENERAL AND ANALYTICAL CHEMISTRY, TECHNICAL UNIVERSITY 

H-1521 BUDAPEST, HUNGARY

Abstract

X P S  (X -ra y  p h o to e lec tro n  sp ec tro sco p y ) provides in fo rm atio n  o n  th e  
su rface  in  a d e p th  o f som e a to m s. T his te c h n iq u e  has b e e n  app lied  to  in v e s t i
g a te  d iffe ren t k inds o f ion-se lec tive  e lec tro d es. P re p a ra tio n  o f  th e  m a te ria ls , 
e v a lu a tio n  o f  th e  ex p erim en ta l re su lts  a n d  a com parison  o f p h ysica l and  
chem ical b eh av io u r is g iven.
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THE DETERMINATION OF CONCENTRATION 
MAPS AT SOLID SURFACES FROM DIGITAL 

SECONDARY ION MICROGRAPHS

By

W . St e ig e r  and F . G. R ü d e n a u e r

SGAE, A-1082 VIENNA, AUSTRIA

Abstract

T he c o n tra s t  in  secondary  ion m icrog raphs of to p o g rap h ica lly  s t ru c 
tu re d  surfaces is m odified  b y  a rtifa c ts  (i. e. in te n s ity  m o d u la tio n s, n o t p ro 
d u ced  b y  local e lem en ta l co n cen tra tio n  v a r ia tio n s) . E lim in a tio n  of a r t ifa c t  
c o n tra s t  is p e rfo rm ed  by  a q u a n tita tiv e  co rrec tio n  procedure  app lied  in  each  
p ix e l o f  th e  d ig itiz ed  ion m icrog raphs. T hus, e lem en ta l m aps m a y  be p ro d u ced  
w here  th e  c o n tra s t  is d e te rm in ed  b y  e lem en ta l co n cen tra tio n  only. The co r
re c tio n  p ro ced u re  is perfo rm ed  on a P D P -11  m in icom pu ter a n d  requ ires a n  
av e rag e  of 0.2 s p e r  pixel. A fa s t 1 -p a ram e te r  L T E -a lg o rith m  is used as a  
co rrec tion  ro u tin e .
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MICROANALYSIS OF SOLIDS WITH A 
QUADRUPOLE-ION MICROPROBE
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F . G. R ü d e n a u e r , W . St eig e r

SGAE, A-1082 VIENNA, AUSTRIA 

a n d

U. K r a u s

LEYBOLD-HERAEUS, COLOGNE, FRG

Abstract

A new  scann ing  ion  m icroprobe is described w h ich  uses a q u ad ru p o le  
m ass f ilte r  fo r seco n d ary  io n  m ass an a ly sis . S m allest p rim a ry  sp o t size is 
5 p,  m ax im u m  c u rre n t d e n s ity  for 0 +  is 40 m A /cm 2. A pplica tions inc lude  
th e  iso top ic  analysis o f  N i, Cr, F e in  sm all steel g ra in s  for b u rn u p  d e te r
m in a tio n  o f nu c lea r fuel e lem en ts, th e  analy sis  o f corrosion  spots on 30 p  Cu 
w ires an d  th e  m icro -analysis  on in te g ra te d  circuits.
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SURFACE SPECTROSCOPY USING AN ATOMIC BEAM 
OF NEUTRAL ATOMS OF VERY LOW ENERGY

By
E . S e MERAD and E . M. HÖRL

SGAE, RESEARCH CENTER SEIBERSDORF, A-2444 SEIBERSDORF, AUSTRIA

Acta Physica Academiae Scientiarum Hungaricae, Tomus 49 (1—3), p . 99 (1980)

Abstract

B y  sc a tte rin g  o f  N e-atom s o f v e ry  low en erg y  (iSkin~ 2 .4  meV) from  th e  
(001) face o f a L iF  c ry s ta l in fo rm a tio n  on th e  d y n am ics of gas-su rface in te r 
ac tio n s can  be o b ta in e d . S tru c tu re s  in  th e  in te n s ity  d is trib u tio n s  o f  th e  spe
cu la r, o f th e  (11) an d  (11) beam  caused  b y  bound  s ta te  resonances a re  observed. 
M easu rem en ts o f th e  te m p e ra tu re  dependence  o f th e  specu lar re fle c ted  in te n 
s ity  are  rep o rted . F ro m  these  d a ta  a surface D eb y e  te m p e ra tu re  fo r  L iF  ia 
d eriv ed . T he ap p lica tio n  o f an  a p p ro p ria te  D ebye m odel and  co rrec tions due 
to  th e  f in ite  size o f  th e  im pinging  a to m s are d iscussed . The d e te rm in a tio n  o f 
en erg y  an d  m o m en tu m  changes d u rin g  th e  sc a tte rin g  process b y  tim e  o f f lig h t 
m easu rem en ts  shou ld  enable  us to  s tu d y  th e  an n ih ila tio n  and c re a tio n  o f su r
face phonons. A t su rface  te n p e ra tu re s  o f  T  ~  100 К  elastic  sc a tte r in g  is dom i
n a n t , b u t  a b ack g ro u n d  o f diffuse sc a tte re d  a tom s exists.
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CRITICAL INVESTIGATIONS OF THE SECONDARY 
ION EMISSION OF PURE METALS USING THE 

PSEUDO-ATOM METHOD
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Abstract

T h e secondary  ion  em ission o f  25 m etals w as in v es tig a ted  b y  m eans o f  
one d im ensional p seudo-a tom  m odel. The co m p u te d  io n isa tio n  p ro b ab ilitie s  
w ere co m p ared  w ith  ex p e rim en ta l re su lts  w h ich  w ere in  th e  ra n g e  o f 10 ~2— 
1 0 -6 . T h e  re lia b ility  o f th e  in p u t  d a ta  (w ork fu n c tio n , F e rm i energy, free  
e lec tro n  num ber) w as in v es tig a ted . V ary ing  in p u t  d a ta  w ith in  th e  e x p e ri
m e n ta l lim its  p u b lish ed  th e  ag reem en t be tw een  th eo re tica l a n d  ex p erim en ta l 
va lu es  o f  th e  p ro b a b ility  of th e  seco n d ary  io n  em ission w as b e t te r  th a n  one 
o rd e r o f  m ag n itu d e  fo r all m eta ls  in v estig a ted .
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COMPUTER SIMULATED INVESTIGATIONS ON 
QUASI-THERMODYNAMICAL DESCRIPTION OF 

SPUTTERED BEAMS

By

J .  A n t a l , L. O rosz  and S. K u g l e r

INSTITUTE OF PHYSICS, TECHNICAL UNIVERSITY, H-1521 BUDAPEST, HUNGARY'

Abstract

A p artic le  b eam  source of th e  energy  d is tr ib u tio n  f ( E )  =  E ( E  -J- E b)~3 
w as s im u la ted  (E b th e  surface b in d in g  energy, em ission  was d esc rib ed  b y  ex 
p o n en tia l tim e  d is tr ib u tio n ) h i t t in g  a lin ear o sc illa to r by  given freq u en cy  
an d  m ass. T he m eans o f  x2 of th e  o sc illa to r w ere com pu ted .
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SECONDARY ION EMISSION OF 
HOMOGENEOUS ALLOYS

By

M. R ie d e l

DEPARTMENT OF PHYSICAL CHEMISTRY AND RADIOLOGY, ROLAND EÖTVÖS UNIVERSITY
H-1088 BUDAPEST, HUNGARY

and

J . A ntal , S. K u g l er

INSTITUTE OF PHYSICS, TECHNICAL UNIVERSITY, H-1521 BUDAPEST, HUNGARY

The secondary ion emission of dilute and concentrated alloys was studied on the basis of 
the one-dimensional pseudo-atom emission model [5]. The original model was extended to 
alloys. The computed relative ionization probabilities were compared with experimental results 
and agreement better than one order of magnitude was found for most alloys.

In tro d u c tio n

The q u a n tita tiv e  a n d  q u a lita tiv e  d escrip tion  of th e  secondary  ion  em is
sion of a lloys including h ig h ly  co n c e n tra ted  alloys an d  th a t  o f th e ir  com po
n en ts  p ro v e  to  becom e v e ry  in te re s tin g  th eo re tica lly  as w ell as ex p erim en ta lly . 
R ecen tly , th e  secondary  io n  emission d u e  to  m etals c o n ta in in g  only one com 
po n en t has been  stud ied  th eo re tica lly , a n d  several m odels h av e  been e la b o ra t
ed  [1 — 7]. A  few a tte m p ts  w ere m ade to  ap p ly  som e o f th e se  m odels fo r d ilu te  
m an y -co m p o n en t alloys [8 — 16]. S ev e ra l au th o rs  h a v e  recen tly  co m p ared  
e x p e rim e n ta l resu lts  on  c o n cen tra ted  alloys w ith  ex te n d e d  versions o f  th e  
L T E  m odel (R ü d e n a u e r  [17], R o d r ig u e z  [18], R ie d e l  [1 9 ,20 ]), o f  th e  A SI 
m odel (N a r u s a w a  [21] a n d  [18—20]) a n d  w ith  som e o th e r  sim ple m odels 
(P iv in  [22], J ir ic e k  [23]), b u t  there  is no  p roper m odel w orked  o u t fo r con
c e n tra te d  alloys. In  th is  p a p e r, we a re  going to  describe th e  seco n d ary  ion  
em ission o f  co n cen tra ted  alloys u sin g  th e  p seu d o -a to m  m odel [5] a n d  to  
m ake a com parison  b e tw e e n  th e o re tic a l an d  ex p e rim en ta l resu lts  co llected  
from  th e  l i te ra tu re .

I t  is w ell-know n t h a t  th e  seco n d ary  ion  y ield  depends also on th e  sp a tia l 
d is tr ib u tio n  o f d ifferent a to m s  in  th e  b u lk . This is th e  reaso n  w hy  we s tu d ie d  
as th e  sim p lest case, hom ogeneous a llo y s only . T he e lem en ts from  th e  f irs t  
ro w  of tra n s i t io n  m etals ea s ily  form  hom ogeneous alloys [24], th e y  h a v e  g rea t 
p rac tica l significance a n d  ex p erim en ta l d a ta  are k n o w n  only concern ing  
th e ir  alloys.

T ab le  I  shows th e  b in a ry  sy stem s in v es tig a ted . T hese can be d iv id ed  
in to  tw o im p o r ta n t g ro u p s: Fe- and N i-b ased  alloys.
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Table I

T heoretical

F o r p u re  m eta ls , th e  p ro b a b ility  o f a seco n d ary  ion  em ission R  + can  
be  ca lcu la ted  b y  th e  one-d iinensional p seu d o -a to m  em ission m odel, w hich can  
be  w ritte n  in  th e  follow ing fo rm  [5]:

w here

R+ = ( 1 - Я
l  +  ß )

2

ß =
2 E j - Ф

E p  +  2Ej  exp  ( — Ar0)

( 1 )

( 2 )

E t is th e  f irs t  io n iza tio n  en e rg y  o f th e  e m itte d  a to m s , Ф is th e  w ork  fu n c tio n , 
E p  is th e  F e rm i energy  an d

A2 =  4>л e2 N ( E p ) ,

r0
3 l 1'3

4яо

(3)

(4)

N ( F p )  is th e  d e n s ity  of s ta te s  o f  e lectrons a t  th e  F erm i en e rg y  an d  q is th e  
a to m ic  d e n s ity  in  th e  bu lk .

In  th e  case o f  alloys Ф, E p  (and  A) d ep en d  on th e  com position  w h ich  
c a n  be ex p ressed  b y  th e  c o n c e n tra tio n  (c) o f  one of th e  com ponen ts. I f  E ix 
m eans th e  f i r s t  io n iza tion  en e rg y  o f th e  a to m , we get

R  + (c) = 1 - ^ ) 12
1 +  ßx(c) ’

(5)
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w here

an d

ßx(c) =
2 E ix — Ф(с)

Ер(с)  +  2E ix exp  ( -Я (с )  r0x)

3 11/3 
4тгр

(6)

(7)

A ccord ing  to  R ü d e n a u e r ’s a ssu m p tio n  [17], Ф (c) can  be ap p ro x im a te d  
b y  a lin ea r  form . R ecen t ex p erim en ta l d a ta  an d  th eo re tica l ca lcu la tions con
firm  its  v a lid ity  in  case o f  severa l alloys [25 — 27]. So we used  th e  w o rk  fu n c 
tions for alloys as follows:

ф(с) =  сФ1 +  (1 — с) Ф2. (8)

T he F e rm i energy  of th e  b u lk  was a p p ro x im a te d  as:

h2
E F (c) -  —  (Зл2)2/3 [n(c)]2l3 , (9)

2m
w here

n(c) =  tq  pxc +  v2 e2( l  — c ) . (10)

v v  v2, qv  q2 are th e  valencies an d  a to m ic  densities o f  th e  tw o co m p o n en ts , 
re sp ec tiv e ly  [41].

C alcu lations

F o r ca lcu la tin g  th e  p ro b a b ility  o f  seco n d ary  ion  em ission acco rd ing  to  
fo rm u la  (5), th e  n ecessary  ex p e rim en ta l d a ta  are : a tom ic  densities, io n iza tio n  
energies, free e lectron  n u m b ers  an d  w ork  fu n c tions. T he f ir s t  tw o o f th e m  are 
w ell-know n, th e  pub lished  d a ta  are a c c u ra te  an d  correct [28, 29]. T he v a len cy  
o f a single a to m  can be fo u n d  b u t  th is  v a lu e  is n o t, in  all cases, eq u a l to  th e  
“ free”  e lec tron  n u m b er in  m e ta l [30]. T h e re  are no re liab le  d a ta  for th e  la t te r  
in  th e  l i te ra tu re . In  o u r ca lcu la tio n  we considered  th e  free  e lec tron  n u m b e r 
to  be 2 as a m ost p ro b ab le  value .

T h ere  are  fu r th e r  d o u b ts  concern ing  th e  w ork fu n c tio n  o f m e ta ls . A 
n u m b er o f  d iffe ren t m easu red  values a re  availab le . T herefo re , we h av e  ca l
cu la ted  th e  p ro b a b ility  o f  secondary  io n  em ission for ev e ry  co m p o n en t w ith  
th e  p re fe rred  v alue  of th e  w ork  fu n c tio n  [31, 32] and  h a v e  rep ea ted  th e  ca l
cu la tio n  w ith  its  m in im um  an d  m ax im u m  v alue  (see T ab le  I I ) .  R+  (c) h as  
been  ca lcu la ted  in  th e  ran g e  o f  0 — 100%  co n cen tra tio n  in  10%  steps fo r each
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Table II

D ata collected from the literature (see [42])

Element Ionization 
energy (eV)

Work function, eV Atomic
density
10“/cm3preferred maximum minimum

Y 6.74 4.21 4.42 3.80 7.12
Cr 6.76 4.54 4.68 3.72 8.33
Mn 7.43 3.97 4.25 3.77 7.93
Fe 7.90 4.40 4.80 3.92 8.49
Co 7.86 4.70 4.09 4.98 8.97
Ni 7.63 4.90 5.34 4.02 9.14
Cu 7.72 4.53 5.26 3.85 8.46

Table III

Probability o f secondary ion em ission calculated b y  Eq. (5) concerning dilute alloys ( x lO -3 )

Matrix
Components

v Cr Mn Fe Co Ni Cu

Y 3.2 0.14
Cr 7.9 1.5 2.6
Mn 1.3 0.41

Fe 7.2 7.6 3.1 1.5 1.7 2.5
Co 2.7 3.0 4.1

N i 12.3 3.4 3.8 5.1 4.3

Cu 2.8 2.2

c o m b in a tio n  o f  th e  p re fe rred , m ax im um  a n d  m in im um  v a lu e  of Фх an d  Ф2- 
In  th e  fo llow ing  w e are  u sin g  th e  values ca lcu la ted  b y  p re fe rred  w ork  fu n c 
tio n s . T he d ep en d en ce  of R f el on  th e  w ork  fu n c tio n  is in d ic a te d  in  F igs. 1 — 8 
b y  b a rs  fo r 3 d iffe re n t co n cen tra tio n s .

C onsidering  th e  in fin ite s im a lly  d ilu te  alloys (see T ab le  I I I )  f ir s t  i t  
seem s th a t  th e  ca lcu la ted  ab so lu te  va lu e  o f  p ro b a b ility  o f  secondary  io n  
em ission v a rie s  in  th e  ran g e  o f  10 ~2—10 _4 in  th is  case. A ccord ing  to  th e  p re 
se n t m odel w h en  F e  is th e  so lu te , th e  p ro b a b ility  dep en d s on th e  m a tr ix , 
w hile in  the' case o f  N i an d  Co th e  dependence is n o t so sig n ifican t. T he ca lcu l
a te d  p ro b a b ili ty  o f e lem en t e m itte d  from  its  ow n m a tr ix  in  a d ilu te  a llo y  
does n o t d ep en d , o f course, on  th e  so lu te  o f  v e ry  low  co n cen tra tio n , b ecau se  
th e  ab o v e-m en tio n ed  ap p ro x im a tio n s  are  u sed .
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Fig. 1. R elative  probabilities o f  secondary ion  em ission for Fe-Y alloys (Fe is M,). (Calculated  
values are denoted b y 'th e  upper th ick  line). E xperim ental data: Ch e r e p in  [33]

Since all th e  ex p e rim en ta l d a ta  pu b lish ed  so fa r  fo r c o n c e n tra ted  alloys 
p re se n t on ly  re la tiv e  io n  y ields or y ie ld s  in  a rb itra ry  u n its , th e  re la tiv «  ion iza
tio n  p ro b a b ility  of b o th  com ponen ts ( R f ,  R £ )  in  th e  c o n cen tra ted  alloys is 
c a lcu la ted

* r +e l(c )
-^Me2 (c)

-^ M e l( l  — c)
(И )

w hich  is u sed  for a com parison  w ith  th e  ex p e rim en ta l resu lts .
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Fig. 2. Measured and calculated relative  probabilities for Fe-Cr. E xperim ental data: J ir ic e k  
[23], R ie d e l  [20], L e r o y  [34], P i v in  [22], St u l ik  [36]

T he co m p u te d  resu lts a n d  th e ir  sp read  (due  to  th e  d iffe ren t values o f  
th e  w ork  fu n c tio n ) are  show n ( th ic k  full lines) in  Figs. 1 — 8. As fu nc tion  o f 
th e  c o n c e n tra tio n , th e  ca lcu la ted  re la tiv e  p ro b ab ilitie s  do n o t  change to o  
m u c h  an d  th e y  genera lly  are  o f  th e  order o f 1.

D iscussion

E x p e rim e n ta l d a ta  fo r seco n d a ry  ion em ission o f co n c e n tra ted  alloys 
h a v e  been  co llec ted  from  th e  l i te ra tu re . T h e  th in  fu ll a n d  d o tte d  lines o f 
F ig s . 1 — 8 are th e  averages o f e x p e rim e n ta l d a ta  fo r clean an d  oxid ized  surfaces,.
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re sp ec tiv e ly . T h e  m ost im p o r ta n t  p a ra m e te rs  o f  th e  m easu rem en ts  co llec ted  
a re  show n in  T a b le  IV . T he com parison  o f th e  ca lcu la ted  an d  ex p e rim en ta l 
cu rv es  show s t h a t  th e  p seu d o -a to m  m odel p ro v id es  good re su lts  for F e —M n, 
F e  — Co, N i—C u, b u t  th e  d e v ia tio n  b e tw een  th e  th e o re tic a l and  m easu red  
re su lts  is la rg e r th a n  one o rd e r  o f m ag n itu d e  fo r clean F e —V. The shap es o f  
cu rv es  are, h o w ev er, r a th e r  d iffe ren t in  som e cases (F e — Co, F e —M n). B u t

Table IV
Most im portant parameters o f measured data

Author Pressure (Pa) Bombarding ion Current density 
aA/cm2

Ch e r e p in  [33] io -1 5 K V  Ar+ 1000

L e r o y  [34] 10-2* 0+ 100

R o d r ig u ez  [18] 10- 7 11 K V Ar.+ 1500

JlRICEK [23] — 0 + ,  Ar+ -
RIe d e l  [19, 20] 1 0 - J 4 K V Kr+ 2 and 15

N a ru sa w a  [21] 10~7 1,5 K V X e  + 25
K o n is h i [35] 1 0 - 3 12 K V  Ar+ 500

St u l ik  [36] 1 0 - 4 3 K V X e  + —
P iv in  [22] 10-3* 0  + 300

* in oxygen

w e have to  m e n tio n  here  t h a t  th e  d a ta  m easu red  b y  d iffe ren t a u th o rs  a re  
r a th e r  sc a tte re d  as show n in  th e  F igures.

E v en  i f  th e  co rre la tio n  is n o t a lw ays good enough , i t  is re m a rk a b le , 
how ever, t h a t  as fa r as w e kno w  th is is th e  on ly  m odel a t  p resen t in  w h ich  
n o  f i t t in g  p a ra m e te r  is n eed ed . T he p seu d o -a to m  m odel in  th is  ro u g h  o n e
d im ensional a p p ro x im a tio n  m a y  be ra th e r  sensitive to  th e  d en sity  o f  th e  
valence e lec tro n s an d  to  th e  w ork  fu n c tio n . I n  an y  case, one should  develop  
a m ore e la b o ra te  m odel fo r  c o n c e n tra ted  alloys and  sh o u ld  get m ore re liab le  
v a lu es  of th e  m en tio n ed  in p u t  d a ta .

The re la tiv e  degree o f  io n iza tio n  is f re q u e n tly  used  fo r analysis b y  SIM S. 
O ne u su a lly  assum es th a t  th e y  are m ore re liab le  th a n  th e  abso lu te  v a lu es  
ow ing to  s ta n d a rd  errors o ccu rrin g  in  th e  ex p erim en ts  [9, 19]. On th e  o th e r  
h a n d , i t  is re m a rk a b le  t h a t  th e  v a ria tio n  o f  sp u tte r in g  y ie ld  can cause fu r th e r  
d ev ia tio n  d ep en d in g  on th e  c o n cen tra tio n  w ith in  one o rd er of m a g n itu d e  
[ 3 7 - 4 0 ] .
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ELECTRON ENERGY LOSS SPECTROSCOPY

B y

P . B r a u n , G. B e t z  and M. A r i a s

INSTITUTE FOR GENERAL PHYSICS, TECHNICAL UNIVERSITY OF VIENNA, VIENNA, AUSTRIA*

Abstract

D eterm in in g  e lec tro n  energy  losses is o f g rea t in te re s t  fo r basic  stud ies 
o f  in te ra c tio n  of low  energetic  e lec trons w ith  solid surfaces as w ell as fo r th e  
in te rp re ta tio n  o f A uger e lec tron  sp ec tra . The p r im a ry  energies w ith in  th e  
ra n g e  o f 100—2000 eV are  rea lizab le  in  com m ercial A uger e lec tro n  spec tro 
m ete rs  an d , th e re fo re , i t  is possib le  to  m easure s tru c tu re s  based  o n  electron 
en erg y  loss processes, i. e. su rface  an d  vo lum e-p lasm on  ex c ita tio n  s im u lta 
neo u sly  to  A uger e lec tro n  spectro scopy . T he ap p licab ility  of th is  m e th o d  is 
d e m o n s tra te d  on A1 an d  A l-oxide as w ell as on T i an d  T i-oxide. C onsequen tly , 
s ta te m e n ts  on co n c e n tra tio n  g rad ien ts  w ere possible b y  choosing th e  p rim ary  
en erg y  an d  th e re b y  th e  in fo rm a tio n  d ep th .

* Address: In stitu t für A llgem eine P hysik  der T echnischen U niversität "Wien, 1040 
W ien, Österreich
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OBERFLÄCHENANREICHERUNG BEIM 
ZERSTÄUBEN MIT VERSCHIEDENEN 

IONENENERGIEN

Von

M . Op it z , G . B etz und  P .  B raun

INSTITUT FÜR ALLGEMEINE PHYSIK, TECHNISCHE UNIVERSITÄT WIEN, WIEN, ÖSTERREICH

U nter Verwendung der Augerelektronen-Spektrom etrie wurde an H and binärer L egier
ungen durch Ionenbom bardm ent induzierte Oberflächenanreicherung nachgewiesen. W enn die 
M assenzahlen der K om ponenten nicht sehr unterschiedlich sind, wird im  allgem einen die 
K om ponente m it dem niedrigeren Zerstäubungskoeffizienten an der O berfläche angereichert. 
D ies konnte an 13 verschiedenen binären Legierungssystem en dem onstriert werden. D ie  ver
w endeten Ionen sind N e +, A r+ und X e + m it 0.5, 2 und 5 keV Energie. Es konnte bei allen  
Legierungen gezeigt werden, dass m it steigender Ionenenergie die leichtere K om ponente ver
stärkt an der Oberfläche angereichert wird. Dieser E ffek t ist unabhängig von der verw en
deten Ionenart und ist im  Energiebereich von 0.5 bis 2 keV stärker ausgeprägt als zw ischen 2 
und 5 k e \ .

1. P rob lem stellung

Bei allen  M ethoden  zur A nalyse v o n  F es tk ö rp e ro b e rfläch en  sp ie lt der 
Z erstäubungsp rozess eine w ichtige Rolle. E in e rse its  w erden  die z e rs tä u b te n  
T eilchen  se lb st zur A nalyse d er O berfläche herangezogen  w ie in  der S e k u n d ä r
io n en m assen sp ek tro m etrie  (SIM S), an d erse its  w ird  das Z e rs täu b en  in  d er 
A u g ere lek tro n en -S p ek tro m etrie  (A ES), Io n e n s tre u u n g  (ISS), u n d  in  der P h o to - 
e lek tro n en -S p ek tro m etrie  (X P S , U PS) als w ich tiges H ilfsm itte l zur P ro b e n 
re in igung , zum  E n tfe rn en  von  K o n tam in a tio n ssch ich ten  u n d  im  allgem einen  
zum  d efin ie rten  A b trag en  von  S ch ich ten  zu r M essung d er chem ischen  Z u 
sam m en se tzu n g  als F u n k tio n  d er Tiefe bei d ü n n e n  S ch ich ten  verw en d et.

Im  allgem einen  is t zu e rw arten , dass be im  Z erstäu b en  v o n  L eg ierungen  
u n d  V erb indungen  eine oder m ehrere  K o m p o n en ten  an  d er O berfläche a n 
g ere ichert w erden . A u f G ru n d  der versch ied en en  p a rtie lle n  Z e rs tä u b u n g s
a u sb eu ten  d er einzelnen  K o m p o n en ten  w ird  eine O berfläche  g eän d e rte r Z u 
sam m en se tzu n g  en ts teh en .

B eim  Z ers täu b en  v o n  M ehrsto ffsystem en  b e tra c h te t  m an  den G le ich 
g ew ich tszu stan d , in  dem  die Z u sam m en se tzu n g  des ab g e trag en en  M ateria ls  
gleich der Z u sam m ense tzung  des F es tk ö rp e rs  is t. Bei e inphasigen  L eg ierungen  
oder V erb indungen  s te llt sich n a c h  A b trag en  e iner Schich t, deren  D icke v e r 
g le ichbar m it der E in d rin g tie fe  d er P rim ärio n en  is t, die neue  G leichgew ichts- 
O b erfläch en zu sam m en se tzu n g  ein. D anach  b le ib t bei w eite rem  A b trag en  die 
O berfläche  m it u n g e ä n d e rte r  Z u sam m en se tzu n g  e rh a lten  [1]. Bei m ehr-
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ph asig en  L eg ie rungen , in  d en e n  die K o m p o n en ten  in  F o rm  einzelner K ris ta l-  
l i te  vorliegen , k a n n  die Z e it zum  E rre ich en  des G leichgew ichts w esen tlich  
lä n g e r sein, d a  to p o g rap h isch e  Ä nderu n g en  an  der O berfläche  w ich tig  w erden  
[!]•  So k ö n n e n  zum  B eisp iel K ris ta llite  m it hohem  Z e rs täu b u n g sk o e ffiz ien t 
ra sc h e r a b g e tra g e n  u n d  ih re  K o n z e n tra tio n  an  der O b erfläch e  so lange  v e r 
r in g e r t  w erd en , bis die A to m e  im  selben V erh ä ltn is  die O berfläche v e rla ssen , 
in  dem  sie im  F e s tk ö rp e r vorliegen .

2. E xperim entelles

Die M essungen d er O b erfläch en an re ich e ru n g  w u rd en  in  e inem  m it 
e inem  Z y lin d e ra n a ly sa to r  a u sg e s ta tte te n  kom m erzie llen  A u g ere lek tro n en  
S p e k tro m e te r  v o n  P h y sica l E lec tron ics d u rch g e fü h rt. D ie  P rim ären erg ie  d er 
E lek tro n en  la g  bei 2 keV b zw . bei 3 keV — je  nach  u n te rsu c h te m  L eg ierungs
sy stem . D er S tra h ls tro m  w u rd e  a u f 30 f iA  k o n s ta n t g eh a lten . D er D u rch m esser 
des E le k tro n e n s tra h ls  a u f  d e r  P robe b e tru g  etw a 200jUm. Die M o d u la tio n s
am p litu d e  b e tru g  fü r alle M essungen 4 eVs s , die D u rch lau fgeschw ind igkeit 
2 eV/s bei e in e r  Z e itk o n s ta n te n  von  100 m s. D er R e s tg a sd ru c k  w ar b esse r als 
6 .1 0 -8 P a . B e im  Z e rs tä u b e n  b e tru g  d er E d e lg a sp a rtia ld ru c k  7.10-3 P a . Die 
P ro b en o b e rfläch en  w u rd en  jew eils m it N eon , A rgon u n d  X enon  bei sen k 
re c h te m  E in fa ll z e rs tä u b t. D ie v erw en d e ten  Io n en en erg ien  b e tru g en  0.5, 2 u n d  
5 keV, die Io n e n s tro m d ic h te  an  der P ro b en o b e ifläch e  la g  bei etw a 30 /uAjcm2. 
D e r D u rch m esse r des l o i e n s tr rh ls  au f d e r  P ro b e  w ar e tw a  4 m m . D er Io n e n 
s tra h l  w urde  m itte ls  eines F a ra d a y k ä fig s  so ju s tie r t , d a ss  die s im u ltan  a n a ly 
s ie rte  P ro b en ste lle  in  d er M itte  des Z e rs tä u b u n g sk ra te rs  lag.

3. E rgebn isse

In  d er vo rliegenden  A rb e it w u rd en  die in  T ab . I  an g efü h rten  P ro b en  
u n te rsu c h t. D ab e i w u rd e  das S ig n a lv erh ä ltn is  zw eier c h a ra k te ris tisch e r 
A u g erü b erg än g e  w äh ren d  des Z e rs täu b en s  au fgenom m en. D as V erh ä ltn is  
d e r fü r die jew eiligen  E le m e n te  c h a ra k te ris tisch e n  A ugerübergänge  is t  ein 
M ass fü r  d ie  O b erfläch en zu sam m en se tzu n g  der u n te rsu c h te n  L eg ierung . 
Z e rs tä u b t w u rd e  m it N eon , A rgon u n d  X e n o n  bei E n e rg ien  von  0.5, 2 u n d  
5 keV.

Es erw ies sich, dass b e i allen u n te rsu c h te n  L eg ie ru n g ssy stem en  m it 
s te igender Ion en en erg ie  e n tw e d e r keine Ä n d eru n g  erfo lg te  oder eine geringe 
V erm eh ru n g  d e r le ich te ren  K o m p o n en te  a n  der O b erfläch e  erfo lg te. D ieser 
E ffe k t k o n n te  m it allen  v e rw en d e ten  Io n e n a r te n  fe s tg e s te llt w erden  u n d  ist 
u n ab h än g ig  d av o n , w elche K o m p o n en te  b e im  se lek tiven  Z e rs täu b en  angerei-
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Tabelle I

Daten der Proben

System A—В Proben-
nuinmer at% A at% В Anzahl 

der Phasen Herstellung

A g —Au 3 20.0 80.0 l ÖGUSSA
4 41.0 59.0 i ÖGUSSA
6 78.0 12.0 l ÖGUSSA

A u ~  Cu 3 56.3 43.7 l ÖGUSSA
5 40.0 60.0 l ÖGUSSA
6 20.0 80.0 l ÖGUSSA

A g -  Pd 3 20.0 80.0 l ÖGUSSA
4 35.0 65.0 l ÖGUSSA
5 50.0 50.0 l ÖGUSSA
6 65.0 35.0 l ÖGUSSA
7 80.0 20.0 l ÖGUSSA

Cu -  Pd 3 20.0 80.0 l ÖGUSSA
5 35.0 65.0 l ÖGUSSA
7 60.0 40.0 l ÖGUSSA
9 90.0 10.0 l ÖGUSSA

A u - P d 3 75.6 24.4 l ÖGUSSA
5 55.7 44.3 l ÖGUSSA
6 44.8 55.2 i ÖGUSSA
7 35.1 64.9 l ÖGUSSA

P t - N i 2 33.8 66.2 l ÖGUSSA
4 87.8 12.2 l ÖGUSSA

P t—Cu 2 24.6 75.4 l ÖGUSSA
4 74.6 25.4 l ÖGUSSA

F e - C r 1 95.0 5.0 l VEW
2 84.1 15.9 l VEW
3 67.8 32.2 l VEW
4 52.4 47.6 i VEW
5 22.1 77.9 l VEW
6 6.5 93.5 l VEW

F e—Ni 1 95.2 4.8 l? HF-Ofen
2 90.9 9.1 2 H F-O fen
3 80.3 19.7 2 IIF-Ofeu
4 70.0 30.0 2 HF-Ofeu
5 62.1 37.9 2 HF-Ofen
6 52.2 47.8 2 HF-Ofen
7 38.1 61.9 2 HF-Ofen
8 25.0 75.0 2? HF-Ofen
9 9.8 90.2 2? HF-Ofen

10 5.2 94.8 2? HF-Ofen

A l - A u 1 50.0 50.0 ? HF-Ofen
2 33.3 66.7 9 HF-Ofen

A l - N i AINi 25.0 75.0 1 HF-Ofen

A l - F e AlFe 50.0 50.0 1 HF-Ofen

A l-C r Al Cr 33.3 66.7 1 HF-Ofen
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c h e r t  w ird . E b en so  k o n n te  k e in e  A b h än g ig k e it dieses E ffek te s  von der K o n 
z e n tra tio n  d e r L eg ie ru n g sk o m p o n en te  g e fu n d en  w erden. A usserdem  k o n n te  
fe s tg e s te llt w erd en , dass d ie  Ä n d eru n g en  in  der O b erfläch en zu sam m en 
se tz u n g  zw ischen  0.5 u n d  2 keV  Ionenenerg ie  w esentlich  s tä rk e r  a u sg ep räg t 
w a re n  als zw ischen  2 keV u n d  5 keV Io nenenerg ie .

In  den  A b b . 1 u n d  2 i s t  d e r  V erlau f d e r A u g erp eak h ö h en v erh ä ltn isse  in  
A b h än g ig k e it v o n  d er Io n en en erg ie  a n h a n d  ein iger ty p isc h e r  P roben  d a rg e 
s te ll t .  D er a u f  d e r  O rd in a te  m it einem  D reieck  (a ) m a rk ie rte  W ert e n tsp r ic h t 
d e r  V o lu m en zu sam m en se tzu n g  des F es tk ö rp e rs .

W ie e rw ä h n t, is t das V erh ä ltn is  d er p a rtie llen  Z e rs tä u b u n g sa u sb e u te n  
S L/ S s  fü r  eine Ionenenerg ie  v o n  500 eV grösser als fü r 2 keV , w obei L  die le ich 
te re  K o m p o n en te  is t. D ies k o n n te  bei a llen  u n te rsu c h te n  L eg ie ru n g ssy ste 
m en  u n d  — m it A usnahm e zw eier P ro b en  — m it allen ve rw en d e ten  G asen  
(N e, A r u n d  X e) v e rifiz ie rt w erd en . In  A b b . 3 is t über d em  M assenverhä ltn is  
d e r  le ich te ren  zu r schw ereren  K o m p o n en te  0 <  M J M S 1 das V e rh ä ltn is  
v o n  S J S s  b e i 500 eV zu dem  b e i 2 keV a u fg e trag en ; A bb. 4 u n d  5 ste llen  die 
e n tsp rech en d en  D iag ram m e fü r  A rgon bzw . X enon  d a r . Bei den jen ig en  
E lem en ten , be i denen  zwei A ug erü b crg än g e  au sg ew erte t w urden, w u rd e  
jew eils der M itte lw e rt zu r B ild u n g  d er V erhältn isse  S L/ S s  herangezogen . 
D u rc h  die lin ea re  R egression  e rgaben  sich  die in  den A b b . 3 — 5 eingezeich-

Pdm AuPd 3 q )

Aum

05 2
-I— ». E 
5 [ keV ]

Abb. 1. Verhältnis der gem essenen Augersignale P d m (326/330 eV)/Aum(2024 eV) (a) und P dm
(326/330eV )/Aum(69eV) (b) als Funktion der Prim ärionenenergie für Neon ( ------ ),

Argon ( ------------ ) und X en on  (— —)
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n e te n  G eraden . W ie die A n aly se  zeigt, e rfo lg t die v e rm e h rte  A nreicherung  
d e r le ich teren  K o m p o n en te  m it  ste igender Ionenenerg ie  n a h e z u  u n ab h än g ig  
v o n  der K o n z e n tra tio n  der K o m p o n en ten  in  d e r  Legierung.

E ine  der U rsachen  fü r  d ie  A nre icherung  is t o ffen b ar d er K nock-in- 
E ffe k t, der bei höh eren  Io n en en erg ien  g egenüber n ied rig eren  s tä rk e r a u s 
g ep räg t sein d ü rf te . D abei w erd en  du rch  den  B eschuss m it Io n e n  m it E nerg ien

4 -

0.5 2
+—  E
5 CkeVl

Abb. 2. Verhältnis der gem essenen Augersignale Fem (703 eV)/Alm(1396 eV) als Funktion der 
Primärionenenergie für N eon ( — —), Argon ( — • — • — ) und X en o n  (—---- )

Abb. 3. Änderung des Verhältnisses der partiellen Zerstäubungskoeffizienten S^/Sg  bei B eschuss 
m it Neonionen von 500 eV und 2k eV in A bhängigkeit vom  M assenverhältnis der

Legierungspartner
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v o n  m eh re ren  keV die schw ereren  A to m e  bevorzug t in  d en  F es tk ö rp e r b is in  
eine T iefe eingeschossen, die grösser als die A u s tr itts tie fe  der A ugerelek tro - 
n en  sein  k a n n  [1]. D ab e i is t  es von  u n te rg e o rd n e te r  B ed eu tu n g , in  w elcher 
K o n z e n tra tio n  die schw ereren  A tom e vorliegen . E ine  w e ite re  U rsache fü r  die 
Ä n d e ru n g  d er O b e rfläch en an re ich e ru n g  lieg t im  u n te rsch ied lich en  K o n zen 
tra t io n s v e r la u f  in  d er g e ä n d e rten  O b erfläch en sch ich t als Folge d e r  u n te r 
sch ied lichen  S to ssk ask ad en  be i v e rsch ied en en  P rim ärionenenerg ien .

Abb. 4, Änderung des V erhältnisses der partiellen Zerstäubungskoeffizienten S J S g  bei B eschuss 
m it A rgonionen von  500 eV und 2 keV in A bhängigkeit vom  M assenverhältnis der Legierungs

partner

Abb. 5. Änderung des Verhältnisses der partiellen Zerstäubungskoeffizienten S^/Sgbei  B eschuss 
m it X enonionen von  500 eV und 2k eV in A bhängigkeit vom  M assenverhältnis der Legierungs

partner
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Tabelle II

Experim entelle Ergebnisse

System A—В
Anreicherung 
an der Ober
fläche von

SA/S B (bei 2 keV Ar)
Mit steigender 

Ionenenergie Zunahme 
an der Oberfläche 

von

A g —Au Au 1.7 [2] Ag
Au — Cu - 1.0 [2] Cu
A g - P d Pd 2 .2 —2.7 [3] Pd
Cu- P d Pd 1.5 [3] Cu

A u - P d Pd 1.0 —1.4 [3] pd
Cu—P t Pt 1 .6 -3 .0  [4] Cu
N i - P t Pt 1 .5 -1 .9  [4] Ni
F e - C r (Cr) 1.0—1.3 [5] Cr
F e—N i — 1.0 [5] Fe
A l—Au Au (5.3) [5] Al
A l - N i Ni 1.4 [5] Al
A l—Fe Fe 2.2 [5] Al
Al —Cr Cr 3.2 [5] Al

4. Zusam m enfassung

D ie O b erfläch en an re ich e ru n g  b e im  Z ers täu b en  von  Z w eisto ffsystem en  
in  A b h än g ig k e it von  d er Ionenenerg ie  u n d  der M asse der P r im ä rio n e n  w ar 
G eg en stan d  von  U n te rsu ch u n g en  a n  P ro b en  aus 13 v e rsch iedenen  B in ä r
sy stem en . O bw ohl im  B ereich  d er v e rw en d e ten  Ionen en erg ien  v o n  0.5 bis 
5 keV  die Ä n d eru n g en  d er O b erfläch en an re ich e ru n g  bei B eschuss m it dem  
P rim ärio n en  N e, A r u n d  X e  re la tiv  gering  sind  u n d  o ft in n e rh a lb  der M ess
g en au ig k e it d er A ug eran a ly se  liegen , k a n n  doch generell eine A nre ich eru n g  
d e r le ich te ren  K o m p o n en te  m it s te ig en d e r Ionenenerg ie  fe s tg e s te llt w erden. 
D ieser E ffe k t h ä n g t n ic h t von  der Z u sam m en se tzu n g  der L eg ie rung  ab  u n d  
is t  au ch  v o n  d er G rösse des M assenun tersch iedes d er L e g ie ru n g sp a rtn er 
u n ab h än g ig .
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ON THE FRACTURE OF DOPED TUNGSTEN

By

A. K E L E  a n d  M. M e N Y H Á R D

RESEARCH INSTITUTE FOR TECHNICAL PHYSICS, HUNGARIAN ACADEMY OF SCIENCES 
H-1325 BUDAPEST, HUNGARY

The fracture surface of industrial tungsten  wires containing potassium  second phases 
were investigated  by A E S. The average size and number of potassium  second phases were 
determ ined by ТЕМ. P otassium  was the m ain com ponent of the fracture surface and its am ount 
varied on the differently heat treated wires. U tilizing the ТЕМ  results the average surface 
concentration was estim ated supposing that the fracture is independent o f the potassium  second  
phases. The m easured value was higher showing th a t the fracture path  is partly determ ined by  
the potassium  second phases.

The high surface concentration of the potassium  was explained by surface diffusion.

Introduction

I t  is w idely  accep ted  th a t  b o th  g ra in  b o u n d a ry  segregations an d  second 
phases  p lay  a d o m in a n t role in  th e  m echan ical b e h a v io u r o f m e ta ls . The 
d e tec tio n  of second phases w ith  e lec tro n  m icroprobe is r a th e r  d ifficu lt (or 
even  im possib le), i f  th e  dim ensions o f th e  second phases are  v e ry  sm all. In  a 
p rev io u s w ork  [1] i t  w as show n th a t  th e  chem ical n a tu re  o f  th e  second phases 
responsib le  for th e  fra c tu re  can be d e te rm in ed  b y  th e  h ig h ly  surface sensitive  
A E S . In  [1] all conclusions w ere b ased  on  tw o assu m p tio n s a) th e  p o tass iu m  
a to m s diffuse from  th e  th re e  d im ensiona l second phases on to  th e  free surface 
a n d  fo rm  th e re  a q u asi-tw o -d im en sio n a l lay e r, b) th e  size an d  th e  fo rm  of 
th e  p o tassiu m  second phases are th e  “ w ell accep ted”  ones [2]. In  th is  p ap e r 
th e  v a lid ity  of th e se  assum p tio n s w ill be  in v es tig a ted .

Experimental

T he tu n g s te n  sam ples w ere f ra c tu re d  in  s itu  in  a A uger e lec tro n  spec
tro sco p e . T he b a c k g ro u n d  pressure  w as low er th a n  10 ~8 P a . The A uger sp ec tra  
w ere recorded  b y  a u su a l cy lin d rica l m irro r an a ly se r (R IB E R  O PC 103). 
T h e  b eam  c u rre n t w as genera lly  a b o u t 1 f iA  w ith  a d ia m e te r  of 60 /m i, E p =  
3 kV.

T h e  sam ples w ere  fra c tu re d  a t  v a rio u s te m p e ra tu re s  in  th e  ran g e  o f 
100—300 K . Durifag th e  A uger m easu rem en ts  th e  te m p e ra tu re  o f th e  sam ple
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h o ld e r  co a id  be v a r ie d  from  100 К  to  500 K . I t  w as also possib le  to  w arm  up  
th e  sam ple  to  ro o m  te m p e ra tu re  in  a sh o rt tim e  (2 — 5 m in).

T he fo llow ing tu n g s te n  sam p les  w ere in v es tig a ted :
a,) s in te red  ro d , and  w ires w ith  d iam ete rs  o f 0.9 a n d  0.3 m m  in  “ as 

rece iv ed ”  s ta te ;
b)  w ires w ith  d iam e te r o f  0.3 m m  a f te r  v a rio u s k inds o f  h e a t  t re a tm e n t 

(see T ab le  I).

Table I

Annealing parameters o f wires w ith  a diam eter of 0.3 m m

Sample
Annealing

temperature (K) time (sec)

A 1300 300
В 2100 2400

c 3000 100

T he sam ples w ere fra c tu re d  p e rp en d icu la r  to  th e ir  ax is. A s th e  “ as rece iv 
e d ”  w ires w ere to o  d uctile  to  f ra c tu re  th e m  in  th is  w ay  a t  ro o m  te m p e ra tu re , 
th e y  w ere f ra c tu re d  below  th e  d u c tile  b r it t le  tra n s it io n  te m p e ra tu re . T h e  
h e a t  t r e a te d  w ires a n d  th e  s in te re d  rod  could  be easily  f ra c tu re d  a t ro o m  
te m p e ra tu re  p e rp en d icu la r to  th e ir  axis, a lth o u g h  in  m a n y  cases also th e se  
sam p les  w ere f ra c tu re d  a t low er te m p e ra tu re s  in  o rder to  lim it th e  su rface 
d iffu sio n  o f  p o ta ss iu m .

Results

I f  th e  sam ples w ere f ra c tu re d  a t  h igher te m p e ra tu re s  (i. e. above 220 K ), 
th e  A uger s igna l o f  th e  p o ta ss iu m  w as c o n s ta n t d u rin g  th e  m easu rem en t. O n 
th e  o th e r  h a n d , i f  th e  sam ples w ere fra c tu re d  a t  low  enough  te m p e ra tu re s , 
th e  su rface  c o n c e n tra tio n  o f th e  p o tass iu m  w as d e fin ite ly  sm alle r 10 m in u tes  
a f te r  th e  f ra c tu re  (i. e. a t  th e  m o m en t, w hen  th e  f irs t  A uger sp ec tru m  could  
be  reco rded ) th a n  th e  co rresp o n d in g  “ c o n s ta n t”  signal com ing  from  sam ples 
f ra c tu re d  a t  h ig h e r te m p e ra tu re s . F u rth e rm o re  a fte r  low  te m p e ra tu re  f ra c 
tu r e  th e  A uger s ig n a l w as n o t  a t  a ll c o n s ta n t b u t  i t  increased  slow ly. If, a f te r  
a  s h o r t  m easu rin g  tim e  (15 — 20 m in) th e  fra c tu re  su rface  w as h ea ted  u p  
to  250 K , th e  su rface  c o n c e n tra tio n  o f p o ta ss iu m  increased  in  a re la tiv e ly  
s h o r t  tim e  to  a c o n s ta n t v a lu e , w h ich  w as ro u g h ly  equal to  th e  surface co n 
c e n tra tio n  o f th e  w ires f ra c tu re d  a t  room  te m p e ra tu re . In  T ab le  I I  th e  “ co n 
s ta n t”  surface co n cen tra tio n s  o f  p o ta ss iu m  in  v a rio u s s ta te s  a re  sum m arized . 
A ll th e se  d a ta  are  connected  w ith  frac tu re s  a t  te m p e ra tu re s  h ig h e r th a n  250 K .
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Table II

Potassium  concentration ranges on the fracture surface of tungsten  samples

Sample
Potassium concentration 

ranges in monolayer 
units

Sintered rod 

0,9 wire

1.4  — 2.0 

1 .9 -2 .7

0,3 m m  wire “ as received”  

A  

В
c

1 .6 -2 .4  

0 .9 -1 .2  

0.3 —0.7 
0 .2 -  0.4

D iscussion

D u rin g  frac tu re , p o tassiu m  second  phases are o p en ed  up , i. e. th e y  
becom e co nnec ted  to  th e  free surface in v e s tig a te d  b y  A E S . In  [1], i t  w as 
suggested  th a t  a t  room  te m p e ra tu re s  th e  p o tassiu m  d iffuses from  th e  in c lu 
sion  opened  b y  th e  fra c tu re  along th e  su rface . In  th is  w a y  th e  surface co n 
c e n tra tio n  o f p o tassiu m  w ill depend , o f  course, on th e  size an d  form  o f th e  
p o tass iu m  second phases.

T he size an d  shape o f th e  p o ta ss iu m  second phases varies d ra s tic a lly  
d u rin g  sw aging, d raw ing  a n d  annealing . A ccord ing  to  th e  e lec tronm icr о g rap h s 
th e  p o tass iu m  second phases in  th e  “ as rece iv ed ”  wires a re  e longated  p a ra lle l 
to  th e  axis o f th e  w ires an d  th e ir  le n g th  am o u n ts  to  som e /tm s. A ccord ing  to  
F ig . 1, a f te r  a sligh t h e a t t re a tm e n t th e se  e longa ted  second phases are p a r tia lly  
b ro k en  o ff an d  form  sh o rte r  e longa ted  p a r ts  and/or b u b b le s . In  sam ple  В 
(F ig . 2) an d  C th e re  are  on ly  bubb les. I n  th e se  sam ples th e  p o tassium  A uger 
signal decreased  as th e  annea ling  p roceeded . This is in  v e ry  good ag reem en t 
w ith  th e  A uger resu lts  an d  su p p o rts  th e  b e lie f th a t  th e  f ra c tu r in g  p a th  is going 
th ro u g h  th e  p o tassiu m  second phases.

In  [1] th e  surface d iffusion  d a ta  av a ilab le  were d iscussed . I t  was show n 
th a t  th e  surface diffusion is generally  fa s t  enough to  ex p la in  our re su lts . In  
th e  follow ing an  ex p e rim en ta l v e rifica tio n  o f th e  diffusion m odel will be g iven . 
T h e  m ost im p o r ta n t ex p e rim en ta l fa c t su p p o rtin g  th e  d iffu sion  m odel is th e  
slow increase o f th e  p o ta ss iu m  signal a f te r  frac tu re .

A t 250 К  even som e m inu tes a re  enough  to  dep le te  th e  inclusions an d  
th u s  th e  p o tassiu m  A uger signal d u rin g  th e  A E S in v e s tig a tio n  m ust re m a in  
c o n s ta n t, as observed. B u t a t  100 К  th e  dep le tio n  tim e w ill be longer d u e  to  
th e  red u ced  d iffu siv ity , an d  therefo re  th e  p o tassiu m  A uger signal will in crease  
d u rin g  th e  m easu rem en t. B eally , in  th e  f i r s t  sp ec tru m  reco rd ed  ab o u t 10 m inu-
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Fig. 1. L ongitudinal micrograph o f sam ple A, illustrating the bubbles and elongated rod 
characteristic for the partia lly  annealed sta tes o f severely drawn doped tungsten

Fig. 2. L ongitudinal m icrograph o f sample B , illustrating the bubble rows in a well
annealed sta te
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te s  a fte r  th e  100 К  fra c tu re  th e  p o tassiu m  A uger signal am o u n ted  on ly  20 — 
40%  o f th e  A uger signal o f sim ilar sam ples fra c tu re d  a t  250 K .

L e t us tu rn  now  to  a m ore serious q u es tio n : Does th e  to ta l  a m o u n t o f  
th e  p o tass iu m  d e tec ted  on th e  surface o rig in a te  from  th ree-d im en sio n a l second  
phases?  In  p rinc ip le  th e  a m o u n t o rig in a tin g  from  th ree-d im en sio n a l second  
phases can  he d e te rm in ed  b y  m easuring  th e  dep le ting  tim e  a t  various te m p e 
ra tu re s . T he dep le tion  tim e  (tR) o f bubb les w ith  a rad iu s  o f R  is defined  b y  
th e  eq u a tio n :

E

R 3 =  <xd ■ D0 - e kT - t R , (1)

w here d is th e  average th ick n ess  of th e  p o tass iu m  surface la y e r, a  is a c o n s ta n t, 
th e  va lu e  of w hich  can be d e te rm in ed  b y  th e  so lu tion  of th e  diffusion e q u a tio n , 
D 0 an d  E  are  th e  un k n o w n  p reex p o n en tia l fac to r  and  th e  ac tiv a tio n  en e rg y  
of th e  surface diffusion, re sp ec tiv e ly . The m ain  p roblem  is t h a t  a t h igher te m 
p e ra tu re s  tR is ra th e r  sm all an d  th u s  we h av e  n o t enough m easu red  d a ta  fo r 
f ittin g .

In  s in te red  rods an d  in  th ick e r w ires th e  second phases  are ro u g h ly  as 
m uch la rg e r as th e  d iam e te r  o f th e  specim en [2]. A ccord ing  to  E q . (1), th e  
d ep le tion  tim e  increases v e ry  m uch  as R  increases. A t a n y  given te m p e ra tu re  
th e  ra tio  of th e  dep le tion  tim es for th e  b u b b les  in  s in te red  rods and  in  w ires 
of 0.3. m m  rad iu s  is:

^ M w ire )   - ^ fw ire )

t f t '( r o d )  - ^ ( ro d )

an d  th u s  e. g. a t  100 К  th e  dep le tion  tim e  for a bubb le  in  th e  s in te red  ro d  
w ill be ex trem e ly  large. T h e  p o tassiu m  su rface  c o n cen tra tio n  on th e  f ra c tu re d  
surface o f  s in te red  rods (as given in  T ab le  I I )  is, how ever, h ig h er th a n  fo r th e  
w ires w ith  a d iam ete r o f 0.3 m m . I f  th e  s in te re d  rod  w as fra c tu re d  a t  100 K , 
th e  p o tass iu m  surface c o n cen tra tio n  am o u n ted  to  25%  o f th a t  a fte r h igh  te m 
p e ra tu re  f ra c tu re . This ra tio  is sim ilar to  t h a t  found  in  th e  case of th in  w ires. 
T his m eans, how ever, th a t  E q . (2) is n o t v a lid  for th is  case; i. e. in  th e  s in te re d  
rod  on ly  p a r t  o f th e  p o ta ss iu m  o rig inates fro m  th e  th ree-d im en sio n a l p o ta s 
sium  second phases. T he o th e r p a r t  o f p o ta ss iu m  m u st be  on th e  su rface  
a lread y  a t  th e  v e ry  m o m en t o f th e  frac tu re .

W e m u st conclude, th e re fo re , th a t  in  s in te red  rods tw o  k inds of p o ta s 
sium  ex ist. O ne k in d  form s th ree-d im en sio n a l second ph ases , while th e  o th e r  
bu ilds q u asi-tw o-d im ensiona l second phases. T his conclusion is in  good a g ree 
m en t w ith  th e  suggestion  [3] th a t  in  s in te red  rods tw o  k in d s of p o ta ss iu m  
ex ist n am ely  “ ac tiv e”  a n d  “ n o n -ac tiv e” , i f  one supposes t h a t  in  th e  s in te red  
bodies som e p a r t  o f the p o ta ss iu m  form s sm all bubb les, w hile th e  o th e r p a r t  
is abso rbed  on  th e  surface o f  large voids.
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C onclusions

I t  w as e x p e rim en ta lly  verified  t h a t  p o tassiu m  d iffusion  ta k e s  p lace  
a f te r  th e  f ra c tu re . C om paring  th e  p o ta ss iu m  A uger sig n a l on s in te red  ro d s 
an d  th in  w ires , we have  show n  th a t  a t  le a s t  in  s in te red  ro d s  th e  p o ta ss iu m  
ex ists  in  tw o  fo rm s: in  th e  f i r s t  case p o ta ss iu m  form s th ree -d im en sio n a l se
cond  phases a n d  in  th e  second  one, i t  is p re se n t as an  (ab so rb ed  ?) lay e r.
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E D S peak height ratio m ethod has been used for chemical m icroanalysis of PSG sam ples 
in  a scanning electron microscope. W e have applied a no-standard inverse ZA F-type correction  
procedure to calculate working curves as a function o f  beam  energy and  take-off angle. W ith  
th e  obtained correction procedure the E D S  m easurem ent is fast, precise and accurate com pared  
w ith  other physical techniques. U sing th is m ethod a proportional relationsh ip has been verified  
betw een the P H 3/S iII4 ratio of the CVD process and the P concentration of the deposited  
PSG layer.

In tro d u c tio n

C hem ical v a p o u r  d ep o sited  (CVD) p h o sphosilica te  glasses (PSG ) a re  
w idely  used in  th e  sem ico n d u c to r tech no logy . T hey  can  b e  used  as d iffu sion  
source, gate oxide in  MOS devices an d  as in su la tin g  an d  p ass iv a tin g  la y e r  in  
M OS, b ip o la r an d  d iscre te  devices [1]. The m echan ical, e lec trica l and  chem ica l 
p ro p ertie s  o f P S G  lay ers  are  d ire c tly  re la te d  to  th e  p h o sp h o ru s  co n cen tra tio n  
o f th e  film s. I f  th e  P  c o n c e n tra tio n  is too  h ig h , i t  reac ts  w ith  m oisture  to  fo rm  
p h o sphoric  acid  [2]. This acid  degrades th e  m e ta lliza tio n  la y e r  being ab o v e  
o r u n d e r  th e  P S G  film . On th e  o th e r  h an d , th e  h igher th e  P  co n cen tra tio n  th e  
easier to  “ flow ”  th e  glass d u rin g  fab rica tio n . In  th e  case o f  polysilicon g a te  
p rocess w hen P S G  is dep o sited  on to  th e  po lysilicon  la y e r , v e ry  sharp  edges 
occur, an d  th e  m e ta lliz a tio n  la y e r  e v a p o ra te d  above th e  P SG  steps m a y  
c rack  (F ig. 1). I f  th e  PSG  h a v in g  su ffic ien t P  co n c e n tra tio n  is annea led  a t  
h ig h  te m p e ra tu re , th e  glass “ flow s”  [3]. T h e  o b ta in ed  sm o o th  steps c a n  be  
covered  w ith  m e ta l w ith o u t a n y  c rack ing  (F ig . 2). O w ing  to  th e  fa c ts  
m en tio n ed  above th e  p h o sp h o silica te  glass h a s  an  o p tim a l P  co n ten t, a n d  
th e re fo re  i t  is im p o r ta n t  to  c o n tro l th e  P  co n cen tra tio n  o f  th e  p ro d u c t.
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Fig. 2. PSG w ith  flowing
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Analytical methods

In te r-p ro d u c tio n  te s tin g  d u rin g  th e  CVD process requ ires qu ick , sim ple 
an d  cheap  an a ly tica l m ethods. T h e re  are su itab le  m ethods, fo r in s tan ce  th e  
e tch in g  tech n iq u e  in  P -e tc h  a t ro o m  te m p e ra tu re  [4] an d  th e  sh ee t re s is tiv ity  
m e th o d , w hen  a fte r  h ig h  te m p e ra tu re  annealing  a n d  e tch ing  th e  sh ee t resis
t iv i ty  o f  th e  single c ry s ta l is m easu red  w ith  fo u r p o in t probe [5]. B o th  of 
th e se  m ethods h av e  severe d isad v an tag es , because th e y  req u ire  a re la tiv e ly  
large q u a n ti ty  of m a te r ia l  and  ca lib ra tio n  p rocedure , besides th e y  a re  d e s tru c 
tiv e . Som e m ethods app lied  to  ca lib ra tio n  p rocedure  are lis ted  in  T ab le  I .

Table I

A nalytical methods used for PSG P determ ination

Method Locality Depth of 
analysis Time Specimen Stan

dard
Destruc-

tivity Ref.

W et chem ical analysis cm hour solution yes yes [11]
Neutron activation  

analysis (nAA) cm week solution yes yes [7 — 10]
Proton induced X-ray  

techn. (P IX E ) mm f i m min special no no [14]
X -ray fluorescence 

m ethod (X R F) cm pm min wafer yes no [15]
Infrared spectr. (1RS) cm min wafer yes no [ 1 2 - 1 3 ]
Rutherford back- 

scattering analysis 
(R B S) mm /Ш1 hour wafer no no [14]

W avelength dispersive 
X -ray microanalysis 
(W DS) f i r n /Ш hour device yes no [4, 6, 7]

Energy dispersive 
X -ray micro
analysis (E D X ) ju m [ i m min device yes no [7]

E D S P /S i intensity  
ratio m ethod f i m /ЛП1 min device no no [7]

The P/Si ratio method

T ak in g  in to  consid era tio n  th e  an a ly tica l v o lum e, speed  a n d  non-de- 
s tru c tiv i ty  th e  E D S  P /S i m ethod  seem s to  be th e  b e s t. T h in  lay ers  o f P S G  can  
be an a ly sed  w ith in  m in u tes  b y  ca lcu la tin g  th e  in te n s ity  ra tio  o f  P  a n d  Si 
p eak  he ig h ts  of E D S  spec trum , u s in g  a w ork ing  cu rve  to  o b ta in  c o n c e n tra 
tio n s. I n  a prev ious w o rk  [7] th e  w o rk ing  curve w as m easured  u sin g  w et che
m ical an d  W D S an a ly sis  fo r a g iven  E 0 b eam  en erg y  a n d  X -ra y  ta k e -o ff  angle.
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A s th e  d e p th  o f an a ly sis  is a fu n c tio n  of E 0, to o  m a n y  curves w ould  be needed  
fo r  p rac tica l m easu rem en ts . T h is p rob lem  can  be overcom e b y  ex p lo iting  th e  
th e o ry  o f c o rrec tio n  p rocedures o f  co n v en tio n a l e lec tro n  probe m icroanalysis 
to  ca lcu la te  w o rk in g  curves.

F ro m  th e  d e fin itio n  o f th e  re la tiv e  in ten s itie s  as th e y  are u sed  in  ED S 
a n d  W D S ca lcu la tio n s  th e  ra tio  o f P  an d  Si p eak  h e ig h ts  can  be expressed  [16]:

K ( P )  =  J p(p ) j b(p L  x ( S i )  =  /p- ^ -----
I p d(P)  _  FBtd(P) I sPtd(Si)  -  FBtd(Si)

K (  P ) riptd(Si) -  J sBtd(Si) J P( P ) - J B(P) ' ■ Jp (P ) /J R( S i ) - / B(P)/Jp(Si)

K ( Si) " Jf>td(P ) _  js td (p ) fp (S i)J B(Si) 1 -  J B(Si)/Jp(Si)

I  P(P) k(P) \  I B(S i) | , *b(P ) _  d в

7p(Si) k{ Si) Jp(Si) ' I  p(Si) c
E .

T h e  te rm  A ,  t h a t  is th e  ra tio  o f  n e t  in ten s itie s  fro m  th e  pu re  e lem en ts can  be 
e v a lu a te d  b y  a p ro g ra m  [17] deve loped  fo r n o -s ta n d a rd  E D S u sin g  M A G IC-IV  
[18] expressions. A  is a fu n c tio n  o f  E 0 an d  th e  in s tru m e n t p a ra m e te rs . 
T h e  re la tiv e  in te n s itie s  В  an d  C a re  ca lcu la ted  u sin g  an  in v erse  Z A F  ty p e  
p ro g ra m  (F R A M E ) [19] as a fu n c tio n  o f E 0, X -ra y  tak e -o ff  angle a n d  concen
tra tio n s . T h e  re la tiv e  b ack g ro u n d  values D  an d  E  are m easu red  ones. T he 
o b ta in e d  w o rk in g  curves are  th e n  used  as q u a d ra tic  po lynom s. T he in p u t 
d a ta  are  P /S i ra t io  a n d  E 0, w hile th e  tim e  o f ca lcu la tio n  is less th a n  10 seconds. 
F u r th e rm o re  th e  w hole analysis  (collection , r e a d o u t an d  co rrec tion ) can  be 
ex ecu ted  u n d e r  co m p u te r  co n tro l (F igs. 3 an d  4.)

Fig. 3. E D S spectrum  of a PSG sam ple showing the in tensities used in  P /S i m ethod
calculations
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Fig. 4. Measured and calculated working curves for the same param eters (E„, take-off angle)

Experimental setup

P S G  lay ers  w ere d eposited  b y  CYD process in  a h o riz o n ta l re a c to r . T he 
gases w ere in jec ted  a t  one end  o f th e  re a c to r  and  e x h a u s te d  a t  th e  o th e r  end . 
T he w afers w ere p laced  on a q u a rtz  b o a t  f i t te d  to  th e  h e a te r  u n it. S ilane, 
oxygen , phosp h in e  an d  n itro g en  gases w ere  used. T he chem ical re a c tio n  fol
lows th e  fo rm u la

S iH 4(9) - f  P H 3(9) - f  0 2(9) ——. (S i0 2)n (P20 5)m(5) +  H 2(9).

PSG -

f
I PH3 /SÍH4 ratio

Fig. 5. Linear dependence of PSG P  content on P H 3/SiH4 ratio o f  CYD gas m ixture
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T h e  d ep osition  w as carried  o u t  a t  a te m p e ra tu re  of 723 К  a n d  a t  a p re ssu re  
o f  105 P a .

The P  c o n c e n tra tio n  o f  P S G  could b e  con tro lled  w ith  th e  a m o u n t o f  
P H 3 in  th e  gas m ix tu re , w hile th e  flow  ra te s  o f  th e  o th e r gases were k e p t c o n 
s ta n t .

T hen  th e  w afers w ere c u t  to  four p a r ts  a n d  th e  p a r ts  w ere analysed  b y  
d iffe ren t m e th o d s , i. e. e tch  ra te  tch n iq u e , R B S , nA A  and  P /S i (ED S) m eth o d s .

B esides, u s in g  our new  P /S i m ethod  i t  becam e possible to  verify  th e  p ro 
p o rtio n a l re la tio n sh ip  b e tw een  th e  P H 3/S iH 4 ra tio  and  th e  P  co n cen tra tio n  
o f  th e  d ep o sited  P S G  (Fig. 5).

Comparative results and conclusions

The re su lts  o f analyses m easu red  on  a  large n u m b e r o f  PSG  sam p les  
u s in g  d iffe ren t tech n iq u es  ca n  be  seen in  F ig s . 6 —8. F ro m  th e  slopes a n d  
in te rc e p ts  o f  th e  lines f i t te d  to  th e  m easured  p o in ts  we can see t h a t  the  acc u ra cy

Pis. 6. Com parison of nAA and P/Si results

o f  th e  P /S i m e th o d  com pared  to  th e  o thers is good. The p rec ision  of th e  e tc h  
r a te  tech n iq u e  is good enough , there fo re  th is  m ethod  is su itab le  for in te r 
p ro d u c tio n  te s tin g . T he s ta t is t ic a l  sc a tte rin g  o f po in ts show s th e  p rec ision  
o f  th e  P /S i m e th o d  to  be su p e rio r  com pared  to  ones of nA A  a n d  BBS m easu re 
m e n ts .
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Fig. 7. Comparison of R B S and P/Si results 

i
I P[wt %]( ER)
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STRUCTURE DETERMINATION OF METALLIC 
GLASSES WITH SIMS
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Abstract

D uring  th e  ex am in a tio n  o f m eta llic  g lasses w ith  s ta tic  S eco n d ary  I  on 
M ass S p e c tro m e try  (SIMS) p o ly a to m ic  ions a re  em itted . C hem ical and  s tru c 
tu r a l  a rran g em en ts  in  th e  glasses can  be d ed u ced  from  th ese  p artic les . A bove 
all, i t  can  be show n th a t  for te m p e re d  (c rysta lline) glasses th e  sam e p o ly 
a to m ic  ions occur w ith  s ta tic  SIM S. T h e  p a ir  d is trib u tio n  fu n c tio n  w as used  
to  e v a lu a te  th e  X -ra y  d iffrac tion  sp ec tra  o f  th e  m etallic  glasses. The c ry s ta l 
s tru c tu re s  o f th e  tem pered  m eta llic  glasses w ere  dete rm in ed  from  th e  X -ra y  
d iffrac tio n  d a ta .
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THE INTERACTION OF OXYGEN WITH THE 
IRON (111) SURFACE: MAINLY STUDIED BY AES

By

H a n s -J oachim  M ü s s ig  and W a l e r ia n  A r a b c z y k 1 *

TECHNICAL UNIVERSITY DRESDEN, PHYSICS SECTION, DEPARTMENT FOR SURFACE AND 
ELECTRON PHYSICS, DRESDEN, GDR

The cleaned surface was oxidized by means of pure oxygen at a pressure of 3 X 10 -6 - 
3 x l 0 ~ 3 Pa and at tem peratures o f 300 K , 370 К  and 620 K. The Auger peaks of high energy  
(for oxygen  at 510 eV and for iron at 703 eV) were used for the qu antitative  determ ination of 
the oxygen  coverage on the iron surface. The experim ental results on the change of oxygen  
coverage as a function of the dose are interpreted by m eans of a theoretical m odel and provide 
defin ite inform ation about the bonding state  of the adsorbate. In the lower energy part of the  
Auger spectrum there appear peak shape m odifications during oxidation. These observations 
allow us to assume th a t in the process o f  oxidation tw o kinds of chem ical bond are formed  
betw een oxygen and iron, which differ regarding the density  of states in  the valence band.

1. Introduction

I t  is th e  a im  of our in v es tig a tio n s  on th e  iron  (111) su rface  b y  m eans 
o f low  energy e lec trons to  c o n tr ib u te  to  th e  chem ical and  g eom etrica l s tru c 
tu r a l  analysis o f th e  clean and  o f th e  oxygen-covered  surface o f  a ty p ic a l t r a n s 
itio n  m eta l, in  o rd e r to  u n d e rs ta n d  th e  p rocess of ch em iso rp tion  q u a n t i ta 
tiv e ly  b e tte r . T h e  p resen t p a p e r  deals w ith  th e  ad so rp tio n  k in e tics  of oxygen  
a n d  th e  effect re la te d  to  changes in  the  d e n s ity  o f s ta te s  as re su ltin g  from  
chem ical reac tio n  betw een  oxygen  an d  iron s tu d ie d  b y  A uger e lec tron  sp ec tro s
copy.

T he s tu d y  o f  adsorbed  lay e rs  and  su rface  reactions on а -iron w ith in  
a to m ic  range w as in tro d u ced  b y  P ignocco , P e l l is s ie r , S z o st a k , Mo l iè r e , 
P o r t el e  and  L á z n ic k a  [1 to  5]. T ill now , som e papers [6 to  10] on single 
c ry s ta ls  have b een  pub lished  in  w hich  th e  a u th o rs  m ain ly  d eriv ed  s ta te m e n ts  
concern ing  th e  g ro w th  of oxide lay e rs  on th e  (100) surface a n d  on th e  m ost 
d ense ly  packed  (110) surface. O n th e  o th e r h a n d , so fa r  on ly  few  in v e s tig a 
tio n s h av e  been m ade on th e  (111) surface [11 to  14], h av in g  th e  low est d e n 
s ity  o f iron  su rface  atom s, th o u g h  especially  th is  surface is im p o r ta n t fo r 
b o th  ad so rp tio n  a n d  surface re a c tio n  in  th e  sense of he terogeneous ca ta ly sis .

1 Present address: Politechnika Szczecinska, In sty tu t Technologii Chemicznej, Szczecin,
Poland.
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2. Experim ental

T h e (111) su rface o f iro n  w as c leaned  b y  in  s itu  b o m b a rd m e n t w ith  
a rg o n  ions an d  su b seq u en t h e a tin g  a t  620 К  u n d e r u ltra h ig h  v acu u m . F ig . 1 
re p re se n ts  th e  A uger e lec tro n  sp e c tru m  m easu red  b y  m eans of a cy lind rica l 
m irro r  an a ly ze r, fo r a su rface  a f te r  io n  b o m b a rd m e n t. E x c e p t for sm all am o u n ts  
o f  oxygen , ca rb o n , an d  a rgon , th e  su rface  m ay  a lre a d y  be reg a rd ed  as clean.

Fig. 1. Auger electron spectrum  o f the Fe (111) surface after bom bardm ent w ith noble gas ions

B y  h e a tin g  a t  620 K , oxygen  an d  ca rb o n  w ill desorb  in  th e  form  o f carbon  
m o nox ide , an d  a fte r  th a t  a rg o n  is no  longer d e tec tab le  e ither.

T h e  c leaned  su rface  w as ox id ized  b y  m eans o f p u re  oxygen a t  a p ressure 
o f  3 X 10-0 P a  to  3 X 10 3 P a  an d  a t te m p e ra tu re s  o f 300 K . 370 К  a n d  620 K. 
A fte r  each  oxygen  exposure  an d  p u m p in g  dow n to  th e  v acu u m  o f 1 0 _8 P a , 
A uger sp e c tra  w ere m easu red . In  th e  sam e co n d itions, A uger sp e c tra  were 
ta k e n  on com pressed  p u re  m a g n e tite  a n d  h e m a tite  pow ders. The A uger peaks 
o f  h igh  en erg y  (for oxygen  a t  510 eV a n d  for iron  a t  703 eV) w ere u sed  for 
th e  q u a n ti ta t iv e  d e te rm in a tio n  o f th e  oxygen  coverage on th e  iro n  surface, 
a t  2,5 keV  ex c ita tio n  energy .

3. Experim ental results and discussion

3.1. Adsorp tion  kinetics

In  a f ir s t  a p p ro x im a tio n , th e  oxygen  coverage 0  m ay  be d e te rm in ed  
acco rd in g  to  th e  re la tio n

0  =  r M cos «о { I ° ' Ipe)  (Фре/Фо) (УРе/Уо) (1)
1 + (f0/IFe) (ФРе/Ф0) (УРе/Уо)
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i f  in  ad d itio n  to  th e  m easu red  signal ra tio  I 0 / I Fe, th e  m ean  escape d e p th  t M 

o f  th e  A uger e lectrons — m easu red  in m ono layers —, th e  e n tra n c e  angle x 0 
o f  th e  an a ly ze r, and  th e  ra tio s  o f th e  io n iza tio n  cross sec tion  Ф an d  th e  em is
sion  p ro b ab ilitie s  y  are know n.

T he re la tio n  (Фо/Фре)(уо /уре) =  3.67 h as  been e x p e rim en ta lly  o b ta in ed  
on th e  co m p ac t m ag n e tite  a n d  h e m a tite  sam ples. B y m eans o f  th is  va lue , th e  
m ean  escape d e p th  o f th e  A uger e lectrons is th e n  o b ta in e d  fo r th e  en erg y

2.0

t
So

1.0

Fip. 2. Change o f peak-height ratio and degree of coverage as a function o f the dose for variou
tem peratures (p0,, =  3 X 10“ 6 Pa)

703 eV of th e  L 3YV tra n s itio n , if, e. g. th e  sig n a l ra tio  io/^Fe is m easured  o n  a 
fu lly  developed  p ( l x l )  — О su p e rs tru c tu re  rep resen tin g  a coverage  of 0  =  1. 
T h e  n u m erica l v a lue  is 1.05 n m . »

B y  m eans o f th is  c a lib ra tio n  i t  becam e possible to  d escribe  th e  k in e tic s  
o f  th e  in itia l s tep  o f th e  oxygen  ad so rp tio n  on  th e  F e ( l l l )  su rface  q u a n t i ta 
tiv e ly . F ig . 2 show s th e  change o f  th e  A uger p eak -he igh t ra t io  o f oxygen a n d  
iro n  a n d  th e  coverage, re sp ec tiv e ly , as a fu n c tio n  of th e  o x y g en  exposure a t  a 
c o n s ta n t p ressu re  o f 3 X 1 0 -6 P a  fo r th e  te m p e ra tu re s  300 K , 370 К  and  620 K . 
N o p ressu re  depen d en cy  could  be  s ta te d  in  th e  range of 10 ~6 P a .

T he ex p e rim en ta l cu rves m a y  be described  in  good ag reem en t b y  a 
th e o re tic a l m odel w ith  a p h y siso rp tio n  p recu rso r s ta te , w h ich  w ill n o t be d e a lt  
w ith  in  m ore d e ta il. A ccord ing ly , ad so rp tio n  tak es  p lace  d issociative, n o t  
a c tiv a te d , a n d  im m obile a t  tw o  sites. On th e  assum ption  t h a t  th e  physiso rb ed  
m olecules v e ry  qu ick ly  ach ieve a s ta te  o f  equ ilib rium  a n d  th e  d eso rp tio n  
ra te  from  th e  s ta te  o f ch em iso rp tio n  can be  neglected  we h a v e  in te g ra te d  th e  
r a te  eq u a tio n s  an d  o b ta in ed  th e  solu tion

0
1

1 - 0
^  i - I n  ( 1 - 0 )
i v j  Z

К  A P O , t  » (2)
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So

1.0

0.5

K,

--------

•  measured value

/<

10 15 20 D/L
Fig. 3. D egree o f coverage 60 o f chemisorbed oxygen  vs dose D  ( T  =  620 K) calculated  for 

im m obile chemisorption com plexes w ith 2 =  3

w hich  is v a lid  w ith in  th e  lim its  0 <[ в  <  1. T he best f i t t in g  o f th e  th e o re tic a l 
fu n c tio n  to  th e  m easured  cu rv e  a t  620 К  can  be o b ta in e d  b y  assum ing  th ree  
n e a re s t n e ig h b o u rs  (z =  3) a n d  choosing th e  q u o tie n t o f  ra te  c o n s ta n ts  for 
th e  d e so rp tio n  (K D) an d  ch em iso rp tio n  ( Kj )  K D/ K 1 — 4.1 (F ig . 3). K A is a b o u t
0 .7 5 X 104 P a _1s _1 for th e  F e ( l l l )  su rface , a n d p 0>i is th e  oxygen dose.

3.2. Chemical changes

F o r th e  q u a n ti ta t iv e  chem ical an a ly s is  up  to  now  we have o n ly  used 
th e  in te n s i ty  o f  th e  A uger e lec tro n  signals in  th e  d e r iv a tiv e  m ode. A  possib le 
fin e  s tru c tu re  in  th e  p e a k  fo rm  th a t  re fe rs  to  a sp littin g  o f  core levels o r  re-

20 Д0 60 EfeV] 20 Д0 60 E[eV]

Fig. 4. Changes of Auger electron spectrum  b y  oxidation a t room  temperature
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f le e ts  th e  d e n s ity  o f s ta te s  in  a b o n d  has n o t been  ta k e n  in to  acco u n t. B o th  
effects are d o m in a n tly  p roduced  b y  chem ical su rface  reac tio n s.

In  th e  low  en erg y  p a r t  of th e  A uger sp ec tru m  o f p u re  iron  (F ig . 1) th ere  
ap p e a rs  a p eak  a t  47 eV correspond ing  to  a M23W  e lec tron  tra n s it io n  o f  th e  
A uger process. As a re su lt of th e  o x id a tio n  o f th e  iro n  surface a t  room  te m 
p e ra tu re , i t  is o b served  th a t  increasin g  oxygen coverage on th e  su rface , th e  
p e a k  h e ig h t decreases; also sp lit t in g  is successively  observed , as a lread y  
k n o w n  from  li te ra tu re  [15 to  17], in  peaks a t  44 eV an d  51 eV (F ig . 4). 
S a v t c h e n k o  [15] assigned th e  co rrespond ing  A uger e lectron  tra n s itio n s  to  
3 p Fe 2po  2po  a n d  3 p Fe 3dFe 3dFe w here th e  iro n  en erg y  level 3p  w as sh ifted  
from  56 eV in p u re  iro n  to  58 eV in  F e 20 3 below  th e  F erm i level. In  th e  
v a len ce  b an d  tw o  m ax im a are fo u n d , one a t  5 eV associated  m a in ly  w ith  
e lec trons from  th e  2p  oxygen level, an d  th e  second a t  1.5 eV assoc ia ted  w ith  
e lec trons from  th e  3d iron  level (F ig . 5).

In  F ig . 6, th e  p eak  heights a t  44 eV and  51 eV in  th e  A uger sp ec tru m  
are  show n, o b ta in e d  on m ag n e tite , h e m a tite  an d  a th in  lay er o f oxygen  on 
th e  iro n  su rface , th e  A uger sp ec tru m  rem ain ing  un ch an g ed  b y  th e  fu r th e r  
o x id a tio n  process. T he com parison  o f th e  re la tiv e  h e ig h ts  of those  peak s show s  
t h a t  on th e  ox id ized  iron  surface a th in  oxide la y e r  is form ed o f a com p osi
tio n  ap p ro ach in g  F e 40 4. T he ra tio  o f th e  peak  h e ig h t a t  44 eY to  t h a t  a t 51 eV

47 eV 36 eV 51 eV 44eV 51 eV

?
"5 -40 - -4 0
c

-60 56 ------58—0-0— -5 8 - t -S —
M2.3(3P) Fe203

Fe Fe + 0 Fe30t

-60

0
Fig. 5. Sim plified schem es of energy levels

Fe304 Fe203 Fe + 0

Fig. 6. Auger peaks at 44 eY and 51 eV

Fe + 0
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in  h e m a ti te  is h ig h e r th a n  in  m a g n e tite . This fa c t confirm s th e  c o n tr ib u tio n  
th e  c ro ss -tra n s itio n  3p Fe 2p Q 2p Q to  th e  p eak  a t  44 eV, because, w ith  increasing  
o x y g en  c o n c e n tra tio n  in  iron  ox ides, th e  e lec tron  d en sity  increases on th e  2p  
lev e l. T h e  p ro b a b ili ty  of th e  A uger tra n s itio n s  is enhanced  w ith  th e se  elec
t ro n s  c o n tr ib u tin g .

W hile  ox id iz ing  iron  a t  te m p e ra tu re s  o f 370 К  and  620 K , new  fea tu res 
w ere  o bserved  in  th e  A uger sp e c tru m  (F ig . 7). A t a sm all coverage o f  th e  iron  
su rface  w ith  oxygen , a p eak  is ap p e a rin g  a t  34 eV to  36 eV. S im u ltaneously , 
a t  51 eV a w ell d e fin ed  p eak  is b e in g  fo rm ed  th a t  becom es c leare r w ith  p rog
re ss in g  o x id a tio n . As a consequence o f p rog ressing  o x id a tio n  in  th e  A uger 
sp e c tru m  a to ta l  decline a t  47 eV p e a k  an d  a s im u ltaneous ap p ea ran ce  of a

/ APPH(0)51Q \ 
lAPPPKFelTjexp.

0. |  04 Ш 32

47

47

E[eV]

E[eV]

Figs.  7. Changes of Auger electron spectrum  b y  oxygen adsorption at 370 К  (a) and 620 K (b)
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44 eV p eak  are  observed  w hile a 36 eV p eak  is p resen t (see o x id a tio n  a t  370 К  
in  F ig . 7a). I t  p roved  to  be  p rac ticab le  to  de term ine  th e  36 eV p eak  sh ap e  
d u rin g  th e  o x id a tio n  process a t  620 К  (F ig . 7b), well d e fin ed  a t  a coverage  
on th e  iron  su rface  equal to  one. 7 X Ю18 a to m s/m 2 correspond  to  th e  s tru c tu re  
F e  (111) p ( l  X 1) — 0 ,  th e  ex istence  of w h ich  was s ta te d  b y  th e  m e th o d  o f 
low  energy  e lec tro n  d iffrac tio n  (L E E D ) [18].

S im ilar changes in  th e  A uger sp ec tru m , b u t  in  reverse  o rd er h av e  b een  
observed  d u rin g  th e  red u c tio n  o f  th e  iron  su rface  oxidized a t  room  te m p e ra 
tu re , as re su ltin g  from  step  b y  step  h e a tin g  (F ig . 8). B y  th e  L E E D  m e th o d

(APPH(O)510 \
\ APPH (Fe)703 /exp.

E[eV]

- y4г
300 к

а

520 К 25

47

520 К

620К

Fig. 8. Changes in  the Auger electron spectrum  of a sam ple oxidized at room  tem perature during
a heat treatm ent to  620 К

i t  w as s ta te d  t h a t  by  h e a tin g  th e  ox id ized  iron  surface above 520 K , a 
tw o-d im ensiona l s tru c tu re  F e ( l l l )  (2]/r3 X 2 f 3 )  — 30° — О w ill be fo rm ed  
on th e  surface [19]. In  F ig . 9b th e  L E E D  p a tte rn  re p re se n ts  th is  su p e r
la ttic e  a t  34 eV an d , for com parison , t h a t  o f th e  clean F e ( l l l )  su rface a t  
30 eV is show n in  F ig . 9a. T h e  h igh v a lu e  of th e  p e rio d  len g th  o f th is  
s tru c tu re  in d ica te s  th a t  th e  d iffrac tio n  p a t te r n  m ay n o t  be assigned to  a 
single su b stan ce  b u t  to  a coincidence la tt ic e  o f th e  su b s tra te  an d  th e  su rface  
lay e r o f FeO  w ith  th e  o r ie n ta tio n  (111). T h u s , b y  m eans o f diffusion, th e  
m ost iron -rich  ox ide phase is developed.

T he A uger sp ec tra  o b ta in e d  on th e  iro n  surface a fte r  its  co rrespond ing ly  
long  o x id a tio n  w ith in  th e  s tu d ie d  range o f  te m p e ra tu re s  an d  a p ressu re  u p  
to  1 0 _3 P a  e x h ib it a sim ilar c h a ra c te r  p ro v in g  th e  id en tica l chem ical co m p o 
s itio n  o f th e  th in  oxide su rface  layers.
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b)

Fig. 9. L E E D  pattern a) o f the clean Fe (111) surface (E  =  30 eV); b) o f the  
Fe (111) (2 у з X 2 /3 )  — 30° — 0 superstructure (E  =  34 eV)
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4. C onclusions

T he o b serv a tio n s described  above allow  us to  a ssum e th a t  in  th e  p rocess 
o f o x id a tio n  tw o k inds o f chem ical b o n d  o f oxygen w ith  iron  are  fo rm ed  
w hich  differ reg a rd in g  th e  d en sity  of s ta te s  in  the  va len ce  b an d  as sh o w n  in  
o u r d iag ram  (F ig . 5). One k in d  is c h a rac te ris tic  for iro n  oxides, th e  second 
occurs a t  th e  f irs t  stage  o f o x id a tio n  a n d  is associated w ith  chem isorbed  o x y 
gen. In  b o th  cases, th e  p o sition  o f m ax im a  in  th e  d e n s ity  o f s ta te s  re la te d  to  
iro n  w as assum ed  to  be eq u a l w hich is p ro v ed  b y  th e  ex istence , in  a ll A uger 
sp ec tra , o f th e  51 eV peak , co rrespond ing  to  th e  tr a n s it io n  3pFe3dFe3dFe.

T he 36 eV p eak  is a t tr ib u te d  to  “ c ro ss-tran s itio n ”  betw een  oxygen  an d  
iro n  w ith  p a r tic ip a tio n  of levels 3p iron  a n d  2p chem isorbed  oxygen w ith  th e  
m ax im u m  in  th e  d en sity  o f  s ta te s  lo ca ted  ab o u t 9 eV below  th e  F e rm i level.

As i t  now  appears from  these  sc a tte re d  in v estig a tio n s, th e  p resence  of 
chem isorbed  oxygen  on th e  iro n  surface depends on te m p e ra tu re  a n d  th ic k 
ness of th e  m ag n e tite  film . A t room  te m p e ra tu re , we do n o t observe th e  p eak  
a t  36 eV in  th e  A uger sp ec tru m , in d ic a tin g  th e  absence o f  bound o x y g en  on 
th e  iron  surface, w hich m ay  be due to  th e  fa s t tra n s itio n  o f  chem isorbed  o x y 
gen in to  oxides. T his is in d ica ted  by  new  spo ts in th e  L E E D  p a tte rn  a lre a d y  
ap p earin g  a t th e  exposure o f ab o u t 10 L  oxygen.

T he p resence o f chem isorbed  oxygen  is observed a t  h igher te m p e ra tu re s  
of o x id a tio n  an d  red u c tio n , re sp ec tiv e ly , w hen  oxygen  form s reg u la r tw o- 
d im ensional s tru c tu re s  on th e  iron  su rface , also w hen th e  th in  oxide la y e r  is 
su re ly  th ic k e r th a n  th e  m ag n itu d e  of th e  escape d e p th  o f  703 eV e lec tro n s,
i. e. th ic k e r th a n  1.05 nm . T h is is p ro v ed  b y  th e  36 eV p e a k  appearing  in  th e  
A uger sp ec tru m , w hen  th e  ra tio  o f  th e  p e a k  heights o f o x y g en  to  iron  reach es 
th e  m ax im u m  v a lue . F ro m  th e  la s t o b se rv a tio n , so m e th in g  m ore m a y  be 
concluded , n am ely  th a t  oxygen  b o und  w ith  iron  is lo c a te d  a t  th e  b o u n d a ry  
of phases:

— oxygen  gas (d u ring  th e  m e asu rem en t — th e  v a cu u m ) and
— th e  th in  oxide lay e r.

F in a lly , on th e  th in  passive ox ide lay e r no  chem iso rp tion  o f oxygen is ta k in g  
p lace u n d e r th e  cond itions o f  m easu rem en t.
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A COINCIDENCE-TYPE ION-ELECTRON 
CONVERTER DETECTOR WITH LOW BACKGROUND 

FOR LOW-ENERGY PROTONS
B y

Ch r . S tr a t o w a , R . D o br o z e m sk y  and  P .  W e in z ie r l

PHYSICS INSTITUTE, RESEARCH CENTER SEIBERSDORF, SGAE 
A-1082, VIENNA, AUSTRIA

In the last years a series of m easurem ents on w eak-interaction in  neutron decay has  
been performed using the coincidence detector developed b y  O. B e n k a . A  short description o f  
this detector will be presented w ith special em phasis on the problem o f counting low-energy  
protons. Special care was taken in order to ensure the detection  efficiency being independent o f  
particle energy.

1. In tro d u c tio n

In  th e  la s t y e a rs  a series o f m easu rem en ts  on w eak -in te rac tio n  in  n e u 
tro n  decay  has been  perfo rm ed . T h e  essen tia l w o rk  was th e  precise  m easu re 
m en t o f th e  energy  sp ec tru m  o f th e  recoil p ro to n s  from  free -n eu tro n  decay  
[I , 2]. F o r th is p u rp o se , th e  d e te c tin g  device (developed b y  O. B e n k a  [3]) 
shou ld  have  a v e ry  h igh  c o u n tin g  efficiency fo r th e  low -energy  p ro to n s  
(T max =  751,4 eV) u n d e r  co n sid e ra tio n . Special care  h ad  to  b e  ta k e n  in  o rd e r 
to  ensure  th e  d e tec tio n  efficiency b e ing  in d e p e n d e n t of th e  p a rtic le  energy  
a t  th e  d e tec to r e n tra n c e  [3, 4].

2. R eq u irem en ts  and  lay o u t

A ccording to  th e  n eu tro n  d ecay  m easu rem en t, th e  d e tec tin g  device 
has to  fu lfil th e  fo llow ing re q u ire m e n ts  (see also  [2, 4]):

1) to  focus p ro to n s  onto  a co n v e rte r  foil (a t  U B ^  25kV) in d ep en d en t o f  
th e ir  p rim a ry  energies T  a t  th e  d e te c to r  e n tra n c e  (50 eV <C T  <C 750 eV);

2) to  ensure a co u n tin g  p ro b a b ility  in d e p e n d e n t of th e  p rim a ry  en e rg y  
T  o f th e  p ro to n s;

3) to  d isc rim in a te  ag a in st c o u n tin g  o f h e a v y  ions (fro m  residual gas,
etc.);

4) to  keep th e  b a ck g ro u n d  low  (for a ty p ic a l ra d ia tio n -b ack g ro u n d  o f 
lm r/h )  an d  in d ep en d en t of energy  se ttin g .

On th is b asis, O. B e n k a  h as d evelop ed  a co incidence ty p e  ion -electron  
con verter  d etec tor co n sistin g  o f  fou r  d istin gu ish ab le  u n its [3 ]:
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1) Io n  focusing an d  acce lera tion  sy s tem
2) Io n  elec tron  c o n v e rte r: Al-foil
3) E le c tro n  focusing a n d  acce lera tio n  system
4) S c in tilla tio n -d e tec to r:

a )  S c in tilla to r, glass w indow , p h o to m u ltip lie r
b)  P u lse -d isc rim in a to r and  coincidence-device 

T he p rinc ip le  of th is  sy stem  can  be seen in Fig. 1.

3. D escrip tion

T he p ro to n s  (T  =  50 to  750 eV) en te rin g  th e  d e te c to r  are acce lera ted  
b y  a fo u r e lectrode lens to  a fin a l en e rg y  Ту of a p p ro x im a te ly  25 keV  and 
focused o n to  a th in  c o n v e rte r  foil (A l-foil). In  order to  keep  th e  f in a l energy 
Ту in d e p e n d e n t of th e  p r im a ry  p ro to n  en erg y  T, th e  acce lera tio n  v o ltag e  U B 
has to  be v a ried  acco rd ing ly : U B =  {Ту — T)/e.
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Fig. 2. Variable voltage U„ vs proton energy T  (for U B =  23 kV)

A n o p tim u m  focusing  of th e  p ro to n s  on th e  co n v e rte r foil w as a tta in e d  
b y  v a ry in g  th e  p o te n tia l Uv of th e  th ird  e lectrode (see Fig. 1) be tw een  — 2 
a n d  —4 kV accord ing  to  a ca lcu la ted  an d  ex p e rim en ta lly  te s te d  fu n c tio n  of 
th e  p ro to n  energy (see F ig . 2).

T he acce lera ted  p ro to n s p e n e tra te  th e  co n v e rte r  (20—40 [Лg/cm 2 Al-foil) 
w h ich  is inclined  b y  45° w ith  re sp ec t to  th e  p ro to n  f lig h t p a th ,  an d  e ject 
seco n d ary  e lec tro n s from  b o th  sides o f th e  foil (e lec tro n  y ield  у  a t  25 kV  ^  6.5 
e lec tro n s/p ro to n ). T hese electrons a re  accelera ted  a n d  focused b y  tw o  cylinder- 
lenses o n to  tw o th in  sc in tilla to r foils (N E  102 A), m o u n ted  on g lass w indow s 
w ith  a p o te n tia l Us o f  0 — 1 kV  ap p lied . (To en su re  a c o n s ta n t d e tec tion  
effic iency , also th e  im p ing ing  energies o f th e  e lec trons a t th e  sc in tilla to rs  
h a v e  to  be k e p t in d e p e n d e n t of th e  p rim a ry  en erg y  T.  F or th is  p u rp o se , th e  
p o te n tia ls  Us of th e  sc in tilla to r su rfaces — covered  w ith  a co n d u c tin g  A l
la y e r  — are  reg u la ted  accord ingly). Tw o p h o to m u ltip lie rs  (R C A  8575) are 
o p tica lly  coupled  to  th e se  w indow s. O nly  co inciden t coun ts of th e  tw o  d e te c t
ors are  accep ted  as p ro to n  events.

T he th ickness o f  th e  co n v e rte r foil is chosen in  order to  s to p  heav ier 
p a rtic le s  (e. g. re s id u a l gas ions) o f  com parab le  energ ies (see F ig . 3), th u s  p re 
v e n tin g  coincidences (m ass-d iscrim ination ). To su p p ress  b a ck g ro u n d  signals 
fro m  secondary  ions, o rig in a tin g  fro m  sc in tilla to r surfaces, g rids a t  a m ode
ra te  p ositive  p o te n tia l U B w ith  re sp e c t to  th e  sc in tilla to r  su rfaces are used 
(see F ig . 4).
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Dp [%] Г

Fig. 4. V ariation  of background counting-rate N s w ith  grid voltage U q

T he dependences of th e  b a c k g ro u n d  on th e  accelera tion  v o ltage  U B 
an d  th e  gam m a-dose  ra te  D Ir o f  a n  I r^ - s o u rc e  a re  show n in  F ig s . 5 and  6. 
T he coincidence b ack g ro u n d  a t  U B =  25 kV and  lm r /h  у-b ack g ro u n d  am o u n ted  
to  ap p ro x . 0.1 coun ts/sec . T he d e te c tin g  device is able to  m easu re  p ro to n  
c o u n tin g  ra te s  o f 0.1 cps to  2.105 cps.

To allow  a v a r ie ty  o f m easu rem en ts , six foils o f  d ifferen t sizes an d  th ic k 
nesses are  assem bled  on a ro ta b le  d isk  (a t acce lera tio n  p o ten tia l)  w hich  can 
be m oved  b y  a r o ta ry  feed th rough .
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Fig. 5  Single-channel backgrounds N v and N r (У: scintillator seeing frontside of the foil; R: 
scintillator seeing back-side of the foil), and coincident background \  /v as a function of a c c e l 

eration voltage U  g

Fig. 6. Background vs gam m a-dose rate D /r (Ir}“2)

4. R esu lts

B y  m eans o f th e  d e tec tin g  device d escribed , a series o f  precision m e a 
su rem en ts o f th e  energy  sp ec tru m  o f reco il p ro to n s fo llow ing  free -n eu tro n  
decay  has been  perfo rm ed , u sing  an  e v a c u a ted  lo n g itu d in a l b eam -tu b e  o f  th e
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A ST R A  re a c to r . P ro to n  sp e c tra  were m e a su re d  from  150 to  750 eV, ty p ic a l 
co u n tin g  ra te s  (a t  7 MW  re a c to r  pow er) w ere  0.1 to  3 cps. E v a lu a tin g  th e  r e 
su lts  of th e  sp e c tra  m easu red  w ith  o p tim u m  precision , w e o b ta in ed  |&a/é>v | =  
== 1.259 i  0 .017 for th e  ra t io  o f th e  co u p lin g  co n stan ts . A  m ore d e ta iled  d e 
sc rip tion  o f  th is  basic ex p e rim e n t can be  fo u n d  in  [2].
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ELLIPSOMETRIC STUDY OF SEMICONDUCTOR 
METAL AND METAL -  METAL OXIDE THIN 

FILMS SYSTEM
By

B . S zűcs, J . ÁDÁM and P . JAKAB

TUNGSRAM RESEARCH INSTITUTE. H-1340 BUDAPEST, HUNGARY

Absorbing thin film s can be characterized by a com plex refractive ind ex  n { =  n i — ik v  
The com plex refractive index raises several experim ental and com putational problems: the  
determ ination of the extinction coefficient k x requires a further, independent param eter, and  
a further, independent equation. For the determ ination of the com plex refractive index and  
film  thickness (d ) on the system s Au/Si, A l/S i, N iO /N i and th in  film s of Au, Al and NiO, re
spectively  — the reflectance R  was applied as new param eter. The dependence of n 1 and k r on d  
was studied using an idealized and a realistic layer model.

1. Introduction

T he re frac tiv e  index  and  th ick n ess  o f non -ab so rb in g  th in  film s can  be  
d e te rm in ed  v e ry  p rac tica lly  b y  e llip som etry . C onven tional e llipsom etric  
m easu rem en ts  fu rn ish  th e  re la tiv e  changes o f i f  (am p litu d e  ra tio )  a n d d  (phase). 
In se r tin g  th em  in to  th e  fu n d a m e n ta l eq u a tio n s o f e llip som etry , n 1 and  d  c an  
be de te rm in ed .

A bsorb ing  th in  film s raise a new  prob lem . T he com plex re frac tiv e  in d ex  
req u ires  th e  d e te rm in a tio n  of a new  u n k n o w n  q u a n t i ty  k v  T his can  be ach ieved  
in  v a rio u s w ays:

1. To d e te rm in e  every  p a ra m e te r  m erely  b y  e llip som etry  m ak ing  th e  
m easu rem en ts  w ith  m ore angles o f  incidence, su b stra te s , a m b ie n t m ed ium , 
or s tu d y in g  film  sam ples differing  in  th ickness.

2. To com bine e llip som etry  w ith  o th e r m ethods, for d e te rm in in g  one 
o f th e  p a ra m e te rs  (n v  к г or d) w ith  a n o th e r (ex ternal) m easu rem en t, e. g. 
in te rfe ro m e try , cou lom etry , ra te  m e te r , etc.

T he com m on d ifficu lty  o f th e  m ethods lies in  th e  so p h is tic a ted , lo ng , 
tireso m e m easu rem en ts . The m e th o d s  are d e s tru c tiv e  and  th e  re su lts  are n o t 
u n am b ig u o u s. A sim ple, u n am b ig u o u s so lu tion  o f th e  p rob lem  w as found b y  
ap p ly in g  th e  P a i k ~ B ockris (P B ) m e th o d  [1 ]. B y  th is  m eth o d , a usual, single 
e llipsom etric  m easu rem en t p rov ides and  d  s im u ltaneously . T h is  is possible, 
b y  choosing th e  re flec tan ce  R  as th ird ,  in d e p e n d e n t p a ra m e te r, beside if  a n d
A. R  c an  be d e te rm in ed  w ith  th e  sam e m easu rem en t by  m ean s o f th e  ellip- 
som eter. T he tw o  fu n d am en ta l e q u a tio n s  of e llip som etry  are to  be com pleted
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b y  a th ird  in d e p e n d e n t eq u a tio n  o f re flec tan ce . T h is ex p erim en ta l an d  eva
lu a tin g  m e th o d  is called  R P D , i. e. “ re flec tan ce -p s i-d e lta”  m ethod .

T he fu n d a m e n ta l e q u a tio n  of e llip so m etry  is:

tg  xp ■ eiá =  - - J ’  ̂ e'^p ~ , (1)
I r n I

w here r„ a n d  rp, re sp ec tiv e ly , are th e  n o rm a l an d  p a ra lle l generalized  F resn e l 
re flec tio n  coefficients o f  po larized  lig h t, ôn an d  Ь p. re sp ec tiv e ly , d en o te  th e  
p h ase  sh ifts  o f th e  co m p o n en ts .

S e p a ra tin g  th e  re a l a n d  im a g in a ry  p a r ts  o f E q . (1) gives:

4 ' P = f i ( nv ki d)->

A  = / 2 ( re V  k v  d )•

(2)

(3)

A th i rd  in d e p e n d e n t eq u a tio n  w o u ld  he g iven b y  rp or rn, how ever in  
p rac tice  i t  is m ore a d v a n ta g e o u s  to  u se  th e ir  re s u lta n t , th e  re flec tan ce  R.  
I t s  e q u a tio n  is [1], [2], [3], [4]

R  =  |r |2 =  IFp|2 sin2 ac -)- |rn|2 cos2 a ,  (4)

d en o tin g  b y  X th e  a z im u th  o f  in c id en t lig h t.

F o r  « =  эт/4
R  =  / з ( п 1> k v  d )- (5 )

( 6)

B y  m easu rin g  o n ly  th e  re la tiv e  changes of R  in s te a d  of its  ab so lu te  va lue  
th e  d is tu rb in g  effects o f  th e  op tica l sy s te m  can be e lim ina ted .

T h e  re flec tan ce  ca n  be  easily  d e te rm in ed  b y  in te n s i ty  m easu rem en t. 
S ince

I d =  K l j  | r | 2, (7)

w here I d is th e  in te n s ity  o f lig h t reach in g  th e  d e te c to r , I t is th e  in te n s ity  of 
lig h t in c id e n t on th e  sam p le  an d  К  is a c o n s ta n t d epend ing  on th e  o p tica l 
system

1 dx 1 dO ô i =  2Æ  =  2 \
1 do 1 do

1 — 61

2 L

( 8 )

(9)
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d en o tin g  b y  I d0 th e  in te n s i ty  of l ig h t re flec ted  b y  th e  c lean  su b s tra te , b y  I dx 
th e  in te n s ity  of lig h t re flec ted  by  th e  th in  film  co v ered  su b s tra te , b y  r0 th e  
re flec tio n  coefficient o f  th e  clean s u b s tra te ,  b y  rx th e  re flec tio n  coeffic ien t of 
th e  th in  film  covered  su b s tra te  a n d  b y  d l  th e  in te n s i ty  change d u e  to  th e  
covering  film .

T he in te n s ity  w as m easured w ith  th e  an a ly ze r position  tu rn e d  b y  л /2  
w ith  re sp ec t to  th e  e x tin c tio n  positio n .

M easurem ents w ere  carried  o u t b y  a usual m a n u a lly  d riven  e llip so m ete r 
se t up , o p e ra tin g  w ith  th e  A rcher m e th o d .

2. Study of stratified planar structures with an idealized and 
a realistic model

D uring  th e  p re p a ra tio n  and fo rm a tio n  of th in  film s on su b s tra te s , con
siderab le  dev ia tions m a y  occur b e tw e e n  th e  o p tica l c o n s ta n t o f id ea l film  
su b s tra te  (F ig . 1) a n d  re a l oxide film /film /in te rfa c e /su b s tra te  (Fig. 2) sy stem s, 
due  to  o x id a tio n  or th e  in co rp o ra tio n  o f  c o n tam in an ts .

T h u s, in  p rac tice  a rea l system  c o n ta in in g  su rface  an d  in te rface  layers 
form s a m u ltilay e r s tru c tu re . The o p tic a l p a ra m e te rs  o f  m u ltilay e r system s 
can  be ca lcu la ted  b y  th e  m a trix  m e th o d .

T he effect o f su rface  and  in te rfa c e  layers o n  th e  op tica l p a ra m e te rs  
h av e  been  com p u ted  w ith  a m odel, b a se d  on th e  m a tr ix  m ethod .

______ 22______

77777777W 7777Z

air

film

_____ _ substrate

Fig. 1. Idealized (3 com ponent) system

no air

n, d, H20

"2 d2 Au
D3 d3 Si02

П4 Si

a)

no air

n1 di a i2o 3

ïï? d 2 AI

n3 d 3 S i02
>})). 7 7 7 7 7 7 7 7 7 7

Si

b)

Fig. 2. Real (5 com ponent) system
O ptical data: a. =  1,33, n3 =  1,46, n4 =  4 .0 5 —iO.028. Thickness values: d1 =  0,5 nm , 

d3 =  2 nm ; b. n3 =  1,6, n3 =  1,46; d4 =  3,5 nm , d3 =  3 nm
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R eflec tion  a n d  transm ission  effects on a b o u n d a ry  can be described  b y  
th e  eq u a tio n

£ , =  S . Ë ,  (10)

a cco rd in g  to  Á zzam  [5 ], d en otin g  b y  E t and E j  th e  electric f ie ld  on  th e  tw o  
sid es o f  th e  b o u n d a r y . S is th e  sc a tter in g  m a tr ix .

T h e la t te r  is fo rm ed  b y  th e  p ro d u c t o f m a trice s  rep resen tin g  th e  effects 
o f in te rfa c e  an d  th o se  of th e  la y e rs

S  —  I 01 ^11-12 ^ 2  • • •  +  ( H )

T he in te rface  m a tr ix  for th e  i / j  b o u n d a ry  is:

(i =  j  -  1) ( 12)

d e n o tin g  b y  îti th e  tran sm issio n  coeffic ien t, an d  b y  r,y th e  re flec tio n  coeffic ien t. 
T he lay e r m a tr ix  for th e  j - t h  la y e r  is

w ith

e'A 0 " 
0 erat

2 n  _ _
---- d j - T i j  • cos <pj ,

(13)

t h e  p h ase  sh ift o f  in c id en t lig h t tra v e rs in g  th e  la y e r  w here Л0 is th e  w av e leng th  
o f  in c id e n t lig h t a n d  is th e  co m p lex  angle o f re frac tio n .

T he s c a tte r in g  m atrix  for a n  a rb itra ry  n u m b e r of layers is

(14)

T he fu n d a m e n ta l eq u a tio n  o f  e llip so m etry  becom es:

-  _  r p    ^21p S ji„
rn S Up S 2in

F o r our id ea lized  (3 c o m p o n en t) sy stem  (F ig . 1)

S

a n d  fo r th e  re a lis tic  (5 com ponen t) system

S =  I01 Lj I12 Lu 1.3 L3134,

I „1 ^*1 ^12

(15)

(16)

(17)
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A n A L G O L  p ro g ra m  w as developed , su itab le  fo r co m p u tin g  th e  th ic k 
ness an d  re frac tiv e  in d e x  o f th e  ab so rb in g  th in  film , ta k in g  in to  co n sid e ra tio n  
th e  effects o f  su rface  oxide film  an d  th e  in te rface.

3. E xperim en ta l w ork

E x p e rim e n ts  w ere  carried  ou t on A u an d  A1 film s, ev ap o ra ted  on  Si su b 
s tra te  (h2 =  4.05 — iO.028) an d  N iO  film s grow n b y  a th e rm a l process on 
N i su b s tra te . T he v a r ia tio n  o f th e  com plex  re frac tiv e  in d e x  w ith  film  th ic k 
ness w as stu d ied .

T y p e  p  S i ( l l l )  w afers (W acker, 6 ohm  cm) w ere u sed . T hey  w ere e tch ed  
in  98%  H 2S 0 4 fo r 10 m in, rinsed  in  H 20 ,  dried  an d  annea led  in  v a c u u m  
(5 .1 0 -5 P a ) a t  573 K .

A u w as e v a p o ra te d  from  a tu n g s te n  b o a t, A1 from  a tu n g s te n  coil, using  
th e  fo llow ing cond itions:

s u b s tra te  te m p e ra tu re : T h =  423 K ,
p ressu re : p  =  5 . 1 0 Pa ,
dep o sitio n  r a te :  rAu =  0.4 nm /s, 

rA| =  4 nm /s.
T h e rm a l g ro w th  o f  NiO w as m ad e  a t  a tm o sp h eric  p ressu re  in  a n  ox id iz

ing  ,a rn a c c  a t  673 K . T he NiO film s w ere grow n on po lished  (m echanical) an d  
e tched  N i su b s tra te s  (V akuum schm elze ty p e  S), b ak ed  in  in e r t gas. T h e  com 
p lex  re fra c tiv e  in d e x  o f  th e  N i su b s tra te  w as d e te rm in ed  on a g rea t n u m b e r 
o f  sam ples wdth th e  ellipsom eter:

n2 =  1.731 — Î3.26.

T he th ick n ess  o f  th e  NiO film  W'as controlled, b y  th e  o x id a tio n  tim e .
E llip so m etric  m easu rem en ts  w ere carried  o u t w ith  X =  546.1 n m  p o la r

ized lig h t, p ro d u ced  b y  a stab ilized  lig h t source. cp0 =  70° was chosen  as 
angle o f incidence [1], in  o rder to  p ro v id e  su ffic ien t se n s itiv ity  for th e  by), bR  
an d  bA  m easu rem en ts . C onsidering th e  p rin c ip a l angles o f incidence fo r Si 
an d  Ni (q?psi =  76.13°, <fpNi =  79.9°), y>, A  an d  R  can  be  de te rm in ed  w ith  a 
reaso n ab le  accu racy .

T he re frac tiv e  in d ex  an d  e x tin c tio n  coeffic ien t of A u vs d  film  
th ick n ess  a re  p re sen ted  in  F ig . 3, tho se  o f A lin  Fig. 4. C urves n r an d  k r re p re 
sen t re su lts  ca lcu la ted  b y  th e  rea l, n, an d  k t those  ca lcu la ted  b y  th e  idea lized  
lay e r m odel.

In  th e  case o f A u th in  film , th e  dev ia tio n s b e tw een  n r and  n, a re  sign i
f ic a n t, accord ing  to  F ig . 3, w hereas th e  re la tiv e  d ifferences betw een  k r an d  
kj are m u ch  low er. F o r  A1 th in  film s, th e  difference k r — к , becom es also sig-
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Fig.  3. Thickness dependence of the com plex refractive index  of Au film  on Si substrate for 
the idealized  =  щ  — ikj]  and realistic [7L =  nr—ikr] layer m odels

Fig.  4. Thickness dependence of the com plex refractive ind ex  of A1 film  on Si substrate for the  
idealized  [n, =  n,-—ife,] and realistic [re2 =  nr — ikr] layer m odels
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n if ic a n t (F ig . 4). F o r A u  an d  A1 film s, i t  w as found  th a t  n r re,-, an d  k r >  k t. 
ra1 and  k x e x h ib it a s tro n g  th ickness d ep en d en ce  in  th e  6 <  d  <  15 n m  ra n g e . 
Below  d  <  6 n m  anom alies w ere n o ticed  on  o u r sam ples a n d  lay e r sy s tem s. 
In  th is  low  d  ran g e , th e  ap p lica tio n  o f  v a rio u s  ap p ro x im a tio n s  (Ma x w e l l — 
Ga r n e t t , S tr a c h a n  a n d  S iv u k h in ) d id  n o t supp ly  reaso n ab le  re su lts  fo r 
th e  e q u iv a len t n e, k e, a n d  de.

In  th e  s tud ies o f th e  re la tio n s b e tw een  re frac tiv e  in d e x  an d  la y e r  s tru c 
tu re , th e  ea rly  stages o f  la y e r  fo rm a tio n  befo re  ach iev ing  a con tin u o u s f ilm , 
h av e  been  checked  b y  e lec tronm icroscopy  (a t  th e  R esearch  In s t i tu te  fo r  T ech 
n ica l P h y sics  o f th e  H u n g a ria n  A cadem y o f Sciences).

U nam b ig u o u s n 1 — d, k1 — d  re la tio n s  w ere found  on  A u  for d  >  8 n m , 
on A1 fo r d  6 n m  th ick n ess . F ilm s o f de 4 nm  e x h ib ite d  a g ra n u la r  
s tru c tu re . In  th e  d ^  4 — 6 n m  range, is la n d  ty p e  s tru c tu re  is c h a ra c te r is tic . 
F o r A u film s above de ^  7 — 8 nm , fo r A1 above de ^  6 — 7 nm , th e  coales
cence o f is lands is s ta r tin g . A bove 10 n m , th e  con tinuous la y e r  s tru c tu re  is 
b u ilt  u p . T h e  anom alies o f  n x an d  can  be exp la ined  b y  these  s t ru c tu ra l  
tra n sfo rm a tio n s , an d  th e  b ig  changes in  th e  6 <[ d  <  15 n m  range  as w ell.

T he re frac tiv e  in d e x  an d  e x tin c tio n  coefficient vs film  th ick n ess  o f 
N iO  are  p re se n te d  in F ig . 5. C om paring  th e m  w ith  re su lts  described  in  [8], 
th ese  v a lu es  are  rea listic . C om paring  th e  n r a n d  k r resu lts  w ith  d a ta  p u b lish e d  
in  th e  l i te ra tu re  [6], [7] an d  ta k in g  in to  consid era tio n  th e  co n d itions o f 
p re p a ra tio n  th e  ag reem en t is good.

Fig. 5. Thickness dependence o f the com plex refractive index  of NiO film  prepared by therm al
oxidation of N i substrate
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4. Conclusion

A n e x p e rim e n ta l an d  c o m p u ta tio n a l e llip som etric  m e th o d  was developed  
fo r  d e te rm in in g  th e  re fra c tiv e  in d ex  an d  th ick n ess  of ab so rb in g  m e ta l a n d  
m e ta l oxide th in  film s. T he R P D  m ethod  p ro v e d  to  be a d e q u a te  for e v a p o ra t
e d  A u an d  A1 film s, an d  N iO  film s as w ell, p rep a red  b y  th e rm a l o x id a tio n .
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A bstrac t

T he em ission sp ec tra  of C F4—0 2 d ischarges d u rin g  e tch in g  o f silicon 
a n d  silicon d iox ide are ex am in ed  in  order to  in d ica te  th e  en d -p o in t of th e  p ro 
cess. T his m e th o d  is u sed  to  s tu d y  th e  m echan ism  o f p la sm a  e tch ing , to o . 

R esu lts  a re  ex p la ined  b y  use of th erm o ch em ical d a ta .
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THE DETERMINATION OF Mg SURFACE 
ENRICHMENT IN HEAT TREATED AlMgSi ALLOYS 

USING THE SXES METHOD
B y

L. K e r t é s z , J .  K ojnoic  and A. S zász

INSTITUTE FOR SOLID STATE PHYSICS, LORÁND EÖTVÖS UNIVERSITY 
H-1088 BUDAPEST, HUNGARY

H eat treatm ents result in Mg loss by diffusion from AlMgSi alloys. This was identified  
by m any authors using different bulk m easurem ents. Up to the present indirect m ethods have 
been applied to  check the evaporation of Mg.

W e studied  this problem  b y  soft X -ray em ission spectroscopy (SX E S) in the region of 
the L2 3 em ission peak of A1 (approx. 17 nm) in  a 150 nm thick layer. The heat treatm ent was 
made b y  electron beam , using th e  same beam  also for the X-ray excitation , so the change of the 
Mg concentration in  the surface layer was m easured in vacuum  undisturbedly.

Our results show th a t th e  Mg concentration essentially increases during the heat treat
m ent near the surface. The bu lk  concentration o f  the Mg was 0,6 w t%  and we recorded the 
same concentration in the in itia l state o f the a lloy  on the surface too . After the heat treatm ent 
the concentration achieved a value of 70 wt%  near the surface. The heat treatm ent was m ade  
at 480 ±  30 K.

I t  h as  been  know n fo r a long tim e  th a t  a p ro longed  h e a t t r e a tm e n t  of 
AlM gSi alloys produces M g en rich m en t on  th e  surface [1].

In  o rd e r to  in v e s tig a te  th is  p h enom enon  resis tan ce  m easu rem en t [2], 
tran sm issio n  e lectron  m icroscopy  [1], lin e a r  th e rm al ex p an sio n  m easu rem en t 
[2], la ttic e  p a ra m e te r  m e asu rem en t [2], q u ad rupo le  m ass sp ec tro m etric  m eas
u rem en t [3], a n d  m icrop robe [4] have  b een  used.

T he m easu rem en ts  u n am b ig u o u sly  show ed th e  su rface  e n rich m en t or 
e v a p o ra tio n  o f  Mg. M ost o f  th e  in v es tig a tio n s  referring  to  th is  d id  n o t co n ta in  
concrete  d a ta  concern ing  th e  am o u n t o f  Mg in th e  su rface  layer. B u lk  ty p e  
m easu rem en ts  w ere p erfo rm ed , w ith  th e  exception  o f th e  m easu rem en t [4], 
e x tra p o la tin g  th e  Mg c o n c e n tra tio n  on th e  surface.

In  th e  follow ing we sum m arize  th e  m a in  experiences o f  th e  re sea rch  p e r
form ed u p  to  th e  p re sen t. B etw een  th e  f i r s t  h ea tin g  an d  th e  h ea tin g  cycles p e r
fo rm ed  la te r , an  essen tia l d ifference w as fo und . A t th e  a d e q u a te  te m p e ra tu re  
th e  process ta k e s  p lace in  a re la tiv e ly  sh o rt tim e. T h e  k inetics o f th e  p ro 
cess can be expressed  b y  th e  follow ing re la tio n sh ip :

dc _ , . .
—— =  — M  ( c  —  c „ ) ,  
dt

w here c is th e  Mg c o n c e n tra tio n , c_ is its  a sy m p to tic  v a lu e  a n d  M  is a c o n s ta n t. 
Beside th e  effect o f th e  d iffusion  p rocesses certa in  o x id a tio n  processes ta k e
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p lace . The eq u ilib riu m  of th e  o x id a tio n  effect [5], an d  th e  ev ap o ra tio n  [3], 
to g e th e r  w ith  th e  diffusion p rocess develop th e  Mg en rich m en t. T h a t is w h y  
acco rd in g  to  th e  m easu rem en ts  [4] th e  su ita b ly  m easu rab le  Mg en rich m en t 
develops on ly  in  th é  surface la y e r  o f a specim en  h e a t- tre a te d  in  air. A com 
p o site  oxide s tru c tu re  is d eve lop ing  con ta in in g  Mg an d  A1 oxide [6]. The g re a te r  
sp eed  of o x id a tio n  is p ro d u c in g  a  Mg d ep le ted  zone b e n e a th  th e  Mg en riched  
su rface  lay e r.

In  o u r p re se n t p ap e r w e a t te m p t  to  d e te rm in e  th e  M g co n cen tra tio n  
en rich ed  in  th e  200 n m  th ic k  su rface  layer, p re v e n tin g  th e  o x id a tio n  o f th e  
specim en  w ith  h e a t  t re a tm e n t in  vacu u m .

E x p erim en ta l equipm ent an d  conditions

F o r th e  in v es tig a tio n  o f  th e  surface c o n cen tra tio n  o f  M g we used th e  
so f t  X -ra y  em ission m eth o d  (S X E S ). The m ain  p o in t o f th e  m eth o d  is t h a t  
fro m  th e  p a ra m e te rs  o f th e  c h a ra c te ris tic  so ft X -ra y  ra d ia tio n  th e  e lec tro n  
d e n s ity  o f s ta te s  o f th e  specim en  can  be d e te rm in ed . The schem e o f th e  process 
is show n in  F ig . 1 [7]. In  o u r case for th e  re la tiv e ly  d ilu te  so lid  so lu tion , we 
p erfo rm ed  m o st o f our m easu rem en ts  on th e  tra n s itio n s  o f  th e  A1 L 2i3 levels. 
A cco rd ing  to  th e  ca lcu la tio n s o f  S egall  [8] an d  R ooke [9] th e  den sity  o f
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s ta te s  is g iven accord ing  to  th e  re la tio n sh ip

1(E) « V3 F ( E )  N (E )  ,

w here 1(E)  is th e  X -ra y  in te n s ity  m easu red  in  a rb itra ry  u n its , vis th e  freq u en cy  
o f  ra d ia tio n , N (E )  is th e  p a r t  o f th e  d e n s ity  of s ta te s  inv o lv ed , d e te rm in e d  by  
q u a n tu m  m echanical se lec tion  ru les, F (E )  is th e  tr a n s it io n  p ro b a b ility , and 
E  is th e  energy .

O n th e  above basis  th e  A1 L 23 S X E S  curve o b ta in e d  b y  using  th e  b an d  
s tru c tu re  ca lcu la tion  in  [10] to g e th e r  w ith  th e  f irs t B rillou in  zone, is show n 
in  F ig . 2. T he fine s tru c tu re  seen on  th e  A1 L2 3 S X E S  curve, f i t te d  a t  th e  
gam m a p o in t 61.2 eV, ex h ib its  a long w av e  ta il  w ith  1/2 pow er.

Fig. 2. Connection betw een a band structure and S X E S  curve for A1

T h e sy m m etry  p o in ts  o f th e  B rillo u in  zone are: Ег(68,6 eV), L 1(69,0 eV), 
X 4(7 0 ,l eV), X j(71,3 eV), ^ ( 7 1 ,4  eV) W 2(72 eV), K 1(72,7 eV) and  W ,(73 ,9  eV). 
T he em ission edge c h a ra c te r is tic  o f th e  A1 F erm i su rface  appears a t  72,8 eV.

T h e  ty p e  of e q u ip m e n t was R SM  500 (B urew estn ik , L en in g rad ), using  a 
g ra tin g  m irro r, w ork ing  in  th e  0,5 — 50 n in  w av e len g th  range, w ith  p h o to 
m u ltip lie r de tec ting . T h e  reso lv ing  p o w er in  th e  o p e ra tin g  range w as 0,07 nm  
(0,3 eV). T h e  deta iled  d esc rip tio n  of th e  eq u ip m en t m a y  be found  in  th e  w ork 
o f L u k i r s k i i  e t al [ 1 1 ] .

W e perform ed th e  m easu rem en ts  using th e  tr a n s it io n  o f th e  Al L 2 3 
levels. T h e  specim ens u sed  were of 3 x  1 0 x 1 0  m m 2, (15 m m  long). T h e  com 
positio n  o f  th e  specim ens w as th e  fo llow ing:
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A1 m a tr ix
Mg 0,58 w t% (0,65 a t% )
Si 0,35 w t% (0,34 a t% )
Fe 0,14 w t% (0,068 a t% )
Cu 0,01 w t%
Ti 0,03 w t% .

T he specim en  w as an n ea led  fo r 45 m in a t  800 К  in  a ir a n d  w as quenched  
in  w a te r  a t  ro o m  te m p e ra tu re .

T he f in a l t r e a tm e n t  o f  th e  specim ens w as d o n e  “ in  s itu ”  w ith  an  exciting  
e lec tro n  b eam  (4 kV , 0.3 m A ) in  a  v acu u m  n o t w orse th a n  10 ~4 P a . The te m 
p e ra tu re  o f  th e  specim en  d u rin g  th is  h e a t t r e a tm e n t  w as 530 К  ^  30 K , 
m easu red  b y  th e  new  m eth o d  [12].

F or th e  d eterm in a tio n  o f  th e  Mg con cen tra tion  w e u sed  N e d d e k m a y e r ’s 
m ea su rem en ts, w h o  h as p erform ed  SX E S m easu rem en ts on  AlM g alloys o f  
d ifferen t co m p o sitio n s [13].

E x p erim en ta l re su lts

As a s ta r t in g  p o in t an d  fo r  com parison  we u se d  th e  p lo t o f  AlMgSi ta k e n  
a f te r  th e  an n ea lin g  a n d  q u en ch in g  o f  th e  specim en  (F ig. 3, cu rv e  a). The curve  
is e ssen tia lly  in  ag reem en t w ith  th e  pure A1 L 2 3 SX E S c u rv e , w ith  th e  e x 
cep tio n  th a t  th e  f in e  s tru c tu re  is less p ronounced .

T he p lo t show n  in  F ig . 3 cu rv e  b w as ta k e n  a fte r  9 m in  in  situ  h e a t  
t r e a tm e n t .  E sse n tia l v a r ia tio n  h a s  n o t been  fo u n d  y e t. T h e  s itu a tio n  a f te r

Fig. 3. SX E S curves o f AlM gSi alloys after annealing in  vacuum , a) 0 m in; b) 9 min; c) 20 m in
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20 m in  is show n b y  F ig . 3 curve c on  w hich  th e  ap p e a ra n ce  of a n ew  local 
m ax im u m  can  be o b serv ed  a t  66 eV.

W ith  th e  fu r th e r  in crease  o f th e  tim e  o f hea t t r e a tm e n t ,  th is  p e a k  em erges 
m ore v igo rously  an d  a t  th e  sam e tim e  th e  m ax im um  o f th e  large p e a k  below 
th e  em ission edge g ra d u a lly  decreases. (F ig . 4 cu rves: a, b , c). A fte r  80 and  
90  m in  a new  local p e a k  ap p ears  a t 63 eV (in  Fig. 5 cu rv es  a, b). C urve  c re 
p resen ts  th e  em ission sp e c tru m  a fte r  200 m in h e a t t re a tm e n t, i t  does not 
ch an g e  w ith  fu r th e r  h ea tin g .

Fig. 5. S X E S  curves o f AlM gSi alloys after annealing in vacuum , a) 80 min; b) 90 m in; c) 200
m in
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D iscussion

O n th e  basis  o f  N e d d e r m a y e r ’s w ork [13] on th e  v a rio u s  com positions 
o f  A lM g alloys, th e  sp ec tra  p re se n te d  in  Fig. 3 (curves a, b , c) correspond to
0 .6  a t% , 10 a t%  ^  5% , 20 a t%  ^  10%  co n cen tra tio n s . O u r ex p erim en ta l 
r e s u lts  in  Fig. 4 (cu rves a, b , c) co rrespond  to  30 a t  %  ±  10% , 40 a t%  ±  1 0 % , 
50 a t%  i  10%  co n cen tra tio n s . T h e  em ission sp e c tra  in  F ig . 5 (curves a, b , c) 
c o rre sp o n d  to  60 a t%  ^  10% , 70 a t%  ^  1 0 % , 40 a t%  ^  1 0%  of Mg co n 
c e n tra tio n s .

T hus th e  m ax im u m  Mg c o n cen tra tio n  in  th e  surface la y e r  u n d er g iven  
co n d itio n s  is 7 0 % . I t  is m ost lik e ly  th a t  th e  M g a to m s are o u td iffu sin g  from  th e  
m a tr ix , and  th e y  e v a p o ra te  fro m  th e  surface d u r in g  th e  sam e period .

F ro m  th e  m easu rem en ts  p erfo rm ed  so fa r  w e can see t h a t  th e  en rich m en t 
o f  M g c o n c e n tra tio n  in  the  200 n m  th ick  su rface  lay e r s ig n ifican tly  rea rran g es 
th e  d en sity  o f s ta te s  m easured  w ith  th e  help  o f  A1 L 2 3.

T his m eans t h a t  th e  d e n s ity  o f  s ta tes a ro u n d  64 eV in creases , and a t  th e  
sa m e  tim e  th e  d e n s ity  o f s ta te s  a ro u n d  th e  p e a k  (72 eV) decreases s ig n ifican tly . 
T h ese  resu lts  a re  in  ad eq u a te  a g reem en t w ith  th e  m odern  th eo rie s  (ATA, CPA ) 
a p p lie d  in  th e  ca lcu la tio n  of th e  d en sity  of s ta te s  for alloys. T h e  m ore d e ta iled  
in v e s tig a tio n  o f  th e  problem  is in  progress.

In  acco rdance  w ith  th e  re su lts  described ab o v e  i t  can  b e  a sce rta in ed  th a t  
d u e  to  th e  effect o f  h e a t  t r e a tm e n t  fo r longer p e riods of tim e  (90 m in) a t  500 К  
a n d  h igher te m p e ra tu re s , th e  M g on  th e  su rface  lay e r v ig o ro u sly  enriches a n d  
in s te a d  o f th e  2 4 %  o b ta in ed  th ro u g h  e x tra p o la tio n  w ith  th e  m easu rem en t [4], 
a cco rd in g  to  o u r m easu rem en ts  th e  c o n cen tra tio n  increases to  70% .

A cknow ledgem ents

The authors w ish  to thank Prof. Dr. I. K o v á c s , Dr. I. Gál and Dr. G. T ichy  for their  
valuab le  comments.

R E F E R E N C E S

1. D . K. Ch a t t e r je e  and K. M. E n t w is t l e , J. Inst. M et., 101, 53, 1973.
2. I. K ovács, J . L e n d v a i and T. U n g á r , Mat. Sei. E n g ., 21, 169, 1975.
3. E . H íd v é g i a n d  E . K ovács-Cs e t é n y i , Mat. Sei. E n g ., 27, 39, 1977.
4. Á . Csa n á d y , V . S t e f á n ia y  and D . R e k e , Mat. Sei. E ng., 38, 55, 1979.
5. W . U . V. J e n e l t z e r , J. E lectrochem . Soc., 105, 67, 1958.
6. Á. Csa n á d y , Conf. on Eleetronm icroscopy, Dresden, Jan. 23— 25, p. 72, 1975.
7. D . J . Se l l m a y e r , Solid State P h ysics, 33, 83, 1978.
8. R. Seg a ll , P hys. R ev ., 124, 1797, 1961.
9. G. A. R o o k e , J . P hys. C. 1, 767, 1968,

J. Phys. C, 1 , 776, 1968.
10. S. P. S in gh a l  and J . Ca lla w a y , P h ys. Rev., 16, 1744, 1977.
11. A. P. L u k ir s k ii , I. A. B rytov  and N . I. K o m y a k : in Methods and E quipm ent in X -r a y

spectroscopy, 2. ed. Leningrad p. 2, 1967.
12. L. K e r t ész , A. S zász and A. A. K a c n e l so n : to be published.
13. H . N e d d e r m a y e r , in: Band Structure Spectroscopy of M etals and Alloys. E ds:

D. J. Fabian and L. M. W atson , Academic Press, 1973, p. 153.

Acta Physica Academiae Scientiarum Hungaricae 49, 1980



Acta Physica Academiae Scientiarum Hungaricae, Tomus 49 (1—3), p. 175 (1980)

PHOTOELECTRIC PROPERTIES OF 
ION-IMPLANTED SILICON
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H-1525 BUDAPEST, HUNGARY

A b strac t

T he am orphous lay e r w as form ed on  Si (111) su rface  b y  io n -im p lan ta tio n  
o f 28S i+, 31P +  ions. The pho to e lec tric  p ro p e rtie s  of th is  am orphous la y e r  were 
m easu red  b y  10,2 eV ex c itin g  p h o to n  en erg y  and  re ta rd in g  field  an a ly se r. The 
su rface co n tam in a tio n  w as checked b y  A E S  sim u ltaneously .

T he energy  d is tr ib u tio n  curve o f  io n -im p lan ted  a-S i exh ib its  a v e ry  large 
seco n d ary  peak , s tru c tu re le ss  p a r t  to w a rd s  higher energ ies and  th e re  is no 
o bservab le  edge a t  th e  h igh  energy  end  o f  th e  spectrum .

T he resu lts  for io n -im p lan ted  a-Si differ from  th e  d a ta  p re sen ted  in  th e  
l i te ra tu re  fo r ev ap o ra ted  an d  ca thode s p u tte re d  a-Si.
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CARBIDE FORMATION DUE TO Ar-ION 
ETCHING OF Si
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Abstract

H y d ro carb o n s  a re  am ong  th e  m a in  gaseous im p u ritie s  observed  in  ion  
p u m p ed  U H Y -system s. C H 4 is show n to  p la y  a crucial ro le in  carb ide  fo rm a tio n  
on  Si d u rin g  A r-ion e tch in g . T he carb id e  co n te n t o f ca rb o n  free Si-sam ples was 
m easu red  b y  A ES d u rin g  A r-ion e tch in g . A  C H 4-co n ten t o f  th e  sp u tte r  gas of
0.9 a t%  corresponds to  a C -con ten t of th e  S i-sam ple of 1.2 a t% , a C H 4 c o n te n t 
o f  3.7 a t%  corresponds to  a C -con ten t o f  3.3 a t% . A re la tio n sh ip  be tw een  th e  
C -con ten t o f  a S i-surface an d  th e  C H 4-co n ten t o f  th e  A r-gas used  for A r-ion  
e tch in g  can  be show n. T h e  effect o f ca rb id e  fo rm atio n  on  Si d u rin g  A r-ion  
e tch ing  can  be a t tr ib u te d  to  ion  an d  n o t  to  e lec tron  in d u ced  effects. To p ro v e  
th e  fo rm a tio n  o f SiC th e  sh ap e  o f th e  A E S -carb o n  signal w as co m p ared  w ith  
reference sp ec tra  of SiC a n d  C (g rap h ite ). M echanism s a re  d iscussed  to  acco u n t 
fo r th e  o bserved  carb ide  fo rm a tio n  on  Si d u rin g  A r-ion e tch in g . C arb ide fo r
m a tio n  o n  Si can  be av o id ed  b y  w ork ing  a t  base p ressu re  o f  4 . x l 0 -10 T o rr  or 
low er. T h is w ork  is p u b lish ed  elsew here [1 ].
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T H I N  FILMS

ELEKTRONENMIKROSKOPISCHE STRUKTUR UND 
MECHANISCHE SPANNUNGEN YON SILBER- UND 

KUPFERAUFDAMPFSCHICHTEN UND IHRE 
ABHÄNGIGKEIT VON 0 2-PARTIALDRUCK

Von

R . K och und R . A b e r m a n n

INSTITUT FÜR PHYSIKALISCHE CHEMIE, A-6020 INNSBRUCK, ÖSTERREICH

K u rzfassu n g

D ie m echanische S p an n u n g  von  Ag- u n d  C u-Film en w u rd e  k o n tin u ie rlich  
m itte ls  e iner ho ch em p fin d lich en  B ieg eh a lk en ap p ara tu r  in  A b h än g ig k e it vom  
S au ersto ffd ru ck  w äh ren d  d e r M eta llau fd am p fu n g  gem essen. M it H ilfe eines 
frü h e r v e rö ffen tlich ten  Spannungsm odells [1] k ö n n en  Ä n d eru n g en  in  den  S p a n 
n u n g sk u rv en  e in d eu tig  d u rch  S tru k tu rä n d e ru n g e n  in  den M eta llfilm en  e rk lä r t  
w erden . Die so e rm itte lte  S c h ic h ts tru k tu r  w u rd e  in  p a ra lle l d u rch g e fü h rten  
e lek tro n enm ik roskop ischen  U n te rsu ch u n g en  b e s tä tig t. D e r un te rsch ied lich e  
E in flu ss  des S auerstoffs a u f  die S tru k tu r  d e r au fw achsenden  M eta llsch ich t 
lä ss t sich  d u rch  die un te rsch ied lich e  S ta b ili tä t  d er beiden M eta llox ide  e rk lä ren ; 
Cu b ild e t bei den  v erw en d e ten  0 2-P a rtia ld rü c k e n  ein th e rm o d y n am isch  
stab iles  O xid , A g jedoch  n ic h t.
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Growth stage® of am orphous N i-P  film s deposited  both by electro lytic  and b y  chem ical 
m eans were studied  by electron m icroscopy. N u cléation  and the grow th  of separated three  
dim ensional grains have been proved.

Comparing the shape of grains w ith th a t o f  com puted ones different m obilities o f  
adatom s on the surface of growing grains have been found. The m obility  o f adatom s is prom ot
ed in the case o f electrolytic deposition . The developm ent of structural inhom ogeneities 
(“ supernetwork” ) can be attributed to the coalescence of grains as w ell as to the lim ited  
m obility  o f adatom s, building the amorphous structure of the grains.

Introduction

E x te n s iv e  stud ies o f am o rp h o u s  film s — especially o f  sem ico n d u c to r an d  
m eta llic  ones — have  u n am b ig u o u sly  show n  th a t  a g enera l c h a ra c te ris tic  o f 
th e se  film s is a ce rta in  k in d  o f  s tru c tu ra l inh o m o g en eity  [1 — 9]. This s t ru c tu ra l  
in h o m o g en e ity  co n stitu te s  a q u asi-period ica l ne tw ork , a n d  can  he v isu a lized  
b y  m eans o f p h ase  c o n tra s t e lec tro n m icro sco p y  or by  low -ang le  e lec tro n  d if
frac tio n .

Some a u th o rs  considered  th is  n e tw o rk  as a system  o f c racks [6, 7]; o th e rs  
[8, 9] basing  th e ir  views in  th e  f irs t  place o n  th e  in v es tig a tio n  of am o rp h o u s 
Ge, am o rp h o u s Si an d  CoGd lay e rs , reg a rd ed  i t  as a reg ion  o f  low er d e n s ity  o f 
th e  co n tin u o u s am orphous n e tw o rk , a “ su p e rn e tw o rk ’‘ [8, 9] w here m ost o f  th e  
a to m ic  vo ids h a d  accu m u la ted . T he co rrec tness of th e  la t t e r  a ssu m p tio n  w as 
con firm ed  b y  th e  re su lt o f an  in  s itu  h ea t t r e a tm e n t  of h igh  p u r ity  am o rp h o u s 
Ge layers [3]. T h u s th is  p a r t ic u la r  in h o m o g en e ity  in  am o rp h o u s Ge lay e rs  can  
be h e a t  t re a te d . In  th e  course o f  rea l s tru c tu ra l  rea rra n g em e n t m ig ra tion  o f  th e  
a to m ic  voids ta k e s  place accu m u la tin g  in  b u b b les  th a t  c a n  be d e m o n s tra te d  
u n am b ig u o u sly  b y  m eans o f  e lec tro n  m icroscopy . T he b u b b le s  th u s  fo rm ed  a re
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c re a te d  p rin c ip a lly  in  th e  o rig in a l su p ern e tw o rk . The re a rra n g em e n t o f th e  
am o rp h o u s s tru c tu re  can be  considered as in d ire c t p ro o f confirm ing  th a t  th e  
su p e rn e tw o rk  rep re sen ts  th e  reg ion  of accu m u la tio n  o f  th e  atom ic v o id s . 
A  fu r th e r  ju s tif ia b le  a ssu m p tio n  is — th o u g h  to  our know ledge no re su lts  o f  
m easu rem en ts  to  prove th is  d ire c tly  have y e t  been p u b lish ed  — th a t  in  th e  
case  of film s h a v in g  severa l com ponen ts b esid e  a change in  d ensity  also th e  
ch an g e  in  com p o sitio n  can be  assigned to  th e  su p e rn e tw o rk  [9, 10].

T oday  i t  is w ell-know n to o , th a t  th e  p resence  of s t ru c tu ra l  h e te ro g en e ity  
a n d  its  c h a rac te ris tic s  s tro n g ly  influence b o th  th e  p h y sica l a n d  chem ical p ro 
p e rtie s  of th e  am o rp h o u s film s (electrical c o n d u c tiv ity  in  a-G e film s [11], h a r d 
ness an d  co rro sio n  p ro p ertie s  o f  am orphous N i-P  d ep o sited  from  aq u eo u s 
so lu tio n  [12]).

I t  is u n d e rs ta n d a b le  th e re fo re  th a t  re c e n tly  increasing  a tte n tio n  has b een  
g iven  n o t o n ly  to  th e  d e te rm in a tio n  of th e  re a l s tru c tu re  o f  am orphous film s 
b u t  also to  th e  descrip tion  o f  th e  fo rm a tio n  o f s tru c tu ra l  inhom ogeneities. 
T h e  earliest co n cep t concern ing  am orphous Ge film s o rig in a tes  from  Ga l e e n e r  
[2 ], and  one o f  th e  p resen t a u th o rs  developed  fu r th e r  th is  m odel o f fo rm a tio n  
o f  am orphous film s [8]. A cco rd in g  to  th is  concep tion  th e  fo rm atio n  s ta r ts  
w ith  n u c léa tio n , an d  co n tin u es w ith  the  g ro w th  and  th e n  w ith  th e  coalescence 
o f  th e  grains [13]. T he a rea  o f  th e  su p e rn e tw o rk  is c o n s titu te d  by  th e  reg ions 
o f  coalescence o f  grains. T h u s  th is  m odel ta k e s  in to  a cco u n t th e  m o b ility  o f 
th e  atom s a r r iv in g  a t  th e  s u b s tra te  and co ndensing  th e re  in  th a t  case too  w h en  
am orphous n u c le i are  fo rm ed . G utzov  [14] a n d  N e u m a n  [15] found b y  t h e r 
m o d y n am ica l co n sid era tio n s t h a t  w hen n u c le i con ta in  few  atom s the  fo rm a 
tio n  o f am o rp h o u s  s tru c tu re  is m ore a d v an tag eo u s  energe tica lly . T he sam e  
re su lt  was ea rlie r  o b ta in ed  b y  G rigorovici a n d  cow orkers [16] for am o rp h o u s 
Ge w hen th e  free  energy  h a d  b een  ca lcu la ted  fo r d ifferen t possib le bond  ty p e s . 
B a r n a  e t al [13] sim u la ted  w ith  a co m p u te r th e  change in  th e  shape of g ra in s  
grow ing  from  th e  solid am o rp h o u s  nuclei condensed  fro m  th e  v apour p h ase . 
T h e ir  resu lts  re p re se n t w ell th e  effect o f  d ifferen t su p p o sed  m obilities o f 
a d a to m s on th e  surface o f th e  su b s tra te  or o n  th a t  of th e  fo rm ing  am o rp h o u s 
g ra in , re sp ec tiv e ly , on th e  g ro w th , the  com p ac tn ess  an d  th e  change in  sh ap e  o f 
g ra in s . T heir re su lts  also re f le c t well the  p ro p e rtie s  of d iffe re n t m a te ria ls . In  
th e  case o f am o rp h o u s Ge th e  ada tom s p ra c tic a lly  c a n n o t m ig ra te  a long  th e  
p e r ip h e ry  o f th e  am orphous g ra in , th u s  tw o -d im en sio n a l g ra ins o f a rm -lik e  
s tru c tu re  w ill be  developed. I n  th e  case o f  Se and  Sb film s th e  in d iv id u a l 
a d a to m s sh o u ld  h av e  re la tiv e ly  h igh m o b ility  on th e  su rface  o f  the  am o rp h o u s  
g ra in s , because  th re e  d im ensional cup sh ap ed  g ra ins w ill grow .

A u th o rs  co n stru c tin g  o th e r  m odels fo r  th e  fo rm a tio n  of the  in h o m o 
geneous s tru c tu re  re flec tin g  essen tia lly  a co lu m n ar s tru c tu re , suppose t h a t  th e  
condensing  a to m s are no t m obile  ne ither o n  th e  surface o f  th e  su b s tra te  n o r  on 
th e  surface o f  th e ir  develop ing  am orphous g ra in s  [17, 18].
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B y  co m p u te r s im u la tio n  o f  th e  process th e y  have show n th a t  th e  sh ad o w  
effec t alone can  be responsib le  fo r th e  co lu m n a r s tru c tu re  i f  th e  a to m s a re  
rep re sen ted  b y  h a rd  spheres.

S t a u d in g e r  and  cow orkers [7] have suggested  on th e  basis of e lec tro - 
ly tic a lly  p re p a re d  am orphous N i-P  film s t h a t  th e  su p e rn e tw o rk  is a c ra c k  
n e tw o rk , an d  th e y  assum ed th a t  i t  is deve loped  accord ing  to  th e  m odel o f  
Ga l e e n e r  [2]. B a r n a  et al [19] show ed t h a t  d u rin g  the  in i t ia l  period o f la y e r  
fo rm a tio n  th ree-d im en sio n a l g ra ins grow u p  in  these  film s deposited  e lec tro - 
ly tic a lly  and  chem ically .

T he p re se n t au th o rs  h a v e  exam ined  in  d e ta il the  fo rm a tio n  m echan ism  
o f th e  am orphous N i-P  film s deposited  b y  e lec tro ly tic  a n d  chem ical m ean s. 
T h is p ap e r sum m arizes, th e  re su lts  o f th e  in v estig a tio n s.

E xperim en ta l m e th o d s

The film s w ere p rep a red , in  th e  case o f  chem ical d ep o sition , e ith e r  on 
c lean  glass slides or on slides co a ted  w ith  co llod ium  and  C film , as well as on  
m icrogrids. In  th e  case of e lec tro ly tic  dep o sitio n  th ey  w ere  deposited  o n  an  
O F H C  copper s tr ip  or on 100 n m  th ick  A1 film  prev iously  p re p a re d  by  v a c u u m  
ev ap o ra tio n  on m icroscope slides. The su rface  o f the co p p e r s trip  has b een  
t r e a te d  before p re p a ra tio n  o f  th e  lay er b y  chem ical e tch ing ; th e  surface o f  th e  
A1 lay e r h a d  b een  tre a te d  in  N aO H  and  H 2S 0 4 and rin sed  in  d istilled  w a te r . 
In  th e  case of chem ical d ep osition  th e  surface o f  th e  su b s tra te s  w as a c tiv a te d  b y  
th e  m e th o d  k n o w n  from  th e  l i te ra tu re  [20]. Chem ical d ep o sitio n  to o k  p lace  
a t  90 °C. The e lec tro ly tic  d ep osition  was m ad e  from  a so lu tio n  c o n ta in in g  
N iC l2-(-N iS 0 4 a t  75 °C, a t c u rre n t densities o f  5 an d  50 m A /cm 2.

F or th e  p u rp o se  of Т Е М  in v estig a tio n s th e  films w ere  f irs t  coated  w ith  
a th in  lay e r o f C (of th ickness o f ab o u t 10 n m ), th e n  se p a ra te d  from  th e  s u b 
s tra te . This to o k  place b y  d isso lu tio n  of th e  colloidium  or o f  th e  A1 lay e r (th e  
la t te r  in  20%  N aO H  so lu tio n  a t  80 °C). F ro m  th e  copper foil th e  lay e r w as 
s e p a ra te d  in  N H 40 H -f-H 20 2.

E xperim en ta l re su lts

Chemical deposition

Fig. 1 show s th e  d iffe ren t stages of film  fo rm ation . I n  F ig . l a  th e  d isc re te  
n ucle i an d  iso la ted  grains grow n from  th e m  can  easily be  seen . N ucléa tio n  o f 
th e  N i-P  lay e r is uneven , inhom ogeneous. T h e  ind iv idual g ra in s , p roved  to  be 
am orphous b y  e lec tro n  d iffra tio n , show a c e r ta in  am o u n t o f  p o lygon iza tion . 
T h e ir  g row th  is n o t  th e  sam e in  th e  d iffe ren t d irections. I n  general, g ro w th  is
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Fig. 1. S tages o f  the form ation of a-N iP film s prepared b y  chem ical deposition

lim ited  in  th e  d irec tio n  of th e  neighb o u rin g  g ra ins, in d ic a tin g  th e reb y  t h a t  th e  
co llection  zone h a d  been re d u ced  b y  th e  n e ig h b o u rin g  g ra in .

F ig . l b  show s th e  s ta te  o f  grain  coalescence. I t  seem s as if  only a few  co n 
ta c tin g  g ra in s grew  to g e th e r b y  th e  w ay t h a t  th e ir  am o rp h o u s netw orks becam e  
co nnec ted  to  each  o th e r, i. e. th e  am orphous s tru c tu re  w as ab le  to  becom e co n 
tin u o u s . M ost o f  th e  gra in  b o u n d a rie s  h a d  s h a rp  outlines in d ic a tin g  th e  p resen ce  
o f  rea l gaps o r  cracks.

In  th e  co n tin u o u s film s essen tia lly  th re e  k inds o f  inhom ogeneities are 
p re sen t (F ig . lc ) :  th e  coalescence zones t h a t  m ay  be considered  as re d u c e d  in  
d en sity  a n d /o r  in  th ick n ess; th e  coalescence cav ities or holes form ed a long  th e m  
[21]; th e  re a l cracks.

Electrolytic deposition

S tru c tu re s  c h a ra c te ris tic  of the  in d iv id u a l stages o f  film  g row th  c a n  be 
seen in  F ig . 2. F o rm a tio n  s ta r ts  here also w ith  n u c léa tio n  an d  the  g ro w th  o f 
d iscre te  g ra in s  (F ig . 2a). T he g ra in s  p resen t a n e a rly  reg u la r  cup-shape fo rm . On 
c o n ta c t th e  am o rp h o u s n e tw o rk s  developed  in  th e  gra ins grow  to g e th e r, th e n  
becom e c o n tin u o u s . H ow ever, c o n tra s t in d ic a tin g  th e  decrease  of th ic k n e ss  or 
d en sity  m a y  be  observed  in  m o st coalescence zones.

In  F ig . 2a w here also th e  coalescence o f  som e grains s ta r te d , th e  fo rm a tio n  
o f  coalescence zones and  cav itie s  can be o b se rv ed  as well. T h is is sim ilar to  th e  
process fo u n d  in  Sb layers [22].
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Fig. 2. Stages of the form ation  of a -N iP  film s prepared b y  electrolytic deposition

T he a lread y  c o n tin u o u s  layers a re  decora ted  b y  coalescence cav ities, 
how ever, th e  c o n tra s t o f  th e  su p e rn e tw o rk  rep resen tin g  th e  coalescence zones of 
th e  gra ins can  be well d istin g u ish ed , to o  (F ig . 2c). T he c rack s giving a  defin ite , 
sh a rp  o u tlin e , being so c h a ra c te ris tic  o f  th e  film s form ed b y  chem ical depositio n , 
a re  en tire ly  m issing here .

C onclusions

— T he in itia l s tag e  o f  fo rm a tio n  o f am orphous N i-P  film s m a y  be 
described  in  te rm s of n u c léa tio n , g ro w th  o f th ree-d im en sio n a l d isc re te  grains, 
th e n  in  te rm s  o f th e ir coalescence in th e  case o f b o th  e lec tro ly tica l a n d  chem ical 
d ep osition  [23]. These resu lts , confirm  th e  assum ptions o f  Marto n  e t  a l [23] 
an d  S t a u d in g e r  et al [7].

— S tru c tu re  and  m orpho logy  o f  th e  form ed la y e rs  are d e te rm in e d  b y  
th e se  processes. The inhom ogeneities e x h ib itin g  th e  n e tw o rk  system  o f low er 
d e n s ity  or th ickness, th e  c rack s an d /o r cav ities develop d u rin g  th e  coalescence 
o f th e  am o rp h o u s grains.

— A nalysis of th e  sh ap e  of th e  g ra in s  ind ica tes t h a t  th e  m o b ility  o f th e  
ad a to m s on th e  surface o f  th e  am o rp h o u s grains differs w ith  the  tw o  m ethods 
o f  p re p a ra tio n . B arn a  e t  al [13] h av e  d em o n stra ted  in  th e ir  co m p u te r  sim ul
a tio n  o f th e  g row th  of th e  am orphous g ra in s  th a t  th e  co n d itio n  for develop ing

Acta Physica Academiae Scientiarum Hungaricae 49, 1980



186 T . BAGI et al.

Fig. 3. The effect o f adatom  m obility on the shape of growing grains: Colum n I: grains o f a-Ge 
(a ), pure Se (b) and contam inated Sb (c) film s, respectively; Column II: grains developed b y  
com puter sim ulation [13] by changing the m obility o f adatom s; Column III:  grains of a-N iP  

film s developed by electro lytic  (b); and by chem ical (c) deposition

g ra in s  o f reg u la r  cup -shape is th e  re la tiv e ly  h ig h  m obility  o f  th e  ad a to m s. 
T h u s  in  th e  case o f  e lec tro ly tic  la y e r  deposition  one has to  a ssu m e  a re la tiv e ly  
h ig h  m ob ility  o f  th e  ad a to m s, w hereas in th e  case  of chem ical deposition  th e  
m o b ility  of th e  a d a to m s m u st be v e ry  lim ited . F ig . 3 show s th e  stage o f th e  
n u c léa tio n  process o f  am orphous Ge, Se and  Sb film s in  com parison  w ith  th e  
chem ical and  e lec tro ly tic  d ep o sited  N i-P  film s a n d  w ith  th e  co m p u te r  s im u la ted  
ones [13] w ith  low , h igh  and  m ed iu m  ada tom  m obilities, re sp ec tiv e ly .

— The g ra in s  developed in  th e  case o f  chem ical d ep o sitio n  are th ree - 
d im ensional a lth o u g h  a v e ry  low  m ob ility  o f th e  ada tom s h a d  been  supposed . 
B ased  on th e  c o m p u te r  s im u la tio n  [13] in th a t  case th e  tw o-d im ensional g ro w th  
o f  in d en ted  g ra in s  shou ld  h av e  b een  observed. T h e  fac t th a t  i t  is n o t so can  be  
ex p la in ed  b y  a ssu m in g  th a t  h ere  “ co n d en sa tio n ”  (deposition) o f th e  ad a to m s 
c o n s titu tin g  th e  f ilm  occurs o n ly  a t  p referred  a c tiv a te d  p laces, an d  no t on th e  
e n tire  su b s tra te  su rface . T he n u c léa tio n  begins a t  these a c tiv e  centres o f th e  
su b s tra te  su rface  a n d  la te r  on  th e  places o f fu r th e r  deposition  w ill a lread y  be
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Fig. 4. Preferential nucléation o f amorphous N iP  on the surface o f a crystalline inclusion in an
am orphous CoP film

th e  N i-P  g ra in s them selves. F ig . 4 show s nucléa tion  s ta r t in g  on th e  su rface  of 
a c ry sta llin e  inclusion fo rm ed  in  an  am orphous CoP film . I t  can  be  clearly  
seen th a t  th e  n u c léa tio n  o f  am orphous p h ase  begins a t  som e p referred  p laces of 
th e  c ry s ta l.

— T he surface m o b ility  o f the  a d a to m s contro ls th e  m echanism  o f grain  
coalescence also  w hen  p re p a rin g  am o rp h o u s  N i-P  film s. T h e  s tru c tu re  o f  the  
coalescence zone will be s ig n ifican tly  d iffe ren t from  th e  s tru c tu re  o f  g ra in s  in 
th e  case o f  lim ited  m o b ility  o f the  a d a to m s  (chem ical deposition), s im ilarly , 
for exam ple , to  th e  am orphous Ge film s [3]; a sm aller s tru c tu ra l  d ifference trill 
be c rea ted  in  th e  case o f h ig h er m ob ility  o f  th e  adatom s (e lec tro ly tic  deposition ), 
s im ila rly  to  th e  Sb or Se layers [22].
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SIMULATION OF ANTIMONY THIN FILM GROWTH

B y

H . M ü l l er

ACADEMY OF SCIENCES OF GDR, CENTRAL INSTITUTE FOR OPTICS AND 
SPECTROSCOPY, 69 JENA, GDR

A b strac t

T he w ell-know n sp h eru litic  s t ru c tu re  o f v acu u m  deposited  a n tim o n y  film s 
suggests a sim u la tio n  w ith  a pa ir o f  com passes. T h e  m ain  reaso n  fo r th is  si
m u la tio n  is th a t  no one h as  y e t e x p la in e d  w hy th e  d is tr ib u tio n  o f  an tim o n y  
c lu ste rs  a fte r  th e  am o rp h o u s  — c ry s ta llin e  tra n s it io n  is, a t  le a s t in  p a rts , 
o rgan ized  in  a reg u la r h ie ra rch y . A n o th e r  reason , less im p o r ta n t, for the  
s im u la tio n  concern ing  th e  re g u la r ity  is th a t  one d id  n o t know  how  to  explain  
th e  c ry s ta lliza tio n  process.

W ith  th is  p u re ly  em piric  an d  s tro n g ly  idealized  m eth o d  i t  w as possible to  
f in d  o u t a g rea t deal o f  co rrespondence  betw een  m icrog raphs, e lec tro n  m icro
g rap h s an d  sim u la ted  p a tte rn s  b o th  o f  th e  surface a n d  cross-sectional s tru c tu re .

T he ex te rn a l b o u n d aries  of th e  spheru lites  a re  w ell defined  b y  d ifferen t 
c ry s ta lliz a tio n  ra te s  a n d  b y  re ta rd a tio n  a t  th e  b eg inn ing  of c ry s ta lliz a tio n  due 
to  th e  s ta tis tic a l c h a ra c te r  of th e  coalescence.

D iffe ren t a ssu m p tio n s ab o u t th e  m echanism  o f c ry s ta lliz a tio n  led  to  th e  
s im u la tio n  o f th e  cross-sectional s tru c tu re  w hich is responsib le  fo r th e  in te rn a l 
b o u n d aries  o f th e  sp h eru lite s . These in te rn a l s tru c tu re s  are  v e ry  r ic h  in  form s 
b u t  a lw ays c h a rac te ris tic  o f  a n tim o n y  th in  film s.

T h e  in te ra c tio n  o f  v a rious m o d els  w ill be d e m o n s tra te d  b y  th e  com 
p a riso n  o f  o rig inal a n d  s im u la ted  p a tte rn s .
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IMPULSE STIMULATED CRYSTALLIZATION IN 
AMORPHOUS SEMICONDUCTOR FILMS

B y

G . B a j o r

TECHNICAL UNIVERSITY, H-1521 BUDAPEST, HUNGARY 

C. E . W lCKERSHAM
BATTELLE COLUMBUS LABORATORY, COLUMBUS, OHIO, USA 

and

J . E . G r e e n e

UNIVERSITY OF ILLINOIS, URBANA, ILLINOIS, USA

A b stra c t

R ap id  irreversib le  exo therm ic  am o rp h o u s-to -p o ly c ry s ta llin e  p h ase  t r a n s 
itions h av e  recen tly  b een  rep o rted  in  am orphous Ge a n d  In 1_x G ax Sb film s. 
Such tran sfo rm a tio n s  occu r in  10-0 s in  a local dom ain  (w ith  a ty p ica l d iam eter 
o f 1 jam) o f th e  film  in  response to  a n  energy  im pulse supplied , fo r exam ple, 
o p tica lly  by  a pulsed  la se r  or m ech an ica lly  b y  a need le  tip p ed  s ty lu s . The 
c ry s ta lliz a tio n  fro n t can  p ro p ag a te  th ro u g h o u t th e  f ilm  in  a cascade process 
w ith  velocities of the  o rd e r  o f several h u n d re d  cm/s i f  th e  energy re leased  from  
th e  c ry s ta lliz a tio n  of one dom ain  is su ffic ien t to  tr ig g e r th e  a d ja c e n t dom ain  
u n d e r th e  ex isting  e x p e rim e n ta l co n d itio n s. E x p e rim e n ta l resu lts  are  p resen ted  
w hich d em o n stra te  t h a t  p ro p ag a tio n  o f  th e  c rysta lline  fro n t depends u p o n  the  
sam ple  te m p e ra tu re  as w ell as its th e rm a l h is to ry . A sim p le  th e rm a l tra n s p o r t  
m odel is also p resen ted  w hich  expresses in  fu n c tio n a l form  th e  p a ra m e tr ic  
req u irem en ts  for the  p ro p a g a tio n  o f im p u lse  s tim u la te d  c ry s ta lliz a tio n  (ISC). 
All re p o rte d  ex p e rim en ta l resu lts  in c lu d in g  th e  sam ple te m p e ra tu re  a n d  th e rm a l 
h is to ry  dependence, v a r ia tio n s  in th e  tran sfo rm ed  su rface  to p o g rap h ica l s tru c 
tu re , an d  th e  critica l th ick n ess  effect c a n  be  exp lained  b y  th is  m odel.
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ÜBER ROTIERENDE STRAHLUNGSFILTER ZUR 
TRENNUNG VON TEILCHEN- UND 

WÄRMESTRAHLUNG BEI 
BEDAMPFUNGSPROZESSEN

Von

P . GOLOB und E . J ak o pic

FORSCHUNGSZENTRUM FÜR ELEKTRONENMIKROSKOPIE, GRAZ, ÖSTERREICH

K urzfassung

Z u r strah lu n g sfre ien  B ed am p fu n g  sind  seit längerem  ro tie ren d e  F ilte r  
b e k a n n t [1], w obei versch iedene A usfüh rungsfo rm en  m öglich sind , wie S cheiben , 
Z y linder, T rom m eln . Die O p tim ieru n g  so lcher A nord n u n g en  k a n n  e inerse its  im  
H in b lick  a u f  m ax im ale  D urch lässig k e it (g rösster D am p fstro m ), an d ere rse its  
ab er au ch  a u f die E rz ie lung  eines b e s tim m te n  beg ren z ten  G eschw ind igkeits
bereiches der du rchgelassenen  T eilchen  vorgenom m en w erden . D ie h ie fü r 
b e n ö tig te n  B erech n u n g sg ru n d lag en  w erd en  d isk u tie rt.

L IT E R A T U R

1. H. R. F . H o r n , Proc. V th Int. Congr. for E lectr. Mic. Philadelphia, 1962, Vol I, A— 9.
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PENNING-TYPE SPUTTERING SOURCES

B y

G. K ertész  and Gy . V ágó

INDUSTRIAL RESEARCH INSTITUTE FOR ELECTRONICS 
H-1393 BUDAPEST, HUNGARY

Abstract

S p u tte r in g  plays a m ore and  m o re  im p o r ta n t ro le  am ong th e  v a c u u m  
techno log ies because o f i ts  ad v an tag es. T h e  less fav o u rab le  fea tu res  — low  ra te  
an d  re la tiv e ly  high en erg y  ions d am ag in g  th e  su b s tra te  — could h a v e  been  
e lim in a ted  b y  u tiliz ing  th e  P enn ing  d isch arg e .

The p a p e r  gives a su rv e y  of th e  m a in  S-gun ty p es. T h e  source developed  
b y  th e  a u th o rs  differs fro m  th e  o ther ones in  th e  a rra n g e m en t of th e  m ag n e t. 
T here  is su ch  a m agnetic  f ie ld  form ed t h a t  th e  sp u tte r in g  o f  th e  ta rg e t su rface  
is m ore hom ogeneous. T he p a p e r p re sen ts  th is  source a n d  som e of th e  re su lts  
o b ta in ed  w ith  it.
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DESCRIPTION OF GRAIN BOUNDARY-SUPPORTED 
INTERDIFFUSION IN THIN FILMS BY AN 

EFFECTIVE DIFFUSION PARAMETER
By

E . E h rMANN-Fa LKENAU and A . W a g e n d r is t e l

INSTITUTE FOR APPLIED PHYSICS, TECHNICAL UNIVERSITY OF VIENNA, VIENNA, AUSTRIA

A b strac t

S h o rt c ircu it diffusion along gra in  boundaries, in te rfa c es  an d  su rfaces  
s tro n g ly  su p p o rt th e  m ix ing  process in  th in  po lycry sta llin e  m u ltilay ers . F o r 
m a n y  p ra c tic a l considera tions such a com plex  ty p e  of in te rd iffu sio n  is su ffic i
e n tly  described  b y  one single p a ra m e te r, th e  effective d iffusion  coeffic ien t. 
O n th e  basis o f  a co m p u ter s tu d y  th e  p re se n t pap er deals w ith  th e  in flu en ce  of 
th e  g ra in  b o u n d a ry  s tru c tu re  an d  its  ch an g e  during d iffu sion  onto  th e  m ean  
d iffu siv ity . A n  e stim a tio n  o f  b u lk  d iffusiv ities using s t ru c tu ra l  d a ta  a n d  th e  
m ean  d iffu s iv ity  is suggested .
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MASS SPECTROMETRIC STUDY OF 
SEMICONDUCTOR PAYER STRUCTURES

B y

D. S z ig e t h y , G. G e r g e l y , I . Mo jz e s , T. S e b e s t y é n
RESEARCH INSTITUTE FOR TECHNICAL PHYSICS, HUNGARIAN ACADEMY OF SCIENCES 

H-1325 BUDAPEST, HUNGARY

and

M. R ie d e l
INSTITUTE FOR PHYSICAL CHEMISTRY AND RADIOLOGY, ROLAND EÖTVÖS UNIVERSITY 

H-1088 BUDAPEST, HUNGARY

The mass spectrom etric stu dy  o f the evaporation of As and P, respectively, during 
contacting of GaAs and GaP diodes w as reported at th e  7th International V acuum  Congress 
(Vienna 1977). N ow  new results obtained on various contact-crystal system s are presented.

A  laboratory SIMS system  w as bu ilt using a R iber QML 51 quadrupole m ass spectro
m eter. The study o f  contacting processes was followed b y  SIMS in depth  profiling of the con- 
tact-G aA s layer structures. Some SIM S studies o f S i0 2 layers prepared b y  various m ethods are 
described.

I. Introduction

This p a p e r is devo ted  to  m ass sp ec tro m etric  stud ies on som e sem icon
d u c to r  A HIB V la y e r  s tru c tu re s  a n d  S i-S i02 sy stem s, u sing  th e  m ethods an d  
e q u ip m e n t developed  in  ou r la b o ra to ry . The m ass sp ec tro m etric  s tu d y  o f th e  
e v a p o ra tio n  o f v o la tile  com ponen ts d u rin g  h e a t  t re a tm e n t o f m eta llized  A HIB V 
sem ico n d u cto r la y e r  s tru c tu re s  w as p erfo rm ed  an d  described  b y  Se b e s t y é n  
a n d  cow orkers [1, 2]. K in s b r o n  gave new  d a ta  on  th e  d issocia tion  o f GaAs an d  
G aA lA s covered w ith  gold c o n ta c t film s [3]. N ow  som e new  re su lts  are p resen ted  
o n  system s co n ta in in g  gold an d  silver.

II. Experim ental results and discussion

T he decom position , o u td iffu s io n  and  ev ap o ra tio n  o f co m p o n en ts  from  
m eta llized  sem ico n d u cto r su rfaces w ere s tu d ied  b y  a R iber QM L 51 q u ad ru p o le  
m ass sp ec tro m ete r.

T he c o n ta c tin g  processes o f  diodes p re p a re d  from  A I!IB v (G aA s or G aP) 
c ry s ta ls  using v a rio u s  c o n ta c t s tru c tu re s  w ere s tu d ied  in  d e ta il. T h in  (100— 
400 nm ) film  o f A u , AuGe, A uG eN i, A uN i, A uC r, Ag, A gSn, A gN i an d  InG eA g 
h a v e  been  d ep o sited  on b o th  faces on GaAs (100) w afers ( 3 x 3  m m 2) o r on  
G aP  (111) su rfaces.
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D u rin g  th e  a lloy ing  process in  th e  range  o f 300—600 °C A s2 o r P 2 losses 
w ere d e te c te d  b y  th e  m ass sp ec tro m e te r . T he loss o f  th e  vo la tile  co m p o n en t 
(Y ) o rig in a tes  from  th e  decom position  o f th e  c o n ta c t-c ry s ta l in te rface  layers 
[1, 2]. A  steep  rise c h a ra c te ris tic  o f  th e  c o n ta c t com position  an d  su b s tra te  
occurs a t  th e  on se t o f alloy ing .

T h e  te m p e ra tu re  v a r ia tio n  o f th e  re sis tan ce  o f th e  m e ta l — sem iconducto r 
s tru c tu re  w as reco rd ed  d u rin g  th e  an n ea lin g  s im u ltan eo u sly  w ith  th e  arsenic 
e v a p o ra tio n  ra te s . A ccord ing  to  th e  m e th o d  described  in  [4] a low m easu ring  
c u r re n t w as app lied  to  th e  specim en a n d  th e  p o te n tia l d ro p  w as reco rded  du ring  
th e  ann ea lin g . This v o ltag e  is p ro p o rtio n a l to  th e  m o m e n ta ry  resis tan ce  o f  th e  
sam p le  in  th e  20 —200 °C te m p e ra tu re  ran g e  as i t  w as show n in [5]. Some 
c h a ra c te r is tic  R ( T )  an d  Y (T ) cu rves are  p re sen ted  in  th e  F igures. T he s tu d y  of 
c o n ta c t sy stem  A uG eN i — GaAs h as  a lread y  been  described  in  [2, 4 ]. The 
Y (T ) a n d  R (T )  c h a rac te ris tic s  are  s tro n g ly  affec ted  b y  th e  com position  o f  th e  
la y e r  s tru c tu re s . F ig . 1 rep re sen ts  th e  R - Y - T  cu rves fo r th e  A u —G aA s—Au 
sy s te m  d u rin g  th e  a lloy ing  cycle.

Fig. 1. Variation of R  and У  (arbitrary un its) w ith T  for Au-G aA s-Au during th e  first 
annealing cycle. H eating and cooling rate 150 °C/min

A p p ly in g  a second h e a t t re a tm e n t a d ra s tic  change occurs in  th e  R - Y - T  curves 
d u e  to  fu r th e r  A s2 losses as show n in  F ig . 2.

F ig . 3. rep re sen ts  th e  case o f  A g —G aA s—A g la y e r  s tru c tu re s .
A n in te ra c tio n  o f  an  A s2 m o lecu lar b eam  w ith  G aA s — m eta l sy s tem  and  

sam e m e ta l s tru c tu re s  dep o sited  on  m o ly b d en u m  p la te s  w as described  in  our 
re c e n t p a p e r [6].

R ecen tly , m ass sp ec tro m e tric  s tu d ies  o f sem ico n d u c to r lay e r s tru c tu re s  
h a v e  b een  com pleted  b y  SIM S s tu d ie s  [7, 8]. A la b o ra to ry  SIM S sy s te m  has 
been  b u ilt  using  a R ib e r QM L 51 m ass sp ec tro m e te r m o u n ted  on a n  U H V
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sy stem  b u ilt  w ith  T u n g sra m  co m ponen ts, w ork ing  a t  10 ~7 P a  p ressu re  ran g e . 
T he sy s te m  o p era ted  w ith  a P H I  04— 191 ion  gun , a t  10 - 3 — 10 ~5 P a  A r p ressu re  
using  3 — 300 ftA/cmä io n  cu rren t an d  0,5 — 5 keV. M ore de ta ils  o f th e  SIM S 
system  are  given in  [9].

T h e  in terference  m icroscope p ic tu re  a fte r  in -d e p th  p rofiling  w ith  a scan 
n ing  io n  b eam  an d  a co p p er d iap h rag m  of 2,5 m m  d ia m e te r  hole, p ro d u c in g  a 
steep  a n d  un iform  c ra te r  is show n in  F ig . 4.

Fig. 2. Variation of R  and Y  (arbitrary un its) w ith  T  for Au-G aA s-Au during the second  
annealing cycle. H eating and cooling rate 150 °C/m in

Fig. 3. V ariation of R  and Y  (arbitrary units) w ith  T  for Ag-GaAs-Ag. H eating and cooling rate
150 °C/m in. A lloying cycle
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Fig. 4. Interference m icroscopic picture o f a sputtered crater

Fig. 5. In -depth profile of an A g-G e-In contact system  evaporated on GaAs, exhibiting diffusion  
o f  the com ponents. I qs etc. SIMS peaks in  arbitrary un its
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A nalyzing  th e  fringes th e  d e p th  of sp u tte r in g  in  Fig. 4 w as d e te rm in ed  as 
270 nm . S p u tte r in g  ra te s  can  be d e te rm in ed  using  th is  m e th o d .

Som e p re lim in a ry  re su lts  o b ta in ed  on  co n tac ted  G aA s an d  S i— S i0 2 
lay e r s tru c tu re s  a re  p re sen ted  in  F igs. 5 — 7 a n d  Tables I — I I I .

Si +

5 kV
1 juA/cm2

b)

Fig. 6. SIMS spectra of two SiO, layer structures, prepared by different technological processes 
by M. N é m e t h -S a l l a y . Sam ple a) oxidized in  dry 0 2; b) the sam e ether-treated [8]
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Table I

R elative SIMS intensities of the m ost com monly used elem ents

Al+ Si+ Ga+ Ge+ In+ Ag+

1000

О■тр1О

1000 1 0 -3 0 100-500 5

Table II

Characteristic peaks referred to Si +

Mass
number ion

oxidized in

dry 0 2 wet 0 2 dry 0 2 wet 0 2

— — ether-treated

1 4 S i2 + 0 .0 0 6 8 0 .0 0 7 9 0 .0 0 9 3 0 .0 1 3

2 9 S i H  + 0 .1 4 0 .1 2 0 .1 1 0 .1 2 2

4 4 S ÍO  + 0 .0 3 0 0 .0 2 0 0 .0 4 7 0 .0 2 3

4 5 S Í O H  + 0 .0 9 3 0 .0 3 8 0 .0 4 9 0 .0 4 0

5 6 S iJ 0 .0 3 6 0 .0 3 8 0 .0 3 8 0 .0 5 5

Table III

Characteristic peaks referred to Cu +

Mass
number ion

oxidized in

dry O, wet O,2 dry 0 2 wet 0 2

— -
ether-treated

1 4 S i2 + 0 .2 0 0 .1 9 0 .3 9 0 .3 0

2 8 S i+ 2 9 .6 2 4 .5 3 6 .7 2 2 .9

2 9 S iH  + 4 .0 2 .9 4 .2 2 .9

4 4 S iO  + 0 .8 8 0 .5 1 .7 0 .5 3

4 5 S iO H  + 2 .7 4 0 .9 2 1 .8 0 .9 3

5 6 S i i 1 .1 0 .7 1 .4 1 .3

F ig . 5 rep re sen ts  th e  in -d e p th  pro file  o f  an  A gG eln  c o n ta c t system  e v a p o r
a te d  on G aA s ex h ib itin g  d iffusion  o f th e  com ponen ts [10]. I Qe e tc  SIM S p eak s  
are  p re se n te d  in  a rb itra ry  u n its .  As is w ell k n ow n , th e  sp u tte r in g  and  io n  y ie ld  
in  SIM S s tu d ies  are  s tro n g ly  a ffec ted  b y  th e  com position  o f  th e  ta rg e t, co n d i
tio n s  o f  sp u tte r in g  on th e  m ass sp e c tro m e te r  system  a n d  m atch ing . T h e  re 
co rded  in te n s itie s  in  F ig . 5 a re  n o t co rrec ted  fo r sp u tte r in g  y ie ld  and  se n s itiv ity
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fac to rs  o f  th e  seco n d a ry  io n iza tio n . To m ake a  ro u g h  e s tim a tio n  o f re la tiv e  
co n cen tra tio n s , re la tiv e  secondary  io n  y ield  d a ta  ta k e n  from  th e  l i te ra tu re  an d  
av e rag ed  from  sev e ra l a u th o rs ’ re su lts  [7] are g iven  in  T ab le  I .

T h e  S i—S i0 2 sy s tem  was in v e s tig a te d  b y  sev era l au th o rs . H e re  Ma u l  
[10] a n d  B á r s o n y  [11] are q u o te d , rep o rtin g  on th e  v a r ia tio n  o f  SIM S 
sp e c tra  w ith  m e th o d s o f p re p a ra tio n  o f th e  ox ide  layer. In  a re c e n t p ap e r 
B a r n a  an d  cow orkers [12] have d e a lt  w ith  e th e r- tre a te d  S i0 2 lay e rs . In  o u r 
p a p e r, som e a d d itio n a l resu lts  are  p resen ted . In  F igs. 6A an d  В SIM S sp ec tra  
of tw o  S i0 2 lay e r s tru c tu re s  p re p a re d  b y  d iffe ren t techno log ica l processes, 
described  in  [12] a re  presen ted .

As found b y  B a r n a  and  cow orkers [12] th e  m ain  effects m an ifest 
th em se lv es  in  th e  v a r ia tio n  of h y d ro x il c o n te n t (observed  as S iO H + ions) 
on SiO layers p re p a re d  b y  d iffe ren t m ethods. E th e r - tre a t in g  ap p rec iab ly  
reduces th e  h y d ro x il c o n ten t.

T he copper d iap h rag m  used  fo r in -d ep th  p ro filing  supp lies som e k in d  
o f re ference  s ta n d a rd  for th e  SIM S sp ec tra , o b ta in e d  on v a rio u s sam ples.

T h is paper is confined  to  som e m ass sp ec tro m etric  s tu d ies , i l lu s tra tin g  
th e ir  app lica tio n s on  sem iconducto r problem s, associa ted  w ith  techno logy , 
b u t  o m ittin g  th e  techno log ica l asp ec ts . M ore d e ta ils  are given in  th e  references 
q u o te d  an d  will be p u b lished  in  o th e r  papers.

*

The authors express their sincere thanks to Mrs. M. N é m e t h -Sa l l a y  for preparing and 
kindly  subm itting the Si — S i0 2 samples.
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STRUCTURE AND EUECTRICAL PROPERTIES 
OF AMORPHOUS Ge-M o FILMS

By

A. B e l u , A. D é v é n y i , R . Ma n a il a , L . M i u , C. R u s u
INSTITUTE OF PHYSICS AND MATERIALS TECHNOLOGY, BUCHAREST, ROUMANIA

and

Á. B a r n a , P . B . B a r n a , G. R a d n ó c z i, L. T óth
RESEARCH INSTITUTE FOR TECHNICAL PHYSICS, HUNGARIAN ACADEMY OF SCIENCES 

H-1325 BUDAPEST, HUNGARY

Coevaporated am orphous G ej_xMox film s (0.07 x - 0.32) were investigated  by
m eans o f electron m icroscopy, electron and X -ray diffraction and electrical m easurem ents. 
Inhom ogeneity in the Mo concentration has been found on ly  in the sam ples o f  high m etal 
content.

Mo causes drastic changes in the E D  and X R D  patterns of a-Ge. The experim ental 
interference functions for x <  0.22 are w ell m atched by those calculated on the basis o f a 
structural model for a relaxed a-Ge random  network in w hich the Mo atom s fill part of the 
em pty space.

In  the range 80 — 470 К  both sam ples w ith  x =  0.07 and 0.16 display activation  energies 
AE 6 tim es less than those of a-Ge and close to kß T, which is indicative o f  hopping on high 
density localized states. B elow  80 К  for the samples of h igh Mo content AE becom es very  
sm all suggesting the presence of m etallic regions, which dom inate conduction at low T.

In tro d u c tio n

C erm ets, co n sisting  of a m e ta l d ispersed  on a to m ic  scale in to  a d ielectric  
m a tr ix , rep resen t a new  class o f m a te ria ls  o f te ch n ica l in te re s t, th e ir  physica l 
p ro p e rtie s  being s till h a rd ly  u n d e rs to o d . C erm ets a re  stab le  m a te ria ls  w ith  con
tro llab le  e lectrical re s is tiv ity  g a n d  sm all th e rm a l coefficient o f  th e  electrical 
re s is tan ce  TCR ( i  5.10 5 K -1 ). T h e y  are good c a n d id a te s  for p assive  resisto rs 
w ith  sm all TCR in m icroelectron ics. Also, cerm ets w ith  o p tim ized  profiles of 
th e  m e ta l c o n cen tra tio n  are m uch  exp lo red  no w ad ay s as ab so rb e rs  for so lar 
cells. C erm ets are u su a lly  o b ta in ed  as th in  film s, b y  co-deposition  o f th e  com 
p o n en ts .

T he system  in v es tig a ted  in  th e  p resen t w o rk  rep resen ts  an  a lte ra tio n  of 
am o rp h o u s Ge, w h ich  is a reference m ate ria l in  th e  physics o f  am orphous 
sem iconducto rs, b y  in tro d u c in g  a m eta l, th e re b y  m odify ing  its  e lectrical 
p ro p e rtie s  and  its  s tru c tu re . T h u s , b y  low ering th e  e lec tiica l re s is tiv ity  th e  
ran g e  o f  conduction  m easu rem en ts  can  be e x ten d ed  below 10 K . Also, th e  
re la tiv e ly  high D ebye te m p e ra tu re  o f Mo (360 K ) suggests a slow  diffusion 
of Mo in Ge, w ith o u t fo rm ation  o f  m eta llic  Mo is lands. A t h igher Mo concen
tra t io n s  a su p erco n d u c tin g  b eh av io u r is expected , Mo hav ing  a c ritic a l te m p e 
ra tu re  T c of 0.98 K , w hile Ge show s no su p e rco n d u c tiv ity  a t  n o rm a l pressu re.
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Preparation

Ge1- xMoxfilm s w ith  0.07 <Ç x  <( 0.32 w ere o b ta in e d  b y  co ev ap o ra tio n  from  
tw o  in d e p e n d e n tly  co n tro lled  sources, u n d e r a re s id u a l p ressure o f  1 .10_4 P a . 
M o w as e v a p o ra te d  from  an  e lec tro n  gun  w hile Ge from  a W  fila m e n t. The 
d ep o sitio n  ra te  w as co n tro lled  b y  m eans of a c a lib ra te d  p h o to d io d e . The 
co m p o sitio n  p a ra m e te r  x  w as v a rie d  b y  chang ing  th e  deposition  ra te  o f Mo. 
T h e  film s were d ep o sited  on fused  silica su b s tra te s  m a in ta in e d  a t  ro o m  te m p e ra 
tu r e ,  on w hich Mo electrodes in  p la n a r  co n fig u ra tio n  h ad  been  deposited . 
T h e  deposition  r a te  w as 6 — 11 n m /m in . Sam ples fo r  e lec trical conduc tion , 
th e rm o p o w er a n d  p iezo resistance  m easu rem en ts  (th ickness 8 0 — 100 nm ), 
fo r  e lec tron  m icro sco p y  an d  d iffrac tio n  (th ickness 30 — 80 nm ) as w ell as for 
X - ra y  d iffrac tio n  (th ickness 0.25 — 0.6 f i t n) w ere d ep o sited  a t  th e  sam e tim e.

Electron microscopy

E lec tro n  m ic ro g rap h s o f th e  sam ples Mo c o n cen tra tio n s  x  <C 0.16 show  
a  m ic ro s tru c tu re  v e ry  sim ilar to  t h a t  o f p u re  am o rp h o u s Ge (F ig . 1) [1]. 
T h is  m eans t h a t  a quasi-period ic  d en sity  f lu c tu a tio n  is p resen t in  th e  film s 
w h ich  causes a w eak  phase  c o n tra s t  on th e  m icrog raphs. T he m ean  period 
le n g th  is 10 —15 n m  w ith o u t a n y  rem ark ab le  change w ith  com position . The 
a m p litu d e  o f th e se  f lu c tu a tio n s , how ever, becom es h ig h er w ith  increasing  Mo 
c o n te n t. I t  can  he  supposed  th a t  in  th e  sam ples x  >  0.22 f lu c tu a tio n s  occur 
n o t  on ly  in  d e n s ity  b u t  also in  co n cen tra tio n . P ro b a b ly  M o-rich regions 
a re  fo rm ed  w ith o u t a n y  c ry s ta llin e  Mo p re c ip ita tio n , an d  p o in tin g  to  increas
in g  sep a ra tio n  te n d e n c y  o f tw o  d iffe ren t am o rp h o u s phases w ith  increasing  
m e ta l  co n ten t.

E lectrical properties

E lec trica l re s is tan ce  m easu rem en ts  in  th e  w ide te m p e ra tu re  ran g e  1,9 — 
760 К  show ed a sem ico n d u c tin g  b e h av io u r (T C R  <C 0) fo r x  <  0.16. The 
e le c tr ic a l p ro p e rtie s  w ere described  b y  th e  v a r ia tio n  o f  th e  a c tiv a tio n  energy 
A E  w ith  te m p e ra tu re  T.  T he a c tiv a tio n  energies w ere ca lcu la ted  from  th e  
q( T ) d a ta  an d  fro m  th e  S ( T ) ( therm opow er) d a ta  b y  a num erica l d iffe ren tia 
t io n  p rogram .

The sam ples w ith  x  =  0.07 a n d  0. 16 show  a c tiv a tio n  energies o f  th e  con
d u c tio n  A E ^  sm a lle r b y  a fac to r  o f  6 as co m p ared  to  an  e v a p o ra te d  a-Ge 
sam p le  (Fig. 2). F o r  T  >  80 К  A E is p rac tica lly  e q u a l to  k BT  (k B is th e  B o ltz 
m a n n  co n stan t) w h ich  is in d ica tiv e  o f  a hop p in g  co n d u ctio n  m echan ism  on 
h ig h  d en sity  loca lized  s ta te s  [2]. T hese s ta te s  sh o u ld  be a t t r ib u te d  to  Mo
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dispersed  on an  atom ic  scale  in  th e  a Ge m a tr ix  w hich seem s to  he a c h a ra c te r 
is tic  fea tu re  o f  th e  cerm ets [3].

T he Mo co n c e n tra tio n  determ ines th e  A E a values fo r T  <  80 K . F o r  
X =  0.07, A E ^  is a lm ost co inciden t w ith  k BT  while w ith  increasing  x  A E a

1 4 Acta Physica Academiae Scientiarum Hungaricae 49, 1980

Fig. 1. E lectron micrographs o f  th e  Ge^^Mo* sam ples. Left: focussed. R ight: 100 nm  under
focussed, a) s =  0,07; b) x =  0 ,16; c) x =  0,22; d) x  =  0,32
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F ig . 2. A ctivation energy o f electrical conduction. Full line: log kß T

decreases below  к в Т  (Fig. 2). T h is fac t co u ld  be ex p la ined  b y  the  fo rm a tio n  
o f  “ f ila m e n ts”  w ith  m e ta llic -ty p e  c o n d u c tiv ity  for x  0 .16  w hich ta k e  o v e r 
th e  e lec trical t ra n s p o r t  a t  low  T.  These “ f ila m e n ts”  m u s t be  re la ted  to  th e  
M o-rich zones observed  b y  e lec tro n  m icro sco p y  for x  >  0 ,16 .

T he sam p le  w ith  x  =  0.32 shows a  su p e rco n d u c tin g  tra n s it io n  a t  T n =  
=  2.9 K , w h ich  agrees w ith  i ts  m e ta llic -ty p e  conduction  a t  v e ry  low  T  (T C R  

2 -10 ~3 K “ 1 be tw een  3 a n d  6 K ). P iezo resis tan ce  m easu rem en ts  also sho w  
th e  m eta llic  c h a ra c te r  o f th e  co n d u c tio n  in c rea s in g  w ith  x .

The A E S th e rm o p o w er a c tiv a tio n  energ ies are sy s te m a tic a lly  low er t h a n  
AEp.  T his f a c t  is c h a ra c te ris tic  fo r o th e r c e rm e ts  too  [4] a n d  suggests d iffe re n t 
m obilités fo r  e lec trons an d  ho les in  th e  h o p p in g  co n d uction .

Structure

C o ev ap o ra ted  G e^^M o ^  alloys (0 <[ x  0.32) h a v e  been fo u n d  to  
h av e  an  am o rp h o u s  s tru c tu re  b o th  b y  e le c tro n  an d  X -ra y  d iffrac tio n . A  c h a r 
ac te ris tic  c h an g e  in  th e  e le c tro n  d iffra c tio n  p a tte rn s  o f  th e  sam ples w ith  
increasin g  M o -co n ten t are sh o w n  in  F ig . 3. T h e  tren d s  of th e se  changes are  v e ry  
sim ilar to  th o se  observed  b y  N o w a k  e t a l [5 ]  in  am orphous G e—noble m e ta l 
alloys a n d  su g g e s t changes in  th e  sh o rt ra n g e  order to w a rd s  m etallic  c o o rd i
n a tio n  o f  a to m s . F o r a m ore  e x a c t s tu d y  th e  d iffrac ted  e lec tro n  in te n s ity  w as 
reco rded  d ire c tly  an d  th e  in te rfe ren ce  fu n c tio n

F(k) = k . M z i < / ! > ,  к =
</>2 A

h as  been  c a lc u la ted . E x p e rim e n ta l F(Jt) fu n c tio n s  are  co m p ared  w ith  th o s e  
ca lcu la ted  fro m  a m odel in  F ig . 4.
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Fig. 3. D ensitom etrie traces o f electron diffraction patterns of Ge1_xMoI films

Fig. 4.  Reduced interference functions F (k ) experimental and model calculated

S tru c tu ra l m odel fo r th e  Ge1_x Mox system

T he s tru c tu re  o f a-G e is co rrec tly  rep re se n te d  b y  s p a tia l  m odels based  
u p o n  local sa tis fac tio n  o f  h y b rid  sp 3 bon d s [6 , 7]. These m odels sa tis fa c to rily  
acco u n t fo r th e  ex p e rim en ta l a to m ic  ra d ia l  d is tr ib u tio n  (R D F ) an d  fo r  th e  
d iffrac ted  in te n s ity  d is tr ib u tio n .

14* Acta Physica Academiae Scientiarum Hungaricae 49t 1980
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A d o se r  e x a m in a tio n  o f  such  a m odel reveals m u ch  free  space. O n th e  
b a s is  o f th e  a-G e d en sity  ( =  4.92 g •cm -3 ) a n d  cov a len t ra d iu s  of Ge a to m  
(0 .122  nm ) th is  free  space c a n  he ca lc u la ted  to  com prise a b o u t 70%  o f th e  
t o t a l  vo lum e. A  frac tio n  o f i t  ( ~  18% ) is c o n c e n tra ted  in  zones large en ough  
to  acco m m o d a te  a Mo a to m  (m etallic  ra d iu s  0.139 nm ). T h e  filling  o f  th e  
la rg e  zones co rresponds to  a n  a tom ic c o n c e n tra tio n  o f  M o x  =  0.22. T h is 
v a lu e  is re m a rk a b ly  close to  th e  th re sh o ld  c o n cen tra tio n  x  =  0.16 — 0.22 a t  
w h ich  m ark ed  changes in  th e  d iffrac tion  p a t te r n  occur. T h resh o ld  c o n c e n tra 
tio n s  a ro u n d  0 .20  w ere also n o tic e d  in  th e  sy s tem s a-Ge-Cu [5] and  a-S i-Fe [8].

On th e  o th e r  h an d , th e  Mo so lu b ility  in  c rysta lline  Ge is u n m e a su ra b ly  
sm a ll [9] due  p a r t ly  to  th e  M o being u n a b le  to  form  sp3 h y b r id  bonds a n d  to  
e n te r  su b s ti tu tio n a lly  in to  th e  Ge la ttic e . I n  a ra th e r  c ru d e  im age we c a n  a s 
su m e  th a t  d u rin g  th e  co -d eposition  th e  a-G e ne tw o rk  deve lops p re fe ren tia lly , 
enclosing  th e  Mo atom s.

O n th e  basis  o f th e  a b o v e  a rg u m en ts  th e  m odelling  of th e  a-Ge-M o 
sy s te m  has b e e n  s ta r te d  b y  p lac in g  th e  Mo a to m s in  th e  la rg e  free zones o f  a 
155-atom s a-G e m odel [6]. I n  th is  w ay  one c a n  acco m m o d a te  up  to  2 2 %  Mo 
a to m s w ith o u t Mo-Mo rep u ls iv e  con tac ts .

The Mo a to m s w ere in it ia lly  p laced  as being ta n g e n t  to  3 o f th e  Ge 
a to m s b o rd e rin g  a large free  zone. On th e  o th e r  h an d , th is  position ing  does 
n o t  co rrespond  to  th e  m a x im u m  in te ra c tio n  betw een  Mo a n d  Ge. W e assu m ed  
fo r  th is  in te ra c tio n  a L e n n a rd -Jo n e s-ty p e  p o te n tia l

*OM =  R- '2 - A R - \

w h ere  R  is th e  in te ra to m ic  d is tan ce , A  =  2R q^  and  R OM is  th e  equib.': m m  
d is ta n c e  b e tw e e n  Ge an d  M o (0.261 nm ). T h e  Mo p o sitio n s were su b m itte d  
to  a m in im iza tio n  p ro g ram  fo r  th e  b o n d  e n e rg y  w hich y ie ld ed  th e  e n e rg e ti
c a lly  m ost fa v o u ra b le  Mo p o sitio n s.

T he a to m ic  p a irs  d is tr ib u tio n s  w ere o b ta in e d  up  to  _Rmax =  2 n m  fro m  
th e  co o rd in a tes  o f  th e  Ge a n d  Mo atom s (F ig . 5). T he f irs t-o rd e r  d is tan ces  
M o — Ge ra n g e  be tw een  0.2 a n d  0.7 nm  w ith  a s trong  m a x im u m  a t  0.261 n m  
(su m  of th e  c o v a le n t Ge ra d iu s  and  of th e  m eta llic  Mo ra d iu s ) . The d is tr ib u 
t io n  of Mo — Ge d istance  show s re la tiv e ly  sh a rp  peaks a t  0 .495 and  0.630 n m  
to o . T he d is tr ib u tio n  o f Mo —Mo d is tan ces  displays b ro a d  m axim a c e n tre d  
u p o n  0.49 a n d  0.75 nm  w h ich  are  c h a ra c te r is tic  for th e  to p o lo g y  o f th e  “ free 
space  n e tw o rk ”  c o m p le m e n ta ry  to  th e  n e tw o rk  of th e  Ge a to m s.

On th e  b as is  o f th e  p a irs  d is tr ib u tio n s  G e—Ge, Ge — Mo and M o—Mo th e  
to ta l  in te rfe ren ce  fu n c tio n  o f  th e  m odel F (k )  w as co m p u ted . The pairs d is t r i 
b u tio n s  w ere p rev io u sly  c o rre c ted  for th e  l im ite d  size o f th e  m odel an d  d am p ed  
b y  a D eb y e-W aller-ty p e  fa c to r  in  o rder to  reduce  th e  c u t-o ff  errors. T hese  
m odel in te rfe ren ce  fu n c tio n  w ere  co m p u ted  for d ifferen t x  ran g in g  b e tw een
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Fig. 5. M odel pair density distribution (G e-netw ork not relaxed)

0.07 an d  0.22 an d  checked  ag a in s t th e  e x p e rim e n ta l ones as d e te rm in ed  fro m  
e lec tron  d iffrac tio n  [1]. T hey  ac c o u n t for th e  m ain  changes b ro u g h t a b o u t 
in  th e  F (k)  of a-G e b y  increasing  th e  Mo c o n c e n tra tio n  (F ig . 4 ). F o r exam ple  
th e  f ir s t  m ax im um  a t  к — 19,5 n m -1  becom es a b ro ad  sh o u ld e r for x  =  0 .22. 
T his b lu rr in g  is due  to  th e  sm aller c o n c e n tra tio n  o f Ge—Ge p a irs  b u t  also to  
m ax im a  due to  th e  Mo — Mo p a irs  (a t  к — 9.5 an d  16.2 n m " 1) and  G e—Mo 
p a irs  a t  к =  15 n m -1). This change in  th e  d iffrac ted  in te n s i ty  d is tr ib u tio n  
is s im ilar to  an d  of th e  sam e o rd e r o f  m a g n itu d e  as th a t  n o tic e d  in  th e  a-G e- 
A u, Cu [5], a-G e-Fe [10] and  a-Si-—F e  [8] sy s tem s su ggesting  th e  s im ila rity  
o f th ese  s tru c tu re s . C h arac te ris tic  changes show  up  w ith  in c reasin g  x  also in  
th e  reg ions к =  66 a n d  82 n m -1  in  ag reem en t w ith  th e  e x p e rim en ta l jF(&)’s .

T his s tru c tu ra l m odel for th e  a-Ge-M o sy s te m  is a r a th e r  crude  d escrip 
tio n  o f th e  process o f ne tw o rk  fo rm a tio n  d u rin g  th e  co deposition  process. 
A b e tte r  p ic tu re  w ill be o b ta in ed  b y  a general re la x a tio n  co m p u tin g  p ro ced u re  
in c lu d in g  all th e  in te ra c tio n s  b e tw een  th e  p re se n t a to m s. T h is  p ro ced u re  
ta k e s  in to  acco u n t th e  bond  s tre tc h in g  an d  b o n d -b en d in g  p o te n tia ls  o f th e  
Ge — Ge bon d s as w ell as a L e n n a rd -Jo n e s  p o te n tia l  for th e  G e—Mo b o n d s . 
I t  m inim izes th e  co rrespond ing  d is to r tio n  energ ies E s , E B a n d  E Lj  re la te d  to  
th e  d is to rtio n  o f th e  b o n d  len g th s  a n d  angles from  th e ir  eq u ilib riu m  v a lu es .

P re lim in a ry  re su lts  of th is  re la x a tio n  show  th a t  th e  G e—Mo in te ra c 
tio n s d is to r t ra th e r  h eav ily  th e  G e—Ge d is tan ces , th e re b y  increasing  E s  
w hile E B is less en h an ced . The e ffec t on th e  co m p u ted  F(k)  is a sh ift in  th e  
p eak  a t  к  =  34 n m -1  to w ard s sm alle r к im p ro v in g  th e  a g reem en t w ith  th e  
ex p e rim en t in  th is  reg ion .
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I t  is w o r th  m en tio n in g  th a t  th e  tw o  co n stan ts  w h ich  en te r th e  L en n ard - 
Jo n e s  p o te n tia l  a re  re la te d  to  th e  eq u ilib riu m  leng th  o f  th e  Mo — Ge b o n d  and  
to  its  re la tiv e  s tre n g th , re sp ec tiv e ly . A  co rrec t a ssessm en t of these  c o n s ta n ts  
b y  an  o p tim a l f i t t in g  o f th e  e x p e rim en ta l F (k )'s w ill give a new  a n d  qu ite  
im p o r ta n t  in s ig h t in to  th e  n a tu re  o f th e  m e ta l-sem ico n d u c to r bond  in  cerm ets. 
T h is p ro b lem  is re la te d  to  th e  to ta l  d e n s ity  an d  to  th e  en erg y  d is tr ib u tio n  of 
th e  localized  levels in  th e  en erg y  gap.

T he above  described  m odel shou ld  be  generally  v a lid  for all am o rp h o u s 
te tr a h e d ra l  sem ico n d u c to r — m eta l sy stem s w ith  low m e ta l so lub ility , p ro v id ed  
a n  a d ju s tm e n t o f  th e  in te ra c tio n  p a ra m e te rs  is m ade.
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A bstrac t

In  th e  p ro d u c tio n  of am orphous film s, c e r ta in  processes u su a lly  cause 
inhom ogeneities Yvhichmay be a v a r ia tio n  o f th e  d e n s ity  and/or chem ica l com posi
tio n .T h e se  v a ria tio n s  can  affect essen tia lly  th e  p h y sica l beh av io u r o f th e  m a te r i
als used . T he effects o f  th e  follow ing ty p e s  o f inhom ogeneities w ere in v es tig a ted : 
1) su p er n e tw o rk  (co lu m n ar s tru c tu re ) , 2) com position  inhom ogeneities in  
p lane , 3) com position  in h o m o g en e ity  in  d ep th . T h e  role of th e  su p e r  ne tw ork  
on  th e  m acroscopic m ag n etic  a n iso tro p y  was in v e s tig a te d  in  e v a p o ra te d  and  
sp u tte re d  G d —Co am orphous film s b y  m ag n etic , electron  m icroscopic and  
b a c k sc a tte rin g  m e th o d s . The d o m a in  w all m o tion  w as in v es tig a ted  in  sp u tte re d  
am orphous Gd — Co film s w ith  a com pensation  su rface p e rp en d icu la r to  th e  
film  p lan e . M agnetic a n d  H all e ffec t m easu rem en ts  were p erfo rm ed  on ev a 
p o ra te d  G d — Co film s w ith  a co m p en sa tio n  la y e r  due to  th e  co n cen tra tio n  
g ra d ie n t in  d ep th . Specia l spin w av e  resonances w ere obserYred in  am orphous 
G d —Co film s in  w h ich  th e  c o n cen tra tio n  changes as a q u a d ra tic  fu n c tio n  of 
d e p th .
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CHARACTERIZATION OF AMORPHOUS 
VANADIUM PENTOXIDE THIN FILMS PREPARED 

RY CHEMICAL VAPOUR DEPOSITION (CVD) 
AND VACUUM DEPOSITION

B y

L . Mic h a il o v it s , K . B a l i , T . S zö r én y i and I . H e v e si

RESEARCH CROUP ON LUMINESCENCE AND SEMICONDUCTORS, HUNGARIAN 
ACADEMY OF SCIENCES, SZEGED, HUNGARY

Am orphous vanadium  pentoxide thin film s were prepared b y  CVD of VOCl3 w ith  H 20  
at room  tem perature and b y  vacuum  deposition. The sto ichiom etry was estim a ted  from  
quantitative E P R  m easurem ents. The am orphous to crystalline transition tem peratures, 
453 — 463 К  for vacuum  deposited  film s and 523 ±  10 К  for film s prepared b y  ^CVD, were 
determ ined b y  DTA, polarization m icroscopy and electrical cond u ctiv ity  m easurem ents. The 
structural changes were m onitored b y  electron m icroscopy and E P R .

Introduction

Two m eth o d s a re  know n  to  o b ta in  pure  am o rp h o u s v a n a d iu m  p e n t
oxide (V20 5), sp la t-coo ling  [1, 2] and  v a c u u m  d ep osition  [3 — 6]. B o th  m ethods 
invo lve th e  m elting  o f  th e  m ateria l. A t h igh te m p e ra tu re s  th e  m e lte d  V 20 5 
loses oxygen  re su ltin g  in  a non -sto ich io m etric  oxide. T h e  d ev ia tion  fro m  the  
s to ich io m e try  depends on th e  te m p e ra tu re . An a t te m p t  to  p repare  am orphous 
V20 5 th in  film s of p ro b a b ly  low er V 4 + co n ten t (su b -m eltin g -p o in t v acu u m  
ev ap o ra tio n ) w as re p o rte d  b y  Colton  [7 ].

A lth o u g h  re la tiv e ly  h igh  te m p e ra tu re s  are need ed  to  o b ta in  sing le  crys
ta ls  o f good q u a lity  chem ical v a p o u r deposition  p ro v e d  to  be a co n v en ien t 
m eth o d  fo r grow ing c ry s ta llin e  v a n a d iu m  oxides [8 — 10]. The g re a t a d v a n 
tag e  o f th is  m eth o d  is th a t  th e  s to ich io m e try  can ea s ily  be con tro lled . Since 
th e  decom position  o f v an ad iu m  oxych lo ride  (Y0C13) v ap o u r w ith  H 20  
v ap o u r is a s tro n g ly  ex o th e rm ic  p rocess, th e  re a c tio n  tak es  p lace even  a t 
room  te m p e ra tu re  acco rd in g  to  th e  eq u a tio n

2VOCI3 +  3H 20  — V 20 5 +  6HC1, (1)

w hich suggests th a t  CVD a t  room  te m p e ra tu re  m ig h t yield n o n -c ry sta llin e  
V20 5 o f possib ly  v e ry  low  V4+ c o n te n t.

In  th is  p ap e r we re p o r t  th e  successfu l p re p a ra tio n  o f am orphous v a n a 
dium  p en to x id e  th in  film s b y  CVD a n d  com pare th e  p roperties o f  th e  film s 
p rep ared  b y  th is  m e th o d  an d  v acu u m  deposition .
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E xperim en ta l

T he s ta r t in g  m a te ria l for v a c u u m  d ep osition  w as V20 5 p o w d er (R E A N A L , 
H u n g a ry , p u ru m  grade). The te m p e ra tu re  o f  th e  e lectrically  h e a te d  m o lyb 
d e n u m  b o a ts , as d e te rm in ed  b y  a n  op tica l p y ro m e te r , was 1670 K . The su b 
s t r a te s  were h e ld  a t  room  te m p e ra tu re  u n d er h ig h  vacuum  (<C l x l 0 ~~3 P a ). 
F ilm  th ickness v a r ie d  betw een 0.2 — 0.8 (im  a t  deposition  ra te s  o f 3 — 5 nm /s 
a n d  a b o a t to  s u b s tra te  d is tan ce  o f  0.1 m.

To ap p ly  th e  CYD m e th o d  Y0C13 v a p o u r  (F L U K A , S w itzerland) an d  
H 20  b o th  th e rm o s ta te d  a t 303 — 333 К  an d  2 9 5 —298 K , resp ec tiv e ly , w ere 
in tro d u c e d  in to  th e  q u a rtz  re a c tio n  tu b e  b y  h ig h  p u rity  N 2 o r 0 2 carrier gas, 
d r ie d  in  an  L N 2 coo led  baffle.

Q u artz  a n d  op tica l glass p la te s , p o ly e th y len e  and  m y la r  film s w ere 
u se d  as s u b s tra te  m ateria ls . F o r  e lec tron  m icroscopic s tud ies th e  film s w ere 
d e p o s ited  on to  p la tin u m  grids co v ered  b y  a co llod ion  and  a v a p o u r  deposited  
S iO x layer.

T he e lec tro n  m icrographs w ere  ta k e n  w ith  a JE M  100-U  (JE O L ) m ic
ro sco p e ; for E P R  m easu rem en ts  a  JE S  — P E — I X  (JE O L ) X -b a n d  sp ec tro 
m e te r  was u sed ; th e  IR  sp ec tra  w ere  recorded  w ith  an  U N IC A M  SP 200 spec
tro p h o to m e te r . E lec trica l re s is tiv ity  was m e asu red  b y  tw o p o in t techn ique  
u s in g  e v a p o ra te d  p la tin u m  elec tro d es. D e n s ity  d a ta  w ere ca lcu la ted  from  
m e asu red  w e ig h t/v o lu m e  ra tio s . T h e  th icknesses o f  the  film s w ere  dete rm in ed  
b y  o p tica l in te rfe re n ce  m ethod .

R esults and discussion

T hin  film s p rep a red  b y  b o th  m ethods w ere  orig inally  yellow  and  u n i
fo rm  in  a p p e a ra n ce . W ith  o p tic a l m icroscopy w e were u n ab le  to  d istingu ish  
th e m , b u t Т Е М  p ic tu re s  c learly  show ed th a t  v acu u m  d ep o sited  sam ples w ere 
m o re  hom ogeneous th a n  tho se  p re p a re d  b y  CVD.

L ivag e  a n d  h is cow orkers p roposed  a v e ry  sim ple m e th o d  to  d istingu ish  
b e tw e e n  c ry s ta llin e  an d  am o rp h o u s Y20 5. T h e y  po in ted  o u t t h a t  th e  c ry s ta l
lin e  fo rm  c a n n o t b e  dissolved in  w a te r  while th e  am orphous fo rm  read ily  d is
so lves [1, 2]. O u r film s easily  d isso lved  in  w a te r  yield ing a yellow  so lu tio n  
w ith  p H  ~  2. T h e  electron  m icroscopic  s tu d ie s  proved  u n am b ig u o u sly  t h a t  
th e  film s w ere am o rp h o u s (F ig . l a ) .

T he d e n s ity  o f  th e  sam ples v a ried  fro m  2.7 gem -3 to  3.1 gem -3 . T he 
la rg e  sp read  is p o ss ib ly  due to  u n c e rta in tie s  in  w eigh t and  th ic k n e ss  m easu re
m e n ts .

T he v a r ia t io n  o f e lectrical c o n d u c tiv ity  w ith  te m p e ra tu re  o f an  in itia lly  
am o rp h o u s  f ilm  p rep a red  b y  v a c u u m  e v a p o ra tio n  is show n in  Fig. 2. T he
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Fig. 1. Selected area electron diffraction pattern o f an as-deposited film  (a), and of th e  sam e
film  after heat treatm ent (b)

Fig. 2. Tem perature dependence of the condu ctiv ity , m easured on a vacuum
deposited film

te m p e ra tu re  dependence o f  c o n d u c tiv ity  in  th e  am orphous phase (cu rv e  a) 
is co n sis ten t w ith  th e  p o la ro n  m odel fo r conduction  [11]. C o n d u c tiv ity  
v alues (m easu red  on 7 d iffe ren t sam ples a t  25 °C) ra n g e d  from  2 X 1 0 -4 to  
1 X 1 0 _3o h m _1m _1 w ith  a m ean  value o f  6 X 10—4o h m _1m —A T he high te m p e ra 
tu re  a c tiv a tio n  energies w ere d e te rm in ed  in  th e  300—450 К  range. T h e  m ean  
va lu e  o f  0.62 eV is su rp ris in g ly  h igh as co m p ared  to  d a ta  re p o r te d  b y  A llersm a
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e t  al (0 .29—0.39  eV) [4]. T h e  am orphous to  c ry sta llin e  tra n s i t io n  te m p e ra tu re s  
(defined  b y  th e  te m p e ra tu re  a t  w hich th e  co n d u c tiv ity  su d d en ly  increases) o f  
th e  v acu u m  e v a p o ra te d  sam p les  w ere fo u n d  b e tw een  453 a n d  463 K , in  ag ree 
m e n t w ith  o u r ow n resu lts  o b ta in e d  b y  D T A  and  p o la riza tio n  m icroscopy , 
a n d  those  o f  [1, 2 ]. The c o n d u c tiv ity  of th e  c rysta llized  m a te r ia l (cu rve  b  in  
F ig . 2) can  b e  described  b y  th e  eq u a tio n

a — <70 exp( — E /k T )  (2)

w ith  E  — 0 .14 eV w hich is close to  th e  v a lu e  rep o rted  fo r single c ry sta ls  a n d  
p o ly c ry s ta llin e  m a te ria l [3, 4 ]. C o n d u c tiv ity  values o f  6 o h m ^ m “ 1 w ere 
m easu red  a t  ro o m  te m p e ra tu re . T he p o ly c ry sta llin e  m a te r ia l  was id e n tif ie d  
as o rth o rh o m b ic  V 20 5 (ASTM  9 — 387) (F ig . lb ) .  The d e n s ity  of the  p o ly c ry 
s ta llin e  film s in c rea sed  by  2 5 %  as com pared  to  th a t  of th e  am orphous sam ples.

The c ry s ta lliz a tio n  te m p e ra tu re  of th e  CVD film s w as found, as d e te r 
m in ed  b y  th e  sam e m eth o d s, 520 ^  10 K . F o r h y d ra te d  am orphous V 20 5 
tra n s it io n  te m p e ra tu re s  b e tw een  570 and  600 К  were re p o r te d  [12], su ggesting  
t h a t  th e  h ig h e r tra n s it io n  te m p e ra tu re  o b se rv ed  m ight be  d u e  to  th e  p resence  
o f  w a te r. In d e e d , th e  D TA  cu rv es show ed a w eak  en d o th e rm  signal a t  a b o u t 
370 K . In  th e  I R  sp ec tra  tw o  b a n d s  a t  1610 a n d  3500 c m -1  could  be id e n tif ie d  
besid e  th e  c h a ra c te r is tic  p eak s  a t  650, 840 a n d  1015 c m ^ 1. T hese resu lts  p ro v 
ed  th a t  th e  film s p rep ared  b y  CVD co n ta in  loosely  b o u n d  w a te r .

The lin e sh ap e  of the  E P R  sp ec tra  is o f  d iagnostic  v a lu e  fo r d isting u ish in g  
be tw een  th e  am o rp h o u s  an d  c ry sta llin e  fo rm s an d  also fo r es tim a tin g  th e  V4 +

Fig. 3. E P R  spectra o f an as-deposited CVD film , recorded at 300 К  (a) and 100 К (b); spectrum  
o f  the film  after heat treatm ent, recorded at 300 К  (c)
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c o n te n t. T he am o rp h o u s form  o f low  V4 + c o n te n t  exh ib its  a well reso lved  
h y p e rfin e  p a t te rn  a t  ro o m  te m p e ra tu re  u n lik e  crysta llized  V 20 5 [1, 2, 13]. 
E P R  sp ec tra  o f a CYD film  are  show n in  F ig . 3. The sp ec tra  labelled  w ith  a 
a n d  b are  c h a ra c te ris tic  o f th e  am o rp h o u s p h a se  w ith  low V4+ c o n te n t; w hile 
th e  sp ec tru m  reco rded  a fte r  a h e a t  t re a tm e n t a t  570 К  for 3 h o u rs  in  oxygen  
a tm o sp h ere  (cu rve  c) is ch a ra c te ris tic  o f th e  c ry s ta llin e  phase . T h e  room  te m 
p e ra tu re  E P R  sp ec tra  o f film s p re p a re d  by  v a c u u m  d ep osition  exh ib ited  no  
hfs in d ica tin g  th e  presence of m uch  m ore V4 + . Q u a n tita tiv e  E P R  m easu re
m en ts  u sing  C u S 0 4 • 5 H 20  s ta n d a rd  revealed  t h a t  th e  film s p re p a re d  by  CVD 
c o n ta in e d  on ly  1 — 2 %  V4+, w hile th e  V4+ c o n te n t  of th e  film s o b ta in ed  b y  
v a c u u m  deposition  w as 7 —8 %

S um m ing  u p  i t  m a y  be s ta te d  th a t  th e  am orphous film s ob ta in ed  b y  
v a cu u m  d ep osition  are  o f v e ry  good h o m o g en e ity  b u t  ex h ib it la rg e  d ev ia tio n  
from  th e  s to ich io m e try ; while CYD is a p p ro p ria te  to  produce  n e a r s to ich io 
m e tric  am orphous v an a d iu m  p en to x id e  th in  film s.
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A bstract

Som e p h y sica l and  tech n ica l p roperties o f  pure and  silicon-alloyed a lu 
m in ium  film s o b ta in e d  b y  u s in g  a P e n n in g -ty p e  sp u tte rin g  source (“ S -gun”  
or “ m ag n e tro n ”  etc .) w ere te s te d . The source h as  been deve loped  in  our I n s t i 
tu te .

T h e  fo llow ing p ro p erties  o f  th e  film s w ere  in v es tig a ted :
a) m ic ro s tru c tu re  — tran sm iss io n  e lec tro n  m icroscope a n d  electron d if

frac tio n ;
b) chem ical com position  (S i-conten t) — a to m ab so rp tio n ;
c) specific res is tan ce , c a lcu la ted  from  th e  sheet re s is tiv ity  m easured  

w ith  a fo u r-p o in t p ro b e  an d  from  th e  film  th ickness m easu red  w ith  a 
s ty lu s -ty p e  surface p ro filem ete r;

d) o p tica l re fle c tiv ity , d e te c te d  w ith  a sim ple , self-bu ilt in s tru m e n t. 
B esides a lum in iu m  also copper film s w ere  produced  a n d  in v es tig a ted .
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OPTICAL TESTING OF ALUMINIUM FILMS 
DEPOSITED BY VACUUM-TECHNICAL METHODS

B y

P . G l a se r  and G. B alog

INDUSTRIAL RESEARCH INSTITUTE FOR ELECTRONICS 
H-1393 BUDAPEST, HUNGARY

A bstrac t

O ptica l te s tin g  is im p o r ta n t w hen  a film  m u st be processed  (i. e. deli
n ea ted ) b y  p h o to lith o g rap h y . I t  m eans th e  m easu rem en t o f th e  re f le c tiv ity  
w ith  n o rm al incidence w hite  lig h t. T he re fle c tiv ity  m eter developed  in  ou r 
In s t i tu te  d irec tly  in d ica tes  th e  re flec tio n  coeffic ien t o f an y  re flec tiv e  film  
on  a  su b s tra te  n o t la rg e r th a n  50 m m  in  dia.

T he follow ing film s w ere in v e s tig a te d :
— pure  a lu m in iu m  e v a p o ra te d  from  e lec tron  b eam  source;
— pure  a lu m in iu m  sp u tte re d  from  a P en n in g -ty p e  source;
— silicon-alloyed a lum in iu m  sp u tte re d  from  th e  sam e source.

T he film s w ere dep o sited  a t  v a rio u s ra te s  an d  su b s tra te  te m p e ra tu re s . 
D eposition  ra te  an d  te m p e ra tu re , as well as th e  k in d  o f source h a d  d iffe ren t 
effects. T he silicon c o n te n t o f th e  film s s ig n ifican tly  affected  th e ir  re flec tiv ity .
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AN APPROPRIATE INSTRUMENT FOR THE 
OPTICAL TESTING OF REFLECTIVE FILMS

By

G. B alog

INDUSTRIAL RESEARCH INSTITUTE FOR ELECTRONICS 
H-1393 BUDAPEST, HUNGARY

A bstrac t

M easu rem en t of th e  re f le c tiv ity  w ith  no rm al incidence  ligh t has a g re a t 
im p o rtan ce  especially  w hen  th e  lay er gets in  a p h o to lith o g rap h ic  process 
(sem iconducto r devices, th ic k  an d  th in  film  circuits, p r in te d  circu it b o a rd s  
etc.).

T he re f le c tiv ity  m e te r developed  a t  th is  In s t i tu te  h a s  a tu n g s te n  lam p  
as lig h t source a n d  p h o to v o lta ic  cells o f 1 cm 2 m ade a t  th is  I n s t i tu te  (eq u i
v a le n t to  B P Y  63 o f  Siem ens) as de tec to rs . T he analogue m e te r  o f th e  in s tru m e n t 
d irec tly  in d ica tes  th e  re flec tio n  coeffic ien t from  th e  ra tio  o f  th e  lig h t in te n s i ty  
in  th e  reference a n d  m easu rem en t p a th w a y , respective ly . T h e  lam p  is s tab iliz ed  
b y  op tica l/e lec trica l feedback . The in s tru m e n t is su itab le  for te s tin g  o th e r  
re flec tiv e  film s i f  th e  sam ple can  be p u t in  th e  sam ple h o ld e r (10 . . . 50 m m  d ia).
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ULTRAMICROHARDNESS-TESTER FOR 
THIN FILMS

By

H . B a n g e r t , A . W a g e n d r is t e l  and W . A sc h in g er

INSTITUTE FOR APPLIED PHYSICS, TECHNICAL UNIVERSITY OF VIENNA, VIENNA, AUSTRIA

A b strac t

A novel m ic ro h ard n ess-te s ter h as  been designed  for loads betw een  
10 ~2 N  a n d  5 X 10-5 N . T h e  a p p a ra tu s  can  be o p era ted  in  an y  com m ercial scan 
n ing  e lec tro n  m icroscope w ith o u t in s ta lla tio n  of a d d itio n a l a d ju s tin g  sh afts . 
T he force is app lied  e lec tro m ag n etica lly  to  th e  in d e n te r  b y  bend in g  a double 
le a f  sp rin g  and  m easu red  b y  m eans o f  s tra in  gauges f ix e d  to  th e  sp rings. The 
eq u ip m en t can  he t i l te d  in  respect to  th e  electron  b eam  m aking  possib le  th e  
o b se rv a tio n  o f th e  t ip  d u ring  in d e n ta tio n . The ex p erim en t th u s  prov ides 
in fo rm a tio n  on th e  m icrohardness as w ell as on d y n am ic  p ro p ertie s  o f  th e  
sam ple.
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ÜBER DIE ABHÄNGIGKEIT DER 
STRAHLUNGSABSORPTION DÜNNER SILBER-, 

GOLD- UND KUPFERSCHICHTEN VON DER 
SCHICHTSTRUKTUR

Von

H . P . Ma r t in z , R. K r a m e r  und R . A b e r m a n n

INSTITUT FÜR PHYSIKALISCHE CHEMIE, A-6020 INNSBRUCK, ÖSTERREICH

K urzfassung

W egen ih re r R e d eu tu n g  fü r den  B a u  w irkungsvo ller p h o to th e rm isc h e r 
W an d le r v o n  S onnenenerg ie  is t die A b so rp tio n  von  W ärm e s tra h lu n g  d u rc h  
d ü n n e  A u fd am p fsch ich ten  neuerd ings v o n  erh ö h tem  In te re sse . In  d e r v o r 
liegenden  A rb e it w urde e in m al w äh ren d  d e r  H erste llung  d e r  A u fd am p fsch ich 
te n  die T e m p e ra tu rän d e ru n g  des S ch ich tsy stem s m it e inem  a u f  einen G las
trä g e r  au fg ed am p ften  F e /A g-T herm oelem en t als F u n k tio n  d er A u fd am p fra te  
gem essen. D ie op tischen  K o n s ta n te n  der u n te rsu c h te n  S ilber-, Gold- u n d  K u p 
ferfilm e w u rd en  zum  an d e ren  aus d er T e m p e ra tu rä n d e ru n g  beim  E in- bzw . 
A b strah len  von  W ärm e in  A b h äng igke it d e r S chich td icke p u n k tw e ise  e rm itte l t .  
E s  w urde  gefunden , dass das A bso rp tio n sv erm ö g en  der A u fd am p fsch ich ten  m it 
zu n eh m en d er Sch ich td icke  k leiner w ird . Diese A bnahm e des A b so rp tio n s
verm ögens k a n n  m it d e r K oaleszenz d e r  M etallsch ich t k o rre lie rt w e rd en .
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AN X-RAY OPTICAL STUDY OF LAYERED 
PHASE IN Au-Al THIN FILM COUPLES

By

A. W a g e n d r is t e l , H. Sc h u r z , H. B a n g e r t  and E . E h r m a n n - F a l k e n a u

INSTITUTE FOR APPLIED PHYSICS, TECHNICAL UNIVERSITY OF VIENNA, VIENNA, AUSTRIA'

Abstract

S pecu lar X -ra y  reflec tion  o rig ina ting  a t  grazing  incidence a t  the  b o u n d a ry  
p lanes o f  th in  la m in a te d  s tru c tu re s  in te rfe re  to  give th e  know n K iessig  
fringes. T h e  change of th is  in te rfe rence  p a t te r n  during  d iffusional in te rm ix in g  
in  th in  m u lti-lay e rs  is used  fo r th e  s tu d y  o f  p h ase  fo rm a tio n  in  A u—A l th in  
film  couples. L ay ered  g ro w th  o f A u2 A1 o b ey ing  a p a rab o lic  grow th re la tio n  
w as o bserved  in  th e  te m p e ra tu re  range from  560 to  80 °C. T h e  ac tiv a tio n  en e rg y  
o f th e  p rocess w as found  to  be 1.05 eV.
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THE COMPOSITION OF THIN FILMS WHEN 
FORMED BY EVAPORATION PROCESSES UNDER 

HIGH VACUUM AND ULTRA HIGH VACUUM 
CONDITIONS

By

N . K l a u s

INSTITUTE FOR EXPERIMENTAL PHYSICS, UNIVERSITY OF VIENNA, VIENNA, AUSTRIA

Abstract

T he in flu en ce  o f specim en p re p a ra tio n  before  and  d u rin g  an  e v a p o ra tio n  
process has been  in v es tig a ted  a t  ro o m  te m p e ra tu re  for a lu m in iu m  d ep o sited  
on copper foils. T he f irs t  series of specim en  w as p repared  a n d  analysed  u n d e r  
U H Y  cond itions. The second series w as p re p a re d  u n d er H Y  conditions, b u t  
an a lysed  ag a in  u n d er U H V  co n d itions. F o r a ll ta rg e ts  ion  e tch in g  w ith  som e 
103 A was u sed  for surface clean ing . The e v a p o ra tio n  an d  e tch in g  was c a rr ie d  
o u t in  a specia l U H V  specim en p re p a ra tio n  cham ber. A fte r  th e  re sp ec tiv e  
p re p a ra tio n  th e  ta rg e ts  w ere tra n s p o r te d  o v er a U H V  sluice lock  to  a second  
U H V  ch am b er, w here th e  ta rg e t  su rfaces w ere analysed  b y  SIM S m e th o d  
dow n to  a d e p th  of 600 Â. I f  p re p a ra tio n  a n d  a lum in ium  d ep osition  are  done  
u n d e r HV cond itions, th e  deposited  lay e r becom es an a lu m in iu m  oxide la y e r, 
w hile deposition  u n d er U H V  co n d itions w ith o u t surface clean ing  fo rm s a 
lay e r w hich  consists o f a p u re  A1 lay e r w ith  a s tro n g ly  ox id ised  tra n s itio n  la y e r. 
Io n  e tch in g  an d  A1 deposition  u n d e r U H V  conditions fo rm s a pure  m e ta l 
lay e r consisting  o f th e  e v a p o ra te d  m a te r ia l only .
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ON THE MECHANISM OF HILLOCKS FORMATION 
IN VAPOUR DEPOSITED THIN FILMS

By

F . M. R e i c h a  and P . B . B a r n a

RESEARCH INSTITUTE FOR TECHNICAL PHYSICS, HUNGARIAN ACADEMY OF SCIENCES 
H-1325 BUDAPEST, HUNGARY

Two types o f  growth hillocks (m arked by Type I and Type II) have been identified in 
vapour deposited th in  film s. Type I develops inside the surface of large crystals, while Type II  
represents ind ividual single crystals protruded over the average surface area o f the film . Form 
ation o f Type I hillocks indicates the participation o f foreign atom s in the film  form ation and  
their accum ulation along the m oving grow th steps developing stable phases. T ype II hillocks 
develop at higher grow th rates in preferential crystallographic directions due either to the  
crystallography o f crystals (e.g. Bi), or to the effect o f  selective uptake of foreign species on the  
crystallographic faces o f  different Miller indices developing covering layers on different sur
face areas controlling also the coalescence of the grains. The correlation betw een the partial 
pressure of oxygen and the form ation o f hillocks in A1 film s proved the e ffectiv ity  o f the la st  
phenom enon.

1. Introduction

M ost of a s-p rep a red  v a p o u r deposited  th in  film s ex h ib it so called  “ grow th  
h illocks” , i. e. c ry s ta llite s  p ro tru d in g  over th e  average su rface  p lane  o f th e  
film  [1 —10]. T h e  to p s of these  h illocks are u su a lly  bounded  b y  c ry sta llo g rap h ic  
faces an d  p rove to  be m iso rien ted  in  e p ita x ia l film s (or in  film s ex h ib itin g  
te x tu re s )  [3, 4, 9].

G row th  h illocks are  v e ry  c h a rac te ris tic  e. g. b o th  o f p u re  A1 film s [3, 4, 
5, 9, 10] an d  o f  a lloyed  film s [6, 7]. I t  is a com m on experience t h a t  ad d itio n a l 
h illocks can develop  during  th e  h e a t tre a tm e n t o f film s [6— 10].

T he d ev e lo p m en t o f hillocks m akes th e  film s v e ry  d isad v an tag eo u s  in  
m a n y  cases o f app lica tio n s (e. g. in  th e  fa b ric a tio n  o f in te r-lev e l sh o rt-free  
crossovers [1] o r in  th e  p re p a ra tio n  o f f ro n t m irro rs  [2]).

One can  conclude th a t  th e  re su lts  p u b lish ed  in  li te ra tu re  dealing  w ith  
g ro w th  hillocks a re  n o t qu ite  su ffic ien t to  u n d e rs ta n d , con tro l an d /o r p re v e n t 
th e  fo rm a tio n  o f  th ese  h illocks. T hese p u b lica tio n s  do n o t  offer a n y  com 
p rehensive  an d  precise descrip tio n  o f th e  m orpho logy , c ry s ta l o rien ta tio n , 
com position  an d  th e  g row th  m echan ism  of th ese  h illocks. The co n d itions o f p re p a 
ra tio n  o f film s a re  n o t w ell-defined  e ith e r in  m o st papers. T hese lead  to  
c o n tra d ic to ry  d a ta  for th e  d ependence  of h illocks ch a rac te ris tic s  u p o n  d epo
sition  p a ram e te rs .
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In  th is  p ap e r we are  going to  d iscuss th e  ex p e rim en ta l re su lts  re la te d  
to  th e  fo rm a tio n  of g ro w th  h illocks. P a r t ic u la r  a tte n tio n  has been p a id  to  th e  
effect o f th e  ac tiv e  com ponen ts o f re s id u a l gases (e. g. oxygen an d  w a te r  
v ap o u r)  considering  th e  resu lts  o f ex p erim en ts  ca rried  o u t on A1 film s. The 
d e ta ils  o f th ese  ex p erim en ts  h av e  been  p u b lished  elsew here [11].

2. Experim ental results to be considered

2.1. E ffect o f  contam inations on the fo rm a tio n  m echanism  o f  growth hillocks 
( A l  f i lm s )

A v e ry  p ro n o u n ced  influence  o f re s id u a l gases on th e  m orphology  and  
s tru c tu re  o f v ap o u r dep o sited  fdm s can  he found in  th e  case of Al film s. B y 
increasing  K oxygen ( th e  ra tio  of th e  im p in g in g  oxygen  species to  th a t  o f  Al 
a tom s) th e  surface o f  th e  film s becom es ro u g h er w hile th e  average g ra in  size 
decreases. A d d itio n a lly , as v iew ed b y  rep lica  te c h n iq u e , th e  surface o f th e  
film s g enera lly  ex h ib its  ty p ica l co n fig u ra tio n s  re fe rred  to  as g row th  hillocks 
in  th e  lite ra tu re .

Fig. 1. Characteristic surface structures o f Al film s deposited at different levels o f  oxygen  
contam ination. Substrate temperature: 300 °C. a) thickness 1 inn. K 0xygen ~  Id- 2— 10- 3 ;. 

b) thickness 1 fim, K cxygen ~  10“ 1; c) thickness 60 nm , Koxygen ^ 1
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2.1 .1 . F ilm s deposited onto am orphous substrates [11]

C harac te ris tic  s tru c tu re s  in  F ig . 1 follow each  o th e r co n tin u o u sly  w ith  
in c reas in g  oxygen c o n ta m in a tio n  level.

a) A t  low contam ination level (  К  oxygen ~  10~2— 10 ~ 3)

T he film s o f 1 p m  th ickness e x h ib it a p re d o m in a n t (111) te x tu re  o r ie n t
a tio n . These film s consist o f c ry s ta llite s  o f 1 —10 p m  la te ra l sizes d isp lay ing  
ty p ic a l surface s tru c tu re s  of lay e r grow n single c ry s ta ls  (F ig . 2). F ro m  th is  
F ig u re  we m ay  observe th a t  a t g iven  sites th e  g ro w th  steps o f th e  layers are 
s to p p ed . These sites are  p re su m ab ly  nuclei (p rec ip ita tes) o f ox ide. B unches 
o f g ro w th  steps supposed  to  be covered  b y  oxide lay e r are  fo rm ed  a ro u n d  
these  nuclei. On th e  surface of la rg e  single c ry sta ls  p ro tru sio n s (m ark ed  b y  
A) o f f la t  areas an d  d en ts  (m arked  b y  B) can be observed . This ty p e  o f p ro tru 
sions can  be te rm ed  ‘‘hillocks o f  T y p e  I ” . T hese are  lim ited  b y  bunches 
o f s tep s  and  m an y  o f  these  can  develop  w ith in  th e  surface a rea  o f a large 
single c ry s ta l. C onsequen tly , th e y  h av e  th e  sam e o rie n ta tio n  as th e  basic  
c ry s ta l. MmiiOFF an d  N ix o n  h a v e  also observed  th e  sam e k in d  of hillock 
for g ra p h ite  grow n in  iro n  and  n ick e l alloys [12].

T he in v es tig a tio n  o f sam ples o f  th e  sam e film  in Н У ЕМ  in d ica tes  th a t  
c ry s ta ls  o f h igher degree o f m iso rien ta tio n  are p re sen t accord ing  to  th e  B ragg

Fig. 2. Surface structure of large single crystals developed at low  level of oxygen contam ination  
(see Fig. la ). Configurations o f “ Hillocks of T ype I”  are present.
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Fig. 3. H VEM  im age of the 1 //111 thick A) film  shown in Fig. la  and F ig. 2

re flec tio n  an d  c o n tra s ts  (F ig . 3 ) .  T hese c ry s ta llite s  are  ch a rac te rized  b y  th e  
h ig h e r c o n c e n tra tio n  o f  defects a n d  p rec ip ita te s . T h e  sam e s tru c tu re s  are  p re 
se n te d  in  H Y E M  m icrog raphs o f  A1 c ry s ta ls  fo rm ed  in  th e  presence o f  adsorbed  
im p u ritie s  b y  T o c h i n s k y  [ 1 3 ] .

b)  A t  m edium  contam ination level ( K OKygen ~  1 0 - 1— 10~2)

Film s h a v in g  a th ick n ess  o f 1 jum e x h ib it g ra in  sizes ap p ro x im a te ly  
e q u a l to  th e ir  th ick n esses . T he com m on c h a ra c te ris tic  o f these  film s is a fa irly  
ro u g h  surface a n d  th e y  e x h ib it a p re d o m in a n t ra n d o m  o rie n ta tio n  in  m ost 
cases. T he e lec tro n  m icroscopic ex am in a tio n  o f rep licas show s an  abnorm al 
g ro w th  o f som e c ry s ta ls  re ferred  to  as g ro w th  h illocks in  th e  lite ra tu re . These 
hillocks re p re se n t single in d iv id u a l c ry s ta ls  grow n over th e  av erag e  film  su r
face  p lane  (F ig . 4). T he po in ts  o f  th ese  p ro tru s io n s  are  m ain ly  com posed of 
tru n c a te d  o c tah ed ro n s  o f  w ell-developed  faces o f  low  M iller ind ices. M ost o f 
th e se  faces a re  co m p le te ly  sm o o th . T h e ir reg u la ritie s  are d e s tro y ed  on ly  a t
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Fig. 4. Surface structure of a 1 /im  thick A1 film  deposited at 300 °C substrate tem perature and 
at -^oxygen ~  10“ Protruded crystals, the so called “ Hillocks o f  Type II” are developed.

th e  p e rip h e ry  (F ig. 4). A d d itio n a lly , th e i r  la te ra l size n e a r ly  fits  to  th e  average  
g ra in  size o f  th e  film . This ty p e  of p ro tru s io n s  rep re sen ted  b y  in d iv id u a l single 
c ry s ta ls  c an  be term ed  “ h illocks of T y p e  I I ” .

c) A t  high contam ination l e v e l  ( K oxygen~  1 )

F ilm s p rep a red  u n d e r  th e se  co n d itio n s show a v e ry  inhom ogeneous s tru c 
tu re . In  film s o f a th ickness o f  60 nm  i t  is clearly  seen t h a t  m ost c ry s ta ls  are 
v e ry  sm all a n d  overlapped  w hile re la tiv e ly  large c ry s ta llite s  of well developed  
shapes p ro tru d e  above th e  f ilm  surface (F ig . 5). E x a m in a tio n  of th e se  film s 
b y  T E D  show s th a t  th e y  h a v e  random  o rien ta tio n .

T he ty p e s  o f these p ro tru s io n s  a re  s im ila r to  th a t  o f  hillocks o f  T y p e  II . 
F ro m  F ig . 5 we can ob serv e  th a t  th e  su rfa c e  of these  la rg e  crysta ls  (h illocks) 
a re  n o t co m p le te ly  sm o o th  as we have seen  in  th e  c ry s ta ls  a t  m ed ium  c o n ta 
m in a tio n  level. These su rfaces  co n ta in  m a n y  den ts a n d  hillocks o f  T y p e  I 
(m ark ed  b y  E ). I t  can also  be observed  th a t  some o f th e  faces o f h illo ck s of 
T ype  I I  a re  destroyed  p a r t ly  or co m p le te ly  as i l lu s tra te d  b y  D. R e la tiv e ly
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Fig. 5. Surface structure of a 60 nm  th ick  A1 film  deposited  at 300 °C substrate tem perature  
and K oxygetl ~  1. Protruded large crystals of “ H illocks of Type I I” and configuration o f  

“ H illocks of Type I”  m arked by “ E ” developed  on these are shown.

lo n g  and  th in  p ro tru s io n s  like w hiskers h av e  been  de tec ted  in  film s of h ig h e r 
th icknesses (150 n m ) (Fig. 6).

These film s p resen t la rg e  f lu c tu a tio n s  b o th  in  th ick n ess  an d  local c o n 
c e n tra tio n  o f b u il t  in  oxygen [11].

2 .1 .2 . A l  f i lm s  grow n ep itaxia lly  on mica*

A n u n am b ig u o u s  co rre la tio n  proved  to  b e  ex isting  b e tw een  c o n ta m in a 
t io n  level (oxygen  an d  w a te r  v a p o u r)  and  th e  m orphology  o f  these  film s, to o .

A t low er c o n ta m in a tio n  leve l (pressure o f  residual gases 10_4 P a) u s in g  
a  liq u id  n itro g e n  cooling t r a p  a n d  a t  dep o sitio n  ra te  12 n m /s m o st of th e  c ry s 
ta ls  are grow n in  th e  o r ie n ta tio n  (111) A l//(100) m ica, (e. g. c ry s ta l  m ark ed  b y  
A  in  Fig. 7a.) [14]. These a re  la rg e  and v e ry  f la t  c rysta ls  a n d  some o f th e s e

*The authors’ thanks are due to  Dr. У. S t a r y , In stitu te  for Vacuum  Physics and E lectron
ics, Charles U n iversity , Prague, for his k ind  cooperation m aking the film s available for stu d y in g . 
These film s were deposited onto fresh air-cleaved m ica substrates at 550 °C.
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Fig. 6. Long protruded crystals, “ H illocks of T ype I I” , developed in  150 nm thick  A1 film
deposited at 300 °C and X 0xygen ~  1

have face ts . T h e ir shapes are  th e  sam e as g iven by  Ma t t h e w s  for film s grow n 
e p ita x ia lly  on N aCl [15]. T h ere  are, h ow ever, crystals p ro tru d e d  ran d o m ly  w hich  
can be considered  as T y p e  I I  hillocks. T h ey  have a d iffe ren t o r ie n ta tio n  i. e. 
(312) A1 /I (100) m ica d e te rm in ed  b y  SAD in  film s d e tach ed  from  m ica s u b s tra te  
an d  s tu d ie d  in  ТЕМ  (m ark ed  b y  В in  F ig . 7). The shapes o f  these  seem  to  he 
p a r tia lly  d estro y ed  b y  th e  p ro b ab ly  c ry sta llin e  oxide coverage developed .

T h e  c ry sta llite s  o f  th e  o rien ta tio n  (111) Al//(100) m ica  seem  to  b e  coa
lesced w ith o u t co n tra c tio n  w'hile th e  p ro tru d in g  ones o rien ted  (312) A l//(100) 
m ica w ere developed m a in ly  b y  liqu id  like coalescence ( in d ica ted  b y  th e  large 
e m p ty  su rface  areas su rro u n d in g  th ese  c rysta ls). I t  is rem ark ab le  t h a t  th e  
surface o f  th e  large f la t  c ry s ta ls  o rien ted  (111) Al//(100) m ica  and  developed  b y  
coalescence are  sm ooth  w ith o u t any  d e te c ta b le  steps or bunches o f s tep s  on 
th e ir  su rfaces. B ecause th e  in d iv id u a l c ry s ta ls  could h a v e  usu a lly  d iffe ren t 
h e igh ts befo re  th e  coalescence as show n in  F ig . 8, th e  sm oo th in g  o f th e  su r
face o f  th e  developed la rg e  c ry s ta l has to  be a v e ry  fa s t process.

A t a h igher c o n ta m in a tio n  level (p ressu re  of re s id u a l gases 5 .1 0 -4  P a , 
w ith o u t liq u id  n itro g en  cooling tra p , d ep osition  ra te  1,2 nm /s) m ost o f  th e

16* Acta Physica Academiae Scientiarum Hungaricae 49, 1980
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ON THE MECHANISM OF HILLOCKS FORMATION 245

c ry s ta ls  are grow n also in  th e  o r ie n ta tio n  o f (111) А1//(100) m ica b u t  th e y  
h av e  ra th e r  rough  surfaces (Fig. 9). B unches o f  steps can be id en tif ied  inside  
th e  single c rysta ls  developing h illocks of T y p e  I  an d  den ts  as in  th e  case fo r

Fig. 8. A djacent crystals o f different heights developed in  an A1 film  deposited  onto m ica  
substrate a t a tem perature of 550 °C, 12 nm /s and at 10“ 1 Pa (marked b y  A , В and C)

film s grow n on glass su b s tra te s . I t  is also show n in  Fig. 9 th a t  g ra in  b o u n d a 
ries can  p ro tru d e  acco rd ing  to  d ifferences in  th e  heigh ts o f  th e  coalescing 
c ry s ta ls .

2.2. Growth hillocks in  B i  f i lm s  deposited onto glass and mica substrates [16]

P ro tru d in g  c ry s ta ls  in  co n tin u o u s B i film s h av e  been fo u n d  to  develop 
b y  in c reasin g  th ick n ess  b o th  on glass a n d  m ica su b s tra te s . T his ty p e  o f p ro 
tru s io n  is sim iler to  h illocks Type I I  in  A1 film s. T h e  SAD in Т Е М  o f th e  sh a 
dow ed sam ples d e tach ed  from  th e  s u b s tra te  p ro v ed  these  c ry s ta ls  to  be miso- 
r ien ted . T h ey  h av e  C-axis p e rp en d icu la r  to  th e  su b s tra te  while th e  C-axis of 
m ost c ry s ta ls  is p a ra lle l to  th e  s u b s tra te .
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3. D iscussion

T he analysis  o f th e  ex p e rim en ta l re su lts  rev ea led  b o th  th e  ty p e s  o f hil
locks an d  th e  ro le o f im p u ritie s  in  th e  d ev e lo p m en t o f  th e  various ty p e s . A p ro 
n o u n c e d  effect o f  oxygen  has been  fo u n d  in  th e  case o f  A1 film s and  an  u n am 
b iguous co rre la tio n  betw een  th e  level o f  oxygen  c o n ta m in a tio n  and th e  types 
o f  h illocks could  be de te rm in ed .

3 .1 . T ypes o f  hillocks

Tw o c h a ra c te r is tic  ty p e s  o f hillocks have  been  id en tified :

T y p e  I :  p ro tru s io n s  develop ing  inside  large  c ry s ta ls ; th e y  have  th e  sam e 
o rie n ta tio n  as th e  basic  c ry s ta ls ; th e y  a re  b o u n d e d  b y  surfaces covered 
b y  layers o f  im p u rities  or th e ir  com pounds; g row th  tak es  p lace on 
th e ir  to p  p lanes.
T he g ro w th  o f these  hillocks is co rre la ted  to  th e  bu ild ing  in  a n d  th e  
local su rface  accu m u la tio n  o f  th e  foreign  im p u r ity  species.

T y p e  I I :  S ingle c ry s ta ls  p ro tru d in g  o v er th e  average  su rface p lane o f  th e  film ;
th e y  are ch a rac te rized  b y  th e  dev e lo p m en t o f  low  index  faces b o u n d in g  
th e ir  p o in ts ; th e ir  g ro w th  is co rre la ted  e ith e r  to  th e  d ifference in  
th e  g ro w th  ra te  a t  d iffe ren t c ry s ta llo g rap h ic  d irections (e. g. in 
th e  case o f  Bi) or to  im p u r ity  effects.

3.2 . F orm ation m echanism s o f  growth hillocks

Im p u ritie s  (res id u a l gases or v ap o u rs) p la y  a  v e ry  im p o rta n t ro le  in  th e  
d ev e lo p m en t o f g ro w th  h illocks. T h ey  p a r tic ip a te  in  th e  a to m -b y -a to m  b u ild 
in g  u p  process. T h e ir  in fluence  on th e se  re su lts  also in  th e  rea liza tio n  o f  con
d itio n s  w hich can  p ro m o te  th e  special g row th  or coalescence of som e crys
ta ls  develop ing  hillocks. B y  an a ly sin g  th e  fo rm a tio n  m echanism s o f th in  
film s from  th e  p o in t o f  view  o f im p u r ity  (gases) in co rp o ra tio n , we c a n  get also 
d ire c t in fo rm a tio n  on  b o th  th e  n a tu re  o f  im p u r ity  u p ta k e  p ro p e rtie s  of th e  
d iffe ren t c ry s ta llo g rap h ic  faces an d  th e  accu m u la tio n , as well as on  th e  deve
lo p m e n t o f new  phases or com pounds im p o r ta n t  fo r th e  u n d e rs ta n d in g  o f  
so'me p h en o m en a  o f  th e  rea l c ry s ta l g row th . W e are  now  also in  th e  v e ry  
p ro p itio u s  m o m en t w hen  th e  su rface s tud ies p re sen ted  new  and  v e ry  im p o rt
t a n t  re su lts  b o th  on  th e  su rface -v ap o u r in te ra c tio n s  an d  on th e  n a tu re  of th e  
bon d s develop ing  be tw een  th e  su rface lay er an d  th e  adsorbed  species [17, 18, 
19, 20 , 21] w hich  su p p o rt th e  ideas o f  hillocks fo rm a tio n  p re sen ted  in  th is  
p ap e r.

As u su a l, th e  g row th  o f p o ly c ry s ta llin e  th in  film s can be d iv id ed  in to  
th e  follow ing stages [22, 23, 24]
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a) N ucléa tion
b) G row th  o f nucle i developing  iso la ted  is lan d s  (single c ry s ta ls  or liqu id / 

solid am orphous g ra ins)
c) G row th  o f iso la ted  islands
d) Coalescence o f  ad jacen t is lan d s  p ro d u c in g  e ith e r liq u id  d rop le ts  or 

la rg e r single c ry s ta ls . (L iquid-like coalescence leav in g  b are  a rea  o f  su b s tra te . 
S eco n d ary  n u c léa tio n  in  th e  clear a rea .)

e) Coalescence o f  ad jacen t sing le  crysta ls  develop ing  la rg e r is lands com 
posed o f  num erous c ry s ta ls  (g row th  coalescence). D evelopm ent o f  channels 
an d  holes.

f)  F illing  th e  channels and  fo rm a tio n  of co n tin u o u s film .
g) G row th  o f c ry s ta ls  in  com posite  islands an d  in  th e  co n tin u o u s  film : 

la te ra l  g ro w th  in c reasin g  th e  gra in  size; p e rp en d icu la r g row th  increasin g  th e  
f ilm  th ickness.

In  ad d itio n  to  n u c léa tion  th re e  basic processes can be considered  as 
govern ing  th e  film  g row th :

A) D ev e lo p m en t o f th e  s tru c tu re  b y  th e  a to m -b y -a to m  process (grow th  
o f single c ry sta ls  — lay e r g row th ; g ro w th  of liq u id  drop le ts o r so lid  am or
phous netw orks). T hese  are  th e  basic  processes in  g ro w th  stages b , c and  g 
and  ex is t also in th e  stages e and  f.

B) Coalescence b y  m elting  or su rface  diffusion ch a rac teriz in g  th e  g row th  
s tag es  d an d  e.

C) R ec ry s ta lliz a tio n  in the  g ro w th  stages e a n d  g.

T he influence  o f  residual gases on th e  s tru c tu re  and  p ro p ertie s  o f film s 
is s tu d ie d  in  num erous ex perim en ts b u t  th e  m echan ism s by  w h ich  th e ir  in 
fluence  is realized  are  n o t well kn o w n  y e t. T hese problem s are d iscussed  by  
B a r n a  e t a l in  a p a p e r  dealing w ith  th e  surface chem ical in te ra c tio n s  w here 
th e  possib le m echan ism s w hich can re su lt in th e  codeposition  of im p u r ity  spe
cies d u rin g  film  fo rm a tio n  are  rev iew ed  [17].

T he en v iro n m en t film  in te ra c tio n  takes p lace  on the  develop ing  film  
surface, th e re fo re  process A is in flu en ced  d irec tly  b y  th is . I ts  d irec t in fluence 
in  process В can be neg lec ted  f irs t o f  all in  th e  case o f liquid-like coalescence. 
P rocess C, th e  rec ry s ta lliz a tio n  is m a in ly  a “ b u lk ”  process, d e te rm in ed  b y  
th e  s tru c tu re  developed  du ring  processes A an d  B .

In  w h a t follows we are su m m ariz in g  the  p h en o m en a  re la ted  to  im p u ri
ties w hich can  c o n tr ib u te  to  the  d ev e lo p m en t o f h illocks.

i. A ccu m u la tio n  o f  im p u rity  species can ta k e  place on th e  grow ing 
c ry s ta l faces b y  th e  a to m -b y -a to m  an d  layer g ro w th  processes, b y  th e  rep la 
cem en t o f th e  im p u rity  a tom s b o n d ed  in  p recu rso r s ta te  by  th e  im ping ing  
film  ad a to m s and  b y  th e  fo rm ation  o f  s tab le  phases o r com pounds developing
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Fig.  9. Surface structure and m orphology o f crystals grown in A1 film s deposited  onto mica 
substrate a t 550 °C, deposition rate 1,2 nm /s, 5 • 10“ 5 Pa w ith ou t cooling trap. “ H illocks of  
T ype I” (marked b y  B ) developed inside th e  single crystals and protruding grain boundaries 

covered by oxide (m arked by F) are shown.

tw o  or th ree  d im en sio n a l layers co vering  th e  su rfaces of th e  g row ing  islands 
p a r t ia l ly  or co m p le te ly  [11].

ii. T he b in d in g  an d  a rra n g e m en t or re a rra n g e m e n t of im p u r ity  species 
on  th e  v a rious c ry s ta llo g rap h ic  faces can he v e ry  d ifferen t d u rin g  th e  p re 
c u rso r s ta te . T he v e ry  recen t re su lts  o f  Ma r t in s o n  e t al [18], J o h a n sso n  e t al 
[19], H o fm a n n  e t al [20] an d  M ic h e l  e t al [21] on Al p roved  t h a t  oxygen 
species a re  s itu a te d  ou tside  th e  su rface  atom ic  la y e r  of th e  (111) face w hile 
th e y  a re  a rran g ed  on th e  surface b o th  in th e  “ b rid g e”  and  “ w ell”  positions 
o f  (100) faces. F o r  th e  (100) face th e y  have fo u n d  th a t  oxygen is p e n e tra tin g  
in to  th e  b u lk  a n d  oxide phase is develop ing  a t  low er coverage.

iii. A ccord ing  to  these re su lts  th e  p a rtic ip a tio n  of oxygen species in  th e  
g ro w th  m ech an ism  can  be v a ried  on  d ifferen t faces. On th e  (111) face th e y  
ca n  be co llected  an d  accu m u la ted  b y  th e  lay er g ro w th  m echan ism  m entioned  
in  p o in t i. [11]. O n th e  (100) face th e  oxygen species can be “ a b so rb ed ” . I t  
follow s th a t  oxy g en  species w ill be  accu m u la ted  a t  edges b e tw een  (111) faces 
b y  th e  lay e r g ro w th  w hile those  d ra w n  b y  th e  g ro w th  steps to  th e  edges betw een  
(111) an d  (100) faces will be “ a b so rb e d ”  by  th e  (100) face n e a r to  th is  edge. 
As a re su lt o f th e  selective su rface  accu m u la tio n  o f oxygen species a surface 
o x ide  lay e r s ta r ts  to  develop m a in ly  a t  th e  corners a n d  along th e  edges betw een 
(111) faces an d  d es tro y  th e  edges them selves (F ig . 10 an d  F ig . 4 in [17]).

iv . This m echan ism  can p ro m o te  th e  g ro w th  o f hillocks o f T y p e  I I  (or 
w h iskers) show n in  F ig . 4 w hich h a v e  po in ts o f  tru n c a te d  o c tah ed ro n s . T hese
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Fig. 10. Surface structure and morphology o f  crystals grown in A1 film  deposited onto  mica 
substrate a t a tem perature o f 550 °C, 12 nm /s and at 10~4 Pa. The presence of covering oxide 
layers is to be seen on the surfaces o f crystals m arked by A, B, C and D resulting in th e  develop

m ent of new crystallographic faces. Crystal В is rotated by 60° from the position  of
crystals A , C and D.

hillocks a re  bo u n d ed  n a m e ly  by  (100) a n d  (111) faces as well as b y  edges 
betw een  (111) and  (100) faces.

V. A sign ifican t lo ca l c o n cen tra tio n  o f foreign species (im p u ritie s  or 
doping  e lem ents e. g. N i, Cu) is re q u ire d  for the  n u c léa tio n  of th e ir  s tab le  
phases or com pounds [25]. L ayers or th re e  d im ensional segregates of th e  foreign 
species or th e ir  com pounds can  be fo rm ed  on surface a reas  o f grow ing c ry s ta ls  
d e te rm in ed  b y  th e  m echan ism s m e n tio n e d  above. N ew  c ry sta l faces can 
s ta r t  to  develop  as i l lu s tra te d  in  Fig. 10, n am ely  the  co vering  im p u rity  layers 
can  h in d e r or stop  th e  c ry s ta l grow th loca lly .

vi. T he coalescence b y  ad jacen t c ry s ta ls  is co n tro lled  b o th  b y  th e ir  sizes 
and  o rie n ta tio n  as w ell as b y  the  su rface  covering im p u r ity  layer developed  
before.

4. S u m m ary

T he basic  fea tu res  o f  th e  fo rm atio n  o f d ifferen t ty p e s  of hillocks c a n  be 
sum m arized  as follows:

a) D ifferences in  th e  g row th  ra te  a t  th e  various c ry sta llo g rap h ic  d irec tio n s 
(fo rm ation  o f T ype  I I  h illocks, e. g.: B i film s [16]).

b ) C ondensation  o f  foreign  species accu m u la ted  o n  th e  surface o f  th e  
grow ing c ry s ta ls
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— D ev e lo p m en t of covering  layers on th e  surfaces o f  in d iv id u a l single 
c ry s ta ls  before coalescence. T h e y  can  con tro l th e  ty p e  of coalescence: l iq u id 
lik e  in  case o f p u re  co n tac tin g  surfaces (fo rm a tio n  of T y p e  I I  hillocks) 
g ro w th  coalescence in  the  case o f  covered su rfaces.

— D ev e lo p m en t of the co v erag e  of g ro w th  s tep s  re su ltin g  in  th e  fo rm atio n  
o f  bunches o f s te p s  inside large  single c rysta ls  (fo rm ation  o f  T y p e  I  hillocks).

— Selection  o f  crystals o f  fa v o u re d  o r ie n ta tio n  w hen th e re  is a d ifference 
in  th e  u p tak e  p ro p e rtie s  and  in  th e  b ind ing  cond itions of fo re ign  species on  
th e  various c ry s ta llo g rap h ic  faces (fo rm ation  o f  T ype  I I  h illocks).

c) S election  betw een  liq u id -lik e  and g ro w th  coalescence b y  th e  re la tiv e  
o r ie n ta tio n  in te r fa c e  energy o f  co n tac tin g  c ry s ta ls  (fo rm a tio n  of T ype I I  
h illocks).
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EFFECT OF TRIMMING ON THE STRUCTURE OF 
NiCr THIN FILMS

By

M. L o m inczy
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P . B .  B a r n a  and Á .  B a r n a

RESEARCH INSTITUTE FOR TECHNICAL PHYSICS, HUNGARIAN ACADEMY OF SCIENCES 
H-1325 BUDAPEST, HUNGARY

A bstract

T he ex ac t m a tch in g  of N iC r th in  film  re s is to rs  can  be m ad e  b y  tr im m in g  
using  c u rren t pu lses. T he effects o f  c u rre n t pu lses — b y  sev era l o rders o f m ag 
n itu d e  la rger th a n  th e  nom inal v a lu e  — on  th e  s tru c tu re  o f  th e  th in  film s 
w ere s tud ied .

T he te m p e ra tu re  rise o f th e  th in  NiCr f ilm  during  tr im m in g  was m on i
to re d  b y  a low h e a t  cap ac ity  a n d  tim e  c o n s ta n t th in  film  P t  re s is tan ce  th e r 
m o m ete r, deposited  over th e  N iC r film  and  se p a ra te d  b y  a 200 / г т  S i0 2 in 
su la to r  film . T he resis tan ce  of th e  N iCr film  ch an g ed  a b ru p tly  ris ing  its  te m 
p e ra tu re  above 670 K . S tru c tu ra l changes o f th e  th in  film s dep o sited  on a 
m icrogrid  were s tu d ie d  in  s itu  b y  a tran sm iss io n  electron  m icroscope d u rin g  
trim m in g . R esu lts  o f  ex p erim en ts  are  described  a n d  possible p rocesses of resis
ta n c e  changes are  d iscussed.
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INVESTIGATIONS ON NUCLEATION AND 
COALESCENCE IN THIN Sb-FILMS
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ACADEMY OF SCIENCES OF GDR, CENTRAL INSTITUTE FOR OPTICS AND 
SPECTROSCOPY, 69 JENA, GDR

A b strac t

N u cléa tion , coalescence, an d  th e  am orphous — cry sta llin e  ph ase  tra n s i
tio n  in  th in  e v a p o ra te d  Sb-film s show  th e  follow ing c h a ra c te ris tic  tra i ts :
— below  a w ell-know n su b s tra te  te m p e ra tu re  Sb condenses in  th e  am o rp h o u s 

s ta te ;
— th e  velo c ity  of th e  tra n s itio n  a n d  th e  film  s tru c tu re  a fte r  th e  p h ase  tra n s i

tio n  depend  s tro n g ly  upon  th e  dep o sitio n  conditions;
— single crysta l-like  o rien ta tio n s  m a y  occur also on am orphous su b s tra te s .

In v es tig a tio n s  on  nuc léa tion , c lu s te r  g row th  an d  coalescence w ere p e r
form ed to  describe th e  phase tra n s it io n  u n d e r d ifferen t deposition  cond itions 
such as su b s tra te  te m p e ra tu re  a n d  deposition  ra te . To o b ta in  s ta tis tic a lly  
s ig n ifican t resu lts  a b o u t c lu ster size d is trib u tio n s  an d  sp a tia l d is trib u tio n s  
of c lu s te rs  e lectron ic  im age analysis  o f  e lectron  m icrographs w as ca rried  o u t. 
M easurem ents of th e  condensation  coeffic ien t by  q u a n tita tiv e  X -ra y  m ic
ro ana lysis  and  R u th e rfo rd  b a c k sc a tte rin g  tech n iq u e  w ere possible.

Som e m a th e m a tic a l m odels in c lu d in g  shape fac to rs  an d  f ra c ta l  d im en 
sions w ere te s ted  to  describe th e  c r itic a l degree of c lu s te r  c o n ta c t a t  w hich 
th e  p h a se  tra n s itio n  occurs.
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EFFECT OF AFLOYING MATERIALS ON THERMAL 
STABILITY AND TCR-YALUE OF RESISTOR FILMS

WITH Ta-BASIS
By

Y . P. KoLONITS and B . ZSOLDOS
INDUSTRIAL RESEARCH INSTITUTE FOR ELECTRONICS 

H-1393 BUDAPEST, HUNGARY

The stability of pure tantalum is not high enough for high precision resistors. The stability  
of alloyed tantalum (TaAl) or Ta compound (TaN) films are suitable, but their temperature 
coefficients are relatively high. Experiments were made to prepare TaTi alloys for improving the 
TCR value and at the same time keeping the excellent stability. The determination of charac
teristic data of thermal stability from in situ measurements were carried out with computer 
control. A calculation method was developed to determine the parabolic rate coefficient of 
oxidation, the activation energy and the probable formal kinetic relationship from t, T  and R q 
data.

Introduction

T a n ta lu m -n itr id  (TaN ) an d  ta n ta lu m -a lu m in iu m  (TaA l) resistors w ith  
b e tte r  th a n  0 .05%  s ta b ili ty  (398 К  a m b ie n t, 1000 h) can  be  achieved w ith  
su itab le  com position  an d  su itab le  t r e a tm e n t  [1] [2] [3]. T hese  film s, how ever, 
h av e  —50 to  —8 0 x 1 0  ®/K (TaN ) a n d  —80 to  — 1 1 0 x l 0 _6/K  (TaAl) te m p e 
ra tu re  coefficien ts b e tw een  298 — 398 K . T h is n egative  T C R  ind ica tes ch em i
ca lly  b o u n d  oxygen in  th e  lay er w hich  w as d e m o n s tra te d  b y  SIM S sp e c tra  
[4] [5] an d  profile  cu rves. The a im  o f th is  w o rk  w as to  in a c tiv a te  th e  effect o f 
th is  oxide in  th e  lay e r.

* I t  is know n th a t  T i is ab le to  tak e  o v e r th e  chem ically  bound  ox igén  
from  Т а [6] an d  sim u ltan eo u sly  to  keep its  ow n m etallic  ch a ra c te r . T his is 
w h y  T aN  film s co n ta in in g  Ti w ere p ro d u ced . C om para tive  s tu d ies  were m ad e  
on T aN  an d  T aA l lay e rs , too. I t  w as ex p ec ted  th a t  th e  T C R  values in  conse
quence of th is  c h a ra c te r  of Ti w o u ld  sh ift in  positive d irec tio n  and  also th e  
th e rm a l s ta b ili ty  w ould  change a d v a n ta g e o u s ly , as th e  th e rm a l s ta b ility  o f 
T i is b e tte r  th a n  th a t  o f ta n ta lu m , a t  least ab o v e  1300 К  [12].

Experim ental

T he p ro d u c tio n  o f  T aN  film s w as re p o r te d  in  our p u b lica tio n s  [1] [2] 
[4] [5]. T he p ro d u c tio n  o f TaA l la y e rs  was re p o rte d  in  [3]. T h e  alloyed lay e rs  
w ere o b ta in ed  b y  covering  th e  Т а ta rg e t  w ith  A1 or Ti of d iffe ren t p ro p o rtio n s, 
as show n in  F ig . 1.

17 Acta Physica Academiae Scientiarum Hungaricae 49, 1980



2 5 8 V. P . KOLONITS and В . ZSOLDOS

F ig. 1. Arrangement for the production of alloyed Ta films

A t f i r s t  w ith  som e p re lim in a ry  ex p erim en ts  th e  coverage  o f th e  ta rg e t  
w ith  t i ta n u m  w as d e te rm in ed , re su ltin g  in  a value o f O J ;1 5 x lO  6/K  T C R , 
th e n  th e  s ta b il i ty  o f  th e  re sisto rs se lec ted  in  th is  w a y  w as in v e s tig a te d .

T he sq u a re  re sis tan ce  o f  sp u tte re d  lay e rs  w as 2 5 ^ 5  O hm s/a  on Cor
n in g  7059 a lkali-free  L orosilicate  glass. A  T i-N iC r-A u c o n ta n t  lay e r sy s tem  
w as ap p lied . T h e  res is to r p a tte rn s  w ere p ro d u ced  b y  se lec tive  p h o to lith o g ra 
p h y . T he re s is tan ce  v alues w ere 1000Я“ Ю0 Ohm s.

To d e te rm in e  th e  k in e tic  ch a rac te ris tic s  of th e rm ic  ox ida tio n  w ith in  a 
lim ited  tim e  w as possible on ly  b y  re la tiv e ly  high te m p e ra tu re  h e a t t r e a t 
m en ts  (523 — 723 K ). T he re s is ta n c e  v a lu e s  d u ring  th e  h e a t  tre a tm e n ts  w ere 
m o n ito red  b y  an  in s tru m e n t w ith  0 .005%  accu racy , th e  m easured  values w ere 
co llec ted  w ith  decreasing  freq u en cy  an d  s to re d  on m ag n e tic  tap e  b y  a com puer.

T he h e a t  tre a te d  sam ples n a tu ra lly  do n o t reach  th e  te m p e ra tu re  o f  th e  
h o t oven  a t  once h u t  a f te r  a ce rta in  tim e . T herefore, to g e th e r  w ith  th e  e x a 
m ined  sam p les , in  th e  sam e oven  and  a s im ila r sam ple h o ld er, a N iCr re s is to r  
covered  b y  400 nm  th ic k  Si3N 4 lay e r fo r p rev en tig  th e  o x id a tio n  an d  h e a t 
t r e a te d  a t  623 К  te m p e ra tu re  for 1 h w as used  to  d e te rm in e  th e  te m p e ra tu re  
rise  — tim e  fu n c tio n  th ro u g h  th e  change o f  resistance v a lu e . These m easu re 
m en ts  show ed  th a t  th e  te m p e ra tu re  o f  th is  sam ple (T ) a t  each in v e s tig a te d  
te m p e ra tu re  follow ed th e  fu n c tio n  (1) w h ere  th e  tim e  c o n s ta n t (t) w as 4 ^ 0 .5  
m in:

( 1 )

I f  th e  th ick n ess  o f th e  Si3N 4 p ro te c tin g  lay er w as 200 nm , th e  т  va lues 
decreased  to  2 m in. T h ro u g h  th is  new  т value a n o th e r  in co nsistency  could  
be  overcom e a t  th e  sam e tim e , n am ely  th a t  a t th e  sam e te m p e ra tu re  a d if
fe re n t o x id a tio n  ra te  could  be co m p u ted  as a fu n c tio n  o f  th e  f in a l te m p e ra 
tu re  o f  th e  sam ple.

T he T C R  values w ere d e te rm in ed  b y  resistance  m easu rem en ts  a t  te m 
p e ra tu re s  o f 298 and  398 K .
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The processing o f  experim ental values

T he th e rm a l s ta b il i ty  in  its  classical sense can  be derived  fro m  th e  resis
ta n c e  values on ly  in  th a t  case w here  th e  fu n c tio n  b e tw een  th e  th ick n ess  of 
th ro u g h -o x id ized  la y e r , th e  ra te  o f  o x id a tio n  a n d  th e  te m p e rtu re  o f  th e  reac 
tio n  can  be d e te rm in ed .

In  o rder to  c o n v e rt th e  re s is tan ce  v a lu e  in to  lay e r th ickness th e  d ep en d 
ence o f d on R  , t h a t  is th e  fu n c tio n

d = f ( R n ) (2)

h ad  to  be know n. T h is fu n c tio n  has som e g enera l ch a rac te ris tic s  b u t  i t  is dif
fe ren t for each ty p e  o f T a  film s. T h e  d e te rm in a tio n  o f th is  fu n c tio n  can  be 
ca rried  o u t ex p e rim en ta lly . F o r exam ple :

, 2 .2 X 104 +  f  2.22x  l 0 8T  1250 R  m
---------------- 2 / 5 ----------------  (>

is th e  fu n c tio n  fo r T aN .
I f  th e  sq u are  re s is tan ce  is above 200 O hm /G , th e  sm all b u t  n o t zero con

d u c tan ce  o f th e  o x id ized  lay er a d ja c e n t to  th e  su b s tra te  m ust be ta k e n  in to  
considera tion .

T he decrease o f  th e  s ta r tin g  th ick n ess  d  w ill be deno ted  by  X , th e  ra te  
o f th is  decrease w ill be  Y .

E x a c t in fo rm a tio n  ab o u t th e  effective th ick n ess  change can  be g iven 
on ly  i f  before co m p u tin g  X  from  th e  value R c  th e  reversib le  change o f resis
tan ce  (TCR value) is ta k e n  in to  considera tion . T h is is m ade b y  th e  co m p u te r, 
w hich  calcu la tes a t  each  given tim e  th e  effective d a ta  T M from  th e  g iven  tim e  
c o n s ta n t an d  te m p e ra tu re  T 0 and  w ith  th e  help  o f  effective te m p e ra tu re  and  
TC R  v a lu es , c o n v e rtin g  th e  m easured  resis tan ce  values in to  room  te m p e ra 
tu re .

T he Y  =  f ( X )  fu n c tio n s co rrec ted  w ith  T C R  values are show n in  F ig . 2 
for T aA l an d  in F ig . 3 for TaTi film s.

T he ex ac t an d  in  s itu  m easu rem en ts give th e  o p p o rtu n ity  to  d raw  k in e tic  
conclusions for th e  o x id a tio n  o f T a-b ased  film s. I t  is know n th a t  for th e  s ta r tin g  
period  o f o x id a tio n  th e  follow ing k in e tic  m odels ex is t for m eta ls an d  also for 
ta n ta lu m  [10—14]:

X  =  A  In t , (4)

1—  =  A  In t , (5)
X

X 2 =  k t , (6)

X 3 =  k t , (?)
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y [Â/minl

F ig . 2. The rate of oxidative decrease of metal film thickness as the function of the thickness of 
oxidized film  and of the temperature of heat treatment in the case of TaAl

y [ Â / m i n l

F ig . 3. The rate of oxidative decrease of metal film thickness as the function of the thickness of 
oxidized film  and of the temperature of heat treatment in the case of TaTi

O ur re s is tan ce  layers are  so th in  th a t  in  a n y  case th e  s ta r t  o f  o x id a tio n  
is  c h a ra c te ris tic . T h e  reason  for th e  d iffe ren t in te rp re ta tio n s  m a y  be th a t  th e  
d iffe re n t a u th o rs  d id  n o t ta k e  in to  co n sid e ra tio n  su ffic ien tly  th e  in it ia l  oxide 
th ic k n e ss  an d  th e  differences in  h ea tin g  u p  th e  sam ples. A t th e  sam e tim e  
th e i r  m ethods w ere  n o t so sen sitive  as i t  is possib le  w ith  m easu ring  th e  resis
ta n c e  of a lay e r a b o u t 150 n m  th ic k  an d  c a lcu la tin g  a th ickness change ab o u t
0.1 n m  o rder o f  m ag n itu d e . ( In  m ost cases th e  d e te rm in a tio n  o f  o x id a tio n  
m ech an ism  w as ca rr ied  ou t w ith  w eigh t m easu rem en t.)  SIM S s tu d ies  o f our 
la y e rs  show  t h a t  th e  th ickness o f  th e  air ox ide on th e  surface is X  =  2 n m
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[4] [5]. To draw  k in e tic  conclusions i t  is considered  v e ry  usefu l to  p lo t e ith e r  
th e

or
lo g Y  = / ( log  X )  

log Z '  —  log  (X  -f- X 0) X
(8)

fu n c tio n .
T he d iffe ren tia l versions o f th e  re la tio n sh ip s  (4 —7) re fle c t th e  concep

tio n s  re la te d  m uch m ore  to  th e  m echan ism  o f th e  o x id a tio n  process [1] [2] 
[4] th a n  th e  tim e  fu n c tio n s

d X

d T
=  A  e ~ x , (9)

d X

dt
=  A  e 1 / x , (10)

d X
dt

__ P

2 X  ’ (И )

d X
(12)__ P

dt 3x2

T he coefficients A  an d  к in c lu d e  th e  dependence on te m p e ra tu re , e. g.

A  =  A 0 e~ wlkT (13)

T he shape of th e  fu nc tion  l o g X = / / l o g X  can  show  th e  m echan ism  
o f th e  o x id a tio n  on ly  i f  we h av e  d a ta  a t  le a s t in  th e  2 —100 n m  X -ran g e . 
S om etim es th is  is v e ry  d ifficu lt to  ca rry  o u t b y  a sim ple co n tin u o u s h e a t  
tr e a tm e n t,  because a t  523 К  or below  th e  ra te  o f o x id a tio n  is so slow  th a t  we 
h av e  no tim e  for th e  th ro u g h -o x id a tio n  of th a t  tick n ess .

I f  th e  availab le  X -ra n g e  is n a rro w er th e  p lo tt in g  o f  th e  co rre la tio n s

Z  =  X Y  =  / ( X )  (14)
or

log Z  =  log  (Х У ) =  / ( X )  (15)

is a v e ry  useful m e th o d  to  d e te rm in e  th e  c h a ra c te r  o f o x id a tio n  an d  th e  
coeffic ien ts . I f  th e  p a rab o lic  o x id a tio n  law  ch a rac te rized  b y  E q . (12) is 
v a lid , th e n

Z  =  X ^  =  k p (16)
at
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t h a t  is th e  fu n c tio n  is in d e p e n d e n t o f X ,  w hile o f  one o f th e  o th e r  th ree  th e o 
rie s  is va lid , Z  decreases w ith  increasin g  X .  F ig . 4 show s th is  fo r T aN  film s.

T he Z  d a ta  fro m  Fig. 4 above  15 n m  can  be used  to  d e te rm in e  th e  p a ra 
bo lic  ra te  coeffic ien ts  an d  th e  a c tiv a tio n  en erg y  o f o x id a tiv e  decrease o f m e ta l
lic  lay e r th ick n ess . W ith  th e  h e lp  o f th is  a c tiv a tio n  energy  th e  Z -v a lu es  o b ta in 
ed  in  th e  f ir s t  few  m in u tes  can  be re -ca lcu la ted  from  th e  effective te m p e ra tu re  
I 'm  to  th e  n o m in a l te m p e ra tu re  T 0.

Fig. 4 w as a lre a d y  m ade in  th is  w ay . F ig . 5 show s th e  log  Z  d a ta  belong
in g  to  effective te m p e ra tu re s , a n d  F ig . 6 show s th e  log Z  d a ta  re-ca lcu la ted  
to  T0 n o m in a l te m p e ra tu re  in  th e  case o f T aA l film s.

T he re su lts  o f  in  s itu  m easu rem en ts  o f  T aT i th in  film  resis to rs  are  show n 
in  F ig . 7 (log Z Tju) a n d  in  F ig . 8 ( lo g Z Ti). T he ca lcu la tio n  o f  a c tiv a tio n  energy  
fro m  Z -d a ta  b e lo n g in g  to  X  —  30 n m  can  be ca rried  o u t in  a w ay  show n in
F ig . 9.
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Fig.  5. The rate constant o f oxidation as the function o f X  for TaAl thin film e

Fig. 6. The Z values in the warm ing up section o f the former functions as the function  of X
after re-calculating for temperature T 0
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Fig. 7. Log Z' =  / ( X )  functions for TaTi film s

Fig 8. The data  of the former functions after correction for nom inal tem perature T0
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F ro m  th e  resu lts  i t  can  be  concluded th a t  a t h ig h er te m p e ra tu re s  th e  
T aA l, a t  low er te m p e ra tu re s  (below  423 K ) th e  TaTi is m ore  s tab le .

T he long  te rm  s ta b ility  (393 K , 1000 h ) — after a su ita b le  p re lim in a ry  
s tab iliz a tio n  — w as w ith  all th re e  film s u n d e r  0.05% . T his is show n for T aT i 
in  F ig . 10.
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Fig. 9.  D eterm ination o f activation  energy for TaN, TaAl and TaTi film s

Fig. 10. Long term  stab ility  o f T aT i th in  film  resistors
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i

F i g .  1 1 .  Temperature coefficients of tantalum basis thin film resistors

T he te m p e ra tu re  coeffic ien ts of film s m a n u fa c tu red  u n d e r ex p e rim en ta l 
co n d itions a re  th e  fu n c tio n s o f  layer th ic k n e ss , so o f R  (F ig . 11). B y  a llo y 
in g  o f t i ta n iu m  a sh ift to w a rd s  th e  p o sitiv e  TC R  d irec tio n  could be reach ed .

T aT i film s are ox id ab le  in  th e  sam e w ay  as Т а, T a N  an d  TaA l f ilm s , so 
th e  tr im m in g  can  be ca rr ied  o u t sim ply  b y  anodic o x id a tio n .
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SUPRALEITENDE DÜNNE SCHICHTEN

Yon

E .  WlLFING u n d  E .  M . HÖRL

ÖSTERR. FORSCHUNGSZENTRUM SEIBERSDORF, A-2444 SEIBERSDORF, ÖSTERREICH

K u rz fa ssu n g

D iese A rb e it h a t  sich die H erste llu n g  u n d  U n te rsu ch u n g  von  d ü n n en , 
su p ra le iten d en  S ch ich ten  aus N bS b3 bzw . N bN  zum  Ziel gese tz t. D azu  w urde  
eine V ersuchslan lage g eb au t, in  der versch iedene S u b s tra te  bei h o h en  T em 
p e ra tu re n  (ab 900 °C au fw ärts) m itte ls  der sg. “ F ie ssb e ttech n ik ”  b e sc h ic h te t 
w erden . D abei h a n d e lt es sich um  ein  C V D -V erfahen, in  dem  ein M edium  
(in un serem  F a ll Q u arzsan d k ö rn ch en  von  0.3 — 0.5 m m  D urchm esser) im  
G asstro m  (N bCl5, SnCl4 bzw . N 2, reduz ie rendes Gas H 2, T rägergas A r) f lu id i
s ie rt u n d  d ad u rch  W irbel erzeugt. D ie a u f  diese W eise herg este llten  S ch ich ten  
w erden  a u f  k ris ta llo g rap h isch e  S tru k tu r , chem ische Z u sam m en se tzu n g  u n d  
su p ra le iten d e  E ig en sch aften  h in  u n te rsu c h t. In  V orversuchen , die zu r K lä 
ru n g  an lagenspezifischer P rob lem e d ien ten , w urden  N b-S ch ich ten  a u f  G lim 
m er, Q uarz  u n d  rostfre iem  S tah l h erg este llt.
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INVESTIGATION OF OXIDATION PARAMETERS 
OF TANTALUM-TYPE LAYERS

By

I . T r ifo n o v

INDUSTRIAL RESEARCH INSTITUTE FOR ELECTRONICS 
H-1393 BUDAPEST, HUNGARY

The formation rate of the oxide layers and the oxidation rate of the Ta2N, Та-Al, Ta-Ti 
layers made by reactive sputtering were investigated.

The thickness of the oxide layers was determined partly by Talystep equipment, and 
partly from the resistance change of tantalum type layers on account of oxidation. The form 
ation rate and the oxidation rate were different for three types of the layers.

T a n ta lu m -ty p e  layers are  w idely  u se d  in  th in  film  m icroelec tron ics: 
h igh  s ta b ility  p recision  n e tw orks, TC co m p en sa ted  RC f ilte rs  are  m ade fro m  
ta n ta lu m  ty p e  lay e rs . In  th e  m a n u fa c tu re  o f  ta n ta lu m  th in  film  cap ac ito rs  
it  is im p o r ta n t to  know  th e  e x a c t an o d iza tio n  p a ram e te rs  (fo rm ation  r a te ,  
o x id a tio n  ra te )  o f d iffe ren t lay ers . In  th is  p a p e r  th e  p a ra m e te rs  of an o d ic  
o x id a tio n  o f ta n ta lu m  ty p e  lay ers  w ere in  v e s tig a ted .

Anodic oxidation o f tantalum

T he anodic  oxide on T a grow s b y  th e  sim u ltan eo u s m o v em en t of o x y g en  
a n d  ta n ta lu m  ions th ro u g h  th e  ox ide . F ro m  F a ra d a y ’s L aw

f A Q  =
10 F y A A d  

M ( 1 )

w here /  is th e  c u rre n t efficiency fac to r , F  is th e  F a ra d a y  c o n s ta n t, y  is th e  
oxide den sity , A  is th e  tru e  a rea  o f  th e  sam p le , d is th e  in c re m e n t in  o x ide  
th ickness p ro d u ced  w hen a charge a m o u n t AQ  is passed th ro u g h  th e  anod iz ing  
cell. A fte r tra n s fo rm a tio n  of E q . (1)

a n d  add ing

A Q ^ J t ,  J

A d  = f M
10 F y A

AQ

Jo exp  -
If
kt

exp / aE  — b E 3 
I k T

( 2)

(3)
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w here  a an d  6 a re  c o n s ta n ts , W  is th e  m ig ra tio n  energy  a n d  E  is th e  f ie ld  in  
th e  oxide U 0J d 0X.

In  th e  case  o f c o n s ta n t v o ltag e  an o d iza tio n , hav in g  in te g ra te d  th e  E q . (2)

f M
10 F y A

- J ( t) d r (4)

w hich  m eans d ox =  a l / 0x, w here  [70X d en o tes  th e  an o d iza tio n  voltage a n d  a  is 
th e  fo rm a tio n  ra te .  T h a t m ean s th a t  th e  ox ide th ick n ess  depends lin e a r ly  
o n  th e  an o d iz a tio n  v o ltage . To de te rm ine  th e  fo rm atio n  r a te  ex p erim en ta lly  
one has to  k n o w  th e  th ick n ess  ds o f th e  la y e r  a fte r o x id a tio n  an d  th e  re 
m ain ing  th ic k n e ss  dm of th e  T a  layer (F ig . 1.)

T h ickn  esses d0 and  ds c a n  be m easu red  d irec tly , dt can  be co u n ted  from  
th e  resis tan ce  change of th e  T a  layer b ecau se  o f o x id a tio n .

Before o x id a tio n

A fte r o x id a tio n

R b
gl

d0 s
(5)

w here I s  is th e  n u m b er o f sq u ares , q is th e  re s is tiv ity  o f  T a  layer. 
D iv id in g  (5) and  (6) b y  each o th e r

( 6)

Rb

Rn
dm
d„

R h
R„

dn

T he th ick n esses  of in te re s t to  us: d_  an d  d ox can be w r it te n  as follows:

d_  =  d0 -  d_ d () 1 Rb_
R„

dox ds dm d s j  Rb

K now ing  th e  th icknesses d_  an d  dox a n d  th e  a n o d iza tio n  voltage be lo n g in g  
to  th em  we c a n  de te rm ine  th e  fo rm atio n  ra te :

a
U  „
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' / / / / / / /  /  / /  , substrate /

Fig. 1. Cross section  of an oxidized tantalum  layer

thickness of the Tq2N layer

Fig. 2. R esistiv ity  o f a tantalum nitride layer versus tantalum  layer thickness

an d  th e  o x id a tio n  ra te :

x i

I t  h as  to  be considered  th a t  th e  re s is tiv ity  o f  a sp u tte red  la y e r  is a fu n c tio n  
o f  th e  th ickness (F ig . 2).

I f  th e  rem a in in g  th ickness d m a fte r an o d iza tio n  is sm aller th a n  50 nm , th e  
resis tan ce :

R n
9(d)]I

4 , ko(d) ,

w here kg(d) is th e  increase of re s is tan ce  because  of th e  in c reasin g  re s is tiv ity  
a t  th e  su b s tra te -T a  in terface. I f  th e  rem ain in g  th ickness dm 50 nm , th e  
increase  of re s is tan ce  is negligible.

Experimental results

T hree  d iffe ren t typ es o f  ta n ta lu m  la y e rs  were in v e s tig a te d  (T a2N , 
T a-T i, Т а -Al). T h e  layers w ere sp u tte re d  on C orning 7059 su b s tra te s  cover
ed p rev io u sly  b y  th in  T a20 5 film s. T he th ickness o f th e  layers w as 300 nm . T h e  
re s is tiv itie s  of th e  T a 2N , Т а -Al, T a-T i layers w ere of the  o rd er 2 5 0 ,160 ,340  cm ,
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Ni

Tq2N

Fig. 3. G eom etry of the anodized resistors

Fig. 4. O xide thickness dox and the thickness o f oxidized tantalum  d versus 
anodization voltage for Ta2N

Fig. 5. Oxide thickness doxand the thickness o f oxidized tantalum  d  versus anodization voltage
for Ta-Ti

re sp ec tiv e ly . T h e  te s t  fo rm  is show n in  F ig . 3. T he an o d iza tio n  v o lta g e  was 
ch an g in g  from  50 V to  250 У in  50 Y s tep s . T hicknesses d0 an d  ds w ere m easu red  
b y  A lpha S tep  e q u ip m en t.

I n  th e  F igs. 4 , 5 an d  6 we h av e  show n th e  d ependence  of th e  th icknesses 
d ox a n d  d_  on th e  an o d iza tio n  v o ltag e  o f T a 2N , T a-T i, Т а -Al la y e rs , re 
spec tiv e ly .
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Fig. 6. Oxide thickness dox and the thickness o f  oxid ized tantalum  d versus anodization vo ltage
for Ta-Al

T he an o d iza tio n  p a ra m e te rs  o f ta n ta lu m  ty p e  layers are :

th e  fo rm atio n  ra te th e  o x id a tio n  ra te

T a 2N 1.55 nm /V  ±  10% 0.51 nm /V  ±  10%
T a-T i 1.61 nm /V  ±  10% 0.54 nm /V  +  10%
T a-A l 1.41 nm /V  +  10% 0.69 nm /V  - f  10%
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ELECTRICAL PROPERTIES OF SOME 
PHTHALOCYANINE THIN FILMS

By

W . W a c l a w e k  and M. Za b k o w sk a

DEPARTMENT OF EXPERIMENTAL PHYSICS, PEDAGOGICAL UNIVERSITY 
CZESTOCHOWA, POLAND

The results o f the m easurem ents o f  electrical conductiv ity , therm oelectric power as a 
function of tem perature as well as space charge lim ited currents were reported for lead phthalo- 
cyanine film s.

The results were compared for sam ples of various thicknesses and shapes as well as w ith  
these obtained for pellets. On the basis o f  these data th e  values o f charge carrier m obilities were 
calculated.

The applicability  o f the band theory for lead phthalocyanine was discussed.

In tro d u c tio n

The elec tr ica l and  th erm oelectrica l p rop erties o f  organic sem icon d u ctors  
h a v e b een  a ttr a c tin g  a great d eal o f  in terest for years.

T he large fam ily  o f p h th a lo cy an in es  h as  b een  carefu lly  s tu d ie d  because of:
— their m olecu lar stru ctu re resem b lin g  th ose  o f  m a n y  b io lo g ica lly  

a c tiv e  m ateria ls, e. g . ch lorop h yll an d  hem in;
— p la n a r ity  o f  their m olecu les;
— th e ir  h igh  chem ical an d  th e rm a l s ta b ili ty ;
— m an y  possib ilities o f v a rio u s  ap p lica tio n s [1], [2].
L ead  p h th a lo cy an in e  is a m a te ria l o f  p a r tic u la r  in te re s t  because o f i ts  

u n u su a l p ro p ertie s .
U k e i  [3] — [6] fou n d  th a t  lead  p h th a lo cy a n in e  film s p rep ared  in  a sp ec ia l 

w a y  cou ld  b e o n e-d im en sion a l con d uctor. H a m a n n  [7] -— [9] ob served  sw itch 
in g  p h en om en a  on  p o ly cry sta llin e  film s o f  lea d  p h th a lo cy a n in e  prepared  a t  
4 7 0 K  as san d w ich es. Y a su n a g a  [10] stu d ied  th e  in flu en ce o f  o x y g e n  on  e lec 
tr ica l and  th erm oelectr ica l p rop erties o f  le a d  p h th a lo cy a n in e  sin g le  cry sta ls  
and film s.

E xperim en ta l

T h in  film  sam ples of lead  p h th a lo c y a n in e  w ere p rep a red  as sandw iches 
an d  surface cells b y  v acu u m  ev ap o ra tio n  o f  th e  m ateria l a t  ~ 10 - 4 P a  o n to  
glass su b s tra te s . P e lle t sam ples o f  th e  sam e m a te r ia l were p re p a re d  of p o w d er 
a t  ~ 1 0 9 P a . G old  electrodes w ere used.
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E le c tr ic a l c o n d u c tiv ity , th e rm o e lec tric  pow er a n d  cu rren t-v o ltag e  c h a r
ac te ris tic s  as a fu n c tio n  o f  te m p e ra tu re  w ere m easu red . The m easu rem en ts  
on  p e lle t sam ples w ere c a rr ie d  o u t w ith  a g u a rd  rin g  to  exclude  surface c u rre n ts .

T he c o n v en tio n a l d . c. m eth o d  in c o rp o ra tin g  th e  e lec trom eter (ty p e  
C ary  401 (U SA ) or K e ith le y  616 (U SA )) w as u sed  fo r  th e  m easu rem en ts  of 
e lec trical c o n d u c tiv ity . T he m easu rem en ts  w ere done on  sam ples in  v acu u m , 
oxygen , h y d ro g en  an d  iod ine  vapours.

D e ta ils  o f th e  e x p e rim e n ta l p ro ced u re  w ere described  elsew here, e. g. 
in  [11], [12].

R esu lts

In  sp ite  o f th e  sam e ex p e rim en ta l cond itions fo r d iffe ren t sam ple  ty p e s  
th e  re su lts  w ere g en era lly  n o t  th e  sam e. N ev erth e less , sim ilar c o n d u c tiv ity  
re su lts  w ere  o b ta in ed  fo r film s (surface cells) an d  p e lle t sam ples s a tu ra te d  
w ith  iod ine  v a p o u rs . F  o r th e se  sam ples th e  e lec trical c o n d u c tiv ity  v alue  (a t  a  tem -

Fig. 1. D ependence of current I  on electrical fie ld  E  applied to  lead phthalocyanine film  
(sandwich cell) saturated w ith  iodine vapours a t 293,77K

p e ra tu re  o f  298,15 K ) o 25 £ (3;5) d Ö ^ S m - 1 a n d  th e  th e rm a l a c tiv a tio n  en e rg y  
fo r  c o n d u c tio n  E t £ ^ (0 .156 ; 0.174) eV w ere  o b ta in ed  fro m  th e  m easu rem en ts  of 
sam ple  re s is tiv ity  w ith  decreasing  te m p e ra tu re , b ecau se  one could  observe  
th e  e lec trica l c o n d u c tiv ity  values to  decrease  an d  s im u ltan eo u sly  th e  th e rm a l 
a c tiv a tio n  en erg y  va lu es  to  increase, w h en  te m p e ra tu re  increases.

Acta Physica Academiae Scientiarum Hungaricae 49, 1980



ELECTRICAL P R O PE R T IE S OF SOM E PHTHA LO CY AN IN E T H IN  FILMS 277

In  a ll cases (for sam ples p laced  in  d ifferen t a tm ospheres) th e  th e rm a l 
a c tiv a tio n  energy  va lu es  fo r sam ples p re p a re d  as san d w ich  cells w ere  sm aller 
th a n  th o se  fo r o thers. A t low  electric  fie ld s  all cu rren t-v o ltag e  ch a rac te ris tic s  
w ere ohm ic, hence th e ir  slopes, n,  w ere  equal to  1. F o r som e sam ples 
(pellet sam ples and  su rface  cells) in  h ig h e r  fields (o f th e  order o f 105 V m “ 1) 
th e  ch a rac te ris tic s  s ta r te d  to  he n o n -o h m ic , b u t th e ir  slopes were o n ly  som e
w h a t g re a te r  th a n  fo r th e  low field  m easu rem en ts .

T he sam e has b een  found  in  th e  case o f lead  p h th a lo cy an in e  f ilm  (surface 
cell) s a tu ra te d  w ith  io d in e  vapours (F ig . 1). S im ilar resu lts  w ere o b ta in e d  
earlie r in  th is  la b o ra to ry  [11], [13] as w ell as b y  o th e r  au tho rs e. g. [14].

F o r le a d  p h th a lo cy an in e  film s (sandw ich  cells) differences b e tw een  th e  
f irs t  an d  su b seq u en t ru n s  of c u rre n t-v o lta g e  ch a rac te ris tic s  were o b serv ed : 
fo r th e  f i r s t  ru n  th e  ch a rac te ris tic  w as ohm ic for h ig h e r electric fie lds th a n  i t

(b) (a)

Fig. 2. D ependence of current I  on electrical f ie ld  E  applied to lead phthalocyanine film  (sand
w ich cell): (a) a t 317,12K: о — I run, о —II and  following runs: (b) a t 341,24K: x — I run,

— II and follow ing runs

w as for th e  follow ing ru n s . So, th e  c h a ra c te r is tic  for th e  second ru n  w as d if
fe ren t from  th e  f irs t one, b u t  i t  did n o t  change for th e  th ird  and  su b se q u e n t 
ru n s  regard less of th e  e lec trica l fie ld  in c rea sed  or d ecreased  during  th e  ru n  
(F ig. 2). T h e  re p ro d u c ib ility  of th e  ru n s  w as good. In  case o f  Seebeck coeffic ien t 
Q its  v a lu e  o f  th e  p e lle t sam ples w as g re a te r  th a n  o f th e  film s (surface cells).
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I t  h as  been e s ta b lish e d  e. g. in  [15], th a t  i ts  value for film s depends on  
f i lm  th ickness, d:

c o n s t
d

d u e  to  d iffusion  processes.

D iscussion

The e lec tric  co n d u c tiv ity  v a lu es  for le a d  p h th a lo cy an in e  sandw ich cells 
a n d  pelle t sam p les  w ere co m p arab le . S im ilar re su lts  were o b ta in e d  b y  e. g. 
I n o k u c h i [16] fo r  perylene f ilm s  (sandw ich cells) and  p e lle t sam ples. cr25 
v a lu e s  o b ta in ed  fo r  surface cells w ere  som ew hat g rea te r, am o n g  o thers because 
o f  surface c u r re n t . These d ifferences m ay he m in im alized  b y  choosing s u it
a b le  sam ple d im ensions.

I f  one assu m es th a t  th e  p re e x p o n e n tia l fac to r o f co n d u c tiv ity , <70, is 
co n n ec ted  w ith  th e  m obility  o f  charge  ca rrie rs  [2], [17], th e  m ob ility  va lu es  
fo r  film s (su rface  cells) and  p e lle t sam ples m o s tly  are o f th e  sam e o rder o f  
m a g n itu d e  a n d  a re  g rea te r b y  som e o rders o f  m agn itude  th a n  th e  va lu es  
o b ta in e d  for f ilm s  (sandw ich cells).

The ch a rg e  carrie r m ob ilities  o b ta in e d  on  th e  basis o f  space ch arg e  
l im ite d  c u rre n t m easu rem en ts  fo r  lead  p h th a lo c y a n in e  san d w ich  cells w ere 
v e ry  sm all (o f th e  o rder of 10-10 m 2V- 1s _1).

F o r p e lle t sam ples m o b ility  values w ere  o b ta ined  b y  com parison  o f  
e lec trica l c o n d u c tiv ity  and  th e rm o e lec tric  p o w er d a ta . In  th e  a tm ospheres 
o f  hyd rogen , o x y g en  and  v a c u u m  th e ir  v a lu es  were o f  th e  o rder o f  
10~ 4m2V - 1s -1  o r  10~5m2V _1s _1, m oreover th e y  decreased w ith  te m p e ra tu re  
[18] as i t  sh o u ld  be  accord ing  to  th e  b an d  th e o ry  [19].
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VACUUM P H YSICS

RADIATION ENHANCED DIFFUSION AND 
PERMEATION OF HYDROGEN IN STAINLESS

STEEL*

By

R . D o br o z e m sk y , G. S c h w a r z in g e r , Ch r . St rato w a  and A. B r e t h

PHYSICS INSTITUTE, RESEARCH CENTER SEIBERSDORF, SGAE 
A-1082 VIENNA, AUSTRIA

A b strac t

M easurem ents of th e  rad ia tio n  e n h an ced  diffusion a n d  p e rm ea tio n  of 
hyd ro g en  in  sta in less stee l ty p e  4301 (s. s. 304) in  th e  te m p e ra tu re  ra n g e  of 
350 to  600 °C are  rep o rted . As ra d ia tio n  sou rce  an  edge p o s itio n  of th e  A S T R A - 
re a c to r  core w as used (dose ra te  0.1 to  0.5 W /g). The p e rm e a tio n  as w ell as 
th e  diffusion coefficient w ere found  to  b e  considerab ly  la rg e r  during  i r r a d ia 
tio n  th a n  th e  th e rm a l effects a t th e  sam e  te m p e ra tu res  (m easured  b y  ohm ic 
h ea tin g  w ith  th e  reac to r  sh u t  down). A  d e ta ile d  d esc rip tio n  of th e  a p p a ra tu s  
is given to g e th e r  w ith  a discussion of th e  re su lts  h ith e rto  achieved.

* This research was supported in part by the “Fonds zur Förderung der wissen
schaftlichen Forschung in Österreich”, Vienna (Proj. Nr. 3423).
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QUADRUPOLE MASS SPECTROMETERS IN 
THE ATOMKI

By

I. B e r e c z , S. B o h átiía , Z. D ió s , S. J e n e y , L. K iss  and G. La n g er

INSTITUTE OF NUCLEAR RESEARCH OF THE HUNGARIAN ACADEMY OF SCIENCES 
ATOMKI, DEBRECEN, HUNGARY

A bstract

This p a p e r  p resen ts th e  line  o f q u ad ru p o le  m ass sp ec tro m ete rs  c o n s tru c t
ed  in  th e  A T O M K I. The basic  o f th is line  is th e  NZ-850 w hich  has a m ass 
ran g e  o f 1 — 300 a. m. u. an d  7 .1 0 -4 А/m b ar sen sitiv ity . T h e  Q -100U is a sm a l
le r in s tru m e n t w ith  reduced  m ass range (1 — 100 a. m. u.) b u t  o th e r fea tu res  — 
like to ta l  p ressu re  m easu rem en t, leak  d e te c to r  u n it — m ak e  i t  s ig n ifican t. 
T h e  PS-500 p e a k  selector m akes fo r b o th  ty p e s  possible to  m easure o n ly  th e  
p rese lec ted  p eak s (m ax. 9), a n  o p p o r tu n ity  o f con tro lling  ce rta in  processes.
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VAKUUMMESSUNG MIT PTC-WIDERSTAND

Von

R . E ssl

FORSCHUNGSZENTRUM FÜR ELEKTRONENMIKROSKOPIE, GRAZ, ÖSTERREICH

K u rzfassu n g

D ie W id ers tan d sän d e ru n g  eines e lek trisch  geheiz ten  P T C -W iderstandes 
k a n n  zu r D ru ckm essung  herangezogen  w erden . D ie K le in h e it des PTC- 
W id e rs tan d es  als F ü h le r  im  V ak u u m  erö ffne t gegenüber h erk ö m m lich en  
D ru ck fü h le rn  neue A nw endungsm ög lichkeiten . M it H ilfe des V aris to re ffek tes  
is t  es m öglich, ohne se p a ra te n  H e izw id ers tan d  d u rc h  S elbstheizung  des PTC- 
W id ers tan d es  die D ruckm essung  zu  rea lis ie ren . D azu  is t jed o ch  ein  W ech
se lb e trieb  H eizen — M essen erfo rd erlich . D ie H eizung  erfo lg t m it hoher 
S p an n u n g , w odurch  die W id e rs tan d se rn ied rig u n g  eine en tsp rech en d e  Lei
s tu n g sau fn ah m e erm ög lich t. D ie M essung erfo lg t m it n ied riger S p an n u n g , 
sodass d er W id e rs tan d  in  d ieser P e rio d e  n ic h t v o n  d er S p annung , so n d e rn  der 
T e m p e ra tu r  des F ü h le rs  ab h än g t. D iese is t  aber im  D ruckbere ich  v o n  1 0 -2 bis 
100 T o rr  w esen tlich  v o n  d er W ärm eab g ab e  an  das R estgas u n d  d a m it vom  
D ru ck  abhäng ig .
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SOME INTERESTING MEASUREMENTS WITH 
QUADRUPOLE MASS SPECTROMETERS

B y

S. B o h ÁTKA, I . B e RECZ  a n d  G. L A N G ER

INSTITUTE OF NUCLEAR RESEARCH OF THE HUNGARIAN ACADEMY OF SCIENCES 
ATOMKI, DEBRECEN, HUNGARY

Som e m easurem ents m ade w ith the NZ-850 type quadrupole m ass spectrom eter o f the  
ATOM KI are reported. The analysis o f gases in  operating room s showed 1 pp m —105 ppm  con
centration of narcotics. P urity control o f gases regularly helps the radioactive pollution  m eas
urem ents and radio carbon dating technique at our In stitu te . In  an other application ev id 
ence o f new  possibilities is given which arise from  coupling the quadrupole to electron diffrac
tion  apparatus. E xam ples o f blood gas analyses and som e applications in chem ical technology  
are also given.

B esides th e  deve lopm en t o f  q u ad ru p o le  m ass sp ec tro m ete rs  an d  of 
com plex  e q u ip m en t inc lud ing  m ass sp ec tro m ete rs , we h av e  also m ade a t  th e  
A T O M K I some m easu rem en ts  w h ich  m ay  he o f  som e in te re s t. In  each  case 
w e used  our N Z-850 ty p e  q u ad ru p o le  [1] in  th e  in v estig a tio n s.

Environm ental pollution tests

In  anaesthesio logy , n arco tics  are  app lied  in  a 0 .5 —5%  c o n c e n tra tio n  
(h a lo th a n e , p e n th ra n e , etc.) added  to  a m ix tu re  o f  0 2 an d  N 20 .  T hese m ate ria ls  
h a v e  n o t only an  an a e s th e tic  effect b u t  th e y  are  po isonous too , and  th e ir  reg u la r 
in h a la tio n  m ay  cause  severe lesions in  th e  h u m a n  organism . D urin g  an aesth e - 
t iz a tio n  th e  n a rco tic  gases escape in to  th e  a ir a n d  w ith o u t p ro p er ex h au stio n  
or ab so rp tio n , d o c to rs  and  nurses m ay  inhale  th e m  as well. So th e  o p era tin g  
s ta f f  w orks u n d e r h aza rd o u s cond itions d ay  b y  d ay , w hich  fa c t is confirm ed  
b y  s ta tis tic a l d a ta  show ing, u n fo r tu n a te ly , an  in c reased  ra te  of in ju rie s  and  
even  d ea th s . A t th e  U n iv e rs ity  M edical School o f  D ebrecen , D e p a r tm e n t I  of 
S u rg e ry , a ir p o llu tio n  is avoided  w ith  th e  use o f d isposable n a rco tic  f ilte rs . 
A  reg en era tio n  te c h n iq u e  o f th e  f ilte rs  has also been  w orked  o u t to  con sid er
ab ly  red u ce  th e  costs  o f  th is  ex trem e ly  expensive  m e th o d  [2].

D uring  th e  course o f clin ical re sea rch  on a ir  p o llu tio n  in  th e  o p e ra tin g  
ro o m , th e  effectiveness of filte rs  a n d  th e  effic iency  o f th e ir  reg en e ra tio n  h av e  
been  q u a n tita tiv e ly  dete rm in ed  w ith  th e  q u ad ru p o le  m ass sp ec tro m e te r .

A ir sam ples w ere carried  to  th e  m ass sp ec tro m e te r  in  ru b b e r  ba lloons. 
T he fa c t th a t  ru b b e r  balloons abso rb  n arco tics  fa ir ly  well caused q u ite  a prob-
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Fig. 1. M ass spectrum  of halothane

lem , b u t  we m an a g e d  to  exclude inaccu racies b y  le ttin g  th e  ballons soak  u p  
w ith  th e  a ir to  be  te s te d  an d  to o k  sam ples o n ly  a f te r  th e  s a tu ra tio n  o f  surfaces. 
T o  id e n tify  th e  com pounds we u sed  th e  peaks a t  81 a. m . u . an d  117 a. m. u . 
fo r  p e n th ra n e  a n d  h a lo th a n e , re sp ec tiv e ly . T he m ass sp ec tru m  of h a lo th a n e  — 
a ir  m ix tu re  can  b e  seen in  F ig . 1. T he m ass sp ec tro m e te r  o u tp u t  signal was 
c a lib ra te d  a g a in s t th e  te m p e ra tu re  co m p en sa ted  v ap o rise r w hich  p ro d u ced  
th e  a n a e s th e tic  gas m ix tu res . F ilte rs  red u ce  th e  po llu tio n  to  1%  a n d  0 .1%  of 
th e  o rig inal v a lu es  in  th e  case o f  h a lo th a n e  a n d  p e n th ra n e , re sp ec tiv e ly . T hey  
do n o t  absorb  N 20 .  T he efficiencies o f new  a n d  reg en e ra ted  f ilte rs  w ere p ra c 
tic a l ly  th e  sam e. H a lo th a n e  a n d  p e n th ra n e  co n cen tra tio n s  on o p e ra tio n  spo ts 
w ere  b e tw een  1.5 — 2 ppm  a n d  6 — 15 p pm , w h ich  coincided w ith  th e  sen siti
v i t y  lim it o f  o u r in s tru m e n t (1.5 p p m  an d  6 p p m ).

Contam ination control

A n o th e r series o f m easu rem en ts  has b een  ca rried  o u t to  a ss is t th e  re 
se a rc h  w ork  o f  o u r Colleagues b y  co n tro llin g  th e  c o n ta m in a tio n  o f th e  m a te ria ls  
u sed . C erta in  co m p o n en ts  of ra d io a c tiv e  p o llu tio n  (e. g. 85K r) escap ing  a t  
ex p losion  te s ts  a n d  from  n u c lea r reac to rs  are  m easu red  reg u la rly  a t  th e  In s t i 
t u t e  [3]. T he a c t iv i ty  of 85K r is m easu red  w ith  G eiger-M üller co u n te rs . The 
e ffic iency  o f c o u n tin g  is in flu en ced  am ong  o th e rs  b y  th e  p u r i ty  o f  th e  K r  
sam p le , so th e  l a t t e r  is reg u la rly  checked . T h e  a m o u n t o f co n tam in a tio n s  in  
th e  sam ples (A r; X e) was less th a n  0 .1% . O n a n o th e r  occasion w e checked 
th e  p u r i ty  o f  C 0 2 u sed  for rad io  ca rb o n  d a tin g , in  w h ich  NO (e. g. w h en  b u rn in g  
co llagen , 0 .2—6 % ) a n d  S 0 2 (e. g. w hen  b u rn in g  h a rd  coal, 0 .1% ) w ere d e tec ted . 
As p a r t  o f  th e  sam e m ethod , C 0 2 is sy n th e tiz e d  in to  m e th an e , w here  we 
ch eck ed  th e  p rocess o f  syn thesis  w ith  th e  m ass sp ec tro m eter.

T h e  th ird  ex am p le  is re la te d  to  th e  liq u e fac tio n  of H e. O n one occasion 
th e  h e lium  to  be  liq u efied  w as sa id  to  h av e  go t c o n ta m in a te d  a n d  o u r ta s k
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w as to  decide w h e th e r th e re  was a c tu a lly  N e in  i t  or n o t, since Ne freezes 
d u rin g  th e  liq u e fac tio n  o f  H e and  its  h a rd  c ry sta ls  m ay  ir re p a ra b ly  spo il th e  
p istons of th e  com pressor. In  d iffe ren t sam p les  we d e te c te d  0.01 — 1%  n eo n : 
th e  m easu rem en t m ade i t  possible to  save  th e  eq u ip m en t.

In terd isc ip lin ary  research

A t th e  C en tra l R esearch  In s t i tu te  o f  C hem istry  (K K K I)  in  B u d a p e s t 
research  w ork  has been in  progress for a lo n g  tim e in  th e  fie ld  of m o lecu la r 
s tru c tu re s . T h is w ork  is o f  th eo re tica l as w ell as of p ra c tic a l value: m ore can  
be learned  o f th e  n a tu re  o f  m a te ria ls  te s te d , th u s  th e ir  b e h a v io u r in  te c h n o lo 
gical processes can  be b e t te r  u n d ersto o d , m oreover, u n d e r  favourab le  co n d i
tions th e y  can  be ca lcu la ted  in  advance . T h e  m easuring  tech n iq u e  ap p lied  is 
m ain ly  gas e lec tro n  d iffrac tio n . N ev erth e less , several tim e s  during  th e  e v a 
p o ra tio n  o f sam ples d ifficu lties occur because  th e  m a te ria l does no t keep  its  
o rig inal com position  a t  th e  h igh te m p e ra tu re  of ev ap o ra tio n  and  it  becom es 
u n c e rta in  on w h a t m a te ria l th e  e lec tro n  b e a m  sca tte rs . T h is is th e  p ro b lem  
a tte m p te d  to  solve b y  th e  com bined  e lec tro n  d iffraction  — m ass sp ec tro m e tric

Ge+

»10

GeCl+

a_  Ly —A__

GeClt

GeCl+

1__ ill

GeCU+Ge
120°

8 'Ю-6 mbar

GeClt

1. A.
50 100

GeCt+

150 ' ' 2Ó0 ' ' M
[a.m.u.]
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Fig. 2. E vidence of different reactivities o f GeCI4 at different tem peratures
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Fig. 3. Concentration changes of 0 2 and C 0 2 dissolved in the blood of a dog

te ch n iq u e  [4]. W ith  th e  q u ad ru p o le  m ass sp ec tro m e te r op tim a l co n d itio n s 
o f  th e  sam ple  ev ap o ra tio n  a n d  th e  co m position  of th e  e v a p o ra te d  m a te r ia l can  
be  d e te rm in ed . In  fu tu re  ex p e rim en ts  s im u ltan eo u s m ass sp ec tro m etric  an d  
e lec tron  d iffrac tio n  m easu rem en ts  m ay  also be  possible. T h is  k ind  of te c h n iq u e  
w idens th e  ra n g e  o f ap p lic a tio n  of th e  gas e lec tron  d iffrac tion  m e th o d  
to  a co n sid erab le  e x te n t a n d  increases i ts  cap ac ity . F ig . 2 show s how  
GeCl4 gas, flow ing  over Ge sam ple a t  a h igh te m p e ra tu re , tra n sfo rm s  
in to  GeCl2.

In  co o p era tio n  w ith  th e  U n iv e rsity  M edical School o f  D ebrecen, D e p a r t
m e n t I I  o f  S u rg e ry  we m easu red  th e  b lo o d  gases of dogs in  various e x p e ri
m en ts . F o r  a m ore d e ta iled  su rv ey  on th e  m easuring  tech n iq u e  dev e lo p ed  
b y  us th e  re a d e r  is re fe rred  to  ou r o th e r p a p e r  in  th is  issue [5]. As an  ex am p le  
F ig . 3 show s sim u ltan eo u s changes of 0 2 a n d  C 0 2 d isso lved  in  a dog’s b lo o d , 
w hen  s to p p in g  its  re sp ira tio n  an d  w hen ap p ly in g  a rtif ic a l resp ira tio n .

A p p lica tion  in  chem ica l technology

A t th e  D e p a rtm e n t o f  A pplied  C h em istry  of K o ssu th  Lajos U n iv e rs ity , 
D ebrecen , re sea rch  w ork  w as carried  o u t  in to  p ro d u c tio n  processes o f p e s ti
cides c o n ta in in g  su lfu r an d  ch lo rine  [6]. U sing  th e  resu lts  o f  m ass sp ec tro m e tric  
analyses o f  chem ical in te rm e d ia te s  (F ig . 4), we m an ag ed  to  find  th e  m ost 
fav o u rab le  techno log ica l processes.
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Fig. 5. Concentration changes of N2, 0_> and C 0 2 dissolved in a ferm entor

In  th e  p ro d u c tio n  of a n tib io tic s , th e  p ro d u c tiv ity  of th e  m icroorganism s 
p ro d u c in g  an tib io tic s  depends on how  sucessfu lly  th e ir  e ssen tia l cond itions 
can  be k ep t o p tim a l. M icroorganism s are b re d  in  fe rm en te rs , an d  — beside 
o th e r  p a ram e te rs  — vo latile  com pounds d isso lved  in  th e  fe rm e n to r are also 
o f  a decisive im p o rtan ce  from  th e  p o in t o f v iew  of p ro d u c tiv ity , or an  o u t
g ro w th  of o th e r im p o r ta n t p h en o m en a . T h a t is w h y  th e  d e te rm in a tio n  o f th e  
co n cen tra tio n  o f  dissolved gases m ay  becom e an  im p o rta n t p a r t  o f th e  te c h 
nology . The m easu rin g  tech n iq u e  is in  fa c t th e  sam e as t h a t  one developed 
fo r b lood gases [5]. O ur m easu rem en ts  m ade in  co llabo ra tion  w ith  th e  B IO G A L  
P h a rm a c e u tic a l W orks have  p ro v ed  th a t  th e  c o n cen tra tio n  of th e  tw o  
m ost im p o rta n t com ponen ts, 0 2 an d  C 0 2, can  safely be d e te rm in ed  w ith  
th e  quad rupo le  m ass sp ec tro m e te r  (Fig. 5). T h is m easu ring  tech n iq u e  can  
he realized  m ore easily  in  f a c to ry  co n d itio n s th a n  o th e r analysers, an d  i t  
offers a p o ssib ility  to  d e tec t o th e r  gas co m p o n en ts , w h ich  we in ten d  to  
in v es tig a te  th o ro u g h ly  in  th e  n e a r  fu tu re .

19* Acta Physica Academiae Scientiarum Hungaricae 49, 1980
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INVESTIGATION OF THE GAS CONTENT OF 
GLASSES BY MEANS OF THE DYNAMIC 

EXTRACTION METHOD*
B y

A . B reth  and R . D o br o zem sk y

PHYSICS INSTITUTE, RESEARCH CENTER SEIBERSDORF, SGAE 
A-1082 VIENNA, AUSTRIA

For the determ ination of the gas con ten t o f glasses, sam ples of approxim ately  50 m g are 
heated to 1200 °C and the released gases are m easured w ith  a quadrupole m ass spectrom eter. 
Problem s were found to arise due to the evaporation o f glass com ponents and their high gett-  
ering efficiency. In spite o f these problems gas analyses are possible under special conditions. 
W e present a discussion of the measuring procedure and dem onstrate tw o t y m c d  sam ples o f  
gas extraction m easurem ents.

1. P rocedure

1. D ynam ic  extraction method

T he a m o u n t of gas re leased  fro m  th e  h e a te d  sam ple is d e te rm in ed  b y  
th e  p ressu re  vs tim e  in  a sm all e x tra c tio n  ch am b er, e v a c u a ted  b y  a well- 
k n o w n  an d  c o n s ta n t p u m p in g  speed  (F igs. 1 a n d  2).

Fig. 1. Principle o f apparatus for dynam ic extraction  m easurem ents

* This work has been performed in cooperation w ith  P H IL IP S Gloeilam penfabrieken, 
E indhoven, H olland (D ivisions “ G lastechnik” and “ N a tla b ” )
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Fig. 2. T ypical pressure v s tim e scan for a gas content m easurem ent w ith the dynam ic ex 
traction  m ethod. The am ount o f gas released is calculated from  the coloured area under the

curve.

2. Degassing o f  samples

F o r degassing, a sam ple  is tra n s fe r re d  b y  a m a n ip u la to r  (F ig . 3) from  
th e  s to rag e  place o n to  a h o t  P t-r ib b o n  (F ig . 4). As th e  am o u n t o f gas re leased  
d u rin g  h e a tin g  up th e  r ib b o n  often  exceeds th a t  o f th e  sam ple, i t  is n ecessary  
to  degas th e  ribbon  w ell in  advance  a n d  to  keep i t  a t  th e  m easuring  te m p e ra -

Fig. 3. View of the sam ple m anipulator

Acta Physica Academiae Scientiarum Hungaricae 49, 1980



INVESTIGATION O F T H E  GAS CONTENT O F GLASSES 2Ö5

Fig. 4. V iew into the extraction chamber. A glass sam ple is ju st picked up and transferred to
the heating filam ent.

tu re  u n til  an  essen tia lly  c o n s ta n t p ressure is achieved . W ith  th e  effective 
p u m p in g  speed ap p lied  (1.5 Ijs fo r N 2) and  w ith  th e  rib b o n  a t  1150 °C, th e  
basic  pressu re  is a b o u t 10 ~c T orr.

2. C onsideration  of g e tte r effects

E v a p o ra te d  sam ple m a te ria l, condensed on  th e  w all o f th e  e x tra c tio n  
ch am b er (see F ig . 5), m ay  cause  selective p u m p in g  for som e o f th e  gases 
re leased  du ring  e x tra c tio n . This e ffec t is in v e s tig a te d  by  a d m ittin g  a c a lib ra ted  
gas m ix tu re . T h is ca lib ra tio n  is n o t  only done before an d  a f te r  e x tra c tio n , 
b u t  — in  special cases — also d u rin g  th e  m easu rem en t. F ig . 6 d em o n s tra te s  
th e  necessity  for th is  p rocedure. A  glass sam ple is h ea ted  b y  increasing  s te p 
w ise th e  te m p e ra tu re  of th e  P t- r ib b o n . The in flu en ce  of th e  m e ltin g  an d  e v a 
p o ra tin g  te s t  m a te r ia l on a d m itte d  c o n s tan t gas flows can c lea rly  be seen.

D egassing glass sam ples, a considerab le  g e tte r  effect w as observed  for 
CO an d  C 0 2. T h u s , a large a n d  o ften  f lo a tin g  correction  fa c to r  has to  be 
ap p lied , causing  large  errors in  th e  resu lts  fo r  these  gases. O n th e  o th e r  
h a n d , N 2 an d  C H 4 are  n o t a ffec ted  b y  th e  glass g e tte r  and , th e re fo re , can  be

Acta Physica Academiae Scientiarum Hungaricae 49, 1980
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Fig.  5. Condensate o f te s t  m aterial on the v iew in g  port (dendritic needles on the upper half)

d e te rm in e d  w ith  m ore  precision. T he gases 0 2 an d  H 20 ,  also of im p o rta n c e  for 
glass tech n o lo g y , c a n n o t be m easu red  b y  th is  m e th o d , due to  th e ir  s trong  
a d so rp tio n  on th e  ch am b er walls.

3. T yp ical resu lts

T h e  tw o  glass sam ples discussed h ere  (ou t o f a series of severa l h u n d red  
m easu rem en ts) h a d  a  m ass o f a b o u t 50 m g each. T h e  degassing te m p e ra tu re  
w as 1150 °C.

G ases u n d e r co nsidera tion : C H 4, N 2, CO an d  C 0 2 
O bserved  m ass n u m b ers: 14, 15, 16, 28 an d  44

(q u ad ru p o le , w ith  p e a k  m u ltip lex ing  system ). 
D egassing tim e  30 to  60 s.

S a m ple  1 :

G lass no. 576. M any large b u b b le s  d u rin g  e x tra c tio n  (F ig . 7). Two 
se p a ra te d  gas b u rs ts  are fo u n d , one d o m in a ted  b y  m asses 15 a n d  16, th e  
o th e r  b y  m asses 14 an d  28.

Acta Physica Academiae Scientiarum Hungaricae 49, 1980
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Fig. 6. H eating a glass sam ple stepwise to several tem peratures. For calibration, constant 
gas flow s o f N 2 and C02 w ere adm itted, a) T ota l and partial pressure scans; b) The adm itted  
gas flow s, as defined by th e  leak valve; c) T he adm itted  gas flow s, measured (no corrections 

applied); d) Calculated sen sitiv ity  for N2 and C 02
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Fig. 7. Gas extraction from  glass no. 576

Fig. 8. Gas extraction from  glass no. 577
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4. C onclusion

D ue to  th e  selective p u m p in g  of th e  oxygen-bearing  gases (caused  b y  
th e  g e tte r  effect o f h o t glass sam ples) th is  m e th o d  allows a good d e te rm in a 
tio n  o f  even  sm all am o u n ts  o f N 2, a lth o u g h  in  th e  presence o f  large q u a n titie s  
o f CO an d  CO,. T he am o u n t o f CO and  C 0 2 itse lf  can, how ever, only  be g iven  
w ith in  an  e rro r-ran g e  o f a fa c to r  o f 2 or 3.

Acta Physica Academiae Scientiarum Hungaricae 49, 1980
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Sam ple  2:

G lass no. 577. No b u b b les  during  e x tra c tio n  (Fig. 8)
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SOME ASPECTS OF QUANTITATIVE GAS 
ANALYSIS BY QUADRUPOLE MASS 

SPECTROMETER
By

R . D o b r o z e m s k y , B . K r a u s  and  A .  B r e t h

PHYSICS INSTITUTE, RESEARCH CENTER SEIBERSDORF, SGAE 
A-1082 VIENNA, AUSTRIA

In sp ite o f keeping conditions co n sta n t during various m easurem ents, interpretations of  
gas-analytic  mass spectra were often found to  be difficult as, apparently, cracking patterns are 
not constant. This happens e.g. in case o f variations of pressure during the m easurem ent. Som e  
possible effects (charge transfer processes in  the high-pressure range, contributions from sur
face ions in the low-pressure range) have been  studied and  are discussed in the presentation.

1. Introduction

In te rp re ta tio n s  o f  gas-an a ly tic  m ass sp e c tra  are done b y  m eans of th e  
c rack in g  p a tte rn s . F o r  th is  pu rpose , th e  c rack in g  p a tte rn s  o f  th e  gases to  be 
an a ly sed  have  to  be de te rm ined  (fo r th e  p a r tic u la r  in s tru m e n t used) by  a d 
m ittin g  p u re  gases b efo re  and a f te r  th e  analysis . T hen , th e  m easu red  sp ec tra  
can  be in te rp re te d  b y  unfo ld ing  v ia  th e  c rack ing  p a tte rn s . T his h as  been done 
in  ou r g roup  for sev e ra l years b y  a “ le a s t-sq u a re s -f it”  p ro g ram  [1, 2]. To ac 
co u n t for th e  e x p e rim e n ta l errors, d iffe ren t w eighty  for th e  m easu red  peaks as 
well as fo r th e  c rack in g  p a tte rn s  a re  used. In  th e se  ca lcu la tions, especially  i f  
CO an d  C 0 2 are in  th e  system , o ften  th e  accu racy  o b ta in ed  w as u n sa tis fa c to ry .

O ur p ro g ram  fo r im prov ing  th e  accu racy  o f  th e  d a ta  e v a lu a tio n  is p re s 
e n tly  to  in v es tig a te  th e  cracking p a t te rn s  for a w ide range o f p ressu res, w ith  
special em phasis on th e  following tw o  aspects:

( a )  D eviation o f  cracking patterns at high pressure

F ig . 1 illu s tra te s  th is  effect fo r  sev era l sim p le  cases. This F ig u re  gives th e  
re la tiv e  ab u n d an ces o f  th e  peaks a t  th e  given m ass num bers in  re la tio n  to  th e  
su m  o f all peaks from  th e  respective  gas (i. e., in  case o f N 2, th e  sig n a l a t  m ass 
n u m b e r 14 d iv ided  b y  th e  sum  o f th e  signals a t  14 an d  28, a f te r  su b tra c tio n  o f 
th e  re sp ec tiv e  b a c k g ro u n d  signals). T he u p p e r  lim its  of th e  p ressu re , fo r 
d ev ia tio n s  o f 10%  fro m  th e  values o b ta in e d  a t low  pressure, w ere fo u n d  to  be in  
th e  low er 1 0 _5 T o rr  ra n g e  (for all gases considered  here). N ote t h a t  p u re  gases 
h av e  b een  a d m itte d  a n d  on ly  ions o f  th e  a d m itte d  gases have b een  in v es tig a ted . 
F o r p ra tic a l cases (i. e. m ix tu res o f  gases) a d iffe re n t b eh av io u r m a y  be p os
sible.
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F ig. 1. Varration of cracking patterns w ith  pressure

(b )  The  “background problem ”

F ig . 2 gives p ressu re-tim e  d iag ram s for ty p ic a l cases of g as-an a ly tica l 
m easu rem en ts . C urve (1), a c o n s ta n t flow  of N 2 b e tw een  m arks (a) an d  (b), 
is r a th e r  sim ple to  in te rp re t  (fast re sp o n se  and  c o n s ta n t b ack g ro u n d ). Curve 
(2) is a s im ila r ex am p le , b u t  w ith  C 0 2 a d m itta n c e . A p p a ren tly , th e  b ack 
g ro u n d  changes d u rin g  th is  ru n . I n  case of a th e rm a l deso rp tion  s tu d y  — 
C urve (3) — g en era lly  a m ore co m p lex  d iag ram  is o b ta in ed , an d  th e  “ end”  
o f  th e  gas flow  (b) c a n n o t be d e te rm in ed  exactly .

2. Special problems in  quantitative gas analysis

Special d ifficu lties arise if  la rg e  am o u n ts  o f C 0 2 are  in  th e  sy s te m  an d  
i f  th e  p ressu re  changes considerab ly  d u rin g  th e  m easu rem en t. F ig. 3 illu s tra te s  
th is  b y  a sim ple m easu rem en t — th e  a d m itta n c e  o f  a pure  C 0 2-A r m ix tu re  
( th e  sm all A r-c o n te n t is used  to  check  th e  se n s itiv ity  an d  tran sm iss io n  o f th e
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Fig. 2. T ypical pressure-time diagram s of gas-analytical m easurem ents 
(schem atically)

m ass sp ec tro m ete r). T h e  cracking p a tte rn s  in  th e  p a r ts  (2) and  (13), as well as 
a t  p o in t (12) are l is te d  in  th is  F ig u re  — afte r co rrec tion  for th e  re spec tive  
b ack g ro u n d  peaks a t  p o in ts  (1) an d  (3), (12) and  (14), e tc . Besides th e  v a ria tio n s  
in  th e  h igh  p ressu re  ran g e , accord ing  to  Section (a) above, th e re  is an  essen tia l 
change in  th e  signal a t  m ass n u m b e r 28 (CO+): W ith  th e  sm all flow  ra te s  a t 
th e  beg inn ing , th e  ab u n d an ces are a b o u t 50% . A fte r a d m ittin g  la rg e r am o u n ts , 
th is  v a lu e  decreases b y  ab o u t a fa c to r  o f 2. The in fluence  o f th e  v a ria tio n s  of 
th e  c rack in g  p a tte rn s  (as m en tioned  in  Sections (a) an d  (b) above) on th e  re 
su lts  o f g as-an a ly tica l m easu rem en ts is described  b y  th e  follow ing sam ples 
(Table I).

Sam ple  1 is a sy n th e tic  spec trum  co n s tru c te d  fro m  th e  crack ing  p a tte rn s  of 
th e  gases C H 4, N 2, CO and  C 0 2 a t  5 X 1 0 -7 T orr (25%  o f each). C onsequen tly , 
th e  re su lt o f th e  ca lcu la tio n  gives e q u a l am o u n ts  w ith  zero error.

Sam ple  2 is th e  sam e sy n th e tic  gas m ix tu re , b u t  w ith  signals ca lcu la ted  for a 
p ressu re  o f 5 х Ю “5 T o rr (accord ing  to  th e  d ev ia tio n s g iven in  F ig . 1). 
A lth o u g h  th e  sp e c tru m  appears q u ite  sim ilar to  th e  observer, th e  ca lcu la tio n  
(based  on th e  “ ca lib ra tio n ”  a t  low  pressure) gives a “ b es t f i t ”  w ith  con
siderab le  dev ia tio n s an d  large e rro rs  fo r N 2 an d  CO.
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Table I

Sample 1
Mass spectrum  

Peak height (mm)

Sample 2

Mass spectrum  
Peak height (mm)

Sample 3 

Mass spectrum  

Peak height (mm)

Sample 4
Mass spectrum  

Peak height (mm)

Sample 5
Mass spectrum  

Peak height (mm)

Sample 6

Mass spectrum  
Peak height (mm)

Experim ental results

M 14 M 15 M 16 M 28 M 44 Result CH4 N , CO c o 2

21.61 48.35 73.76 177.34 54.82 Gas com position (%) 25.0 25.0 25.0 25.0

± 0 .0 ± 0 .0 ± 0 .0 ± 0 .0

M 14 M 15 M 16 M 28 M 44 Result CH4 N„ CO C 02

27.50 48.35 87.94 155.08 54.82 Gas com position (%) 27.2 41.4 5.3 26.5

± 2 .2 ± 1 7 .1 ± 1 5 .6 ± 0 .7

M 14 M 15 M 16 M 28 M 44 Result CH4 N 2 CO C 02

0.40 0 .0 0 7.66 46.99 1 0 0 .0 0 Gas com position (%) 0 .0 0 .0 0 .0 1 0 0 .0

± 0 .0 ± 0 .0 ± 0 .0 ± 0 .0

M 14 M 15 M 16 M 28 M 44 Result CH4 N 2 CO CO,

0.40 0 .0 0 7.44 24.80 1 0 0 .0 0 Gas com position (%) 0 .2 0 .8 - 3 6 .5 135.5

± 0 .8 ± 5 .0 ± 4 .6 ± 0 .3

M 14 M 15 M 16 M 28 M 44 Result CH4 n 2 CO CO,

21.61 48.35 73.76 157.74 54.82 Gas com position (%) 26.8 26.9 19.5 26.8

± 0 .2 ± 1 .2 ± 1 .1 ± 0 .1

M 14 M 15 M 16 M 28 M 44 R esult CH4 n 2 CO c o 2

0.40 3.20 2.60 28.00 6 .1 0 Gas com position (%) 9.6 4.2 63.3 22.9
± 6 .2 ± 4 3 .4 ± 3 9 .6 ± 2 .7
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Fig. 3. A dm ittance o f a C 02-Ar m ixture in to  a baked uhv-system  w ith  1 I/ s effective pum ping  
speed. Axial-beam  ion source with 90 eV electron energy. The m ain cracking patterns are listed . 

From  the 40/20 ratio a constant transm ission o f  the spectrom eter can be derived

Sam ple  3 is th e  ca lcu la tio n  for a p u re  C 0 2-sp ec tru m  (d a ta  ta k e n  from  p a r t  
(2) in  Fig. 3) — giving 100%  C 0 2 w ith  zero  erro r. T he follow ing sam ples 
i l lu s tra te  th e  in flu en ce  of su rface  effects:

Sam ple  4 show s w h a t happens i f  th is  “ c a lib ra tio n ”  is used  to  in te rp re t a 
sp ec tru m  (13) w ith  a 50%  low er p e a k  a t  m ass n u m b er 28. A lth o u g h  i t  is th e  
id en tica l gas m ix tu re , th e  ca lcu la tio n  y ie ld s an  alm ost senseless re su lt:  
T he e rro r ca lcu la ted  for th is  “ f i t ”  is fa r to o  sm all w ith  re sp ec t to  th e  ca lcu l
a te d  (w rong!) a m o u n t of CO. T h e  ca lcu la ted  re su lt — 36%  ^  4 .6%  d e 
v ia te s  from  th e  t ru e  value (0% ) b y  m ore th a n  7 s ta n d a rd  d ev ia tions.

Sam ple  5 shows th e  in fluence  o f  th is  effect (50%  change in  th e  C 0 2-signal a t  
m ass n u m b er 28) on th e  sy n th e tic  gas m ix tu re  o f Sam ple  1.

Sam ple  6 gives th e  ca lcu la ted  gas co n te n t fo r th e  m easu red  p o in t (12) in  
F ig . 3. A gain, la rg e  dev ia tions fro m  th e  t ru e  gas com positions are  found .

3. Conclusion

Sm all d ev ia tio n s of th e  c rack in g  p a tte rn s  m ay  cause large  errors in  th e  
ca lcu la ted  resu lts , especially  i f  gas m ix tu res  w ith  in te rfe rin g  m ass n u m b ers  
are  ana lysed . I f  th e  sam ple to  be in v e s tig a te d  is availab le  in  la rge  q u a n titie s ,
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an d  if  th e  m easu rem en t can be re p e a te d  several tim es an d  in  d iffe ren t p res
su re  ran g es , th e re  is a chance  to  ta k e  th e  d is tu rb in g  effects in to  co n sidera tion . 
I n  case o f  a less fav o u rab le  s itu a tio n  (e. g. a deso rp tio n  analysis as in  F ig . 2c), 
special ca re  h as  to  be ta k e n  in  o rder to  o b ta in  usefu l an d  rep roducib le  re su lts , 
a n d  — g en era lly  — on ly  a low  precision  w ill be ach ieved .
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DESIGN OF MEDICAL GAS ANALYSERS

By

G. L a n g e r , I. B e r e c z  and S. B o h átk a

INSTITUTE OF NUCLEAR RESEARCH OF THE HUNGARIAN ACADEMY OF SCIENCES 
ATOMKI, DEBRECEN, HUNGARY

Respiratory and blood gas analysers were constructed in the ATOMKI. The conditions 
for fast sim ultaneous determ ination of different gas com ponents and some vacuum  physical 
aspects o f  the design are reported. E xam ples o f m easurem ents are also shown, especia lly  the  
recent analyses o f blood gases (“ in v ivo”  m easurem ents) and of gases dissolved in  industrial 
liquids.

T he fac t t h a t  m ass sp ec tro m ete rs  have  becom e w ide-spread  h as  m ade 
th e ir  u tiliza tio n  possib le in  m edical research  as w ell as in  m edical d iagnostics. 
T he ap p lica tio n  o f m ass sp ec tro m ete rs  is o f m a jo r im p o rtan ce  in  th e  so lu tion  
of a n a ly tic a l p ro b lem s (resp ira tio n  an d  blood gases) em erging in  m edical 
p rac tice . W ith  m easu rin g  m ethods p rev iously  u sed  fo r th is  pu rpose  o n ly  one 
co m p o n en t is m easu rab le  a t a tim e , an d  m easu rem en ts  can  be accom plished  
on ly  over longer periods. A m ass sp ec tro m e te r h av in g  a su itab le  gas sam pling  
u n it  is capable  o f  m easu ring  m ore th a n  one gas sim u ltan eo u sly  a n d  c o n tin u 
ously.

T he req u irem en ts  th a t  m ass sp ec tro m e te r system s are to  fu lfil can  be 
sum m ed  up  as follow s:

a. m easu ring  ra p id  co n cen tra tio n  changes;
b. sim ple co n stru c tio n ; noiseless, au to m a tic  o p era tio n ;
c. s tab le  fu n c tio n in g  for long  periods.

Respiratory gas analysis

T he A T O M K I have  developed  fo r th e  M E D IC O R  W orks a q u ad ru p o le  
m ass sp ec tro m e tric  m edical gas an a ly se r, m ee tin g  th e  req u irem en ts  lis ted  
above. T he eq u ip m en t consists o f th re e  m ain  p a r ts  (F ig . 1):

1. sam pling  u n it  consisting  o f  a cap illa ry  (6), com bined  v a lv e  (7) and  
ro ta ry  pum p  (11). A ux ilia ry  e lem en ts: P iran i gauge (8), p ipe line (10);

2. q u ad ru p o le  m ass sp ec tro m e te r  (1) an d  e lectron ics (3);
3. v acu u m  sy stem  (4; 5; 8 ; 9 ; 12; 13).
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308 G . LA N GER e t al.

In  th e  sam p lin g  u n it (F ig . 2) th e  p ressu re  o f  th e  a ir ex h a led  is reduced  in  
tw o  step s . A r o ta r y  p u m p  sucks th e  gas o f a tm o sp h e ric  p ressu re  th ro u g h  a i m  
lo n g  cap illa ry  o f  0.3 m m  inside d iam e te r. T h u s , a t  th e  end  o f  th e  cap illa ry  in  
th e  com bined  v a lv e  reduced  p re ssu re  (some m b a r)  is o b ta in ed . In  th e  n e x t s tep  
a  l i t t le  p a r t  o f th e  sam ple  gas o f  a few  m b ar is le t  th ro u g h  a m o lecu la r leak  in to  
th e  h ig h  v a c u u m  ch am b er o f  th e  q u ad ru p o le  m ass sp ec tro m ete r. Gas con
su m p tio n  in  th is  sy s te m  is ~  25 cm 3/s.

I t  depends g re a tly  on th e  sam p lin g  u n it  how  ra p id  changes in  th e  concen
t r a t io n  o f th e  gas sam p le  can be m easu red  w ith  th e  device. T he m easu rin g  speed 
o f  th e  sy stem  is ch a rac te rized  b y  th e  90%  response  tim e . If, d u rin g  sam pling ,

F ig. 1. Schem atic draw ing o f the respiration m ass spectrom eter. 1: quadrupole m ass spectro
m eter: 2,3: electronics; 4: therm oelectric baffle: 5: diffusion pum p; 6 : capillary; 7: com bined  

valve; 8 : P irani gauge; 9: high vacuum  gauge; 11,12: rotary pum ps; 13: buffer

F ig . 2 . R espiration sam pling unit. 1: shaft; 2: pipe line to th e  rotary pump; 3: capillary; 4: seal;
5: m olecular leak; 6 : connecting tube
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DESIGN OF MEDICAL GAS ANALYSERS 309

gas doses com ing one a fte r  the  o th e r  m ix  w ith  one a n o th e r, rap id  changes in  th e  
gas sam ple  get sm o o th ed . A t th e  f i r s t  stage o f  p ressu re  red u c tio n , ow ing to  
th e  d im ensions o f th e  cap illary  a n d  th e  p ressu re  conditions, th e  gas flow  is 
la m in a r, w hich excludes th e  p o ss ib ility  of m ingling . In  th e  second  s tep , th e  
m olecu lar leak  ensu res th a t  in  th e  tra n s it io n  b e tw een  lam in a r a n d  m olecu lar 
flow  reg ions th e  com position  of th e  gas m ix tu re  shou ld  suffer as s lig h t a change 
as possib le.

T he response tim e  of the  sy s te m  is co n sid e rab ly  in flu en ced  b y  th e  d i
m ensions of th e  d ead  space of th e  sam pling  v a lv e . B y  reducing  th a t  to  th e  
m in im um  and  le tt in g  th e  gas flow  d irec tly  in to  th e  ion  source, we a tta in e d  a 
response  tim e  o f 50 — 100 ms. T h e  m ass sp ec tro m e te r  we used w as th e  sm aller 
version  o f our N Z-850 ty p e  q u ad ru p o le  f l] ,  because  th e  4 — 50 a .m .u . m ass 
ran g e  w as fa irly  enough . W ith  th e  h e lp  of a h ig h  cap ac ity  space charge ion  
source we a tta in e d  a  sensitiv ity  o f  7 • 10 ~4 A /m b ar, w hich m ade i t  possible to  
to  use a F a ra d a y  cup .

A q u ad ru p o le  m ass p e c tro m e te r, in  c o n tra s t  to  m ag n etic  sp ec tro 
m ete rs , c an n o t m easu re  more gas co m p o n en ts  sim u ltan eo u sly . N ev erth e less , 
th e  tim e  o f sw itch ing  in  a q u ad ru p o le  from  one m ass to  a n o th e r is ex trem ely  
l i ttle  (10— lOOps), so a q u asi-sim u ltaneous m easu rem en t of m ore th a n  one gas 
can be easily  accom plished . This m ean s  th a t  th e  m ass sp ec tro m ete r, w ith  th e  
help  o f  su itab le  e lec tro n ic  un its , m easu res  th e  d iffe ren t gas com ponen ts period i
cally  one a fte r th e  o th e r  in  rap id  succession. In  th is  w ay, even changes in  5 
d iffe ren t com ponen ts w ith in  100 m s can  su re ly  be traced . T h is p rob lem  is 
d iscussed  in  d e ta il in  lite ra tu re  [2]. T h e  m ass sp ec tro m e te r  does n o t  decisively  
in fluence  th e  response  tim e  of th e  eq u ip m en t.

In  d e tec tin g  sm all signals, d u e  to  th e  noise filte r in g  applied  in  th e  signal 
processing  u n it, th e  response tim e  o f th e  e q u ip m e n t m ay  be p ro longed  to  a
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Fig. 3. Respiration curve of a hea lthy  m an [3]
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Fig. 4. N itrogen w ash-out curve [3]

co n sid erab le  e x te n t  an d  m ay som etim es even  exceed  th a t  of th e  sam p lin g  u n it. 
T h e  h igh  v a cu u m  necessary  fo r th e  o p e ra tio n  o f th e  quad ru p o le  m ass sp ec tro 
m e te r  is p ro v id ed  b y  an  air-cooled d iffusion  p u m p  o f 150 1/s p u m p in g  speed  and  
a th e rm o e lec tric  b a ffle . D uring  th e  analysis th e  v a c u u m  in  th e  io n  source is 
10 ~5 m b ar, th e  b a c k g ro u n d  is b e tte r  th a n  1.10 _7 m b a r. T he v acu u m  sy stem  is 
o f  a ll-a u to m a tic  o p era tio n .

T he e q u ip m e n t is capab le  o f  m easu rin g  5 gases sim u ltan eo u sly  w ith  an  
e x tre m e ly  good — less th a n  100 m sec — response  tim e. T he in s tru m e n t 
co n tin u o u s ly  m easu res  0 2, C 0 2, N 2 a n d  H 20  a n d  in  th e  5 th  ch an n e l H e, 
N 20 ,  n 2 or A r c a n  be d e tec ted  a lte rn a tiv e ly . T h e  signal processing  u n it of 
th e  eq u ip m en t c o n ta in s  a c irc u itry  capab le  o f co rrec tin g  changes in  in te n s ity  
re su ltin g , for ex am p le , from  changes in  se n s itiv ity  o f  th e  ion  source or from  
m o m e n ta ry  b lock ings in  th e  sam p lin g  cap illa ry . As a re su lt th e  e q u ip m en t 
re ta in s  its  c a lib ra tio n  for a long  tim e . A  re sp ira tio n  curve o f a h e a lth y  m an 
ta k e n  w ith  ou r re sp ira tio n  m ass sp ec tro m e te r  is show n in  F ig . 3. F ig . 4 shows 
w a sh -o u t cu rve  o f  n itro g en .

Measuring blood gases

T he w id e-sp read  use o f m ass sp ec tro m ete rs  h as  also m ade i t  possible to  
w o rk  o u t a m easu rin g  tech n iq u e  w ith  th e  help  o f w h ich  a lte ra tio n s  in  th e  p a r tia l 
p re ssu re  of an y  gas dissolved in  b lood  can  be c o n tin u o u sly  te s te d  w ith o u t tak in g  
a n y  b lood  sam ples. T he b lock  d iag ram  o f su ch  a sy stem  is show n in  Fig. 5. 
A n  im p o r ta n t p a r t  o f  th e  e q u ip m e n t is th e  gas-perm eab le  m em b ran e . I t  is 
g en e ra lly  b u ilt  on  a  m e ta l tu b e  (c a th e te r)  o f special shape an d  p laced  d irec tly  
in to  th e  b lood s tre a m . The d isso lved  gas m olecules diffuse th ro u g h  th e  m em 
b ra n e  in  to  th e  c a th e te r . This set u p  jo in s th e  v a c u u m  cham ber o f  th e  sp ec tro 
m e te r  b y  a 1.5 — 2 m  long flex ib le  g as-tig h t tu b e  in  such a w ay  th a t  th e  gas 
m olecules a rr iv in g  th ro u g h  th e  tu b e  shou ld  d ire c tly  get to  th e  ion  source of th e  
sp e c tro m e te r .

T he m e th o d  described  above fac ilita te s  a co n tin u o u s, s im u ltan eo u s an d  
ra p id  analysis o f  a n y  gas co m p o n en ts  d issolved in  b lood. T he on ly  lim iting

Acta Physica Academiae Scientiarum Hungaricae 49, 1980



D ESIG N  OF M EDICAL GAS ANALYSERS 311

ion source analyser Faraday cup

- -  electrometer

fitting

F ig . 5. Schematic drawing of the blood gas analyser

Fig. 6. Partial pressure change of gases dissolved in blood when Cf-Ar mixture is inhaled.

fa c to r  is th e  p e rm e a b ility  o f th e  m em b ran e , since co n tin u o u s sam pling  from  
th e  liq u id  is m a in ta in e d  b y  d iffusion  th ro u g h  th e  m em b ran e . T his d iffusion 
process g rea tly  in fluences th e  response  tim e , s ta b ili ty  a n d  sen s itiv ity  o f  th e  
m easu rin g  system . T h a t  is w hy choosing  th e  m a te ria l o f th e  m em b ran e  p ro 
p e rly  is a p o in t o f  im p o rtan ce .

O n th e  basis o f  o u r m easu rem en ts  we found te flo n  an d  silicon ru b b e r  th e  
m ost su itab le  for th e  pu rpose . Since th e  m em brane is p laced  d irec tly  in to  th e  
b lood  s tream , i t  is im p o r ta n t th a t  i t  shou ld  be ste rilized . Teflon an d  silicon 
ru b b e r  are  also su itab le  from  th is  p o in t o f view . W e m ade th e  can n u la  from  
these  tw o  m ateria ls . T he p lastic  tu b e s  are  pu lled  over th e  p e rfo ra ted  m eta l 
cap illa ry  closed a t  one end . F o r v a cu u m  sealing  b e tw een  th e  m em brane  a n d  th e  
cap illa ry  we to o k  a d v a n ta g e  of th e  e la s tic ity  of th e  p las tic  tu b es. T he th ickness 
o f th e  m em branes used  was 0.15 m m . R esponse tim e  o f th e  eq u ip m en t for
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silicon  ru b b e r w as 15 s, for te f lo n  10 m in. T he v acu u m  sy stem  an d  th e  m ass 
sp e c tro m e te r  a re  th e  sam e as ap p lied  for m easu ring  re sp ira tio n  gases. F o r 
q u a n ti ta t iv e  m easu rem en ts  we used  a gas m ix tu re  o f a know n  com position  
ab so rb e d  in  a liq u id  to  ca lib ra te  o u r device.

In  an  “ in  v iv o ”  ex p erim en t w ith  an im als w e m easured  th e  p a r tia l p res
su re  changes o f b lo o d  gases in  th e  case of d iffe ren t gas m ix tu res  in h a led  (Fig. 6). 
F ig . 7 shows th e  dep le tion  o f n a rc o tic  gases from  th e  b lood , an  “ in v itro ”  
m easu rem en t.

T he ex p e rim en ts  m en tio n ed  above  m ake i t  c lear th a t ,  w ith  th e  help  o f a 
m ass sp ec tro m e te r , an y  gas d isso lved  in  b lood  can  be c o n tin u o u sly  te s ted .
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APPARENT CROSS SECTIONS FOR ELECTRON 
IMPACT PRODUCTION OF METASTARLE NOBLE

GAS IONS

By

W . H o f e r , P . V arg a  and H . W in t e r

INSTITUTE FOR GENERAL PHYSICS, TECHNICAL UNIVERSITY OF VIENNA, VIENNA, AUSTRIA*

A bstrac t

Q u a n tita tiv e  d e te rm in a tio n  of m e ta s ta b le  frac tio n s  in  noble gas ion  
beam s was ach ieved  v ia  o b se rv a tio n  of p o te n tia l  e lectron  em ission due to  slow 
ion im p a c t on c lean  p o ly c ry s ta llin e  tu n g s te n  [1].

T he ions w ere p ro d u ced  w ith  an  e lec tro n  im p ac t io n  source u n d er single 
collision co n d itions. W ith  th e  know ledge o f  respective  p a r t ia l  ion iza tion  cross 
sections [2 ] a p p a re n t cross sections for th e  p ro d u c tio n  o f  sing ly  and  d o u b ly  
charged  m e ta s ta b le  ions fro m  A r, K r an d  X e  w ere d e te rm in ed . R esu lts o f  th e  
p re sen t w ork  a re  com pared  w ith  d a ta  o b ta in e d  b y  o th e r m eth o d s.
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POLARIZATION-FREE MEASUREMENTS OF 
YUV-RADIATION FROM ELECTRON IMPACT 

EXCITED ATOMIC PARTICLES

B y

R . B l o c h b e r g e r , E . R il l e  and H . W in t e r

INSTITUTE FOR GENERAL PHYSICS, TECHNICAL UNIVERSITY OF VIENNA, VIENNA, AUSTRIA*

Abstract

L ine ra d ia tio n  b e tw een  40 and  130 n m  from  ra re  gas ions and  h y d ro g en  
m olecules ex c ited  b y  e lec tro n  im p ac t w as observed w ith  a YUV- m o n o ch ro 
m a to r. E x p e rim e n ta l e rro rs due to  em ission  of e v e n tu a lly  polarized ra d ia tio n  
w ere  avo ided  b y  use o f  “ doub le  m agic”  a rran g em en t.

V arious em ission cross sections w ere  m easured  in  dependence o f  e lec tro n  
im p a c t energy , an d  w ere m ade ab so lu te  b y  com parison  w ith  p u b lished  d a ta .

W ith  th is  p ro ced u re , a t  several w av e  leng ths an  a b so lu te  m o n o ch ro m ato r 
c a lib ra tio n  could  be o b ta in e d .

T he resu lts  are  d iscussed  w ith  reference  to  earlie r w ork  in  th is  fie ld .
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TRANSFERABILITY OF POTENTIAL ENERGY 
CONTRIBUTIONS FROM LOCALIZED MOLECULAR

ORBITALS

B y

E.  K a p u y
QUANTUM THEORY GROUP, INSTITUTE OF PHYSICS, TECHNICAL UNIVERSITY 

1521 BUDAPEST, HUNGARY

(R ece iv ed  10. IV. 1980)

The transferability o f effective poten tia l energy contributions from  localized m ole
cular orbitals o f som e 10- and 18-electron system s is investigated . I t  is found th a t contributions 
from  localized orbitals o f a given type are very  sensitive to  the environm ent.

Introduction

O ne of th e  m o s t in tr ic a te  ta s k s  o f q u a n tu m  ch em is try  is to  in te rp re t 
th e  em pirica l ru les o f  chem istry . T h e  tra n s fe ra b ility  o f ce rta in  m o lecu la r p ro 
p e rtie s  (bond  energ ies, electric m o m en ts , etc.) can  be  considered  as a long 
estab lish ed  fac t. T h eo re tica l ju s tif ic a tio n  w ould p ro m o te  th e  ra tio n a liz a tio n  
o f  ex p erim en ta l re su lts . The n o tio n  o f tra n s fe ra b ility  m ay  be in te rp re te d  in  
sev era l w ays. O ne can  in v e s tig a te  d irec tly  th e  localized  m o lecu la r o rb ita ls  
(L M O ’s) of re la te d  system s. T ra n s fe ra b ility  w ould  m ean  th a t  th e  LM O’s of 
one m olecule can  b e  used w ith o u t a lte ra tio n  as LM O ’s o f o th e r  re la te d  
m olecules. P le n ty  o f  calcu la tions h a v e  show n, how ever, th a t  th e  LM O ’s, even 
in  closely  re la ted  sy s tem s, are n o t  tra n sfe ra b le  b e in g  n o t s tr ic t ly  localized  in  
th e  regions th e y  sh o u ld  describe (e.g. in n e r shells, lone p a irs , bond ing  
p a irs) b u t  “ feel”  th e  en tire  m olecu le  [1 — 3, an d  references th e re in ] . A n o th e r 
w ay  to  in te rp re t tra n s fe ra b ili ty  is  th ro u g h  th e  use o f  th e  p ro p e rtie s  o f th e  
in d iv id u a l LM O’s. In  th e  la t te r  case  co n tr ib u tio n s  from  LM O’s o f  th e  sam e 
ty p e  b u t  in  d iffe ren t en v iro n m en ts  a re  com pared . In  th e  p re se n t p a p e r  th is  
in te rp re ta t io n  is p u rsu e d  and  th e  tra n s fe ra b ili ty  o f th e  p o te n tia l  energy  con
tr ib u tio n s  from  th e  in d iv id u a l L M O ’s a re  in v es tig a ted .

Calculations

In  a series o f p ap e rs  [2, 3] w e h a v e  s tu d ie d  th e  follow ing 10- an d  18- 
e lec tro n  com pounds:

CH4 C H 3C H 3 C H 3N H 2 C H 3OH 

N H 3 N H 2N H 2 N H 2O H  

H 20  H O O H

1* Acta Physica Academiae Scientiarum Hungaricae 49, 1980
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T h e H a rtre e  — F o ck  — R o o th a a n  eq u a tio n s h a d  been  solved b y  using  large 
u n ifo rm  G aussian  basis  sets (13s, 7p/4s) c o n tra c te d  to  [4s, 2p/2s]. T h e  app lied  
geom etries can  be  fo u n d  in  [2]. T h e  canon ical o rb ita ls  w ere tra n sfo rm e d  in to  
lo ca lized  ones b y  u s in g  th e  E d m is t o n — R u e d e n b e r g  p ro ced u re  [4].

T h e  c o n tr ib u tio n  to  th e  n u c le a r-e le c tro n  in te ra c tio n  energy  from  LMO 
(pi is defin ed  as follow s

V,- =  (1)
a n d  in  a tom ic  u n its

V = ^ Z a r~1 , (2)
a

Table I

Values of К,- for localized orbitals

Core C Bond CH -

CH4 —36.4118 -5 .8 6 6 3 3

CH3CH3 —38.7356 —7.82896

CH3N H 2 (1) — 38.9496 -7 .9 5 1 0 5

( 2 ) — -8 .0 0 4 6 1

CH3OH (1) -3 8 .1 6 0 0
У

-8 .1 1 8 5 3

( 2 ) -8 .1 5 4 7 3

Mean value — 38.3142 7.65404

St. dev. in% 2.89 10.54

Core N Bond NH Lone p. N

N H 3 —48.9635 -7 .1 2 5 7 9 — 7.6218

CH3N H j - 5 1 .3 3 6 2 —9.18730 — 9.8652

N H 3N H j( l) — 51.4906 -9 .3 1 6 8 4 -1 0 .5 4 4 5

( 2 ) — -9 .3 4 6 0 5 -
n h 2o h — 51.6158 -9 .4 7 9 0 5 -1 0 .1 6 0 0
Mean value — 50.8515 —8.89101 -  9.4253

St. dev. in% 2.15 9.98 1 1 .1 1

Core 0 Bond OH Lone p. 0

H 20 -6 3 .5 1 0 6 - 8 .5 8 3 2 — 9.4800

CH3OH -6 5 .9 4 9 1 -1 0 .7 6 8 1 — 11.7877

N H 2OH —66.0402 -1 0 .9 5 2 2 -1 1 .9 2 7 5

HOH (1) -6 6 .1 2 4 3 -1 1 .0 8 7 6 -1 2 .0 5 9 8

( 2 ) — — -1 2 .0 6 5 6

Mean value — 65.4060 -1 0 .3 4 7 8 — 11.4641

St. dev. in% 1 .6 8 9.91 8.70

Acta Physica Academiae Scientiarum Hungaricae 49, 1980
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w here Z ais th e  a to m ic  n u m b er of n u c leu s  a, an d  ra is th e  d is tan ce  o f th e  e lec tron  
from  nucleus a.

T h e  values o f  V , -  for th e  sy s tem s  considered a re  lis ted  in T ab le  I . T he 
m ean  va lu es  and  th e  s ta n d a rd  d ev ia tio n s  fo r LMO’s o f  a given ty p e  a re  also 
added .

O bviously  th e  values of Vt a re  n o t tran sfe rab le . In  fac t th e y  te n d  to  
m inus in f in ity  w hen  th e  size o f th e  sy stem  (i.e. th e  n u m b e r of th e  nuclei) 
is e x p an d in g  b ey o n d  a n y  lim its .

T h e  effect o f d is ta n t  nuclei on an  e lec tron  in  LMO is, how ever, p a r tia lly  
screened  b y  all th e  o th e r  e lectrons. T a k in g  in to  accoun t th is  screening w e define 
th e  e ffec tive  p o te n tia l  energy V f f  o f  an  e lectron  on LM O  ç>,- as follow s

V f = V i  +  ^ [ 2 J i j - K ij] ,  (3)
j

w here J tj  is th e  C oulom b and  K tj  is th e  exchange in te ra c tio n  energy  o f  e lec trons 
on L M O ’s (fj an d  <pj, re spec tive ly .

T h e  values o f  V f 1,  in  a to m ic  u n its ,  a re  given in  T ab le  I I ,  to g e th e r  w ith  
th e  m ean  values a n d  th e  s ta n d a rd  d ev ia tio n s for LM O ’s of a g iven  ty p e .

R esu lts  a n d  discussion

I t  can  be c lea rly  seen from  T a b le  I  t h a t  th e  tra n s fe ra b ili ty  o f q u a n titie s  
Vj is o u t  o f qu estio n . As was e x p e c te d  th e  values of V,- fo r  LM O’s o f  a given 
ty p e  decrease in  a lg eb ra ic  sense w ith  th e  size of th e  sy stem . T h e  presence 
of nucle i w ith  la rg e r a to m ic  n u m b e r in  th e  v ic inal g roup  b rings ab o u t a  d efin ite  
low ering  o f Vj. E x c e p t fo r th e  core  o rb ita ls  th e  s ta n d a rd  dev ia tio n s a re  close 
to  10%  or even la rg e r.

E x am in in g  th e  values of V f 11 in  T ab le  I I  we f in d  sim ilar tre n d s . The 
screen ing  effect o f th e  o th e r e lec tro n s increases V f 1,  in  a lgebraic  sense, signi
f ic a n tly  above th e  co rrespond ing  V j .  T h e ab so lu te  v a lu es  o f V /  is m u c h  la rger 
th a n  th o se  of V f ,  p a rtic u la r ly  fo r  va len ce  shell LM O’s. P assing  over to  18- 
e lec tron  com pounds fro m  th e  10-e lec tron  ones in  th e  v a lu es  of V f 1 a s ig n ifican t 
d rop  can  be observed . (This low ering , how ever, is re la tiv e ly  sm aller th a n  th a t  
in  th e  va lu es  of th e  co rrespond ing  Vj).

T h e  V f f  ap p ea rs  to  be still se n s tiv e  to  th e  c h a ra c te r  o f th e  o th e r  h eav y  
a to m  ou ts id e  its  m a in  region. T he la rg e r  th e  atom ic n u m b e r  of th e  l a t te r  th e  
low er is th e  value o f  th e  co rreso p n d in g  V f 1. T he ab o v e  resu lts  show  clearly  
th a t  th e  o th e r e lec tro n s can n o t sc reen  com pletely  th e  effect o f th e  d is ta n t 
nuclei. I t  is p ro b ab le  t h a t  in  case o f  la rg e r  system s th e  screen ing  wro u ld  prove 
to  be m ore  p ro n o u n ced  p a r tic u la r ly  fo r  th e  effect o f n ucle i fa r aw ay  from  th e  
c e n tra l region of th e  co rrespond ing  (pj.
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Table II

Values o f  V f  for localized orbitals

Core C Bond CH -

n
 

1
Kb — 27.7567 - 1.54554

CH3CH 3 —28.6083 — 1.88032

CH3N H 2 (1) — 28.6133 - 1 .9 1 6 7 5

( 2 ) — - 1 .9 2 5 9 7
CH3OH (1) — 28.6250 - 1 .9 6 8 6 6

( 2 ) — — 1.97136

M ean value -2 8 .4 0 0 8 — 1.86810

St. dev. in% 1.31 7.90

Core N Bond N H Lone p. N

N H 3 —38.4438 -1 .9 9 0 8 7 -2 .0 3 2 1 2

C H j N H j — 39.4822 -2 .3 6 9 3 5 -2 .4 7 5 2 5

N H 2N H 2 (1) — 39.5024 — 2.40895 - 2 .5 3 9 5 0

(2 ) — - 2 .4 1 8 2 3 —
n h 2o h — 39.5656 — 2.45044 - 2 .5 9 0 0 0

M ean value — 39.2485 —2.32757 - 2 .4 0 9 2 2

St. dev. in% 1.19 7.32 9.19

Core 0 Bond OH Lone p. 0

H 20 — 50.9617 - 2 .5 5 6 9 6 -2 .8 2 4 6 9

CH 3 0 H — 52.1615 -2 .9 9 5 6 0 -3 .2 9 0 4 7

n h 2o h — 52.2238 —3.05340 -3 .3 5 6 9 1

H O O H  (1) — 52.3044 - 3 .1 3 5 3 5 - 3 .4 3 3 2 2

(2 ) — — - 3 .4 3 6 3 0

M ean value — 51.8647 -2 .9 3 7 8 3 -3 .2 6 8 3 2

St. dev. in% 1 .0 1 7.67 6.99

M any in te re s tin g  c h a ra c te ris tic s  of V f*  m an ife s t th em se lv es  in  th e  values 
l is te d  in  T ab le  I I .  As was e x p e c te d  th e  m a g n itu d e  of V f f is u n iq u e ly  re la te d  
to  th e  c h a ra c te r  o f  th e  h e a v y  a to m  w ith in  i ts  c e n tra l reg ion . T he la rg e r th e  
a to m ic  n u m b er o f  th e  la t te r ,  th e  low er is th e  co rrespond ing  v a lu e  of V f*. F o r 
L M O ’s co n n ec ted  to  th e  sam e h e a v y  a to m  obv io u sly  th e  V f*  o f  th e  core o rb ita l 
h a s  th e  low est v a lu e . I t  is in te re s tin g  to  n o te , how ever, t h a t  th e  V f*  o f th e  
lo n e  p a ir  o rb ita l is s ligh tly  low er th a n  th a t  o f th e  bond ing  o rb ita l  in each  case.

D ue to  th e  incom plete  sc reen ing  effect th e  tra n s fe ra b ili ty  p ro p erties  of 
th e  V f*  are  n o t  m u ch  b e tte r  th a n  tho se  o f th e  V,-. T he s ta n d a rd  dev ia tions
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are  re la tiv e ly  sm all fo r th e  core o rb ita ls  b u t  ap p reciab le  fo r  th e  valence shell 
o rb ita ls  and  in  case o f th e  N  lo n e  p a ir  o rb ita l i t  exceeds 9 % . H a d  we ex c lu d ed  
a ll th e  10-electron system s from  th e  s ta tis tic s  w e w ould h av e  o b ta in ed  s ta n d a rd  
d ev ia tio n s w hich a re  sm aller b y  a lm o st an  o rd e r of m ag n itu d e . I t  m eans t h a t  
th e  degree o f tra n s fe ra b ility  d ep en d s s tro n g ly  on th e  size o f th e  sy s tem s 
considered . LM O’s o f  system s o f  sim ila r size a re  tran sfe rab le  to  a good a p p ro x i
m a tio n . T his “ size dependence”  o f  th e  tra n s fe ra b ili ty  o f  p o te n tia l en e rg y  
c o n tr ib u tio n s  is lik e ly  to  decrease  if  we co n sid e r only la rg e r system s.

T h e  above fin d in g s d iffer co n sid e rab ly  from  th o se  o b ta in e d  for o th e r  
p ro p ertie s . In v e s tig a tin g  th e  k in e tic  energy  co n trib u tio n s  fro m  LM O’s o f  th e  
sam e com pounds w e found t h a t  th e  s ta n d a rd  d ev ia tions fo r  core o rb ita ls  a re  
a lw ays less th a n  0 .1 % , and fo r va len ce  shell o rb ita ls  are a lw ays less th a n  2 % . 
T h e  s tu d y  of th e  in te ra c tio n  energ ies (inc lud ing  exchange) h a s  show n t h a t  th e  
co rrespond ing  s ta n d a rd  d ev ia tio n s  never exceed  th e  v a lu e  o f 4 %  [2]. F o r  
th e  f i r s t  e lectric  m o m en ts  th e  s ta n d a rd  d ev ia tio n s  w ere a lw ays less th a n  2 % . 
O nly  th e  case o f  th e  second e lec tric  m o m en ts  w as d iffe ren t: th e  s ta n d a rd  d e v ia 
tio n s  fo r th e  b o n d in g  o rb ita ls w ere  less th a n  4 %  b u t for th e  lone p a ir o rb ita ls  
o f  О i t  exceeded  th e  value o f  1 0 %  [3].

I t  is v e ry  im p ro b ab le  t h a t  th e se  d ev ia tio n s  can be a t t r ib u te d  to  basis  
se t deficiencies or to  th e  e x p e rim e n ta l geo m etries  we ap p lied  in s tead  o f  som e 
m odel ones. T h ey  ra th e r  in d ic a te  th a t  th e  tra n s fe ra b ility  p ro p ertie s  o f  th e  
in d iv id u a l q u a n tit ie s  are n o t u n ifo rm , in  th e  case of F (eff th e  effect of th e  f i r s t  
or even  o f th e  second  n e ig h b o u rin g  cen tres m a y  be im p o r ta n t.

The author gratefully  acknow ledges the help o f Dr. C. K o z m u t z a  and Zs. O z o r ó c z y
.n  the calculations, l
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Som e volum e-like quantities d er ived  from  electric m om ents o f localized charge dis
tributions have been proposed. It is show n th at they  su itab ly  characterize the m ain differences 
betw een bond and lone pair orbital d ensities for several m olecules.

The geom etry dependence study o f  th e  localized m om ents as well as th a t o f the proton  
a ffin ity  o f H 20  resulted  in  that the changes in the geom etry parameters do not influence  
m uch these quantities. No close relationsh ips were found, however, betw een the localized  
m om ent characteristics and the proton a ffin ity  o f the H 20  m olecule.

1. Introduction

As th e  s im p le s t a n tisy m m e tric  w av efu n c tio n  o f a closed-shell sy stem , 
a single d e te rm in a n t o f  one-p artic le  fu n c tio n s, is in v a r ia n t u n d e r a n y  u n ita ry  
tra n s fo rm a tio n , th e  tra n s fo rm a tio n  can  he chosen to  o b ta in  localized  o rb ita ls . 
S evera l ad v a n ta g e s  o f  using lo ca lized  o rb ita ls  ju s t i fy  th e  v a rio u s  a tte m p ts  
w hich  h av e  been m a d e  to  describe localized  m o lecu la r o rb ita ls . In  sp ite  o f th e  
w ide use of lo ca liza tio n  m ethods, no  sy s tem a tic  in v es tig a tio n  h as  y e t  been 
ca rried  o u t on th e  in fluence  of th e  geom etry . T h e  p re sen t p a p e r is a s tu d y  of 
th e  g eo m e try  d ep en d en ce  of th e  lo ca lized  charge d is tr ib u tio n s  o f th e  m olecules 
H , 0  an d  N H 3 as w ell as th a t  o f th e  p ro to n  a ff in ity  o f H 20 .  T h e  ca lcu la tions 
w ere ca rried  ou t b y  th e  use of b a s is  se ts  of (13s7p/4s] G aussians c o n tra c te d  to  
[4s2p /2s], and  p e rfo rm ed  using th e  IM B O L -IY  p ro g ram m e  an d  th e  E d m is to n  — 
R u ed en h e rg  lo ca liza tio n  p rocedure . T h e  n ecessary  one-e lec tron  p ro p e rtie s  w ere 
ca lc u la ted  using th e  PO LY A TO M -2 p rog ram m e.

Iso d en sity  c o n to u r  m aps a re  su itab le  fo r v isua liz ing  a to m ic  an d  m ole
c u la r  o rb ita ls  [1]. E a rlie r  in v e s tig a tio n s  have  show n th a t  th e re  is a  sign ifican t 
d ifference  be tw een  th e  con tour p lo ts  o f  bond  a n d  lone  p a ir  localized  o rb ita l 
den sities . The e le c tro n  d is tr ib u tio n  o f a bond  p a ir  o rb ita l is e lo n g a ted  fa r 
aw ay  fro m  th e  h e a v y  (cen tral a to m ) nucleus, w hile  a lone p a ir  o rb ita l  d en sity  
is closer to  th e  sh p e rica l sy m m etry . T h is is a p p a re n t  from  th e  localized  o rb ita ls  
o f H 20  (F igs. 1 a n d  2): th e  c o n to u r  co rrespond ing  to  a d en sity  o f  1.0 e lec tron  
a ~̂3 fo r in stan ce , does n o t ap p ear a t  all fo r th e  b o n d  p a ir  o rb ita l, i t  is a ra th e r  
d ispersed  d is tr ib u tio n  shared b y  tw o  cen tres. F ro m  th e  co n to u r p lo ts  i t  can  also

Acta Physica Academiae Scietuiarum Hungaricae 49, 1980



3 2 6 C. KOZMUTZA and ZS. OZORÓCZY

Fig. 1. Isodensity  contour m ap for H 20  bond pair orbitals

Fig. 2 . Isodensity  contour m ap for H 20  lone pair orbitals

be  seen  th a t  th e  lo n e  p a ir  localized  o rb ita ls  are  r a th e r  d is tr ib u te d  a ro u n d  th e  
n u c le u s  o f th e  c e n tra l  a to m  and  a n y  e lec troph ilic  re a g e n t from  o u ts id e  could 
a p p ro a c h  “ th ro u g h ’4 th e  lone p a ir  o rb ita l den sities . T hus, i t  is ex p ec ted  th a t  
th e  lo n e  p a ir  o rb ita ls  p la y  a role as nucleoph ilic  re a g e n t in  chem ical reac tions.

A  d e ta iled  a n a ly s is  o f th e  in te rd e p e n d e n ce  o f th e  p ro to n  a f f in ity  an d  th e  
e le c tro n  den sity  ch an g es  has show n th a t  sim ple re la tio n s  ho ld  be tw een  th e
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vario u s m om en t ch a rac te ris tic s  o f localized  o rb ita ls a n d  th e  p ro to n  a ff in ity . 
L in ear re la tio n sh ip s  w ere found  if  th e  p ro to n  a ff in ity  w as in v es tig a ted  versu s  
th e  changes of som e m o m en t ch a rac te ris tic s  (as d efin ed  in  [2 ]) o f th e  given 
localized  o rb ita ls . In  th is  p ap e r we d iscuss w h e th e r s im ila r  re la tio n s h o ld  i f  th e  
c h a rac te ris tic s  of on ly  th e  p a re n t m olecu le  are  used : th e  H 20  m olecule  was 
chosen  fo r th is  s tu d y . T h e  in te rd ep en d en ce  will be in v e s tig a te d  a t  d iffe ren t 
m o lecu la r geom etries. W e in tro d u ce , in  ad d itio n , new  m easures fo r c h a ra c 
te riz in g  localized m o lecu la r o rb ita l d is tr ib u tio n s .

2. Characterization o f localized m olecular orbitals

B efore an a lyz ing  th e  in te rd ep en d en ce  o f localized  o rb ita l m o m en t c h a r
ac te ris tic s  an d  th e  g eo m etry  v a r ia tio n , th e  re lia b ility  o f  th e  ch a rac te ris tic s  
chosen is to  be in v es tig a ted .

F o u r  ch a rac te ris tic s  w ill now  be s tu d ie d  w hich h a v e  n o t  y e t been d iscussed  
elsew here. T his is to  be  em phasized  b ecau se  som e localized  o rb ita l c h a ra c te r is 
tics h a v e  been in v e s tig a te d  recen tly  [2]. T he q u a n tit ie s  discussed h e re  are 
“ v o lum e-like”  m easu res in  th e  sense t h a t  all of th e m  charac te rize  th e  sp a tia l 
re q u ire m e n t of th e  g iven  localized o rb ita l d is tr ib u tio n s : th e y  m ay  be h o rizo n ta l, 
v e rtic a l o r effective sp a tia l  q u a n titie s . T h e ir defin itions a re  given as follows.

T he q u a n tity  V d is s im ply  th e  ellipso idal vo lum e d e riv ed  from  th e  d isp er
sion p ro d u c t, P d (its  defin itio n  is g iven  in  [2]):

Vd =  ~ P d= ^ ( q x - q y q z).  ( 1)

H ere  qx, qy an d  qz, re sp ec tiv e ly  are th e  sq u a re  roo ts o f th e  co rrespond ing  eigen
v alues o f  th e  d iagonalized  second m o m en t ten so r for th e  g iven  localized  o rb ita ls . 
T he o th e r  e llipsoidal q u a n tity , Ve, can  be  derived  b y  u s in g  th e  f irs t a n d  second 
o rder localized  m o m en ts:

27T
v e =  —  • (rc +  Sx) • qy ■ qz ■ (2)

H ere  rc is th e  cen tro id  len g th  for th e  g iven  localized o rb ita l den sity . T h e  reff 
“ v e r tic a l”  q u a n tity , is sim ply  th e  su m  o f rc and  qx:

r eff =  *"e +  5x • (3 )

T he q u a n t i ty  ^eff co rresponds to  an  e ffec tive  sp a tia l c h a ra c te ris tic  o f localized  
o rb ita l d is tr ib u tio n : V eff can  be c a lc u la ted  b y  using  th e  effective so lid  angle
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Q efi (for d e fin itio n  see [2 ]) an d  r ef(:

VefJ — Q e1f • r eff. (4)

T h e se  q u a n titie s  — if  th e y  re f le c t su itab ly  th e  m a in  d ifferences betw een  bond  
a n d  lone p a ir  o rb ita ls  for a n y  sy s tem  — m a y  also be re la te d  to  chem ical 
re a c tiv i ty . I t  is e x p e c te d  th a t  th e s e  vo lum e-like  q u a n titie s  m a y  be in  a sim ple 
re la tio n sh ip  w ith  th e  re a c tiv ity  o f  som e processes. More p rec ise ly  it  is, e.g. 
h o p e d  th a t  th e  q u a n tit ie s  in tro d u c e d  here  fo r lo n e  p a ir  o rb ita l d ensities m ay  be 
re la te d  to  th e  p ro to n  a ff in ity  o f  th e  given sy s tem . This in te rd ep en d en ce  is to  
b e  in v e s tig a te d  a t  d iffe ren t m o lecu la r  geom etries. T he s tu d y  o f  th e  p ro to n a tio n  
p ro cess  fo r th e  H 20  m olecule w as chosen. F ir s t  i t  is to  be an a ly zed , w h e th e r 
t h e  vo lum e-like  c h a ra c te ris tic s  re f le c t th e  d ifferences o f b o n d  an d  lone p a ir  
o rb i ta l  d ensities in  a good a p p ro x im a tio n .

F o r th is  re a so n  we p re se n t th e  re su lts  o b ta in e d  for th e  m olecules H F , 
H 20 ,  N H 3 an d  C H 4, as well as fo r  th e  a to m  N e in  T ab le  I . T h e  V d, Ve, rei( an d  
V eff q u a n titie s  c a lc u la ted  are  g iv en  in  th e  T ab le  fo r bond  a n d  lo n e  p a ir  charge  
d is tr ib u tio n s . T h e  p ro to n  a ffin itie s  ( P A )  a re  a lso  show n: i t  is a p p a re n t th a t  th e  
la rg e r  th e  p ro to n  a ff in ity  th e  la rg e r  are  all q u a n tit ie s  d e te rm in ed  for bond  an d  
lo n e  p a ir  o rb ita l  densities. T h e  sy s tem a tic  v a r ia tio n  of th e  ch a rac te ris tic s  
su g g ests  th a t  th e y  are  su itab le  fo r  re flec tin g  th e  changes in  th e  e lec tron  d en sity  
o f  th e  sy stem . I t  is im p o r ta n t, on  th e  o th e r  h a n d , to  in v e s tig a te , w h e th e r 
th e s e  q u a n titie s  a re  tra n sfe ra b le  (in  th e  sense as defined  in  [3]). In  o rder to  
h a v e  a general v iew  on th e ir  tra n s fe ra b il i ty  p ro p e r ty  th e  q u a n tit ie s  ca lcu la ted

Table I

Characterization of localized orbitals for som e neutral ten-electron system s

V i V. reff V eil PA

°0 al ao sr • a0 hartree

N e  Lone 0.723 0.612 1.107 2.355 - 0 .0 4 5 0

H F  Bond 1.337 1.290 1.724 2.040 - 0 .1 6 9 3
Lone 1.057 0.903 1.257 2.647

H 20  Bond 1.790 1.790 1.941 2.116 - 0 .2 6 4 9
Lone 1.614 1.385 1.445 4.038

N H 3 Bond 2.369 2.369 2.175 2.189 - 0 .3 6 1 3

Lone 2.412 2 .1 1 1 1.663 3.392

CH4 Bond 3.298 3.298 2.480 2.315 —

\
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fo r  som e e igh teen -e lec tron  sy s te m s  are g iv en  in  T ab le  I I .  T h e  q u a n titie s  V d 
a re  n o t ta b u la te d , as th e y  d iffe r  from  th e  q u an titie s  P d on ly  in  a c o n s ta n t 
fa c to r  an d  th e se  la t te r  h av e  b een  given elsew here [4]. F ro m  th e  re su lts  i t  
c an  be  seen th a t  a ll q u an titie s  p roposed  h e re  are  tra n s fe ra b le  to  a r a th e r  good 
a p p ro x im a tio n . T h e  vertica l re q u ire m e n ts  r e(( seem to  b e  th e  m ost t r a n s f e r 
ab le  q u a n titie s  w hile  th e  less tra n s fe ra b le  are  th e  e llip so idal v o lum es, V e.

Table II

Characterization of localized orbitals for som e neutral eighteen-electron system s

V. reff Vat

«0 «0 sr.a0

CH bond in CH4 3.298 2.481 2.316

c 2H6 3.197 2.475 2.248
c h 3n h 2 3.010 2.467 2.189
CH3OH 3.030 2.452 2.164

N H  bond in N H 3 2.369 2.175 2.189
NH 2NH 2 2.291 2.155 2.135
c h 3n h 2 2.365 2.173 2.180
n h 2o h 2.223 2.141 2 .1 0 0

OH bond in H20 1.790 1.941 2.116

H 20 2 1.660 1.896 2.034

CH3OH 1.819 1.933 2.145
n h 2o h 1.717 1.912 2.074

N  lone in  H 20 2 .1 1 1 1.663 3.392

H 20 2 2.066 1.641 3.339
CH3OH 2.177 1.669 3.519
n h 2o h 1.947 1.579 3.038

0  lone in  H 20 1.385 1.445 3.038

H 20 2 1.317 1.403 2.787
CH3OH 1.471 1.437 3.133
n h 2o h 1.377 1.417 2.903

T he conclusion  could be d raw n  th a t  th e  localized o rb ita l m om en t c h a r 
ac te ris tic s  as d e fin ed  in (2), (3) an d  (4) su ita b ly  re flec t th e  m ain  d ifferences 
be tw een  bond  a n d  lone pair c h a rg e  densities an d  th u s  th e y  are  expec ted  to  be 
u sefu l also in  o th e r  th e o re tic a l in v es tig a tio n s .
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3. The effect o f geom etry variation on localized orbitals

T he w av e fu n c tio n s  for H 20  an d  N H 3 w ere co m p u ted  fo r a grid o f n in e  
d iffe ren t geom etries a ro u n d  th e  re sp ec tiv e  eq u ilib ria  (see, e.g . [2]). T he g e o m e t
ries considered  a re  g iven in  T ab le  I I I .  F o r a ll H 20  an d  th e  n o n -p lan ar N H 3 
geom etries u n am b ig u o u s  b o n d  a n d  lone p a ir  o rb ita ls  w ere o b ta in ed . As a s tu d y  
o f  th e  p ro to n  a f f in ity  w as also p lan n ed , th e  H 30 + m olecule  has also b een

Table III

Geometries considered for molecules H 20  and N H 3

System HO Bond length 
(bohr)

НОН Bond 
angle 

(degree)

HN Bond 
length 
(bohr)

HNH Bond 
angle 

(degree)

i . 1.559 89.52 1.662 91.69
2 . 1.559 104.52 1.662 106.69
3. 1.559 119.52 1.662 1 2 0 .0 0

4. 1.809 89.52 1.912 91.69
E xp. 1.809 104.52 1.912 106.69

5. 1.809 119.52 1.912 1 2 0 .0 0

6 . 2.059 89.52 2.162 91.69
7. 2.059 104.52 2.162 106.69
8 . 2.059 119.52 2.162 1 2 0 .0 0

Calc. 1.845 109.03 1.924 112.52

Table IV

Total energies obtained for molecules H 20 ,  H30 + and NH3 (in hartree)

System H20 H„0+ NH,

l . — 75.940040 -7 6 .1 0 6 6 9 4 — 56.068979
2 . -7 5 .9 5 9 2 3 3 — 76.180834 -5 6 .1 1 2 4 3 8
3. -7 5 .9 6 3 4 1 2 — 76.222290 -5 6 .1 2 7 4 1 9
4. -7 5 .9 9 8 9 4 3 -7 6 .2 2 4 2 1 4 — 56.144804

E xp. -7 6 .0 1 0 8 1 4 — 76.280258 — 56.170648
5. -7 6 .0 0 8 9 5 4 -7 6 .3 0 7 2 8 0 —56.169867
6 . —75.978955 — 76.216280 — 56.124140
7. -7 5 .9 8 5 2 2 8 — 76.257897 —56.135271
8 . -7 5 .9 7 9 0 7 9 — 76.273215 — 56.119540

Calc. -7 6 .0 1 2 3 3 9 — 76.312573 -5 6 .1 7 3 3 8 0
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in v e s tig a te d  a t  n in e  d iffe ren t geo m etrie s : th e  p a ra m e te rs  w ere chosen  as tho se  
used  fo r  H 20 .  T he to ta l  energies o b ta in e d  fo r th e  m olecules H 20 ,  H 30 + an d  
N H 3, re sp ec tiv e ly , a re  given in  T a b le  IV  (in a to m ic  u n its ). As th e  H 30  + 
g eo m etry  p a ra m e te rs  a re  ra th e r  f a r  from  th e  e x p e rim e n ta l one [5] i t  is n o t 
su rp ris in g  th a t  th e  difference of th e  to ta l  energies o b ta in ed  a t  th e  e x p e rim e n ta l 
eq u ilib riu m  of H 20  a n d  th e  in te rp o la te d  m in im um  is th e  la rg es t: th e  energy  
low ering  is g rea te r th a n  0.03 a .u .

4. Geometry dependence o f  som e lower order localized m om ents

B efore a s tu d y  o f th e  in te rd e p e n d e n ce  o f th e  g eom etry  v a r ia tio n , th e  
p ro to n  a ff in ity  a n d  th e  spatia l m o m e n t ch a rac te ris tic s , th e  g eo m etry  d ep en d 
ence in v es tig a tio n  o f  th e  firs t a n d  second o rd e r e lec tric  m om en ts o f localized  
o rb ita ls  is necessary . T h is is to  b e  done because  th e  q u a n titie s  p ro p o sed  in  
E 2  a re  derived  fro m  th ese  low er o rd e r localized m om ents.

T he g eom etry  dependence o f  H 20  and  N H 3 localized  o rb ita l e lectric  
m o m en ts  has been  s tu d ied .

W e have p rev io u sly  rep o rted  iso d en sity  c o n to u r m aps of th e  H 20  eq u ilib 
riu m  b o n d  and  lo n e  p a ir  o rb ita ls  em ployed  h ere  (F igs. 1 an d  2). S uch  p lo ts  
of th e  lone  and  b o n d  p a ir  localized  o rb ita ls  fo r an  ex ten siv e  series o f h y d rid e  
m olecules (a t th e  ex p e rim en ta l e q u ilib riu m  geom etries, in  a d o u b le -ze ta  basis) 
h av e  been  p u b lished  as well. T h ro u g h o u t th o se  exam ples, th e  sp a tia l d is tr ib u 
tio n  o f  an  X —H  b o n d  p a ir  (X = C , N , O, F , Ne) is co n sis ten tly  la rg e r e lo n g a ted  
from  th e  cen tra l n u c leu s  tow ards th e  p ro to n , w hile  t h a t  o f a lone p a ir  is fa r  
closer to  spherica l sy m m etry  of i t s  p rin c ip a l lobe. F u r th e r  b o n d  p a ir  densities 
are less “ peaked”  th a n  those o f lo n e  p a irs , as show n b y  th e  sm alle r a rea  of 
th e  h ig h e s t d en sity  co n to u r (see F igu res).

T h e  f irs t  an d  second  d iagona l second m o m en t e lem ents fo r th e  m olecules 
H 20  an d  N H 3 a re  g iven  in  T ab le  У  an d  T ab le  V I, re spec tive ly . T h e  changes 
in  th e  b o n d  m o m e n ts  are an o rd e r o f m ag n itu d e  g rea te r  th a n  in  th e  lone p a ir  
m o m en ts . B ond p a ir  centro ids a re  alw ays fo u n d  fa r th e r  from  th e  ce n tra l 
n u c leus th a n  th o se  o f  lone pairs . O n bond  ex ten s io n , th e  lone p a ir  d istances 
decrease v e ry  s lig h tly , while lo g ica lly  enough th o se  o f th e  bon d s increase 
sy s tem atica lly .

T h e  angles b e tw een  th e  v a r io u s  o rb ita l c en tro id  vec to rs a re  g iven in  
T ab le  V I I  for H 20 .  A t th e  re sp ec tiv e  m in im um , th e y  follow  th e  V S E P R  m odel 
eq u ilib riu m  in e q u a litie s : b o n d /b o n d  <  bond /lone  < / lone/lone. B u t a t  geo
m etrie s  fa r  from  th e  equ ilib rium , th e  o rder m a y  v a ry  an d  even reverse . T he 
b o n d /b o n d  angle o f  cen tro ids is c o n sis ten tly  an d  sig n ifican tly  la rg e r th a n  th e  
in te rn u c le a r  angle fo r  geom etries w ith  sm aller th a n  th e  e q u ilib r iu m , va lue , 
an d  sm alle r fo r la rg e r  angles. T h e  cen tro ids rem a in  slig h tly  in  th e  in te rio r
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Table V

First and second order electric m om ents calculated for H 20  (in a 0)

System rr 4x Чу Чг

l . B ond 0.890463 0.885147 0.625498 0.625002

Lone 0.615115 0.832911 0.676193 0.676177

2 . B ond 0.892933 0.866856 0.625382 0.622815

Lone 0.605212 0.845412 0.674596 0.672146

3. B ond 0.885246 0.852382 0.628547 0.626652
Lone 0.592058 0.860035 0.672333 0.668501

4. Bond 0.979126 0.980290 0.667148 0.666951
Lone 0.610152 0.833266 0.681046 0.677100

Exp. Bond 0.977958 0.963384 0.666733 0.665248
Lone 0.605252 0.839679 0.677397 0.675484

5. Bond 0.965512 0.950694 0.670218 0.666951
Lone 0.598190 0.848595 0.673501 0.673500

6 . Bond 1.074004 1.080973 0.704741 0.705541

Lone 0.607744 0.829627 0.689162 0.678500

7. Bond 1.070252 1.060044 0.705159 0.705130
Lone 0.606068 0.830488 0.686793 0.676707

8 . Bond 1.054158 1.054197 0.710104 0.704635
Lone 0.603246 0.834335 0.682229 0.674624

Calc. Bond 0.988098 0.973397 0.672892 0.671562
Lone 0.603616 0.839640 0.839640 0.677312

o f  th e  m olecule a t  th e  e x p e rim en ta l an d  co m p u te d  equ ilib riu m  geom etries. 
T h e  angle b e tw een  each  in te rn u c le a r  ax is a n d  th e  co rrespond ing  x '  (m ajo r 
d ispersion ) b o n d  o rb ita l axis is la rg e r th a n  th e  c en tro id  v e c to r  dev ia tions. 
A s th e se  tw o  a re  co n sis ten tly  la rg e r th a n  th e  cen tro id  v e c to r—m ain  axis 
d e v ia tio n , i t  is in te re s tin g  to  see, w h e th e r th e y  d e v ia te  in  th e  sam e o r in  th e  
o p p o site  d irec tio n . T h e  re su lts  h av e  show n, t h a t  th e y  are sy s te m a tic a lly  in  th e  
o p p o site  senses, to  w ith in  a  few  degrees th e  b o n d  densities are  effectively  
p a ra lle l to , i f  s lig h tly  offset in side , th e  in te rn u c le a r  axes. As th e  re su lts  o b ta in ed  
a re  v e ry  s im ila r to  th o se  o b ta in e d  in  [2 ], th e  v a lu es  are  n o t p re se n te d  here  in  
o rd e r  n o t to  m ak e  th e  p a p e r to o  long.

B o th  b o n d  an d  lone p a ir  o rb ita ls  rem ain  cy lind rica l, as show n b y  th e  
qy a n d  qz va lu es  w hich  differ b y  less th a n  1%  for a ll geom etries fo r b o th  mole-

Acta Physica Academiae Scientiarum Hungaricae 49, 1980



IN T E R D E P E N D E N C E  O F  PRO TO N  A FF IN IT Y 333

Table VI

F irst and second order electric m om ents calculated for N H 3 (in a„)

System u 4x ь ÎZ

l . Bond 1.043826 0.960777 0.707279 0.693927
Lone 0.736760 0.918862 0.797285 0.797285

2 . Bond 1.045522 0.936842 0.699764 0.696928
Lone 0.706881 0.964875 0.775107 0.775107

3. Bond 1.052115 0.867588 0.714466 0.708146
Lone 0.234567 1.246542 0.745589 0.745589

4. Bond 1.151625 1.046315 0.750327 0.737083
Lone 0.702691 0.947685 0.806288 0.806288

Exp. Bond 1.147783 1.027597 0.742383 0.741231
Lone 0.7128882 0.949693 0.778601 0.778601

5. Bond 1.125248 0.982295 0.759880 0.754941
Lone 0.380658 1.189440 0.758224 0.758224

6 . Bond 1.263340 1.133573 0.788264 0.775757
Lone 0.661217 0.977613 0.824391 0.824391

7. Bond 1.255606 1.119732 0.782391 0.780546
Lone 0.711251 0.935013 0.788944 0.788944

8. Bond 1.196128 1.091266 0.804766 0.798783
Lone 0.477935 1.133765 0.772333 0.772333

Calc. Bond 1.148473 1.014565 0.748890 0.747669
Lone 0.602737 1.025648 0.768509 0.768509

cules. F o r  th e  b o n d  o rb ita ls , b o n d  an g le  increase re su lts  in  m onoton ie  decrease 
in  qx an d  n e a rly  c o n s ta n t qy. W ith  b o n d  leng th  in crease , b o th  bo n d  qx a n d  qy 
a n d  qz increase . L one p a ir  d ispersions show  regu lar b u t  m uch  sm aller changes, 
o f th e  o rd e r o f 2 % . T h e  one ex cep tio n  to  th is  is th e  la rg e  increase in  qx fo r th e  
N H 3 p la n a r  g eo m etry  (b u t th is  g eo m e try  can be  considered  as a  r a th e r  
ex tre m e  one).

5. Interdependence o f  the geom etry variation and the proton affin ity

I t  is w ell kn o w n  th a t  th e  gas p h ase  b asic ity  o f  a  system  A  can  be 
m easu red  b y  i ts  p ro to n  a ff in ity :

A  +  H +  ->  A H +.
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Table VH
Angles calculated between the centroid of charge vectors for Н гО (in  degrees)

System Bond—Bond Bond—Lone Lone—Lone

i . 97.029 110.146 117.345
2 . 104.174 109.626 113.729
3. 111.199 108.776 110.540
4. 95.823 109.124 121.480

Exp. 103.299 108.778 117.498
5. 110.675 108.078 113.869
6 . 94.707 107.725 126.587

7. 102.631 107.602 122.130
8 . 110.446 107.706 118.029

Calc. 105.346 108.467 116.963

T h e  p ro to n  a f f in ity  P A  is th u s  defined  as th e  to ta l  energy  d ifference of th e  
p ro to n a te d  a n d  th e  p a re n t sy s te m :

P A  <, E { A R + )  -  E ( A ) .  (5)

T h e  energy  P A  consists o f e lec tr ic  and  n u c le a r  com ponen ts (see, e.g. [6]) =

P A  =  P A e +  P A n ; (6)

a n d  w hile th e  P A e <  0 an d  P A n >  0 in e q u a litie s  ho ld , th e  s ign  of th e  to ta l  
P A  is u n c e rta in . S everal c a lcu la tio n s  as w ell as ex p erim en ta l s tu d ies  p o in ted  
o u t  t h a t  P A  is  u su a lly  n e g a tiv e  fo r  n e u tra l  sy s tem s [5].

A sy s te m a tic  in v e s tig a tio n  on some te n -e lec tro n  sy s tem s  has show n 
t h a t  th e  f ir s t  p ro to n a tio n  is a lw ay s exo th erm ic  w hile  th e  m u ltip o le  ones becom e 
en d o th e rm ic  [6 ].

No w ork  h as  y e t  been re p o r te d , how ever, on th e  g eo m etry  dependence o f 
th e  p ro to n  a f f in ity  an d  its  co m p o n en ts  E l ,  E 2  a n d  E  (nuclear). I n  th is  Section  
w e give th e  re su lts  o b ta in ed  fo r  th e  p ro to n a tio n  process in v e s tig a te d  for H 20 .  
T h e  Н гО —► H 30  + reac tio n  w as s tu d ied  a t  n in e  d ifferen t geom etries.

T he o n e-e lec tron  (£1 ) a n d  tw o -e lec tro n  (£ 2 )  co m p o n en ts  o f th e  co rre 
sp o n d in g  to ta l  energ ies are g iv en  in  T ab le  V I I I .  I t  is in te re s tin g  to  com pare th e  
re su lts  o b ta in e d  fo r H 20  an d  th o se  for H 30  + . T h e  changes in  th e  one-electron 
co m p o n en ts  o f  to ta l  energy  is m ono ton ie  in creasin g  w ith  increasing  bo n d  
an g le : th e  changes are  ab o u t 0 .04  — 0.07 h a r tr e e  b y  15.0° fo r H 20 ,  b u t m uch  
la rg e r, a b o u t 0 .0 7 —0.14 h a r tr e e  b y  15.0° fo r  H 30  + . T his difference could  
b e  seen espec ia lly  a t  large b o n d  d is tan ce  (2.059 a .u . see in  T a b le  V III ) . S im ilar
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Table V n i

Energy com ponents obtained for m olecules H 20  and H 30 + at different geometries
(in  hartree)

System
H,0 H.O+

£1 E2 E l E2

l . — 125.57703 +  38.918525 — 132.36780 +39.500199
2 . — 125.60337 +  38.975573 —  132.39967 + 39.607638
3. — 125.64363 + 39 .0 4 6 0 1 8 — 132.43901 +39.708571
4. — 123.08127 + 37 .845172 — 128.80525 +  38.136495

Exp. —  123.11674 + 37.911741 — 128.87379 +  38.277994
5. — 123.17411 +  38.000587 — 128.97093 +  38.436870
6. — 121.04907 +  36.954482 —  125.98784 +37.080800
7. — 121.08689 +  37.023824 —  126.08553 +37.250249
8 . — 121.15292 +  37.121998 — 126.23330 +  37.460682

conclusion  holds fo r  th e  tw o -e lec tro n  energy  com p o n en ts : th e  v a ria tio n  o f 
£ 2  w ith  th e  b o n d  an g le  changes is  m ore sen s itiv e  fo r m olecule  H 30 + th a n  
th a t  fo r H 20 . T h e  g re a te r  se n s it iv ity  of H 30 + to  th ese  m o lecu la r geom etry  
changes m ay  he cau se d  b y  d iffe re n t effects. F ir s t  i t  is to  b e  em phasized  th a t  
th e  geo m etry  p a ra m e te rs  chosen (1.809 +  0.25 a .u . an d  104.52 +  15.0°) are  
n o t to o  fa r  from  its  equ ilib rium  g eo m e try  (1.82 a .u . an d  117°, see e.g. in  [5]). 
A p a r t  from  th is , i t  is expected  t h a t  th e  e lec tro n ic  s tru c tu re  o f  H 30 + is m ore 
“ c o n tra c te d ”  th a n  t h a t  o f th e  m olecu le  H 20 , th e re fo re  m ore sen sitive  to  a n y  
changes in  th e  m o lecu la r g eo m etry .

S im ilar re su lts  w ere  o b ta in ed  fo r  th e  b o n d  len g th  v a r ia tio n . T he sen siti
v i ty  o f bond  le n g th  o f  H 30 + re s u lte d  in  th e  fo llow ing: th e  changes in  th e  
£ 1  o r E 2  energy co m p o n en ts  fo r  H 30 + are  a p p ro x im a te ly  tw ic e  as la rge  as 
th o se  fo r  H 20 . T he h ig h e r  se n s itiv ity  of H 30  + m a y  be due  to  i ts  “ c o n c e n tra ted ”  
e lec tro n ic  cloud.

T h e  c o n tr ib u tio n s  o f th e  p ro to n  a ffin ity  — w hich  can b e  derived  from  
th e  re su lts  p re sen ted  in  Table V I I I  — a t d iffe re n t geom etries are  given in  
T ab le  IX . The co m p o n en ts  of £ 1 ,  £ 2  and  th a t  o f  th e  n uclear en erg y  are t a b u 
la te d  in  o rder to  in v e s tig a te  th e  s e n s itiv ity  o f each  c o n tr ib u tio n  to  th e  geo
m e try  v a ria tio n , se p a ra te ly . As to  th e  values o f  one-electron  en erg y  changes, 
th e y  are  sligh tly  in c rea s in g  w ith  in c reasin g  b o n d  angles b u t  th e y  decrease i f  
th e  b o n d  leng th  becom es larger (in  ab so lu te  v a lu e ). S im ilar re su lts  w ere o b ta in 
ed fo r th e  tw o -e lec tro n  energy co m p o n en ts . T h e  n uc lear en erg y  co n trib u tio n s  
(see th e  values N P  in  T ab le  IX ) s lig h tly  decrease  w ith  in c reasin g  b o n d  angle 
an d  th e y  decrease w ith  increasing  bo n d  le n g th s  as well. T h e  values of th e  
sum  o f A E 2  and  A N P  fo r each case a re  also p re se n te d  in  T ab le  IX . I t  is especially
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Table IX

Contribution of the proton affin ity (for H 20  H aO +) at different geometries
(in hartree)

System AE1 AE2 A N P A(E2  +  N P )
Proton affinity 

P A

l . — 6.79077 + 0 .58167 + 6 .0 4 2 4 4 + 6 .6 2 4 1 1 - 0 .1 6 6 7

2 . — 6.79630 + 0 .63207 +  5.94263 +  .6.57470 — 0.2216

3. — 6.79538 +  0.66255 +  5.87396 + 6 .5 3 6 5 1 —0.2589
4. — 5.82398 + 0 .29132 +  5.20738 +  5.49870 —0.2253

Exp. — 5.75705 + 0 .36625 +  5.12135 +  5.48760 — 0.2694

5. - 5 .7 9 6 8 2 + 0 .4 3 6 2 8 + 5 .0 6 2 2 1 + 5 .4 9 8 4 9 - 0 .2 9 8 3

6 . — 4.93877 + 0 .1 2 6 3 2 + 4 .57513 + 4 .7 0 1 4 5 - 0 .2 3 7 3

7. -4 .9 9 8 6 4 + 0 .2 2 6 4 2 + 4 .4 9 9 5 4 + 4 .7 2 5 9 6 — 0.2727

8 . — 5.08038 + 0 .3 3 8 6 8 + 4 .4 4 7 5 6 + 4 .7 8 6 2 4 — 0.2941

in te re s tin g  th a t  th is  sum  is d ecreasin g  w ith  increasin g  bond  angle  a t  sm all 
b o n d  le n g th  (R  =  1.559 a .u .) . T h ere  i t  is in te re s tin g  t h a t  th e  sum  is increasin g  
a t  la rg e  b o n d  le n g th  ( R  =  2.059 a .u .) . In  ad d itio n , a n  “ ex trem a l p o in t”  also 
o ccu rs, a t  th e  e x p e rim e n ta l g eo m e try  o f  H 20 :  th e  v a lu e  of A E 2  -f- A N P  
h as  a  m in im u m  if  th is  q u a n ti ty  is in v e s tig a te d  v e rsu s  th e  v a r ia tio n  o f  bond  
an g le  b u t  a t  b o n d  le n g th  fix ed . T h e  to ta l  p ro to n  a f f in ity , how ever, does show 
sy s te m a tic  changes w ith  th e  g eo m e try  v a ria tio n s . T h e  P A  is th e  larger 
( th e  m ore n eg a tiv e ) th e  g rea te r  is th e  b o n d  angle a n d /o r  th e  b o n d  leng th . 
I t  is in te re s tin g , how ever, t h a t  th e re  is seem ingly  a  t r e n d  to  h av e  th e  larg est 
P A  (v ersu s  th e  b o n d  le n g th  changes) a t  th e  equ ilib riu m  geom etry  (see, e.g. th e  
P A 's  o b ta in e d  a t  geom etries d e n o ted  b y  3, 5 an d  8, re sp ec tiv e ly  in  T a b le  IX ). 
I t  is also possib le  t h a t  th e re  is a m a x im u m  v alue  i.e . an  ab so lu te  e x trem a l 
a t  th e  w hole p o te n tia l  su rface  g rid  n e a r  th e  e q u ilib riu m  geom etry .

T h is re su lt, on th e  o th e r h a n d , sh o u ld  be co n firm ed  b y  ca lcu la tio n s  ca r
r ie d  o u t u sing  la rg e r basis  se ts  in c lu d in g  also p o la riza tio n  fun c tio n . T h is  w ork 
sh o u ld  be e x te n d e d  to  th e  in v e s tig a tio n  o f o th e r  reac tio n s , too . T he o n ly  p ro to n 
a tio n  process H 20  —► H 30  + , w h ich  h a s  been  s tu d ie d , does n o t  allow  to  
d raw  to  g enera l conclusion .

6. Localized m om ent characteristics related to the proton affin ity

In  th is  S ection  w e re tu rn  to  th e  in v es tig a tio n  o f  th e  localized  m om ent 
c h a ra c te ris tic s . As h as  a lread y  b een  p o in ted  ou t in  S ection  2, th e  volum e 
q u a n tit ie s  V d, V M  a n d  V e do c h a ra c te r iz e  su itab ly  th e  charge d is tr ib u tio n  of
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localized  o rb ita ls . I t  h as  a lread y  b e e n  show n as w ell t h a t  th e  p ro to n  a ff in ity  
could  be  re la te d  to  th e  f irs t an d  second  order e lec tric  m om ents o f  localized 
o rb ita ls . E spec ia lly , th e  changes in  th e  localized m o m en ts  d u rin g  p ro to n a tio n  
h av e  b een  in v e s tig a te d  and  som e reg u la ritie s  fo u n d . I t  w as p o in te d  o u t th a t  
th e  d ifference be tw een  th e  cen tro id  le n g th s  of bond  p a ir  o rb ita ls o f  th e  p ro ton - 
a te d  a n d  th a t  o f lo n e  p a ir  o rb ita ls  o f  th e  p a re n t sy s tem s is in  a close re la tio n 
sh ip  w ith  th e  p ro to n  a ff in ity  [7]. S om e o th e r q u a n titie s  h av e  also b een  s tud ied  
and  s im ila r re su lts  w ere found . I t  w o u ld  be in te re s tin g  to  see, w h e th e r  sim ple 
re la tio n sh ip s  can  h e  fo u n d  b e tw een  th e  p ro to n  a f f in ity  an d  th e  m om ent 
ch a rac te ris tic s  of o n ly  th e  p a re n t m olecule . I t  is e x p e c te d  th a t  i f  som e q u a n ti
tie s  show  th ese  reg u la ritie s , th e n  th e y  are  th e  vo lum e-like  ones as defined  
in  th is  p ap e r. In  o rd e r to  avo id  th e  in flu en ce  of th e  g eo m etry , th is  in v es tig a tio n  
is co n n ec ted  w ith  a  g eom etry  d ep en d en ce  s tu d y  as well. T h is is w o rth  to  
im p le m e n t as no sy s te m a tic  in v e s tig a tio n  has y e t b een  rep o rted  w h e th e r  and  
how  th e  g eo m etry  v a r ia tio n  in flu en ces  th e  re la tio n sh ip s  b e tw een  localized 
m o m en t ch a ra c te ris tic s  an d  th e  p ro to n  a ffin ity .

H e re  som e v o lum e-like  q u a n ti t ie s  d e te rm in ed  fo r  H 20  a re  in v e s tig a te d  
from  th e  p o in t o f v iew  o f m o lecu la r re a c tiv ity . F ir s t  th e  q u a n t i ty  Vd w as 
s tu d ie d . T he va lu es  are  g iven in  T a b le  X , in  th e  f i r s t  co lum n. I t  is a p p a re n t th a t  
th e re  is no close re la tio n sh ip  b e tw e e n  th e  changes in  V d o f lone p a ir  o rb ita ls 
an d  th e  P A  va lues a t  d iffe ren t g eom etries. T hus th e s e  resu lts  do n o t  confirm  
th o se  o b ta in ed  in  [7] fo r th e  f ir s t  o rd e r  electric m o m en ts . S im ilar conclusions 
ho ld  fo r  th e  Ve e llip so idal vo lu m e a n d  th e  effec tive  b o n d  len g th  r ef{ fo r lone 
p a ir  o rb ita ls : th e  f i r s t  q u a n tity  is decreasing  w hile  th e  second one is sligh tly  
increasin g  (nearly  c o n s ta n t, see p o in ts  6, 7 and  8 , e.g .) w ith  in c reas in g  bond  
angle a t  an y  fix ed  b o n d  len g th , w h ile  th e  p ro to n  a f f in ity  becom es la rg e r (m ore 
n eg a tiv e ) w ith  in c reas in g  b o n d  ang les. T he q u a n ti ty  V *  c a lc u la ted  fo r lone 
p a ir  localized  o rb ita ls  is chang ing  v e ry  sligh tly  w ith  an y  changes in  th e  m ole
cu la r g eo m etry , th u s  i t  could  n o t  b e  re la te d  in  a  sim ple w ay  to  th e  changes 
in  th e  P A  va lues e ith e r.

T h e  ch a ra c te ris tic s  ca lc u la ted  fo r bond  p a ir  o rb ita ls  are  a lso  p resen ted  
in  T ab le  X .T h e y  a re  n o t m uch  e x p e c te d  to  p lay  a ro le  in  th e  p ro to n a tio n  process. 
As to  th e ir  v a r ia tio n  w ith  th e  geo m etry  ch an g es, fo r th e  vo lum e-like 
m o m en t ch a ra c te ris tic s , th e  fo llow ing  re g u la rity  w as found . T h e  q u an titie s  
vd,ve an d  re{{, re sp ec tiv e ly  do ch an g e  in  a sim ilar w a y : all of th em  decrease w ith  
increasin g  bond  angles, i.e. th e y  c h an g e  in  th e  o p p o site  d irection  to  th e  p ro to n  
a ffin itie s . T he changes o f th ese  v o lu m e-lik e  q u a n tit ie s  are  p a ra lle l to  tho se  o f 
th e  p ro to n  a ff in ity  i f  th e y  are  in v e s tig a te d  v e rsu s  th e  v a ria tio n  o f  th e  bond  
len g th . I t  is in te re s tin g , on th e  o th e r  h a n d , th a t  th e  ^eff q u a n tit ie s  do show  
e x tre m a l values a g a in s t th e  sy s te m a tic  changes in  th e  bond  ang les fo r th e  
b o n d  p a ir  localized  o rb ita ls . N o su ch  ex trem a  w ere  found , how ever, fo r 
th e  p ro to n  a ffin ities .
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Table X

Interdependence o f some localized orbital characteristics and the proton affin ity
(for H 20  -  H ,0 + )

System
V i V . reff Пи PA

°0 < «0 sr • a 0 hartree

l . Bond 1.449 1.449 1.776 2.026 — 0.1667
Lone 1.595 1.387 1.448 2.976

2 . Bond 1.414 1.414 1.760 1.994 — 0.2216
Lone 1.606 1.378 1.451 3.022

3. Bond 1.407 1.406 1.738 2 .0 1 1 — 0.2589
Lone 1.619 1.367 1.452 3.084

4. Bond 1.827 1.826 1.959 2.137 — 0.2253
Bone 1.610 1.394 1.443 3.008

Exp. Bond 1.790 1.790 1.941 2.116 — 0.2694
Lone 1.614 1.385 1.445 3.038

5. Bond 1.780 1.780 1.916 2.142 — 0.2983
Lone 1.612 1.375 1.447 3.054

6 . Bond 2.255 2.247 2.155 2.224 — 0.2373
Lone 1.625 1.408 1.437 3.032

7. Bond 2.218 2.218 2.135 2.213 —0.2727
Lone 1.617 1.398 1.437 3.029

8 . Bond 2 .2 1 0 2 .2 1 0 2.108 2.247 — 0.2941
Lone 1.609 1.386 1.438 3.031

Calc. Bond 1.843 1.943 1.961 2.136 — 0.2787
Lone 1.616 1.383 1.443 3.308

7. Conclusion

I t  was show n t h a t  th e  v o lum e-like  m o m en t ch a rac te ris tic s  re flec t th e  
s p a tia l  ex ten sio n  fo r b o n d  and  lone  p a ir  localized ch a rg e  d is tr ib u tio n s  in  a good 
a p p ro x im a tio n . I t  h a s  been p o in te d  o u t, th a t  th e  g eo m etry  does n o t  in fluence 
m u c h  th e  energy  c o n tr ib u tio n s  in  th e  n e ig h b o u rh o o d  of th e  eq u ilib riu m  of 
n u c le i. Som e re g u la r itie s , on th e  o th e r  h an d , cou ld  be  found.

As to  th e  c o n tr ib u tio n s  A E 1, A E 2  an d  A N P ,  re sp ec tiv e ly , o f  th e  p ro to n  
a f f in i ty  fo r re a c tio n  H 20  —*• H 30 +, th e y  change re g u la r ly  w ith  th e  changes of 
b o n d  angle an d /o r d is tan ces . O nly  a  few  e x trem a l v a lu e s  were fo u n d . T h e  resu lts 
c o n firm  th a t  th e  p ro to n a tio n  p rocess can n o t be  su ita b ly  t r e a te d  w ith o u t
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inc lusion  o f p o la riza tio n  fu n c tio n s . T he p resence  of p o la riza tio n  fu n c tio n s  
is o f  g rea t im p o rta n c e  in  m o st q u a n tu m  chem ical c a lcu la tio n s  for m o lecu 
les [8 ].

T he in v e s tig a tio n  of th e  in te rd e p e n d e n c e  of th e  localized  o rb ita l c h a ra c 
te r is tic s  p roposed  in  th is  p a p e r a n d  th e  p ro to n  a ffin ity  h as  show n th a t  th e  p ro 
to n  a ff in ity  o f H 20  c an n o t be u n iq u e ly  r e la te d  to  th e  s p a tia l  ex tension  q u a n 
t i t ie s  o f H 20  lone p a ir  charge d en sitie s . T h is  m eans th a t ,  u n fo r tu n a te ly , th e re  
is n o t  m uch h ope  to  tr e a t  ch em ica l re a c tio n s  b y  th e  on ly  s tu d y  of th e  p a re n t  
sy s tem . W e in te n d  to  m ake fu r th e r  ca lcu la tio n s  in  order to  f in d  close r e la tio n 
sh ip s  betw een  th e  localized m o m e n t c h a rac te ris tic s  an d  th e  p ro to n  a ff in ity .
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NESTED HILBERT SPACES, COMPLEX CANONICAL 
TRANSFORMATIONS AND RESONANCES

By

B . Ga z d y *
QUANTUM THEORY GROUP, INSTITUTE OF PHYSICS, TECHNICAL UNIVERSITY 

1521 BUDAPEST, HUNGARY
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I t  has been show n that several techniques, applied  to define a fin ite  norm for 
G am ow states, can be deduced from a generalized description of quantum  m echanics. The 
theory o f nested H ilbert spaces realized through some sp ecific  com plex canonical transform a
tions is used in order to  treat decaying sta tes as generalized eigenstates o f the H am iltonian  
w ith  com plex eigenvalues.

1. In tro d u c tio n

In  q u a n tu m  m echanics th e  H ilb e rt space  fram ew ork  is o ften  found  to o  
re s tr ic tiv e . T h e  n e e d  for ex ten sio n  is fe lt p a r tic u la r ly  in  p ro b lem s invo lv ing  
a n a ly tic  c o n tin u a tio n  in to  u n p h y s ica l sheets w h ere  one has to  d ea l w ith  fu n c 
tio n s  t h a t  in crease  a t  in fin ity . T h is  happens w h en  we co n tin u e  th e  S -m a trix  
to  th e  low er (o r u p p e r)  h a lf  o f  th e  second R ie m a n n  level a n d  reach  a pole 
th e re . T o  th is  po le  th e re  co rresponds a so lu tion  o f  p u re ly  o u t (in) going asy m p 
to tic s  (resonance so lu tions) to  th e  Schrôd inger eq u a tio n  w hich  d iverges ex p o 
n e n tia lly  a t  in f in ity . T herefore  no  e igenvec to r o f  th e  H a m ilto n ia n , n o t even  
a s ta te  in  th e  H ilb e r t  space co rresponds to  th is  com plex en erg y  an d  w ave- 
fu n c tio n .

In  q u a n tu m  m echanics reso n an ces can b e  p ro p erly  described  b y  a series 
o f  co n tin u u m  e ig en sta te s  and  eigenvalues, a n d  in  th e  v ic in ity  o f  a n arro w  
reso n an ce  th e  fo rm  o f th e  sc a tte rin g  cross-section  o r of th e  s c a tte r in g  am p litu d e  
is u su a lly  given b y  a  L o ren tz ian  sh ap e  ch a rac te rized  by  its  p o sitio n  E  an d  
h a lfw id th  Г .  T h e  fa c t  th a t  th e  com plex  resonance  e igenvalue E  — i l /2  Г  con
ta in s  b o th  of th e se  q u a n titie s , as w ell as th a t  th e re  is only  one w av efu n c tio n  
co rrespond ing  to  i t ,  explains w h y  physic is ts  h av e  n o t d isca rd ed  th e se  
so lu tio n s as w ro n g  ones.

T h e  aim  o f th is  p a p e r is to  show  th a t  sev e ra l earlie r a t te m p ts  to  “ re g u 
la riz e ”  th e  re so n an ce  w av efu n c tio n s can be considered  as b y p ro d u c ts  o f a 
m o re  effective th e o ry  o f genera lized  eigenvecto rs.

* This work w as com pleted at th e  International Centre for Theoretical P hysics, Trieste,
Ita ly .
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T h e p re se n t w o rk  w as s tro n g ly  in flu en ced  b y  th e  p ap ers  o f G r o ssm a n n  
[1] a n d  W o l f f  [2] a n d  b y  th e  bo o k  o f B oH M onrigged  H ilb e r t space th e o ry  [3].

S ection  2 c o n ta in s  th e  gen era l m a th e m a tic a l to o l o f n e s te d  H ilb e rt 
sp aces , th e  fram ew o rk  in  w hich  we a re  going to  w ork . T h e  possible rea liza tio n s 
o f  n e s te d  H ilb e r t  spaces b y  a se t o f  com plex  can o n ica l tra n s fo rm a tio n s  are 
s tu d ie d  in  S ection  3. In  Section  4 w e b rie fly  sk e tch  tw o  special tra n s fo rm a 
tio n s . In  S ec tion  5 sev era l reso n an ce  defin itio n s a re  g iven  an d  connections 
b e tw een  th e m  are  d iscussed. F in a lly , S ection  6 c o n ta in s  som e conclud ing  
re m a rk s .

2. Generalized eigenvectors and eigenvalues in  nested Hilbert spaces

D efin it ion  [1]: L e t H 0 a n d  I I L b e  in fin ite  d im ensiona l sep a rab le  H ilb ert 
sp aces . A n inc lusion  o f H x in to  H 0 is a lin e a r  m a p p in g  E 01, w hich

(a) is d e fin ed  fo r every  f  £ H 1 a n d  is co n tin u o u s;
(b) h as  ran g e  dense in  H 0;
(c) is one-to -one .
T h e  in v erse  o f E 01 a lw ays ex is ts  an d  th e  a d jo in t o f E 01, d e n o te d  by  

E 10 a n d  d e fin ed  b y

(?» E 0i f ) 0 =  (■Eio95’/ ) i ’ Ф € H o, f  € Н г , 

is  an  inc lusion  o f H 0 in to  H v
D e f in i t io n : A n e s te d  H ilb e r t space  (H 0, H v  E 01) is a s tru c tu re  th a t  

co n sis ts  o f tw o  H ilb e r t spaces H 0, H x, an  inclusion  E 01 o f H 1 in to  H 0, a n d  th e  
a d jo in t  inc lusion  E lg o f I I 0 in to  H v

O ne can  id e n tify  ev ery  /  £ H v  w ith  th e  lin ea r  fu n c tio n a l cp —► ( / ,  <p)x for 
a ll cp £ H x, a n d  co rresp o n d in g ly  one h as  to  id en tify  h Ç H 0 w ith  th e  lin e a r  func
t io n a l  I  — ( E 01E 10h, x ) 0 =  ( E 10h, E 10x )x fo r all x  6 H 0.

C onsider th e  fo llow ing o p era to rs

eio (^ )  ~  E l0 A E 01 (2.1)
a n d

i io (A )  =  E 0} A E 01, (2.2)

w h ere  A  is a n y  lin ea r  o p e ra to r  w ith  d o m ain  an d  ra n g e  co n ta in ed  in  H 0. The 
d o m a in  of e10(A )  is E gf D A, w here D A is th e  d o m ain  o f A .  T he d o m a in  of 
j io {A )  is th e  su b se t o f E m D a  co n sis tin g  o f v e c to rs  w hich are  su ch  th a t  
A E 01f £  E 01H X.

D efin i t ion  [1]: L e t A  be  an  o p e ra to r  in  H 0 su ch  th a t
(a) A  is densely  defined  (th e  a d jo in t A *  ex ists)
(b) j u ( A * )  is also densely  d efin ed  ( th e  a d jo in t j \ 0(A*)*  also ex is ts ), th en
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th e  com plex  n u m b e r z is sa id  to  be a gen era lized  eigenvalue o f A  if  th e re  ex ists  
in  Нг  a nonzero  v e c to r / s u c h  th a t

j i o ( A * ) * f  =  * / •  (2.3)
N otice th a t

a n d  if  

i t  im plies

h o(A T  => E 10A ”  ETo1 3  E 10A E £

A ë  =  s g ,  ( g  6 H 0, g  ^  0) 

j i o ( A * ) * f  =  zf \  w ith  f = E 10g .

States in  quan tum  mechanics  

D efin it ion  [1]:

(a) A n adm issib le  q u e s tio n  is defined  as an o rth o g o n a l p ro jec tio n  o p e ra 
to r  in  H 0 w h ich  is of th e  fo rm

P  =  e0j($) =  E 01ß E 10,

w here  S’ is a b o u n d ed  o p e ra to r  in  H v
(b) A  s ta te  is d efin ed  as an  a rb itra ry  nonzero  v e c to r  in  H v
(c) A no rm alizab le  (o r physica l) s ta te  is a nonzero e le m e n t o f th e  su b se t 

Ею H 0 Œ H v  T o  ev ery  n o rm a liz a b le  s ta te  f  =  E 10cp (q> £ H 0) co rresponds to  
th e  u n it  v e c to r  cp =  [ |ç> | [o-1 in  H 0.

(d) T h e  w av efu n c tio n  o f  a s t a t e / Ç H ± is defined as th e  linear fu n c tio n a l 
w hich , to  ev e ry  i  £ H x assigns th e  n u m b e r  ( /  y)i-

The statistical interpretation is given as fo l lo w s:

(a) I f  a  sy s tem  is in  th e  s ta te  /  £ H x, th e n  th e  re la tiv e  p ro b a b ility  o f a 
p o sitiv e  answ er to  th e  q u es tio n s  P '  =  e01 (§ ')  and  P "  —  e01 (§") is th e  ra tio

( /^ 7 ) i / ( / ^ 7 ) i -

(b) I f  th e  ran g e  of P  is one-d im ensional, and  i f  th e  p ositive  an sw er to  
th e  q u estio n  P  is observed , th e n  th e  sy s te m  is left in  th e  no rm alizab le  s ta te  
E 10P H 0.

A n adm issib le  q u es tio n  P  of one-d im ensional range is an  o p e ra to r o f  th e  
fo rm  P g = ( h , g ) 0h, w here  h ^ E ^ H y  a n d  | |Л ||0 = 1 .  B y  (b), th e  co m p le te  
m easu rem en t P  leaves th e  sy s te m  in th e  s ta te  E 10h =  E 10E 01f  w here /  £ H v  
T he  w av efu n c tio n  of th is  s ta te  is % —у ( E 10 E mf  x)i — ( E ( i i f  E 01f ) 0.
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Consider a  sy s tem  in  th e  s ta te  of / £  H x. L e t  <p' Ç H x a n d  ç>" £ H x be su c h  
t h a t  | |E 01ç>'110 =  I \E ní(p"110 =  1. T hen  th e  r e la t iv e  p ro b a b ili ty  of fin d in g  th e  
sy s te m  in  th e  n o rm a lizab le  s ta te s  E 10E 01<j>' a n d  E 10E 01(p” is th e  ra tio  |(/, 9»,)1 j2/ 
I K f ’ f h l 2- I f  i t  h a p p e n s  th a t  /  =  E 10h, ( | |A | | 0 =  I)  *s a no rm alized  s ta te , th e  
s c a la r  p ro d u c t ( / ,  (p')x becom es ( / ,  <p')l =  (E 10h , < p\ =  (h, E 01<p')0 in  a g re e m e n t 
w ith  th e  u su a l in te rp re ta tio n .

3. R ea liza tio n  o f  the  nested  H ilb ert spaces

L e t H 0 be  th e  rad ia l p a r t  o f  th e  H ilb e rt space  of q u a d ra tic a lly  in te g ra b le  
(a n d  a t  leas t tw ic e  d iffe ren tiab le) functions d e fin ed  over th e  n-d im ensional re a l 
E u c lid e a n  space  R n, i.e.

Я 0 =  Я п+ =  ^ г - 1(Н + ) ,

w ith  th e  sca la r p ro d u c t

(/> g)o =  Г  dr r ^ r ^ g i r ) .  £3.1)

T h e  S ch rôd inger re p re se n ta tio n  [4] of th e  o p e ra to rs  x2, xp  a n d  p2 is 

(x2/ ) ( r )  =  r ' / ( r ) ,

( xp f ) ( r) =  -  ir - J - / ( r)»dr

1(1+ n -  2 )n - \  d_ 
dr r2

) / « ,

(3 .2 a)

(3 .2b)

(3 .2c)

w h ere  x =  (xj), p  =  (pi), j ,  i  =  1 , , n ,  th e  u su a l n -d im ensiona l space a n d  
m o m en tu m  o p e ra to rs , re sp ec tiv e ly . The o p e ra to rs  (3.2) a re  se lfad jo in t w ith  
re sp e c t to  th e  sca la r  p ro d u c t (3.1).

In  o rd e r to  es tab lish  a  re liz a tio n  fo r H x, consider th e  follow ing co m p lex  
lin e a r  tra n s fo rm a tio n s  be tw een  th e  q u a n tu m  m echan ica l o p e ra to rs  x an d  p [2 ] :

i) =  ax  +  bp ,
Ç =  cx +  d p ,

w ith  th e  u n im o d u la r ity  co n d itio n

ad — be =  1 ,

w h ich  ensures t h a t  (3.3a) is a  canonical tra n s fo rm a tio n  in  th e  sense t h a t

(3 .3a)

(3 .3b)
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[ i ,  p] =  i (3.3c)

w here , in  g enera l, a, b, c, an d  d  are co m p lex  m u ltip les  o f th e  u n it m a tr ix . 
E q s . (3 .3a, b) can  be w ritte n  in  m a tr ix  fo rm

z - t i  UH: ini)-“'4-™-1-
i.e . M  £ S L ( 2, C). T h e  co rrespond ing  a d jo in t o p era to rs  are  given b y

Z +  - 4 '

Z+ )
=  M * z 0 =  M * M - l Z =  c z ,

w here  th e  co n ju g a tio n  m a tr ix

is such  th a t  d e t  (C) =  1, CC* =  1, and

w ith

и — a*d  — 6*c £ C,

V  =  2Im(b*a), w  =  2Im(c*d)  £ f i

|u |2 -)- vtc =  1.

I t  can  easily  be seen th a t  th e  a n g u la r  p ro p erties , as g iven  b y  th e  a n g u la r  
m o m e n tu m  o p e ra to rs , in  a n y  o f th e  su b sp aces, rem ain  in v a r ia n t u n d e r  (3.3a) 
since  th e  u n im o d u la r ity  co n d ition  (3 .3b) insures t h a t

L j k  =  X j p k -  i k p j  =  f j j  £ k — f]k C j .

N ow  w e w a n t to  describe  a fam ily  o f  H ilb e rt spaces Jni(a, ft, c. d) ( th e  in d i
ces a , b, c, d  w ill be su ppressed ) for w h ich  а  Schröd inger re p re se n ta tio n  p a ra lle l 
to  E q s. (3.2) can  be im p lem en ted  fo r  th e  new  v a ria b le s  rj2, ï)Ç, Ç2, n am ely

Wf)(e) = <?f(e b
Ш ) ( в )  =  - í q

a q

d 2
d e2

+
I d  Щ + п -  2) j / ( p )

dg

(3.4a)

(3.4b)

(3.4c)
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o n  fu n c tio n s o f  th e  com plex  v a riab le  g re s tr ic te d  to  th e  region C + =  
{g £ C |a rg  (g) £ [“ 1/2 л ,  1/2 jr)}. I n  o rder th a t  th e  to ta l  d e r iv a tiv e  w ith  re sp ec t 
to  a  com plex v a r ia b le  be w ell-defined , th e  fu n c tio n s  f  £ w ill he a n a ly tic
fu n c tio n s  o f g a n d  éy(g)/dg* =  0. T h e  m easu re  fo r  defin ing  th e  scalar p ro d u c t 
in

( / > S ) i = f  (e )f* (g )g (g ) (3.5)
Jc+

is  o f  th e  form
=  vnl(q, g*) d  R e  gd Im  g ,

w h e re  th e  w e ig h t fu n c tio n  vnI(g, g*) w ill be fo u n d  from  th e  h e rm itic ity  p ro p e r
t ie s  o f  E qs. (3 .3), (3.4), and  f ro m  th e  h e rm itic ity  of x an d  p [2]

2 Г= -----exp -»miß, e *) =  —  exP , „
7tV L

(ug2- f  u *  q * 2) (gg*)1/2"X *»i+ i-1( g e » ,  (3.6)

w h e re  К  is th e  M cD onald  fu n c tio n .
Now w e c a n  define an  inc lu sio n  E 10 o f  H 0 — in to  J i j  =  b y

( E 10f)(Q )  - / ( < ? )  =  Г  =  dr  r " - i  A i( g ,  r ) / ( r )  . (3 .7a)

T h e  ad jo in t o f E 10 is

iE io f )  (r) = f ( r )  =  Í  dHni(ç) A * ( q, r ) f ( q )  , (3 .7b)
Jc+

w h e re  th e  tra n s fo rm  k erne l A n(q,  r) can  be e x p lic itly  ca lcu la ted  b y  th e  re q u ire 
m e n ts  th a t  i f / ( g )  is th e  tra n s fo rm  o f f ( r )  th e n  g2/(g )  be th e  tra n s fo rm  of

[-:2 r2 +  2 i a b r d r -  b2 |0 r2 +  —-------- dr -  -^ -+ П ----- ^ -f- n ia b f i r ) ,

sin ce  Ÿj2 =  a2x2 -j- 2o6xp +  b2p 2 — in a b ,  a n d  sim ilar co n d itio n s  stem  fro m  
4 Ç a n d  Ç2 [2 ]:

A nl(g, r) — -— e ~ ' i  я ( tn + 6 ex p  
b

F o r ou r p u rp o se s  i t  is su ff ic ie n t to  s tu d y  th e  case w h en  b —>- 0, w hich  
im p lie s  V —>- 0, a d  =  1 an d  — 1/2 a rg  (u) =  a rg  (a)  — ê  — a rg  (g). T ak ing  th is  
l im itin g  p ro ced u re  w e o b ta in  t h a t  th e  in te g ra l (3.5) collapses over th e  line 
K + e ,4>, i.e.
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(f,g) 1=  f  d |e | | e |n - 1 ex p  [-w\emf(Qr~g(Q), (3.9)
jR + e i9

an d  th e  k e rn e l A „ ( q , r)  becom es

A n( g ,  r) =  g1-n o in —1 ô ( r  — a - 1 q) ex p  [(ic/2a) £2] . (3.10)

4. Two one-param eter sub(sem i)groups o f SL(2,C)

L e t us in tro d u c e  th e  follow ing n o ta tio n :

f ( r )  =  [ U J ] ( r )  =  ex p  [ i r G ( r , d l d r ) ]  / ( r )  =  f  d r ’ r " - 2 A nl(t)( r ,  r ' )  f ( r ' ) , (4.1)
J r +

w here  т labels th e  e lem ents of a o n e -p a ra m ete r  su b g ro u p  (or subsem igroup) 
o f S L ( 2, C).

E xa m p le  1:

Ti: J * J  )= >  UTl=  e x p j ^ i c y i 2 (4.2)

w ith  c =  cr — ie , e )>  0. E q . (4.2) d efin es  a H ilb e r t  space fo r w h ich

( / J ) î = r * r " - i e - " * | / ( r ) | 2 . (4.3)

Uti leaves th e  H a m ilto n ia n  of th e  sy s tem  in v a r ia n t fo r a rb itra ry  p o ten tia ls .

E xam ple  2:

T,:
ex p  {iß) 0

Ur, =  U (iß) = exp
0 ex p  ( — iß) 

w h ich  is th e  in v erse  com plex  scale o p rea to r , i.e.

-#(xp  +  px) (4.4)

( U z , f ) ( r )  =  exp
1 .

------- 7111
2 / ( « - " ) ■ (4.4a)
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E q . (4 .4a) defines a  H ilb e r t  space w h ere  th e  sca la r p ro d u c t is g iven  b y

( / , g ) l  = £ ” dr  r " - i / ( r e ' T  g(reid) . (4.5)

I f  th e  p o te n tia l  energy  o p e ra to r  V  is a m u ltip lic a tio n  b y  a  fu nc tion  
V(z) r e s tr ic te d  to  th e  positive  re a l ax is , an d  V(z)  —► 0 as |z| — oo in  some 
d o m a in  |a rg  (z) | <[ a ,  th e n  i f  $ <  a , w e get

U (i# ) H U - 1 (iff) =  e T  +  V(reie) , (4.6)

w here  T  is th e  u su a l k in e tic -en erg y  o p e ra to r . Such  a  H am ilto n ian  is sa id  to  be 
d ila ta t io n  a n a ly tic  [5].

5. R esonance definitions

1. D e fin i t io n : A  com plex re so n an ce  en erg y  o f  a  sy stem  w ith  a given 
H a m ilto n ia n  H  is g iv en  by  th e  fo llow ing  e igen v a lu e  prob lem  in  jH j  =  Jni(ra)

H(iff)  yir E ~ i — r \ 'Pr, 2ff> a rg Л - i  — Г
2

(5 .1)

w here  H (iff)  is th e  ro ta te d  H a m ilto n ia n .
S ince Iipr )  is a  generalized  e ig en v ec to r o f  H  i t  is also a genera lized  

e ig en v ec to r  o f e ,öí

e—iû(iG)t =  e~ iEt e ~ f o r  t >  0 . (5-2)

T h e  a d jo in t e q u a tio n  is

H + ( i% + (5 .3)

w h ere H + (iff)  =  H ( — iff) and xpf =  if*(r) in  co -ord in a te -sp ace  rep resen ta tion , 
so  w e  h a v e

e —iH (-i« ) t  \у гу+  =  e ~ iEt e + i r t  IгргУ + for  t <  0 .  (5 .4)

W e see from  E q s . (5 .2 ) , (5.4) t h a t  ipr (tpf ) re p re se n ts  a d ecay ing  (cap tu rin g ) 
s ta te .

2. R em ark  1: S im o n  [5] d e fin e s  th e  reson an ce  s ta te  v ec to r  as an  e lem en t 
<p o f  E 01H l  a  H 0 fo r  w hich  (E 01<p, y>r) ^  1.
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R em ark  2 : I t  is com m on to  define  th e  reso n an ce  energy  a n d  w av efu n c tio n  
as th e  e igenvalue  an d  e igenso lu tion  of th e  Schrôd inger p a r t ia l  d iffe ren tia l 
e q u a tio n  w ith  p u re ly  ou tgo ing -w ave b o u n d a ry  cond itions. T h e  o b ta in e d  reso 
n a n ce  w av efu n c tio n s (G am ow  fu n c tio n s) d iverge  ex p o n en tia lly  fo r r  —► oo. 
S evera l te ch n iq u es  have been developed  to  d efine  a fin ite  no rm  fo r th ese  fu n c 
tio n s . T h ere  is a  com m on fe a tu re  in  all of th e se  m an ip u la tio n s :

T h e  “ n o rm ” is defined  as th e  ex p e c ta tio n  v a lu e  of th e  a d jo in t a n tiu n ita ry  
tim e-rev e rsa l o p e ra to r  in  a g iven  s ta te .

B e r g g r e n  [6] sh ow ed  th a t

lim  (T f r, f r)i <  o o  , (5.5)
E —*■ 0

w here  T  is th e  tim e-rev ersa l o p e ra to r .
R omo [7] u sed  a n a ly tic  co n tin u a tio n  tec h n iq u e  in th e  co m p lex  en ergy  

p lan e  w hich  is  eq u iv a len t to

( f f rJ r ) l  <  , (5 .6)

as g iven  by  E q . (4.5).
G y a r m a t i and  V e r t se  [8] p o in ted  ou t th a t  th ese  tw o  m eth o d s g ive  th e  

sam e resu lt, i.e .

lim  ( T f rJ r)\ =  ( T f rJ r)l  .
e-*0

I t  is v e ry  in te re s tin g  th a t  w hile (f n  f r)\  <  oo, a t  th e  sam e tim elim (fnfr) 1 =  00 ••-»0

6. C oncluding rem ark s

W e have show n b y  app ly in g  th e  n es ted  H ilb e r t space fo rm alism  equ ipped  
w ith  su ita b le  rea liza tio n s, i.e. th e  com plex  canon ica l tra n sfo rm a tio n s  betw een  
tw o  H ilb e r t spaces, resonances can  be tr e a te d  on eq u a l foo ting  w ith  b o und  
s ta te s . T h e  a d v a n ta g e  o f th is  th e o ry  is th a t  n e ith e r  th e  se lfad jo in tn ess  of th e  
H am ilto n ia n  n o r  th e  u n d erly in g  H ilb e r t space is d is to rted . T he generalized  
reso n an ce  e igenvec to rs w ith  com plex  eigenvalues o f th e  essen tia lly  se lfad jo in t 
H a m ilto n ia n  o p e ra to r  defined  on a n  ev ery w h ere  dense subspace o f th e  H ile rt 
space H 0 =  L2 a re  elem ents o f a n o th e r  H ilb e r t space w ith  d iffe ren t sca lar 
p ro d u c t.

T h e  fam ily  o f  H ilb e rt spaces c o n s tru c te d  b y  th e  help  of com plex  can o n i
cal tra n s fo rm a tio n , con ta in s , as specia l cases, H ilb e r t spaces im p lic itly  used  
b y  sev era l a u th o rs  before.
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Н еге we n o te  t h a t  w hen  B e r g g r e n  [6] e x te n d s  th e  space L 2 b y  ad d in g  
to  i t  G am o w -sta te  v e c to rs  an d  cum bersom e com plex  co n tin u u m  v e c to rs , he 
fails to  g ive th e  new  space  th e  s tru c tu re  o f an y  n o rm e d  or even sca la r p ro d u c t 
space . T h is is because  th e  H ilb e rt space  defined  b y  th e  sca lar p ro d u c t (4.3) 
m o d ified  b y  th e  lim it  e —*■ 0, does n o t  co n ta in  G am ow  functions.

O u r choice o f reso n an ce  d e fin itio n  is v a lid  o n ly  fo r an a ly tic  p o te n tia ls , 
b u t  th is  is n o t a d ra w b a c k , since m o st of th e  rea lis tic  p o ten tia ls  in  physics 
a re  co n tin u o u s or ev en  an a ly tic  in  som e dom ain  co n n ec ted  to  th e  re a l axis, 
w h ich  is su ffic ien t to  inc lude  n a rro w  resonances. T h e  fam ilia r square-w ell 
p o te n tia l , how ever, is  n o t  “ w ell-b eh av ed ”  in  th e  sense o f our th eo ry .
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The experim ental data of secondary ion em ission of 25 pure m etals were com pared  
to  theoretical results calculated using th e  one dim ensional pseudo-atom  m odel. The ionization  
probabilities were com puted at different input data varying w ithin the published experim ental 
lim its. Agreem ent betw een theoretical and experim ental values o f the probability o f secondary  
ion  em ission was m ostly  better than an order of m agnitude for the m etals investigated  except 
for Zn, Ag and Sn.

T he th e o re tic a l d escrip tion  o f secondary  ion  em ission from  a  ta rg e t  due 
to  a n  energetic  p rim a ry  ion b o m b a rd m e n t is ra th e r  d ifficu lt a p rob lem . T he 
sp u tte re d  p a rtic le s  are  m ostly  n e u tra l , only a v e ry  sm all a m o u n t o f th e m  being  
in  ion ized  s ta te . T h e  io n iza tion  p ro b a b ility  is v e ry  sensitive  to  ta rg e t  com po
s itio n  an d  su rface  cond ition  v a ry in g  in  th e  o rd e r of 10- 2—10-e  ran g e  even  fo r 
p u re  m eta ls  acco rd ing  to  th e  ex p e rim en ta l re su lts .

T he d iffe ren t th e o re tic a l m odels [1 — 6] ta k e  in to  acco u n t m o stly  only  
one possible p h y sica l m echan ism  an d  th e y  a re  r a th e r  fa r  from  an y  rea lised  
e x p e rim en ta l en v iro n m en t. E v e n  u n d e r th e se  c ircum stances th e y  m o s tly  
g ive only  som e guesses for th e  o rd er of m a g n itu d e  an d  v e ry  few  of th e m  
re s u lt  in  a closed expression  w h ich  can  be e v a lu a te d  using  ex p e rim en ta l in p u t  
d a ta  to  specify  th e  ta rg e t  m a te ria ls .

T he em ission of seco n d ary  ions m ay  b e  caused  b y  d iffe ren t possible 
m echan ism s d ep en d in g  on th e  energies of th e  seco n d ary  p a rtic le s , ta rg e t  m a te 
r ia l, su rface co n d itio n s an d  b o m b ard in g  ions. In  an y  case, i t  is a g rea t c h a l
lenge, even from  th e  c o m p u ta tio n a l p o in t o f v iew , to  o b ta in  n u m erica l re su lts  
v a ry in g  in  four o rders of m a g n itu d e  from  in p u t  d a ta  d ev ia tin g  fo r th e  d iffe r
e n t m e ta ls  on ly  in  one order o f  m ag n itu d e . A  second questio n  is w h e th e r a 
th e o re tic a l m odel a n d  th e  ca lcu la ted  resu lts  c a n  be  co rre la ted  to  th e  ex p e ri
m e n ta l  ones b ecau se  o f th e  r a th e r  d iffe ren t neg lections, assu m p tio n s an d  
possib le  e x p e rim e n ta l and  n u m erica l errors dep en d in g  on c ircum stances an d  
th e  m e th o d  u sed .

In  v iew  o f th is  v e ry  in tr ic a te  s itu a tio n  w e h av e  in v e s tig a te d  th e o re tic a l 
re su lts  fo r 25 p u re  m e ta ls  ca lcu la ted  b y  a  v e ry  sim ple one-d im ensional m odel
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u sin g  th e  pseudo  a to m  m eth o d  [7]. T h is is a r a th e r  cru d e  m odel of seco n d ary  
ion ic  em ission  o f p o s itiv e  ions, b u t  in  a n y  case p ro d u c in g  a sim ple fo rm u la  
w ith o u t an y  f i t t in g  p a ra m e te r, w h ich  is easy  to  e v a lu a te  an d  w hich can  p e r
h a p s  a p p ro x im a te  th e  ion iza tio n  p ro b a b ility  in  th e  low  energy  case.

T h e  m e th o d  app lies th e  p seu d o  a to m  con cep t p roposed  b y  Z i m a n  [8 ]  

fo r  a  m o v ing  ion  in  th e  b u lk  to g e th e r  w ith  th e  screen ing  p ro d u ced  by  a  m an y - 
b o d y  in te ra c tio n  o f  th e  valence e lec tro n s. T h e  p seu d o a to m  no tio n  loses its  
m e a n in g  o f course ap p ro ch in g  th e  su rface  reg ion  an d  th e  follow ing p a r t  o f  th e  
em ission  p rocess c a n n o t be described  in  th is  w ay . T h e  p e r tu rb a tio n  in  th e  F erm i 
sea d isap p ea rs , how ever, an d  th is  w ill be a p p ro x im a te d  in  ca lcu la tin g  th e  re flec 
tio n  o f  th e  sc reen ing  as a quasi p a r tic le  due to  th e  chang ing  p o te n tia l a t  th e  
su rface . T h e  id ea  is r a th e r  s im ila r to  t h a t  p roposed  b y  J u r e t s c h k e  [ 9 ]  on 
th e  seco n d a ry  e lec tro n  em ission fo r th e  re flec tio n  of th e  exchange hole ex is tin g  
o n ly  in  th e  b u lk .

E v e n  th is  m odel is r a th e r  co m p lica ted  fo r re liab le  e v a lu a tio n  using  som e
w h a t rea lis tic  p h y s ica l c ircu m stan ces . So fo r a f ir s t  com parison  an d  c ritica l 
in v e s tig a tio n  as a fu r th e r  a p p ro x im a tio n  a s ta tic  s te p -p o te n tia l m odel was 
u sed . I n  th is  case th e  re flec tion  coeffic ien t is [10]

w h ere

w hile

K + =

ß  = ______2E ,  -  Ф _______
E f +  2E , ex p  ( — Ar0)

A =  [ W 1 V ( E f ) P ,

- = r_ i_ li»3 .
0 L 4тгр

( 1 )

(2)

(3)

(4)

H e re  E f  is th e  io n iza tio n  energy  o f  th e  free a to m , Ф is th e  w ork  fu n c tio n , E F 
is  th e  F e rm i en erg y , q is th e  a to m ic  d e n s ity  an d  N ( E F) is th e  d e n s ity  o f  s ta te s  
o f  e lec tro n s a t  th e  F e rm i level.

U sing
k x =  ] f2 E t -  Ф (5)

a n d
k 2 — ][E f +  2E t ex p  ( — Ar0) (6)

(1) w ill he in  th e  m ore usual fo rm :

R + = fej — k 2 2 
k i  ~f- k 2

(7)
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O ne realises t h a t  R + can b e  v e ry  sensitive  to  in p u t d a ta  because  th e  
e x p e rim e n ta l va lu es  o f  Ф can  be fo u n d  on ly  w ith  a n  u n c e rta in ty  o f  + 1 0  — 20%  
an d  n o t  ev e ry  m e a su re d  value E F is know n or ev en  w ith  a w orse accu racy . 
R eg ard in g  th e  m odel used  th e  E p -s w ere ca lcu la ted  b y  th e  free e lec tro n  th e o ry  
using  th e  atom ic  den sitie s  and  v a lenc ies. These v a lu e s  m ay  be  s ig n ifican tly  
d iffe ren t from  th e  a c tu a l  Ferm i levels o f th e  m e ta ls  in v estig a ted .

In  T ab le  I  th e  in p u t  d a ta  co llec ted  from  li te ra tu re  are show n. F o r  w ork 
fu n c tio n  th re e  v a lu es  are  given. T h e  m ost p ro b ab le  one Ф0 an d  tw o  fac to rs 
T min a n d  T max w h ere

Table I

Experim ental input data

Metal
Z

Valence
[и]

£?atom
10«/cm3

Et
'V  [11]

£>,eV

calc(-Ejpp) jmeag(.Ejpj) eV

Tmax Tmin

/о

Be 4 2 1 2 .3 5 9 .3 2 1 4 .3 5 — 4 .4 5 8 2 “ 1 1 2 “

M g 1 2 2 4 .3 0 7 .6 4 4 7 .1 0 8 .1 0 “ 3 .6 4 “ 9 2 “ 1 0 4 “

A1 1 3 3 6 .0 2 3 5 .9 8 4 1 1 .6 5 1 2 .0 13 4 .2 7 9 7 “ 1 0 2 “

Si 1 4 4 4 . 9 9 4 8 .1 4 9 1 2 .4 6 1 2 .5 “ 4 .8 8 3 “ 1 2 2 “

Ti 2 2 3 5 .6 6 3 6 .8 3 1 1 .1 8 6 .5 “ 4 .1 4 9 4 “ 1 0 7 “

V 2 3 2 7 .1 1 9 6 .7 4 9 .9 4 — 4 .2 1 9 7 “ 1 0 6 “

о 2 4 2 8 .3 3 3 6 .7 6 1 1 .0 4 7 .5 м 4 .5 4 9 6 “ 1 0 3 “

M n 2 4 2 7 .9 3 5 7 .4 3 2 1 0 .6 9 — 3 .9 7 9 5 “ 1 0 7 “

Fe 2 6 2 8 .4 9 6 7 .8 9 6 1 1 .1 9 1 0 .0 “ 4 .4 9 1 “ 1 0 9 “

C o 2 7 2 9 .0 2 5 7 .8 6 1 1 .6 0 9 .1 ” 4 .7 8 8 “ 1 0 9 “

Ni 2 8 2 9 .1 4 0 7 .6 3 3 1 1 .7 4 8 .5 м 4 .8 3 9 0 “ 1 1 1 “

C u 2 9 1 8 .4 6 7 7 .7 2 4 7 .0 3 9 .0 “ 4 .5 3 8 8 “ 1 1 1 “

Zn 3 0 2 6 .6 1 9 9 .3 9 1 9 .4 7 1 0 .0 “ 4 .2 9 9 6 “ 1 0 1 “

Ge 3 2 4 4 .4 1 7 7 .8 8 1 1 .4 8 — 4 .8 8 9 0 “ 1 0 2 “

Zr 40 4 4 .2 9 5 6 .8 4 1 1 .2 6 — 4 .0 9 6 “ 1 0 8 “

M o 4 2 3 6 .4 1 7 7 .1 0 1 2 .1 6 6 .8 “ 4 .4 5 9 0 “ 1 0 7 “

Pd 4 6 2 6 .7 9 5 8 .3 3 9 .6 3 8 6 .5 “ 4 .9 6 9 3 “ 1 1 4 “

Ag 4 7 1 5 .8 9 4 7 .5 7 4 5 .5 0 4 7 .5 “ 4 .2 8 9 0 “ 1 0 5 “

Sn 5 0 4 4 .6 9 6 7 .3 4 2 1 0 .1 9 — 4 .4 9 7 “ 1 1 6 “

Sb 51 5 3 .3 1 8 .6 4 1 0 .9 9 11 4 .3 3 9 4 “ 1 0 6 “

Ta 7 3 3 5 .5 3 5 7 .8 8 1 1 .0 2 5 .6 “ 4 .2 0 8 8 “ 1 1 3 “

W 7 4 2 6 .3 0 8 7 .9 8 9 .1 7 6 .8 “ 4 .5 4 9 2 “ 1 1 3 “

Pt 7 8 2 6 .6 2 5 9 .0 9 .4 8 9 .5 “ 5 .5 8 4 “ 1 1 2 “

A u 7 9 3 5 .8 9 6 9 .2 2 1 1 .4 9 9 .5 “ 4 .7 9 7 “ 1 1 5 “

Pb 8 2 4 3 .2 9 7 7 .4 1 5 9 .4 5 — 4 .1 4 9 3 “ 1 0 3 “
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^ m ln  —  Ф 0 -^min >

Фтах =  Фо T 'max

a re  th e  ex trem e  v a lu e s  o f w ork fu n c tio n  found  in  l i te ra tu re .
I n  F ig . 1 th e  ty p ic a l d ep en d en ce  of k 1 a n d  k 2 is given on  Ф and  E F 

ta k in g
Ф = Т Ф 0 ,

E p  =  T E Ft ; T mln <  T  <C T max.

Fig. 1. T ypical dependence o f the w ave vectors on work function and Ferm i energy

I n  th e  case (a) R + va ries  c o n tin u o u sly , b e tw een  Д ^ |П and  ax depend ing  on 
th e  a c tu a l v a lu e  o f  T  w hile in  case  (b) th e re  is a  T c resu lting  in  R +( T  =  T c) =  0. 
T h is  p o ss ib ility  is in h e re n tly  co n n ec ted  to  th e  sim ple fo rm u la  (7), p ro v id in g  
also  re su lts  o f  m a n y  orders o f m a g n itu d e  ev en  in  case of m o d e ra te ly  chang ing  
in p u t  d a ta . T o  f in d  th e  cap ac ities  an d  lim its  o f  th is  sim ple m o d e l one has to  
in v e s tig a te  n o t  o n ly  th e  a c tu a l re su lts  fo r som e given, say  “ o p tim a l”  in p u t 
v a lu es , b u t  a lso  th e  s ta b ility  o f  th e  o u tp u t a g a in s t th e  ex is tin g  u n ce rta in tie s  
in  in p u t d a ta .

F o r co m p ariso n  sp u tte r in g  a n d  seco n d ary  ion  yield w ere collected fro m  
li te ra tu re  fo r  th e  above m eta ls . U sing  re la tiv e  m ean  values a  reference  io n iza 
t io n  p ro b a b ili ty  l is t was p ro d u c e d  ta k in g  fo r  F e  R + =  3 • 1 0~ 4. T he d a ta  
a re  show n in  T ab le  I I .  One h as  to  n o te  th a t  th is  com pila tion  o f  ex p e rim en ta lly  
m easu red  v a lu e s  u n d e r  r a th e r  d iffe ren t e x p e rim e n ta l co n d itions p rov ided  o n ly
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Table П

E x p erim en ta l d a ta  com piled fro m  th e  lite ra tu re

Metal Z
Relative sputtering yield Relative sputtering 

ion yield
Ionization probability

4 t

S.T Smin
°/

'-’max ■Km in
°/

Frel=-ä— Vmln
°/

У max rib. ■ io*

Be 4 1.28 35» 165“ 4.44 97“ 103“ 3.47 59 294 1.04

Mg 12 0.42 8 8 » 107“ 3.87 97“ 103« 9.21 90 117 2.763

A1 13 0.74 6 8 » 128“ 3015 . 2 1 “ 249“ 40.74 16 368 12.23

Si 14 0.45 96“ 1 0 2 “ 1.59 52“ 224“ 3.53 51 234 1.059

Ti 2 2 0.76 32“ 276“ 10.25 16“ 230“ 13.49 6 729 4.044

V 23 0.59 71» 153“ 9.65 52“ 188“ 16.36 34 263 4.908

Cr 24 0.79 47» 114“ 7.06 58“ 140“ 8.94 51 298 2.682

Mn 25 1.06 1 0 0 “ 2 .8 6 39“ 160“ 2.70 39 160 0.807

Fe 26 1 1 1 0.3

Co 27 1.16 8 8 “ 118» 0 .6 91“ 109“ 0.52 76 123 0.155

Ni 28 1.42 77“ 119“ 0.73 64“ 132“ 0.51 54 171 0.153

Cu 29 2.91 40“ 227“ 0.43 60“ 140» 0.15 . 27 353 0.045

Zn 30 6 1 0 0 » 0.075 1 0 0 “ 0.013 1 0 0 0.0039
Ge 32 1.0 1 0 0 “ 2.09 92“ 107“ 2.09 93 107 0.627

Zr 40 0.57 67“ 123« 2 .0 2 52“ 145“ 3.54 43 217 1.062

Mo 42 0.95 64“ 232“ 10.04 61“ 1 2 1 “ 10.57 26 189 3.171

Pd 46 2 .0 1 61“ 1 2 0 » 0.25 8 8 “ 1 1 2 “ 0 1 .2 6 8 185 0.036

Ag 47 4.26 44“ 207“ 0.07 71“ 127“ 0.016 35 288 0.0048

Sn 50 2 .0 94» 106» 0.033 1 0 0 “ 0.017 94 107 0.0051

Sb 51 4.37 1 0 0 » 0.078 1 0 0 “ 0.018 1 0 0 0.0054

Ta 73 0.56 61“ 138» 0.46 39“ 135“ 0.82 28 2 2 2 0.246

W 74 0 .8 59“ 145» 1 .6 8 64“ 136“ 2 .1 44 232 0.63

Pt 78 1 .8 44“ 157» 0.32 91“ 109“ 0.18 58 249 0.054

Au 79 4.17 27“ 2 0 1 “ 0.018 1 0 0 “ 0.0043 50 369 0 .0 0 1 2

Pb 82 5.28 8 6 » 114« 0.069 1 0 0 “ 0.013 8 8 116 0.0039

a  s ta n d a rd  re fe ren ce  to  fa c ilita te  com parison  o f  ca lcu la ted  to  m easu red  v a lu es . 
(U n fo rtu n a te ly , we could n o t f in d  a m ore re liab le  co m p ila tio n  of d a ta  in  l i te 
ra tu re .)

C a lcu la tions w ere ca rr ied  o u t fo r 25 p u re  m eta ls  using  T min r max,
E pv  (ca lcu la ted ) an d  E FX (ex p erim en ta l, i f  i t  w as ava ilab le ). T he resu lts  a re  
show n in  T ab le  I I I  an d  F igs. 2— 3. In  T able I I I  y  + is th e  re fe ren ce  ex p erim en ta l 
v a lu e  ( ta k e n  fro m  T ab le  I I ) . In  th e  colum n h e a d e d  b y  “V al”  th e  valencies u sed  
a re  g iven  an d  E  signifies th e  v a lu e  o b ta in ed  u s in g  E p x . In  F igs. 2— 3 th e  v e r tic a l
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Table Ш /а

R esults o f calculations

Metal R+ • 103
a =  R +/y+ T

Val. î'mln
î ’mrn ^mai T =  1 oc=  0.1 <x= 10

Exp. ^ m aï

B e 2 .2 2 0 .0 1 5 .9 3 2 .1 3 0 .9 8 1 .2 2 0 .8 2 1 .1 2

M g
5 .3 7 3 .1 9 1 .4 4 1 .9 4 2

0 .9 2 1 .0 42 .6 6 1 .9 3 0 .6 1 0 .9 6 — — E

A1 1 6 .2 8
1 7 .8 8

1 .1 2
1 .2 4

1 .4 8
1 .6 2

1 .3 3
1 .4 6

— - 3
E 0 .9 7 1 .0 2

S i
2 .1 1 0 .0 8 1 1 .9 2 1 .9 9 0 .8 9 1 .1 9 4

0 .8 3 1 .2 22 .1 7 0 .0 7 1 2 .0 7 2 .0 5 0 .8 9 1 .1 8 E

T i 4 .7
1 .1 7

0 .6 0
0 .6 4

2 .0 2
0 .0 5

1 .1 6
0 .2 9 1 .0 5

— 3
E

0 .9 4 1 .0 7

V 3 .1 7 0 .4 5 1 .1 4 0 .6 5 — — 2 0 .9 7 1 .0 6

C r 7 .8 6
0 .3 1

2 .1 4
0 .0 1

3 .6 0
0 .2 6

2 .9 3
0 .1 2 1 —

2
E

0 .9 6 1 .0 3

Mn 1 .3 3 0 .6 1 3 .8 9 1 .6 4 — - 2 0 .9 5 1 .0 7

F e
1 .4 5 0 .4 7 1 2 .4 8 4 .8 4 _ 1 .0 6 2

0 .9 1 1 .0 9
0 .2 9 5 0 .2 3 5 .8 9 0 .9 8 0 .9 2 — E

2 .9 8 2 .1 3 4 2 .3 7 1 9 .2 1 _ 0 .9 5 2
C o

0 .1 0 3 3 .6 7 7 .9 9 0 .6 6 0 .9 5  1 
0 .9 8  J - E

0 .8 8 1 .0 9

4 .8 8 9 .7 5 6 9 .7 2 3 1 .9 2 _ 0 .9 2
N i

0 .1 2 3 2 .0 1 1 1 .6 8 0 .8 1
0 .9 2 1
0 . 9 8 /

1 .1 E
0 .9 1 .1 1

1 .0 9 9 0 .6 8 0 .5 0 2 4 .1 2 _ 1 .0 5 1
C u

0 .0 6 1 5 .1 8 3 2 .4 3 1 .3 4
0 .9 6
0 .9 8

0 .9  1 
1 . 0 5 /

E
0 .8 8 1 .1 1

Zn 2 .7 6 1 0 0 3 6 4 .1 7 7 0 7 .2 _ 1 .1 9 2 0 .9 6 1 .0 1
1 .8 4 7 2 2 .3 4 1 6 .7 4 7 0 9 1 .1 7 1 .1 5 E
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Table ПГ/b

Results o f  calculations

Metal R+ • 10*
a =  R+ly* T

Val.

^min ^mai T= 1 a = 0 .1 a =  10
Exp. 1 min Jmax

Ge 1 .5 4 0 .0 7 3 .3 2 2 .4 5 0 .9 — 4 0 .9 1 .0 2

Zr 3 .6 7 2 .1 5 6 .8 9 3 .5 6 — 4 0 .9 6 1 .0 8

Mo 6 .9 6
0 .6 7

0 .8 1
0 .9 2

3 .5 1
0 .0 1

2 .1 9
0 .2 1 1 .0 3

3
E 0 . 9 1 .0 7

Pd
0 .0 0 0 3 1 2 .2 4 4 3 .1 0 .0 1 0 . 9 9 1 0 . 9 4 }

2
1 . 0 1 / 1 .0 7  J 0 .9 3 1 .1 4

4 .3 7 1 9 5 .1 2 6 .1 1 2 1 .4 — — E

Ag 7 .2 5 2 4 8 0 1 1 1 4 1 5 1 0 _ _ 1
0 . 9 1 .0 51 .3 1 8 4 0 5 1 4 2 7 2 — 1 .1 1 E

Sn 0 .5 2 6 3 5 .0 2 1 0 2 7 1 0 3 .1 0 .9 3 0 . 9 1 }
0 . 9 5 /

4 0 .9 7 1 .1 6

Sb 0 .3 0 0 2 3 0 .3 0 .0 1 5 5 .5 1 — 1 .0 3 5 0 . 9 4 1 .0 6

T a
0 .4 2 4 0 .9 5 1 3 .5 4 1 .7 2 0 . 9 1 1 0 . 8 8 } 3

0 .9 5  / 1 .1  / 0 .8 8 1 .1 3
9 .5 7 6 4 .2 7 1 8 .5 2 3 8 .8 9 — E

W 0 .0 6 0 1 .4 9 1 .3 0 0 .1 1 A 2
1 .0 6  1 0 .9 2 1 .1 3

3 .4 9 1 .0 0 8 1 .0 6 5 .5 4 — 0 .9 2 E

Pt
0 .3 0 6 7 6 .4 1 1 1 .8 7 5 .6 6

1 .0 5 1  
1 .0 7  j

0 . 9 8 }
1 . 1 4 /

2
0 . 8 4 1.15

1 .3 2 1 2 2 .5 3 0 .4 9 2 4 .5 3
1 .1 2
1 .1 4 1 .0 5 E

Au
0 .0 5 7 2 1 3 .7 9 4 0 .5 4 7 .3 4 1 .0 3

1 .0 1 }
1 . 0 4 / 3

0 .9 7 1 .1 5
1 .8 8 2 2 0 1 1 4 .2 7 1 5 6 8 1 .1 7

1 .1 5  J 
1 . 1 8 / E

Pb 0 .0 2 4 1 8 1 .4 4 .5 5 6 .1 8
1 .0 1 1
1 . 0 2 /

0 .9 9 5 4 0 .9 3 1 .0 3
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Fig. 2. E xperim ental va lu es o f the secondary ion ic probabilities

lin e s  g ive T min a n d  T max lim its . O ne observes t h a t  in  th e  case o f  th e  follow ing 
13 m e ta ls ; Be, M g, A l, Si, T i, V , Cr, Mn, Fe, G e, Z r, Mo, T a  th e  resu lts are  
co m p le te ly  s tab le  in  th e  given in p u t  range p ro v id in g  a v e ry  good agreem ent 
w ith  ex p e rim en ta l references. T h e  second class o f  9 m eta ls : Co, Ni, Cu, P d , 
S b , W , P t, A u a n d  P b  give re lia b le  ag reem en t be tw een  th e  lim its  of in p u t 
ra n g e  b u t  th e y  h a v e  a  T c, too , w h e n  R + =  0, a n d  a re  ra th e r  sen s itiv e  to  co rrec t 
in p u t .  T here a re  3 m e ta ls : Z n , A g an d  Sn w h ich  can n o t be  describ ed  b y  th e  
p re s e n t  m odel w ith in  th e  g iven  in p u t  in te rv a l, in  any  case fo r  Zn we could  
f in d  on ly  one m e a su re d  seco n d a ry  ion  yield.
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------ R V T ’ lEn/) --------R*/T*(EFEXp)

Fig. 3. E xperim ental values o f  th e  secondary ionic probabilities

T h e  au th o rs  are  co m p le te ly  aw are  o f th e  v e ry  c ru d e  a p p ro x im a tio n  of 
th e  su rface  cond ition  u s in g  s tep  p o te n tia l, on th e  o th e r  h a n d , i t  seem s to  he 
re m a rk a b le  t h a t  no f i t t in g  p a ra m e te r  w as used  in  th e  above c a lcu la tio n . 
F u r th e r  re su lts  using  a m ore  rea listic  p o te n tia l  will b e  p u b lished  in  th e  near 
fu tu re .
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The energy accom m odation coefficient is often su bstitu ted  b y  energy ratios defined  
arbitrarily because o f th e  difficulties presented by the calculations. In  order to account for the  
m odel developed for th e  com putation o f the energy accom m odation coefficient this paper 
proves th e  necessity o f  applying the ex a ct defin ition  of this quantity . After a sum m ary o f the  
calculation  m ethods relating the energy accom m odation coefficient the m odel itse lf is presented  
w ith  its  lim its and possibilities. The point o f the m odel is the hard cube approxim ation w ith  
a constan t potential characterizing the m ean effect o f th e  attractive forces o f  the surface 
atom s. To take into account the m ultiple collisions a sim ulation procedure is applied.

Introduction

T h e  energy  acco m m o d atio n  coeffic ien t is an  im p o r ta n t q u a n ti ty  fo r th e  
c h a ra c te r iz a tio n  o f  th e  in te ra c tio n  b e tw een  th e  solid  su rface  and  th e  gas m ole
cules. T h is  q u a n ti ty  is v e ry  sen sc tiv e  to  th e  p u r i ty  o f th e  surface an d  in d ica tes  
th e  p rocess o f a d so rp tio n  [1]. F o rm e rly  th e  m o m en tu m  accom m odation  coeffi
c ie n t w as considered  as th e  c h a ra c te r is tic  o f th e  g as-su rface  in te ra c tio n  th ro u g h  
th e  fo rm a tio n  o f cosine d is tr ib u tio n  or specu la r re flec tio n  [2]. R ecen tly  th e  
gas-su rface  in te ra c tio n  has been described  b y  m o lecu la r beam  d a ta  an d  th e  
a v e rag e  b e h a v io u r o f  a gas-surface sy s tem  has been  re p re se n te d  b y  th e  energy  
acco m m o d a tio n  coeffic ien t [3]. T h e  energy  acco m m o d a tio n  coeffic ien t, how 
ever, is  o ften  s u b s ti tu te d  b y  en erg y  ra tio s  defined  a rb itra r ily  because  o f  th e  
d ifficu ltie s  in h e re n t in  th e  ca lcu la tions.

In  o rd er to  acco u n t for th e  m odel developed  fo r th e  co m p u ta tio n  o f th e  
en e rg y  acco m m o d a tio n  coefficien t th is  p ap e r p roves th e  n ecessity  o f ap p ly in g  
th e  e x a c t d e fin ition  o f th is  q u a n tity . A fte r a su m m ary  o f th e  ca lcu la tio n  m eth o d s 
re la tin g  th e  energy  accom m odation  coefficient th e  m odel itse lf  is p resen ted  
w ith  i ts  lim its  a n d  possib ilities.

Characterization of the surface in  rarefied gas dynamics

A ccord ing  to  th e  earliest a p p ro x im a tio n  fo r th e  d is tr ib u tio n  o f sc a tte re d  
m olecules — in tro d u c e d  b y  M axw ell — th e  p ro p o rtio n  oc o f th e  im p in g in g  
m olecules is sc a tte re d  d iffusely  a n d  th e  p ro p o rtio n  (1 — r)  is re flec ted  specu-
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la r ly . I n  th e  p o in t g iven  b y  th e  p o s itio n  v e c to r  r s th e  a d e q u a te  d is tr ib u tio n  
fu n c tio n  o f m olecules sc a tte re d  fro m  th e  su rface  w ith  v e lo c ity  u  is

/ ( r „  u) =  (1 — t ) / ( r s, V -  2 (u n )  n)
T n .

Mo TT?12
exp  ( — u2lu %), (1 )

w h ere  ul  =  2 k T rjm ,  v  is th e  v e lo c ity  o f  th e  incom ing  m olecules, n  is th e  u n ity  
v e c to r  o f th e  su rface  n o rm al, m  is th e  m ass o f  th e  gas m olecule a n d  к  is th e  
B o ltz m a n n  c o n s ta n t. n r an d  T r a re  p a ra m e te rs  w ith  d im ensions o f  p a rtic le  
n u m b e r  d en sity  a n d  te m p e ra tu re , re sp ec tiv e ly  [4].

F ro m  th e  p o in t o f v iew  o f d y n am ics  т  is th e  acco m m o d atio n  coefficien t 
o f  th e  ta n g e n tia l  co m p o n en t o f  m o m e n tu m :

w h ere

(2)

is  th e  ta n g e n tia l  m o m en tu m  tra n s fe r re d  to  th e  su rface  b y  th e  m olecules o f 
d is tr ib u tio n  fu n c tio n  f h and

P r = m \ / r M u n ) d u  
J  Un>0

is th e  ta n g e tia l  m o m en tu m  tra n s p o r te d  from  th e  su rface  b y  th e  m olecules 
o f  d is tr ib u tio n  fu n c tio n  f r.

T h e gas m olecules com ing to  th e  su rface  a re  ch a rac te rized  b y  M axw ell 
d is tr ib u tio n  o f te m p e ra tu re  T t a n d  h a v e  a  m ean  energy  E h w hile th e  gas m ole
cu les sc a tte re d  fro m  th e  surface h a v e  a m ean  energy  E r in  acco rd an ce  w ith  th e  
te m p e ra tu re  T r. I f  th e  gas is in  th e rm a l eq u ilib riu m  w ith  th e  su rface  o f te m p e 
r a tu r e  Ts, th e n  th e  gas m olecules h a v e  th e  m ean  energy  E s. U sing these  
q u a n ti t ie s  th e  en e rg y  acco m m o d a tio n  coeffic ien t is defined  as

a  =  lim  —----- —  . (3)
Ei-E . E t — E s

T h e  e q u iv a len t fo rm u la  for e x p e rim e n ts  is

a  =
T

lim  —
Ti-т ,  T t

(4)
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B etw een  th e  m e a n  energy  an d  th e  te m p e ra tu re  th e re  is a sim ple re la tio n  on ly  
i f  th e  M axw ell d is tr ib u tio n  is u n d is to r te d . T h e  fu lfilm en t o f th is  co n d itio n  
m u s t be  checked  fo r every  e x p e rim e n ta l m e th o d . T h eo re tica l m odels o ften  d e 
fin e  th e  energy  accom m odation  coeffic ien t in s te a d  o f a  in  a n o th e r  w ay  an d  
in v e s tig a te  th e  ch a rac te ris tic s  o f  th e se  a rb itr a ry  q u a n titie s  [5]. U su a lly  th e  
co n d itio n  Ej  —► E s is o m itted  b ecau se  of th e  lim its  o f th e  th e o ry .

I t  is easy  to  p ro v e  th a t  su p p o sin g  th e  acco m m o d a tio n  coeffic ien ts  to  be 
in d e p e n d e n t o f  d is tr ib u tio n  fu n c tio n  leads to  co n trad ic tio n . U sing  E q . (1) 
th e  en erg y  of m olecules sc a tte re d  from  th e  su rface  can  be exp ressed  in  th e  fo rm

Rr =  f  - ^ - H / ^ u = ( l - r ) E , - + Æ u 03 , (5)
Ju„>0 2 2 \jn

w here

E , =  -  f  (▼“ ) f i  dv  (6)
Jv„< 0 ^

is th e  energy  o f  th e  im pinging  m olecules.
F o r  a gas b e in g  in  eq u ilib riu m  w ith  th e  su rface  th e  energy  o f  th e  m ole

cules is

E s = ( l - T ) E ,  +  r ^ u f 0 , (7)
2 у л

w here  и 0̂ =  2k T J m .  T he n u m b e r o f m olecules N r, s c a tte re d  from  u n i t  a rea  in  
u n it  tim e  is

N r =  f  (un) f r d u  =  (1 -  r ) N t +  u 0 , (8)
Ju„> 0 2 1 л

w h ere  N t is th e  n u m b e r of in co m in g  m olecules in  u n it  tim e  to  th e  sam e a rea :

iV, =  - f  (v n  ) f i d v .  (9)
Jvn<0

W h en  th e  co n d itio n  T r =  T s is sa tis fied , th e n

N s =  (1 -  t) N i +  uso. (10)
2 \ л

As th e  n u m b ers  o f  incom ing a n d  sc a tte re d  m olecules are equa l, th e  follow ing 
e q u a tio n s  are v a lid :

N t =  N r =  - ^ r u 9 o r N i =  N .  =  - ^ = - u M. (11)
2i y 71 2л у 7 t
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I f  th e  acco m m o d a tio n  coeffic ien ts  r  an d  x  a re  know n a t a  g iven  surface 
te m p e ra tu re , th e  E q s . (6) — (11) to g e th e r  w ith  th e  defin itions o f x  and  r  
a llow  us to  c a lc u la te  th e  values n r, ns a n d  T r.

T h e acco m m o d a tio n  coeffic ien ts d efin ed  b y  E q s. (2) an d  (3), how ever, 
a re  n o t  in d e p e n d e n t o f th e  d is tr ib u tio n  fu n c tio n s . L e t us consider th e  cond itions 
T =  1 an d  a  =  1 a n d  le t  us in v e s tig a te  tw o  m o lecu la r beam s w ith  m olecules 
o f  ve locities v x a n d  v2. I f  th e  n u m b e r  d ensities o f  m olecules in  th e  beam s are 
sm a ll enough, th e n  th e  presence o f one o f th e  b eam s does n o t d is tu rb  th e  o th e r 
o n e , an d  th e  d is tr ib u tio n  fu n c tio n  o f th e  sc a tte re d  m olecules m u st be  th e  sum  
o f  th e  tw o  d is tr ib u tio n  functions. T h e  d is tr ib u tio n  fu n c tio n s m ay  be  w ritten  
in  th e  com m on fo rm

frk  =  —  -WifcMM2e x p (  — u2lulo) (k =  1 ,2 , 3) . 
л

-w here к  =  1 a n d  к  =  2 refer to  th e  m o lecu la r b eam s o f velocities an d  va, 
a n d  к  =  2 ch a ra c te riz e s  th e  s im u ltan eo u s  inc idence  o f  th e  beam s. T h e  eq u a lity  
JV /3 =  N tl -J- N V1 is ev id en t an d  from  E q . (3) follow s th a t

(k  =  1, 2)

x)  +  a u f# .

S im p le  su b s titu tio n  show s th a t

frs ^  f n  +  f r 2 •

u 30
N g  v{ +  N i2 v\  

2 ЛГ,.3

T o g e th e r  w ith  th e  defin itio n s (2) a n d  (3) th e  a p p ro x im a tio n  in  E q . (1) is va lid  
fo r  s c a tte re d  p a r tic le s  w hen th e  gas is in  th e rm a l equ ilib riu m  w ith  th e  surface.

T he acco m m o d a tio n  coefficien ts т  an d  x  p la y  d iffe ren t roles in  th e  c h a r
a c te r iz a tio n  of a  so lid  surface, т is an  im p o r ta n t  q u a n ti ty  in  th e  ra re f ie d  gas 
d y n am ics , w here  fo r engineering  m a te ria ls  т is d e te rm in ed  f ir s tly  b y  th e  
ro u g h n ess  of th e  su rfa c e  [6]. F o r m icroscop ica lly  sm o o th  surfaces th e  ta n g e n tia l 
m o m e n tu m  acco m m o d a tio n  ch a rac te rize s  th e  in te ra c tio n  b e tw een  th e  gas 
m olecu les an d  th e  su rface  poorly . O n ly  th e  values x =  0 an d  т =  1 g ive p h y si
c a l ly  usefu l in fo rm a tio n , in  o th e r  cases th e  know ledge o f th e  a n g u la r  d is tr ib u 
t io n  o f  sc a tte re d  p a rtic le s  is req u ired .

Theoretical models of the energy accommodation coefficient

T he energy  acco m m o d atio n  coeffic ien t x  sum m arizes th e  energy  exchange 
p ro cesses  w hich  m a y  occur w hen  a solid  su rface  is com pletely  im m ersed  in
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a  s till gas. T he su rface  im m ersed  in  a  s till gas m a y  be considered  as re p re se n t
ing  th e  in te g ra te d  effects o f s c a tte r in g  of an in f in ite  n u m b er o f  m olecular 
b eam s com ing  fro m  d iffe ren t d irec tio n s  w ith  d iffe ren t energy . E a c h  such 
beam  w ill in  g enera l be  sca tte red  in  a  d iffe ren t w ay  a n d  will p roduce  a  d ifferen t 
s c a tte r in g  p a t te rn  — how ever, th e  in te g ra te d  p a t te r n  w ill be th e  sam e for 
all gas-su rface sy s te m s  in  th e  case o f  th e rm a l eq u ilib riu m  [3].

E x p e rim e n ts  in  a  s till gas in v o lv e  th e  sacrifice  o f m ost in fo rm a tio n  on 
effects of d irec tio n s  an d  m o lecu lar speed . T he e x p e rim en ta l re su lts  a re  less 
sen sitive  an d  specific  th a n  tho se  w ith  m olecu lar beam s, b u t th e y  prov ide 
d a ta  w h ich  re p re se n t th e  average  b eh av io u r o f th e  gas-surface sy s tem . T he 
ex p e rim en ts  m easu rin g  th e  energy  acco m m o d atio n  coeffic ien ts a re  re la tiv e ly  
sim ple an d  th e  ch an g es o f va lues x  o f  clean su rfaces in d ica te  th e  beg inn ing  
an d  th e  p rocess a d so rp tio n .

As th e  e x p e rim e n ts  are  n o t m ad e  b y  m o lecu la r beam s, th e  th e o ry  for 
th e  ca lcu la tio n s o f  th e  energy acco m m o d atio n  coeffic ien t m u st co m p ly  w ith  
specific  re q u ire m e n ts . I t  is h a rd  to  de te rm ine  th e  in te ra c tio n  b e tw een  an  
idea l solid su rface a n d  a m onoenergetic  m olecular beam  com ing from  a  given 
d irec tio n . I t  is h ope less to  get th e  en e rg y  accom m odation  coeffic ien t b y  av e rag 
ing  th e  re su lts  o f  co m p lica ted  ca lcu la tio n s  concern ing  th e  in te ra c tio n  betw een  
th e  m o lecu la r b eam s an d  th e  su rface . T he ca lcu la tio n s can be m ad e  b y  av erag 
ing , b u t  in  th is  case  th e  m odel fo r in te ra c tio n  m u s t be oversim plified . A no ther 
possib ility  is to  f in d  som e energy tr a n s fe r  process w hich  rep re sen ts  th e  change 
of to ta l  energy  su ita b ly .

T he te n d e n c y  o f  th e  d ep en d en ce  o f x  on th e  m ass ra tio  o f th e  gas a to m  
to  th e  solid  a to m  is co rrec t in B a u le ’s m odel, w here  th e  dynam ics o f  tw o  h a rd  
spheres are  ta k e n  in to  accoun t o n ly . T he cube m odels m ake i t  possib le to  
ca lcu la te  th e  en e rg y  acco m m o d atio n  coefficien t as a fu n c tio n  o f  th e  m ass 
ra tio  an d  th e  te m p e ra tu re s . The h a rd  cube m odel, how ever, is developed  for 
ca lcu la tin g  th e  a n g u la r  d is tr ib u tio n  o f  sc a tte re d  p a rtic le s  an d  in  i ts  p resen t 
form  th is  m odel g ives only  th e  re la tio n  betw een  x  an d  th e  m ass ra tio . T he soft 
cube  m odel c o n ta in s  a d ju s ta b le  p a ra m e te rs  an d  c a n n o t p red ic t th e  eq u ilib riu m  
x  va lu es  acco rd ing  to  E q . (4), b u t  p rovides n o n eq u ilib riu m  x  v a lu es  w hen 
Tj  — T s is su ff ic ie n tly  large. C om parison  of so ft cu b e  m odel p red ic tio n s  w ith  
e x p e rim e n ta l d a ta  o f  th e  n o n eq u ilib riu m  energy  accom m odation  coeffic ien ts 
gives good co rre la tio n s  [7].

A t p resen t th e  q u a n tu m  th e o ry  o f th e  en erg y  acco m m o d atio n  coefficient 
is s till u n sa tis fa c to ry  because i t  fa ils  to  p roduce  ag reem en t w ith  ex p erim en t 
a t  low  te m p e ra tu re , p resu m ab ly  d u e  to  th e  use o f  in co rrec t in te ra c tio n  p o te n 
tia l  m odels [3].

T h ere  are  c lassica l s im u la tio n  m odels w h ich  can  ta k e  in to  accoun t a 
m ore rea lis tic  p h y s ic a l p ic tu re  b y  using  m uch co m p u te r  tim e . A  v a r ie ty  of 
so p h is tic a ted  ca lcu la tio n s  of a to m ic  tra je c to rie s  n e a r  solid su rfaces h av e  been
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p re se n te d . T h e  fo rce  is genera lly  re p re se n te d  as a n  exp lic it su m  o f pairw ise 
in te ra c tio n  b e tw een  th e  gas a to m  a n d  a set of o sc illa ting  a to m s in  th e  solid. 
T h e  n u m b e r  o f  s im u ltan eo u s d iffe ren tia l e q u a tio n s  w hich are to  be solved 
b ecom es q u ite  la rg e . A  large  n u m b e r  of a im ing  p o in ts  is re q u ire d  to  o b ta in  
sm o o th  d is tr ib u tio n s  o f sc a tte r in g  in te n s ity  an d  sa tis fa c to ry  s ta t is t ic a l  un cer
ta in t ie s  — o f th e  o rd e r of 104—2 • 104. T hese tr a je c to ry  ca lcu la tions a re  su itab le  
to  o b ta in  th e  re la tio n  be tw een  th e  sc a tte rin g  in te n s itie s  an d  th e  gas a tom  — 
so lid  p o te n tia l  p a ra m e te rs  [8]. I t  is hopeless, h o w ever, to  d e te rm in e  th e  energy 
acco m m o d a tio n  coeffic ien t b y  th e se  c o m p u ta tio n s  because o f th e  requ ired  
av e rag in g .

In  th e  la t t ic e  th e o ry  a re a l c ry s ta l  is re p re se n te d  b y  a “ la t t ic e  m odel”  
a n d  in te ra c tio n s  am ong  a tom s o f a  re a l c ry s ta l a re  rep re sen ted  b y  som e la ttic e  
in te ra to m ic  in te ra c tio n  law . T h e  sim plified  la t t ic e  m odels h a v e  ad ju s tab le  
p a ra m e te rs  an d  b y  su ita b ly  f i t t in g  th e se  m odels a  u sefu l sem iem pirica l form ula 
ca n  be  o b ta in e d  fo r th e  energy  acco m m o d a tio n  coefficient.

A sim ple m odel and the results

E x c e p t B au le ’s th e o ry , c lassica l and  q u a n tu m  calcu la tions a re  len g th y  
a n d  d ifficu lt. T h is  p a p e r  suggests a  sim ple s im u la tio n  p ro ced u re  fo r  ca lcu la t
in g  th e  energy  acco m m o d a tio n  co effic ien t as a fu n c tio n  of th e  m ass ra tio  and  
th e  te m p e ra tu re .

In  th is  m odel th e  solid is re p re se n te d  b y  a  h a rd  cube, i.e. th e  ta n g e n tia l 
v e lo c ity  is u n c h an g ed  d u rin g  th e  collision . T he so lid  a to m  has a v e lo c ity  norm al 
to  th e  su rface , in  th e  d irec to n  o f  th e  p o sitive  z  ax is :

w =  w '  cos (2jzl), (12)

w h e re  l is se lec ted  fro m  ra n d o m  n u m b e rs  d is tr ib u te d  un ifo rm ly  in  th e  in te rv a l 
(0, 1). T h e  v e lo c ity  a m p litu d e  w '  h a s  a one-d im ensional d is tr ib u tio n

G(w')dw' =  -— exp (—w '2liv l)dw’ , (13)
\ n w 0

w ith
wo =  2 k T J M , (14)

w h ere  T s is th e  te m p e ra tu re  o f th e  so lid  and  M  is th e  m ass o f a so lid  atom . 
T h e  v e lo c ity  m ag n itu d es  o f th e  incom ing  gas m olecules a re  given by

th e
9  „3

F(v)dv  = ------ exp  ( —t^/vj}) dv (15)
Vo

Acta Physica Academiae Scientiarum Hungaricae 49, 1980



A SIM PLE M O D EL 367

d is tr ib u tio n  fu n c tio n  [9], a n d  th e  d irec tio n  is de te rm ined  b y  th e  cosine d is t r i 
b u tio n :

H (# )d Q  =  —  cos M Q  . (16)
л

In  E q . (14)
2 k T t

9
m

■where Т,- is th e  te m p e ra tu re  o f  th e  im p in g in g  m olecules a n d  m  is th e  m ass 
o f  th e  gas m olecules.

T he gas m olecule n e a r to  th e  surface is  accelera ted  b y  th e  p o te n tia l  U  — 
c o n s ta n t an d  hence  th e  n o rm a l co m p o n en t v n o f th e  in co m in g  m olecu lar s a tis 
fies th e  eq u a tio n

—  m v \  =  —  mvf  cos2 #,■ +  U . (17)
2 2

T he p o te n tia l  U  ch a rac te rizes  th e  m ean  e ffec t of th e  a t t r a c t iv e  forces o f  th e  
su rface  a to m s.

T h e  d y n am ics  of th e  one d im ensiona l collision b e tw e e n  th e  gas m olecule  
an d  th e  solid  a to m  is v e ry  sim ple i f  a f te r  th e  collision th e  velocities o f  th e  
gas m olecule an d  o f  th e  solid  a re  opposite . A pp ly ing  th e  law s of th e  c o n se rv a 
tio n  of m o m en tu m  an d  o f en e rg y  th e  v e lo c ity  of th e  gas m olecule a f te r  colli
sion is

< = 2 »  +  Ь - 1 ) , П '  (18)

1 +  и

w here  (i is th e  m ass ra tio : fj, =  m /M .
In  th e  o th e r  cases one m u s t consider th e  possib ility  o f  a re p e a te d  co lli

sion . T h is req u ires  th e  freq u en cy  of th e  v ib ra tio n  of so lid  a tom  v =  k T /h ,  
w here  h  is P la n c k ’s c o n s ta n t. K now ing  th e  velocities a n d  th e  phase  o f  th e  
v ib ra tio n  b y  E q . (12) i t  c an  be  d e te rm in ed  w heth er a  fu r th e r  collision ta k e s  
p lace. In  th e  case o f  a fu r th e r  collision th e  velocity  o f th e  gas m olecule a fte r  
collision m ay  be  ca lcu la ted  b y  E q . (18).

In  b o th  cases o f sim ple a n d  m u ltip le  collisions th e  m olecule le av es  th e  
su rface  w ith  a  v e lo c ity  u n sa tis fy in g  th e  fo llow ing e q u a tio n :

—  m u „ = —  m u'*  — U ,  (19)
2 2

w here  u'n is th e  v e lo c ity  a f te r  th e  la s t collision .
To ca lcu la te  a  i t  is n ecessary  to  c o m p u te  th e  m e a n  energy o f th e  N
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sc a tte re d  m o lecu les:

1 N
E r =  —  У  

n  j a
—  mu„j -j------mv'fj sin2 # ,; )
2 2

a n d  to  check th e  v a lid ity  o f th e  re la tion

(20)

E , =
1 N 1

—  У  —  mvf,  =  2fcT,. 
N  P i  2 tJ

(21)

To d e te rm in e  th e  f in a l v e lo c ity  of ea c h  sim u la ted  m olecule req u ire s  a 
sim p le  c a lc u la tio n  and  th e  fo llow  of 10 000 tra je c to r ie s  re q u ire s  little  c o m p u te r  
tim e  only. U n fo r tu n a te ly , in  E q . (3) th e  co n d itio n  Е,- —*■ E s dem ands th e  c a l
c u la tio n  o f th e  energy  d ifference  А E  =  E t — E r a t  d iffe re n t energies E t in  
th e  v ic in ity  o f  th e  te m p e ra tu re  T t =  T s. F o r  th e  d e te rm in a tio n  of th e  v a lu e  « 
A E I ( E t — E s) m u s t  be e x tra p o la te d . So i f  w e have an  e r ro r  of 1 — 2 %  in  
A E ,  th e  e rro r o f  a  ca lcu la ted  b y  th e  e x tra p o la tio n  m ay  re a c h  th e  10 — 2 0 % .

Fig. 1 show s th e  c a lc u la ted  energy acco m m o d a tio n  coefficient fo r th e  
N e — W  sy stem s as a fu n c tio n  o f  th e  te m p e ra tu re . The p o te n tia l  well d e p th  U  
w as chosen to  b e  equal to  th e  ad so rp tio n  h e a t  p e r m olecule, U  =  3.5 • 1 0 -21 J  
[10]. The c a lc u la te d  values o f  a  a re  larger th a n  th e  e x p e rim e n ta l d a ta  [11]. T h is  
te n d e n c y  is e x p e c ta b le  b ecau se  o m ittin g  th e  rep u ls iv e  forces th e  energy acco m 
m o d a tio n  is o v e re s tim a te d . T re a tin g  U  as a n  a d ju s ta b le  p a ra m e te r  th e  r e s u lts  
o f  c o m p u ta tio n s  w ould  f i t  th e  ex p e rim en ta l v a lu es  b e tte r .

T he d e v ia tio n  from  th e  m easu rem en ts  is  s im ilar in  F ig . 2 , w here th e  a  v s  T  
fu n c tio n  is sh o w n  for th e  A r — W  system . H e re  U =  16.8 • 1 0 ~21 J  [10], a n d  
th e  ag reem en t w ith  th e  e x p e rim e n ta l d a ta  is b e tte r . T h is  b e tte r  a g reem en t 
show s th a t  ta k in g  in to  ac c o u n t th e  m u ltip le  collision m a y  b e  im p o rta n t s ince  
in  th e  A r —W  sy s te m  th e  m u ltip le  collisions a re  m ore f re q u e n t because o f  th e  
la rg e r  m ass r a t io .

Fig. 1. Energy accommodation coefficients a at different temperatures T  for Ne—W system  
О show the experimental data [7], the calculated values are denoted by V
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F ig . 2. Energy accommodation coefficients a  at different temperatures T  for Ar— W system  
О  show the experimental data [7], the calculated values are denoted by V

T h e app lied  m odel is v e ry  sim ple and  i t  seem s su itab le  fo r an a ly tica l 
ca lcu la tio n s. T h e  assum p tio n s are  sim ilar to  th o se  in  th e  h a rd  cube m odel 
ex cep t th e  m u ltip le  sca tte rin g  an d  th e  p o te n tia l well. The a n a ly tic a l t re a tm e n t 
w ould  allow  o f considering  V  as an  a d ju s ta b le  p a ra m e te r  a n d  o f  avoid ing  th e  
su m m atio n  of th e  errors a t  th e  e x tra p o la tio n . R ecen tly  th e re  have  been 
a t te m p ts  to  a p p ly  th e  h a rd  cube  m odel w ith  a p o ten tia l w ell in  order to  
ca lcu la te  th e  en e rg y  acco m m o d atio n  coeffic ien t [12], h u t  th e  ta sk  rem ains 
to  consider th e  m u ltip le  collisions in  an a ly tica l ca lcu lations.
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The possibility of the substitution of the shell-model potential in the shell-correction 
method by Thomas —Fermi potential is investigated. The preliminary results referring to the 
spherical nucleus 208Pb show that after the re-adjustment of the applied effective two-nucleon 
interactions in the energy functional the Thomas —Fermi potential obtained as the variational 
derivative of the energy-functional can be used to calculate shell corrections.

1. In tro d u c tio n

T h e  shell-co rrection  m e th o d  proposed  b y  S t r u t in s k y  [1] is a com bina
tio n  o f tw o  d iffe ren t phenom enolog ical m odels, n am ely  th e  shell m odel (SM) 
a n d  th e  liq u id  d ro p  m odel (LD M ). A ccording to  th is  ap p ro ach  th e  b ind ing  
energy  o f a defo rm ed  nucleus can  be w ritte n  as

E ( A ,  ß) =  E LDM(A , ß) +  ÔEX( U +  ÔE 2, (1)

w here  A  is th e  m ass-n u m b er, ß  sym bolizes c e r ta in  p a ra m e te rs  ch a rac teriz in g  
th e  d e fo rm atio n , E LDM is th e  b in d in g  energy  o f  th e  nucleus ca lc u la ted  w ith in  
th e  fram ew ork  o f  th e  LDM . T h e  second te rm  o f th e  r ig h t h a n d  side is th e  
shell co rrec tion  ca lcu la ted  in  a g iven defo rm ed  SM p o ten tia l,

0E1(U™) =  £ e A U SM) - ( 2 e v (USM)) . (2)
V \  V Jav

H ere  e„-s are th e  single p a rtic le  energies ca lcu la ted  in  th e  t / SM p o ten tia l. 
T h e  d e fo rm atio n  p a ra m e te rs  o f  th e  SM p o te n tia l  h av e  to  be  co n sis ten t w ith  
th o se  o f th e  LD M . T h e  averag in g  p rocedure  fo r ca lcu la tin g  th e  second te rm  in 
(2) has l i ttle  s ign ificance from  th e  p o in t of v iew  of th e  p re se n t p a p e r, hence 
th e  re a d e r  is re fe rred  to  th e  l i te ra tu re  (e.g. [1]). In  E q . (1) ô E z is th e  second 
o rd e r co rrec tio n  te rm .

T h e  shell-co rrection  m e th o d  has h ad  considerab le  success in  expla in ing  
m a n y  ex p e rim en ta l d a ta  concern ing  nu c lea r g ro u n d  s ta te  m asses, defo rm ations 
a n d  especially  fo r h ea v y  n u c le i fission  b a rrie rs  an d  isom ers [2]. O ne has to
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em p h asize  th a t  a ll th e se  excellen t re su lts  h av e  been  o b ta in e d  w ith  s ig n ifican tly  
less c o m p u ta tio n a l e ffo rts  th a n  in  th e  case o f a n y  m icroscopical ap p ro ach .

I t  w as show n b y  S t r u t i n s k y  [3] an d  la te r  b y  B r a c k  [4] fo r  general 
case t h a t  th e  sh e ll-co rrec tion  m e th o d  is th e o re tic a lly  fo u n d ed  on th e  basis of 
th e  H a r tre e  — F ock  (H F ) th eo ry . T h e  so-called S t r u t i n s k y ’s energy  th eo rem  
s ta te s  th a t  all th e  shell f lu c tu a tio n s  o f  th e  to ta l  H F  en erg y  of th e  nucleus, b o th  
as a  fu n c tio n  of d e fo rm a tio n  (for fix e d  m ass-n u m b er) an d  o f m ass-n u m b er 
(a t  g iven  d e fo rm atio n ) are  c o n ta in e d  in  th e  sum  o f th e  occupied  “ shell m odel”  
en e rg y  levels (th e  f i r s t  te rm  o f th e  r ig h t h an d  side o f (2)). T he n u m erica l te s ts  
o f  th is  s ta te m e n t, h ow ever, h a d  to  be  d elayed  u p  to  re c e n t tim e , as a t  th a t  
t im e  no  re liab le  H F  ca lcu la tio n s w ere  av a ilab le  fo r h ea v y  nuclei.

In  th e  p a s t few  y ea rs  th e  p rogress in  th e  d ev e lo p m en t o f  effective 
n ucleon -nucleon  in te ra c tio n s  [5] a n d  in  H F  te c h n iq u e  [6 ] m ade i t  possib le to  
p e rfo rm  n u m erica l c a lcu la tio n s co ncern ing  h eav y  defo rm ed  nuclei w ith in  th e  
fram ew o rk  of th e  H F  th e o ry  (e.g. [6 ]). Since th a t  tim e  hope has arisen  to  be 
ab le  to  t r e a t  th e  r a th e r  in tr ic a te  fiss io n  process a n d  th e  chek ing  o f th e  shell- 
c o rrec tio n  m eth o d  on th e  hasis o f  th e  m icroscopial H F  ap p ro ach . H ow ever, 
even  if  th e  m a th e m a tic a lly  sim p le  Skyrm e in te ra c tio n s  are u sed , th e  H F  
c a lc u la tio n  s till re q u ire s  a large a m o u n t o f co m p u tin g  tim e . N everth e less , a 
series o f n u m erica l te s ts  has been ca rried  o u t [7, 8] con firm ing  th e  v a lid ity  of 
th e  shell-co rrection  m e th o d .

T h e re  is a n o th e r  possib ility  fo r  th e  m icroscopical t re a tm e n t o f th e  p h y si
ca l p ro p e rtie s  of n u c le i, too . I f  i t  is n o t th e  p h y sica l ch a rac te ris tic s  of th e  
in d iv id u a l pa rtic le s  t h a t  are  in te re s tin g  b u t  only  th e  g loba l fea tu res  o f th e  whole 
n u c leu s  — th e  b in d in g  energy  a n d  th e  single p a rtic le  d is tr ib u tio n s  — one can  
a p p ly  th e  T hom as —F e rm i (TF) a p p ro x im a tio n . T y a p i n  [9 ]  has ju s tif ie d  th e  
sh e ll-co rrec tio n  m e th o d  on th e  basis  o f th e  T F  a p p ro x im a tio n . A ccord ing  to  
h is co n sid era tio n s i t  can  be v e rif ied  th a t

£ H F  _  £ T F  =  d F ,( [7SM) , (3)

w here  H HF an d  E TF a re  th e  b in d in g  energ ies of th e  d e fo rm ed  nucleus ca lcu la ted  
in  H F  an d  T F  ap p ro x im a tio n , re sp ec tiv e ly , a n d  0 Е г is th e  shell-correction . 
T h is re su lt enab les u s  to  fo rm u la te  th e  shell-co rrection  m eth o d  accord ing  to  
th e  fo llow ing p ro ced u re :

1. One d e te rm in es  th e  m in im u m  of th e  en erg y -fu n c tio n a l in  T F  ap p ro x i
m a tio n  as described  in  [10]. T h is en erg y  will be  considered  th e  sm o o th  com 
p o n e n t o f th e  b in d in g  energy .

2. D eriv ing  from  th is  energy  fu n c tio n a l th e  T F  p o te n tia l  one h as  to  solve 
u s in g  i t  th e  single p a r tic le  S ch röd inger eq u a tio n . W ith  th e  re su ltin g  single p a r 
tic le  energies one can  ca lcu la te  th e  shell co rrections accord ing  to  S t r u t i n s k y ’s 

p resc rip tio n .
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T his p ro p o sed  p rocedure  can  be ex p ressed  in  th e  fo llow ing e q u a tio n : 

E  — £ TF =  д Е г( U TF) , (4)

w here d £ 1(U TF) s ta n d s  fo r th e  shell co rrec tio n  ca lcu la ted  u sin g  th e  sing le
p a rtic le  energies o b ta in ed  in  th e  T F  m ean  sing le -partic le  p o te n tia l  o b ta in e d  as 
th e  v a r ia tio n a l d e riv a tiv e  o f th e  nu c lear p o te n tia l  energy  in s te a d  o f th e  (7SM 
p o te n tia l. Fo llow ing  th e  p re sc rip tio n  o f th is  p ro ced u re  one a rriv es  a t  a m icro 
scopical fo rm u la tio n  of th e  shell-co rrection  m ethod .

T h e  c o m p u ta tio n a l p ro ced u re  becom es a  b i t  m ore co m p lica ted  because 
o f  th e  f irs t  m icroscop ical — T F  — ap p ro x im a tio n . H ow ever, th e  second m ic ro 
scopical a p p ro ach  — th e  s u b s titu tio n  of th e  phenom enolog ica l SM p o te n tia l 
b y  th e  T F  one — does n o t m ean  an y  fu r th e r  com plica tion . H ence , th e  p roposed  
p ro ced u re  fu lly  conserves th e  sim p lic ity  o f  th e  shell-co rrection  m e th o d  as 
com pared  w ith  th e  T F  ap p ro ach .

O ur p ro ced u re  is ap p licab le , if
1. th e  T F  b in d in g  en erg y  rep roduces th e  sm o o th  b e h a v io u r o f th e  e x p e ri

m e n ta l b in d in g  energies as w ell, as th e  LD M  energy  does;
2. th e  T F  p o te n tia l gives th e  r ig h t s in g le -partic le  level densities in  th e  

v ic in ity  of th e  F e rm i energy .
In  a p rev io u s p ap e r [10] th e  f irs t q u es tio n  has been  in v e s tig a te d . T he 

resu lts  in d ic a te  t h a t  th e  ap p lied  effective tw o-nucleon  in te ra c tio n s  h av e  to  
be re -a d ju s te d  in  o rd er to  ge t good d e fo rm atio n  dependence  on th e  b in d in g  
energy.

In  th e  p re se n t p ap er th e  p rob lem  co ncern ing  th e  T F  p o te n tia l  is d iscussed. 
I t  is show n t h a t  th e  average  T F  s in g le -partic le  p o te n tia l is su itab le  to  c a rry  
o u t sh e ll-co rrec tion  ca lcu la tio n s. T he case o f spherica l n uc leus 208P b  is in v e s ti
ga ted , th e  re su lts  o f our ca lcu la tio n s o b ta in e d  using  d iffe ren t effective tw o- 
nucleon  in te ra c tio n s  are co m p ared  w ith  SM resu lts .

2. T he T hom as-F erm i po ten tia l

T he en erg y -fu n c tio n a l o f a nucleus can  be  w ritte n  in  T F  a p p ro x im a tio n  as

h2 IVgnl2 , IVgpl2
Qn Qp

“ b  -® p o t[^ n 9  Qp\  “ b  -^C oul [@ p] =  - ^ k in  “ b  £ p o t  “ b  -^ C o u b

+

(5)

w here к =  119.6 MeV fm 2 a n d  M  is th e  m ass o f  a nucleon. A t a g iven d e fo rm a
tio n  th e  m in im aliza tio n  o f th is  fu n c tio n a l w ith  th e  c o n s tra in t o f th e  m ass-
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n u m b e r  co n se rv a tio n  gives th e  b in d in g  energy  o f th e  n u c leus in  T F  a p p ro x i
m a tio n .

K now ing  th e  e n e rg y -fu n c tio n a l (5) th e  single p a r tic le  p o te n tia l  U  is 
d e fin ed  as a v a r ia tio n a l d e riv a tiv e  o f  th e  to ta l  p o te n tia l  en erg y  E pQt[on, gn] -j- 

+  ^Coultöp] 1

В Д  =  ~r ( E pot [pn, qp\ -f- Kcoui [p]p) ? (6)
0QT

w h ere  т is th e  iso to p ic  q u a n tu m  n u m b e r. T h e  p o te n tia l  i ts e lf  is a  fu n c tio n a l 
o f  th e  densities , hence th e  d e n s ity  d is tr ib u tio n  belong ing  to  th e  energy  m in i
m u m  is to  be  u sed  fo r  th e  d e te rm in a tio n  o f th e  p o te n tia l.

In  th e  p re se n t p a p e r  th e  u su a l decom position  to  tw o  te rm s is u sed  for 
th e  p o te n tia l  energy  o f  th e  n u c lea r forces, i.e .:

E p o t  [ön? Q p \  —  ^N M  [ön? Q p ] “b  -^LR [ön? Öp] ? (7 )

w here  th e  te rm s  K NM an d  E LR a rise  fro m  th e  sh o rt-ra n g e  an d  lo ng -range  
co m p o n en ts  o f n u c le a r  forces, re sp ec tiv e ly  (e.g. [11]).

In  th e  local d e n s ity  a p p ro x im a tio n  [11] E NM can  be  w ritte n  as

■^NM [ön? Qp] —  J" d t  W (Qni Qp) ? (8 )

w here  th e  fu n c tio n  w  is f i t te d  to  n u c lea r  m a t te r  ca lcu la tio n s [12, 13]. The 
d ep en d en ce  o f E LR on th e  densities is as follow s:

E lr =  \  2 ,  f dri d r2»v( К  -  **|. Q) Öt(*i) [?t(*2) -  Q r M ]  • (9)
" rr' J

T h is  en erg y  te rm  v an ish es  w hen  th e  d e n s ity  is c o n s ta n t. T h e  d en sity  d e p e n d 
e n t  effec tive  in te ra c tio n  vTT, is ta k e n  from  [14].

T h e  p o te n tia l c a lc u la ted  acco rd in g  to  [6] using  th e  p o te n tia l energies 
g iven  in  E q s . (8) a n d  (9) su b s titu te s  th e  SM p o te n tia l  in  th e  s ing le-partic le  
S ch rô d in g er eq u a tio n ,

w here

W _

2 M
A +  Щт, ß) <7W(r ?/S) eM<Pv*(r>ß)>

Щт, ß) =  U j p(r, ß) +  U f°(r, ß) +  <5t l t / Coul(r, ß)

( 10)

( П )

is th e  su m  o f th e  m ean  single p a rtic le  T F  p o te n tia l, o f th e  sp in -o rb it p o te n tia l 
a n d  o f  th e  C oulom b p o te n tia l.
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T h e  so lu tion  o f  (10) does n o t m ean  an y  d ifficu lty . T h e  procedure  described  
in  [15, 16] for th e  case o f W o o d s— S axon  p o te n tia l is used . T h e  sp in -o rb it 
p o te n tia l  is a p p ro x im a te d  b y  th e  phenom enolog ica l expression

u?°(*. ß) =  к  [A  a  e% +  J  д  gt.j [8  • p] (12)

ta k e n  fro m  [17]. I t  is a  p a ra m e te r  to  be  f i t te d  to  th e  sp littin g  o f th e  single
p a r tic le  levels; in  th e  p re sen t ca lcu la tio n  К  =  31.5 MeV fm 2.

3. R esu lts

I n  th e  T F  en e rg y  ca lcu la tions ca rried  o u t acco rd in g  to  [10] th e  n u c lea r 
d e n s ity  d is tr ib u tio n s  are  a p p ro x im a te d  w ith  F e rm i fu n c tions. T h e  energy  
m in im u m  o f th e  sp h e rica l 208P b  belongs to  d en sity  d is tr ib u tio n s  ch a ra c te riz e d  
b y  th e  p a ra m e te rs  g iv en  in  T ab le  I .

Table I

Parameters of the Fermi functions approximating the density distributions of 
spherical 208Pb in the energy minimum

Radius (R 0) Diffusenese (a)

Neutron 7.318 fm 0.541 fm
Proton 6.971 fm 0.467 fm

I n  th e  p re se n t ca lcu la tion  th e  p o te n tia l en erg y  w as a p p ro x im a te d  in  
tw o s lig h tly  d iffe ren t w ays: in  case I  th e  fu n c tio n  w  o f E q . (8) was ta k e n  from  
[12], in  case I I  i t  w as ta k e n  from  [13].

I n  b o th  cases th e  T F  p o te n tia ls  w ere c a lcu la ted  accord ing  to  (6). T he 
p a ra m e te rs  of th e se  W oo d s—S axon  ty p e  p o te n tia ls  w ere d e te rm in ed  b y  th e  
leas t sq u ares  m e th o d . T he resu lts  a re  show n in  th e  fo u r th  an d  f if th  row s of 
T ab le  I I .  In  th e  f i r s t  th re e  row s th e  re su lts  o f [18—20] a re  given.

A s one can see, b y  com parison  o f th e  p a ra m e te rs  o f d ifferen t p o te n tia ls  
we a re  n o t  able to  decide u n am b ig u o u sly , w hich p o te n tia l  is su itab le  fo r our 
p u rp o ses . W ith  th e  ex cep tio n  o f th e  diffuseness p a ra m e te rs  of case I  a ll th e  
o th e r  p a ra m e te rs  o b ta in e d  in  o u r ca lcu la tio n  are in  th e  range o f th e  p a ra 
m e te rs  o f th e  phenom enolog ical p o te n tia ls .

I t  is of g re a te r  sign ificance to  com pare  th e  sing le p a rtic le  sp e c tra  ca l
c u la te d  in  th e  T F  p o te n tia l  w ith  th o se  o b ta in ed  u sin g  SM p o ten tia l. A ccord ing
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Table II
Param eters o f the W oods —Saxon potentials in the case o f 208Pb obtained  

from  different calculations

Neutron Proton

a У, a V,

[18] 7.52 0.67 — 44.0 7.52 0.67 — 58.0

[19] 7.98 0.70 - 4 0 .6 7.56 0.70 — 58.7
[20] 7.36 0 .6 6 — 47.1 7.43 0.66 — 60.1

I 7.71 0.82 — 47.1 7.83 0.86 — 61.8

II 7.69 0.63 — 43.7 7.74 0.63 — 57.6

t o  th e  sh e ll-co rrec tion  m eth o d  th e  level d e n s ity  in  th e  v ic in ity  o f th e  F erm i 
le v e l is o f c ru c ia l im p o rtan ce  fo r  th e  s ta b i l i ty  o f  nuclei.

In  F ig . 1 th e  to ta l  single p a r tic le  sp e c tru m  of case I I  is co m p ared  w ith  
th e  s ta n d a rd  SM single p a rtic le  sp ec tru m . As i t  can  he seen th e  sp ec tru m  ob-

F ig .  1. (a) single particle  levels obtained from  SM calculation  using W oods— Saxon potential; 
(b) single particle levels obtained from  our calculation in case II
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Fig. 2. The upperm ost single particle levels o f  neutrons, (a) our calculation (case I); (b) results 
of the H F  calculation [12]; (c) our calculation (case II); (d) results o f the SM calculation  [13]; 

(e) experim ental va lues taken from  [2 1 ]

ta in e d  fro m  our ca lcu la tio n s show s th e  m ost im p o r ta n t  ch a rac te ris tic s  o f  a  SM 
sin g le -p artic le  sp ec tru m . T here is a  w ell-defined  shell s tru c tu re  a n d  th e  level 
d e n s ity  is accep tab le . H ow ever, th e  w hole sp ec tru m  is sh ifted  in to  th e  d irec
tio n  o f  h ig h er energ ies. T his fa c t in d ic a te s  th a t  n e ith e r  th e  d e p th  n o r  th e  
rad iu s  o f  th e  p o te n tia l  h av e  a co rrec t va lu e  [20].

I n  som e cases — as one can  see in  th e  F ig u re  — th e re  occurs a  level 
o rd er ch an g e  in  th e  sp ec tru m  (e.g. in  th e  case o f n e u tro n s  th e  levels 2d 5y2 and  
l g 7/2 a re  changed). T h is  fa c t in d ic a te s  t h a t  n e ith e r  th e  sp in -o rb it co u p ling  is 
well f i t te d .  I t  causes a  less severe p ro b lem  w hich ca n  be co rrec ted  w ith  th e  
re - f i t t in g  o f p a ra m e te rs  К  in  E q . (12). F ro m  th e  p o in t o f view  o f th e  shell- 
co rrec tio n  m eth o d  an y w ay  th e  o rd e r o f th e  single p a rtic le  levels in  th e  deep 
energy  reg ion  is n o t su b s ta n tia l. T h e  co rrec t level o rd e r is im p o r ta n t, how ever,
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£ ,  Г MeV)

Fig. 3. The upperm ost single particle levels o f protons (a) our calculation (case I); (b) results 
o f  th e  H F  calculation  [12]; (c) our calcu lation  (case II); (d) results o f the SM calculation [13]; 

(e) experim ental values taken  from  [2 1 ]

in  th e  v ic in ity  o f  th e  F erm i level. T he c o rre c t v a lu e  o f th e  energy  gap is 
e ssen tia l as w ell.

T he c ru c ia l ro le  o f th e  u p p e rm o s t levels a n d  of th e  en erg y  gap can  
ea s ily  be u n d e rs to o d  i f  one considers th e  effect o f  d e fo rm ation  on th ese  levels. 
D efo rm in g  th e  n u c leu s  th e  d eg en e ra tio n  o f th e  levels sp lits  u p , th e y  will be 
m ix e d  an d  th e  c o n tr ib u tio n  o f  th e  u p p e rm o st levels to  th e  to ta l  energy will 
n o t  b e  c o m p e n sa te d  [1]. H ence  th e  d eg en eracy  o f th e  to p m o s t levels of a 
sp h e rica l nu c leu s m a y  have g re a t in fluence  on th e  ca lcu la tions o f  th e  defo rm 
a tio n  energy .

In  F igs 2 . a n d  3 th e  u p p e rm o s t levels a re  com pared  w ith  th e  resu lts  o f 
SM  ca lcu la tio n s a n d  w ith  v a lu es  o b ta in ed  fro m  ex p erim en ts . In  th e  sam e
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F igu res one can  see th e  re su lts  o f th e  H F  [12] and  SM [13] ca lcu la tio n s w hich 
w ere ca rr ied  o u t u sin g  th e  sam e fu n c tio n  tv( on, Qp) a s  w e did.

T h e  F igu res show  th a t  th e  e x p e rim e n ta l v a lu es  o f  th e  s in g le -partic le  
levels a re  b e t te r  a p p ro x im a te d  in  case I I .  T he resu lts  o b ta in e d  in  th is  case for 
th e  n e u tro n s  rep ro d u ce  th e  level o rd e r q u ite  well a n d  th e  energy s h if t  is less 
th a n  1 MeV. T he on ly  d isc rep an cy  is t h a t  th e  levels l f 7/2 an d  l i 11/2 a re  changed  
w ith  th e  levels l g 9/2 a n d  l j 15/2, re sp ec tiv e ly . The a g re e m e n t in  case I  is less 
sa tis fa c to ry . In  a d d itio n  to  th e  ab o v e  m en tio n ed  le v e l chang ing  som e o ther 
levels are  changed , to o  (3d5/2, 3d3y2, l i 13/2).

F o r th e  p ro to n s , r ig h t  level o rd e r w as ob ta in ed  in  case I I ,  h o w ev er, th e  
levels are  h ig h er a b o u t 1 MeV th a n  th e  ex p erim en ta l ones. In  case I  an o th e r 
p rob lem  arises. T he d eg en eracy  of th e  u p p e rm o st le v e l is high ( l h n 2̂). This 
re su lt agrees w ith  th e  re su lt  o b ta in ed  fro m  th e  H F  ca lcu la tio n  using  th e  same 
tv(gn, Qp) as in  case I . T h is  fa c t m ay  cau se  trou b les  in  ca lcu la tio n s fo r deform ed 
nuclei.

4. S u m m ary

In  sp ite  o f th e  ab o v e  m en tio n ed  d ifficu lties a n d  s lig h t d iscrepancies one 
can  conclude th a t  th e  o b ta in e d  resu lts  a re  encourag ing . P a r t  of th e  anom alies 
o f th e  in v e s tig a te d  cases — th e  sh ifted  en erg y  sp ec tru m  — are  due to  th e  sam e 
p rob lem s as th o se  a ris in g  in  th e  T F  e n e rg y  ca lcu la tio n s carried  o u t w ith  th e  
effective tw o-nucleon  in te ra c tio n  [12, 13] used in  [10]. H ence i t  is hoped 
th a t  u sin g  re -a d ju s te d  e ffec tive  tw o -n u c leo n  in te ra c tio n s  n o t o n ly  th e  T F  
b in d in g  energy  repsoduces w ell th e  L D M  resu lts  an d  i ts  d efo rm atio n  d ep en d 
ence b u t  th e  T F  p o te n tia ls  derived  fro m  th e  co rrec t energy  fu n c tio n a l will 
lead  to  c o rre c t re su lts .

To ge t th e  r ig h t leve l o rd er is a s e p a ra te  ta sk . I t s  so lu tio n  does n o t  m ean 
an y  d iff icu lty , one has to  f i t  th e  sp in -o rb it coupling. T h is  is a com m on prob lem  
o f all SM ca lcu la tio n s, th e  so lu tion  is  s tra ig h tfo rw a rd  an d  well k n o w n  [20].

A fte r  ca rry in g  o u t th e se  co rrec tio n s one can h o p e  th a t  ou r p ro ced u re  
p roposed  fo r th e  m icroscop ical shell-co rrection  m e th o d  w ill be successfu l.
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R otational analysis o f the h itherto unknown 1Ф — A 1 A and 'A — A 1 A system s o f ScF  
was carried out. The lower state o f the transitions was identified w ith  the first excited  singlet 
sta te  o f the electron configuration 3d<5 4scr.

In tro d u c tio n

Scand ium  m onofluoride  is th e  sim plest m olecule co n ta in in g  th e  elem ent 
w ith  unfilled  d-shell. T h a t is w h y  i t  was th e  su b jec t o f m an y  ex p erim en ta l 
a n d  th e o re tic a l in v es tig a tio n s  [1 ]— [10]. A ccord ing  to  th e o re tic a l ca lcu la tio n  
[7] th e  ScF m olecule  has th re e  low -lying s ta te s :  X 1A’(4sor)2, a3 A(bdô^so)  and  
XA(3dô4?so). T he  electron ic  tra n s it io n s  w hich were observed  in  ab so rp tio n  
in v o lv e  b o th  th e  X XE  an d  a 3zl s ta te s  [3], [5]. T h e  in v estig a tio n  o f th e  sp ec tru m  
o f th e  m a trix -iso la ted  ScF  m olecule a t  a te m p e ra tu re  o f 4K  [4] has show n 
th a t  th e  g round  s ta te  is X XA.  T h e  a tte m p t to  e s tim a te  th e  ex c ita tio n  energy  
o f th e  аяА  s ta te  fa iled  [10].

T ill now  th e re  is no e x p e rim e n ta l in fo rm a tio n  on th e  A XA  s ta te . A ccord
in g  to  th e o re tic a l ca lcu la tio n  [7] th e  ex c ita tio n  energy  o f th e  A 1 A  s ta te  is 
a b o u t 2600 c m -1 . T h is is w hy  th e  c o n tr ib u tio n  o f th e  A 1A  s ta te  to  th e  p a r titio n  
fu n c tio n  w hen ca lcu la tin g  th e rm o d y n a m ic  fu n c tio n s a t  h igh  te m p e ra tu re s  
m u s t be  considerab le .

T his p a p e r deals w ith  tw o  b a n d  system s invo lv ing  th e  A 1 A  s ta te  (3dd4scr) 
as a low er s ta te  o f tra n s it io n s : XA  — A XA  an d  ХФ — A XA. T h e  XA  — A XA  
b an d s  have  n o t been  observed  h ith e r to . T he b an d s  assigned  as th e  ХФ — A 1 A  
tra n s it io n  w ere p rev iously  su p p o sed  to  belong  to  th e  3?r — a3A  tra n s it io n  [5].

E xperim en ta l

T he sp e c tru m  of ScF  w as o b ta in ed  in  em ission o f a d ischarge  in  helium  
as ca rrie r gas w ith  traces  o f scan d iu m  tr if lu o rid e  (S cF l3). T he d ischarge tu b e  
w as described  in  [1].
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T h e  sp e c tru m  w as p h o to g ra p h e d  in  e x p e rim e n ta l sp ec tro g rap h  SEM -1 
eq u ip p e d  w ith  a g ra tin g  w ith  300 lines/m m , 200 m m  long in  X I  o rder w ith  a 
d isp e rs io n  o f a b o u t 0 .04—0.05 nm /m m  an d  a  re a l reso lv ing  pow er n o t less 
th a n  450 000. T h e  F e  lines ex c ited  in  th e  hollow  ca th o d e  lam p  an d  ta k e n  
w ith o u t se p a ra tio n  o f  orders p ro v id ed  a reference  sp ec tru m . T h e  sp ec tru m  was 
m easu red  using  th e  IZA -2 c o m p a ra to r . T h e  accu racy  o f m easu rem en ts  of 
u n b le n d e d  lines is e s tim a te d  to  be b e tte r  th a n  0.02 c m -1 .

T h e  sp e c tra  ta k e n  from  th e  tw o  tra n s it io n s  are  show n in  F igs. 1 a n d  2.

R o ta tio n a l analysis

M any  re d -sh a d e d  b an d s are  observed  in  th e  540—590 n m  region. Some 
o f th e m  can  be u n a m b ig u o u sly  a rran g ed  to  th e  know n  (kT — X 1E )  [2], [5] 
a n d  (3A  — a3/.I) [6 ] sy stem s. In  th e  p re se n t w ork  th e  ro ta tio n a l analysis  of 
th e  m o st in ten se  b a n d s  a t  544.47, 545.21, 567.77 an d  570.81 nm  was ca rried  ou t.

E v e ry  3Ф — A lA  b a n d  h as  a v e ry  s tro n g  Ç -head  (0—0 b a n d , a t 
Я 544.47 n m  an d  1 — 1 b a n d  a t  Я 545.21 nm ) an d  consists o f th re e  single b ra n c h 
es jR, Q an d  P . W av e  n u m b ers  o f b a n d  lines a re  g iven in  T ab le  I.

T h e  ro ta tio n a l s tru c tu re  n e a r  th e  Ç -heads is  n o t reso lved  due  to  th e  
sm a ll d ifference B '  — B " . T h e  f irs t  lines o f P -b ra n c h e s  are  o v erlap p ed  by  
s tro n g  lines of Ç -b ranches. T h e  lines of P -b ra n c h e s  w hich follow  from  th e  Q- 
h e a d  to  v io le t w ith  in te rv a ls  chan g in g  v e ry  l i t t le  b e tw een  neighb o u rin g  lines 
a re  tra c e a b le  from  th e  f irs t lines. T h e  in te n s ity  of F -lin es  decreases befo re  th e  
h e a d  fo rm a tio n .

T h e  re la tiv e  n u m b erin g  w as e s tab lish ed  b y  fin d in g  an  ag reem en t be
tw e e n  co m b in a tio n  d ifferences Z ^F : R (J )  — Q{J) =  Q{J  + 1 )  — P ( J  +  1) f ° r 
th e  u p p e r  s ta te  a n d  R (J )  — Q (J  +  1) =  Q{J) — P ( J  +  1) fo r th e  low er s ta te . 
T h e  ab so lu te  n u m b e rin g  w as fo u n d  g rap h ica lly  fro m  th e  co n d ition  A 2F ( J )  =  0 
a t  J  =  - 1 / 2 .

T he ro ta tio n a l analysis p e rm itte d  to  d e te rm in e  th e  ty p e  o f th e  tra n s it io n  
w ith  c e r ta in ty . T h e  s tro n g  Ç -b ranch  im plies t h a t  А Л  =  + 1 .  T he lines o f  th e  
F -b ra n c h  are  n o tic e a b ly  s tro n g e r th a n  th o se  of th e  P -b ra n c h  in d ica tin g  th a t  
А Л  =  + 1 .  T he absence  of th e  d oub ling  o f b ra n c h  lines an d  th e  absence o f th e  
c o m b in a tio n  d efect up  to  h ig h es t va lu es  o f J  e lim in a te  from  th e  considera tion  
th e  s ta te s  w ith  A  — 0.1. T he f i r s t  line R ( 2) w hich  is c learly  seen in  th e  0 — 0 
b a n d  has show n th a t  A"  =  2. F ro m  th e  above i t  follow s th a t  th e  b an d s  belong 
to  th e  Щ  — 1zJ tra n s itio n .

B o th  th e  0 —0 a n d  1 — 1 b a n d s  rev ea l v e ry  s tro n g  p e r tu rb a tio n s . In  th e  
0 — 0 b a n d  a t  J '  />  73 an d  in  th e  1 — 1 b a n d  a t  J '  45 th e  in te n s ity  o f  lines 
d ecreases sh a rp ly  an d  th e  lines o f b ran ch es  d ev ia te  from  th e  reg u la r courses. 
A t th e  positions o f  th e  e x rap o la ted  Q(78) an d  Q(96) lines in  th e  0 —0 a n d  1 — 1 
b a n d s  re sp ec tiv e ly  th e re  seem  to  be v io le t d eg rad ed  h ead s on th e  spec trog ram s 
ta k e n  w ith  low  d ispersion .
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Table I
W avenumbers o f  band lines o f  th e  lA — A 1 A system

0—0 1— 1

R Q P R Q P

2 18363.78

3 65.49 18339.12
4 65.21 39.95
5 65.87 40.69
6 66.64 41.38

7 67.36 42.05

8 68.06 42.72

9 68.65 43.40 18329.79

1 0 69.43 18354.25 44.09 29.04

11 70.13 44.75 28.22

1 2 70.80 52.79* 45.39 27.48

13 71.49 51.96 46.05 26.72

14 72.17 51.08 46.69 25.84**

15 72.85 50.47 47.33 18335.91 25.16

16 73.53 49.65 47.96 35.82 24.33

17 74.19 48.86 48.60 35.75 23.58

18 74.84** 48.11 49.27 35.68 22.74

19 75.53 47.33 49.86 35.56 21.95

2 0 76.20 46.55 50.47 35.43 21.08

21 76.85 45.76 51.08 35.33 20.27

2 2 77.51 44.98 51.70 35.24 19.47

23 78.18 44.20 52.29 35.10 18.64

24 78.82 18360.78 43.40 52.86 34.98 17.82

25 79.47 42.57 53.48 34.84 16.96

26 80.09 60.62 41.85 54.06 34.72 16.12

27 80.67** 60.51 40.99 54.57 34.58 15.29

28 81.38 60.46 40.19 55.20 34.45 14.41

29 81.01 60.37 39.40 55.72 34.29 13.56

30 82.64 60.27 38.58 46.30 34.13 12.69

31 83.25 60.16 37.79 56.87 33.97 11.80

32 83.89 60.04 36.95 57.47 33.79 10.95

33 84.49 59.98 36.12 57.97 33.63 10.04

34 85.12 59.86 35.33 58.44 33.44 09.14

35 85.72 59.75 34.45 59.00 33.27 08.27

36 86.32 59.64 33.63 59.50 33.09 07.35

37 86.91 59.50 32.82 60.04 32.88 06.42

38 87.50 59.40 32.03 60.51 32.66 05.50

39 8 8 .1 1 59.26 31.10 61.01 32.47 04.61

40 88.69 59.16 3.030 61.57 32.36 03.65
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Table I (continued)

0— 0 1— 1

R <? P R Q P

41 89.27 59.00 29.41 62.02 32.03 02.77
42 89.84 58.87 28.61 62.54 31.82 01.85
43 90.42 58.73 27.76 63.06 31.61 0 0 .8 8

44 91.00 58.58 26.90 63.56 31.40 18299.99
45 91.57 58.44 26.10 99.07

46 92.12 58.29 25.16

47 92.67 58.10 24.33

48 93.22 57.97 23.44

49 93.77 57.85 22.56
50 94.31 57.64 21.70

51 94.84 57.47 20.83
52 95.37 57.30 19.95

53 95.89 57.11 19.05
54 96.41 56.91 18.14

55 96.93 56.72 17.26

56 97.44 5.653 16.35

57 97.94 56.30 15.43

58 98.43 56.14 14.53

59 98.93 55.92 13.62

60 99.42 55.72 12.69

61 99.91 55.49 11.80

62 18400.26 55.27 10.85
63 00.85 55.03 0.90

64 01.33 54.80 08.94
65 01.78 54.57 08.07
6 6 02.25 54.33 07.11
67 02.70 54.06 06.14

6 8 03.14 53.82 05.23

69 03.59 53.58 04.26
70 04.01 53.31 03.32

71 04.46 53.06 02.34
72 04.87 52.79* 01.38

73 05.33 52.52 00.45

75 52.29 18299.47
75 98.49

* The lines overlapped by other band lines are marked by one asterisk. 
* * The badly blended lines are marked by tw o asterisks.
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Table П

W avenumbers o f band lines o f  th e  1Ф — A 'A  sy stem

0--0 1--1

R p R P

17505.79
17560.78 06.32 17501.45

17566.34 60.03 06.90 00.73
66.90 59.17 07.58 17499.97**
67.47 58.27 08.14 99.02
6 8 .0 1 57.52** 08.56 98.13
68.51 56.59* 09.12 97.21
69.03 55.65* 09.55 96.29
69.50 54.68 09.98 95.47

69.95 53.77 10.46* 17494.47
70.38 52.78 10.85* 93.47
70.77 51.78 11.23* 92.39
71.16 50.75 11.59* 91.38
71.49 49.68 11.94* 90.28
71.79* 48.64 12.26* 89.23
72.10* 47.52 12.55al 88.13
72.45* 46.40 12.78* 86.99
72.67* 45.25 12.99* 85.95**
72.90* 44.09 13.25* 84.68

73.13* 42.90 13.44* 83.47
73.30* 41.69 13.63* 82.25
73.48* 40.46 13.78* 81.00
73.62* 39.20 13.91* 79.73
73.76* 37.92 13.91* 78.44
73.82* 36.62 14.01* 77.11
73.98h** 35.29 14.10h 75.78
73.98h 33.91 14.10h 74.40
73.98h 32.56 14.10h 73.02
73.98h 31.15 14.10h 71.61

73.98h 29.74 14.01* 70.18
73.98h 28.29 13.91* 68.69
73.82* 26.82 13.78* 67.22
73.76* 25.33 13.78* 65.69
73.62* 23.82 13.63* 64.13
73.48* 22.29 13.44* 52.59
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Table П  (continued)

0- -0 1--1

R p R P

73.30* 20.70 13.25* 60.99
73.13* 19.12 12.99* 59.47

72.90* 17.52 12.78* 57.83

72.67* 15.89 12.55* 56.17

72.45* 14.23 12.26*
72.10* 12.55 11.94*

71.79* 10.85

71.43 09.12

71.06 07.38

70.66 05.61

70.25 03.82

69.80 01.99
69.34 00.15
68.85 17498.28

68.33 96.39

67.79 94.47
67.22 92.53
66.62 90.55
6 6 .0 2 88.57
65.35 86.57
64.65 84.52
64 .09p 82,45
63.31 80.33
62.55 78,36p

61.78 76.16
60.96 73,97
60.15 71,79
59.31 69,57
58.43 67.36
57.52* 65.23**
56.59* 62.79
55.65* 60.53
54.68* 58.19
53.65 55.83

* The lines overlapped by other band lines are m arked by one asterisk . 
** The badly b lended lines are m arked by two asterisks. 

h The Unes form ing the band head  are m arked by “ h “ . 
p — perturbed 

al — atomic line
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T he 568.87 an d  570.81 n m  b an d s  assigned to  th e  0 — 0 an d  1 — 1 bands, 
re sp ec tiv e ly , o f th e  1A  — А гА  tra n s it io n  consist o f  tw o  single b ranches R  
a n d  P.  W av en u m b ers  of b a n d  lines are g iven in  T ab le  I I .  T h e  num b erin g  
w as e stab lish ed  b y  fin d in g  an  a g reem en t betw een  A F " ( J ) va lues o f th e  0 — 0 
a n d  1 — 1 b an d s  o f  tw o  system s an a ly zed . T he ro ta tio n a l s tru c tu re  corresponds 
to  th e  tra n s it io n  w ith  АЛ  =  0. T he assig n m en t o f  b an d s  to  th e  1A  — A 1A  
t ra n s i t io n  is b ased  on th e  fa c t t h a t  th e  tw o  sy stem s h av e  th e  low er s ta te  in  
com m on . T ab le  I I  show s th a t  in  th is  case som e of f i r s t  lines of tra n s it io n  have 
b een  m easu red , to o . T h e  R (58) an d  P ( 60) lines are  sh ifted  from  th e  regu lar 
courses of b ran ch es , so th e  J '  — 59 level is p e r tu rb e d . M olecular co n stan ts  
h a v e  been ca lc u la ted  b y  lea s t-sq u a re s  tech n iq u e  u sin g  th e  follow ing equa tio n s:

4 B Ű  +  — - 8  D J  +  —
[ 2 2

( 1 )

R ( J - l )  +  P ( J )  =  2 v2 +  2 ( B '  -  B " ) J 2 -  2(D ’ -  D ' ) J 2( J  - f  l ) 2 . (2)

Table III

M olecular constant o f ScF

Assignment Vo B ' D' 107 B" D" 107

V  — 'A 0 - 0 18361.64 (1) 0.36200 (4) 4.96 (6 ) 0.36347 (4) 4.53 (6 )
'q > -  'A 1 - 1 18336.46 (1) 0.3583 (2) 3.4 (9) 0.3607 (2) 2.7 (8 )
'zl — 'A 0 - 0 17563.02 (1) 0.35201 (4) 4.14 (6 ) 0.36359 (4) 4.70 (6 )
'A  -  ’A 1 - 1 17503.70 (1) 0.3485 (2) 1.8 (14) 0.3607 (2) 2.7 (7)

The figures in parentheses are the accuracy in the la st digit which corresponds to 
tw o  standard derivations.

In  T ab le  I I I  th e  m olecu lar c o n s ta n ts  B"  an d  D" h av e  been o b ta in e d  from  
E q . (1), th e  c o n s ta n ts  B '  and  D '  h a v e  been  ca lcu la ted  using  th e se  B"  an d  D" 
v a lu es  an d  th e  a p p ro p ria te  d ifferences B ’ — B"  a n d  D ' — D", de te rm in ed  
w ith  m uch  b e t te r  accu racy  from  E q . (2) th a n  from  th e  co rrespond ing  com bi
n a tio n  d ifferences. T h e  b a n d  orig ins o f  th e  ]Ф — A 1 A  sy stem  c a lcu la ted  using 
E q . (2) a re  eq u a l w ith in  th e  e rro r  lim it of m easu rem en ts  to  th e  w avenum bers 
o f  m easu red  Ç -heads.

D iscussion

T h e  ro ta tio n a l analysis o f th e  544.47 an d  545.21 n m  b a n d  has show n 
t h a t  th e  low er s ta te  o f tra n s it io n  is n o t  th e  a3A  s ta te  as w as su p p o sed  in  [5]. 
T h e  ro ta tio n a l c o n s ta n ts  in  th e  low er s ta te  d iffer su b s ta n tia lly  from  those

Acta Physica Academiae Scientiarum Hungaricae 49, 1980



ROTATIONAL A NA LY SIS 389

o f th e  a3 A  s ta te  [3], [5]. T he in te n s ity  d is tr ib u tio n  in  th is  g roup  of b a n d s  is 
reaso n ab le  fo r a d iagonal g roup  o f  a s in g le t system , b u t  c a n n o t be ex p la in ed  
if  these  b an d s  are  com ponen ts o f tr ip le t  t ra n s it io n . M oreover i f  in  th e  544.4  n m  
group  o f b an d s  one m ore v e ry  w eak  b an d  ca n  be m easured , i t  is easy to  m easu re  
f iv e  b an d s w ith  g rad u a lly  decreasing  in te n s i ty  in  th e  d iag o n a l group o f гА  — 
— Л М  system .

T he ro ta tio n a l s tru c tu re  o f th e  544.47 an d  545.21 n m  b an d s is id e n tic a l. 
In  case o f th e  assignm en t of th e se  b an d s  772 — 3A 3 a n d  3/71 — 3A 2, as w as 
suggested  in  [5], 77-doubling of lines shou ld  be  expected  in  th e  545.21 n m  b a n d . 
T h e  Ç -head of th e  546.0 n m  b a n d  is single b u t  in  th e  case o f  tr ip le t t ra n s i t io n  
i t  shou ld  be doub led  due to  la rg e  Л -d o u b lin g  in  th e  3770-com ponen t.

T he 544.47 an d  545.21 n m  b an d s  w ere  o b ta ined  in  abso rp tio n  in  [5]. 
A p p a re n tly , th is  w as th e  reason  fo r th e  e rro n eo u s assu m p tio n  th a t  th e  low er 
s ta te  m u st be th e  a3A  s ta te . On th e  o th e r  h a n d , th is  fa c t p e rm its  to  co n c lu d e  
th a t  th e  low er 1A  s ta te  is th e  f i r s t  ex c ite d  sing le t s ta te  o f  scand ium  m o n o 
flu o rid e  o f co n fig u ra tio n  3dô 4s<r.
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THE INFLUENCE OF AGGREGATES 
ON THE CRITICAL YIELD STRESS 

OF NaCI : M2+ CRYSTALS
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DEPARTMENT OF EXPERIMENTAL PHYSICS, INSTITUTE OF PHYSICS, TECHNICAL UNIVERSITY

1521 BUDAPEST, HUNGARY

(R ece iv ed  10. IV. 1980)

T he connection between the structure of aggregates and the critical yield stress o f  
NaCI : M2+ crystals w as investigated. T he fast and slow  cooling of sam ples produces critical 
yield  stress — im purity  concentration functions o f  different forms. T he fast cooling o f  
sam ples doped w ith  Sr2 + and Ca2+ produces dimers and the slow cooling results in  greater  
aggregates. For the other impurities (M g, Mn, Cd, P b , B a) not even the fa st  cooling produces 
dimers and the critical yield stress increm ent is due to  greater aggregates for both  cooling  
rates.

In tro d u c tio n

In  alkali h a lid e  crystals d o p e d  w ith  d iv a le n t im p urities th e  ca tio n  v a c a n 
cies a n d  th e  d iv a le n t im p u ritie s  fo rm  pa irs , so-called d ipoles [1]. T he e lastic  
in te ra c tio n  b e tw een  m oving d is lo ca tio n s a n d  dipoles co n sid e rab ly  in fluences 
th e  c ritic a l y ie ld  s tre ss  of th e  c ry s ta l  above lA t-p p m  im p u r ity  co n cen tra tio n  
[2]. In  heav ily  d o p ed  c ry sta ls  th e  dipoles fo rm  dipole g ro u p s (aggregates) 
a f te r  a p p ro p ria te  h e a t tr e a tm e n t.  T he p resen ce  o f agg rega tes also increases 
th e  c ritica l y ie ld  s tress of th e  c ry s ta l. T h e  agg regation  p rocess is g en era lly  
in v e s tig a te d  w ith  th e  aid of th e rm a l  d ep o la risa tio n  and  d ie lec tric  loss m easu re 
m en ts  [3, 4, 5, 6 , 7]. In  in v es tig a tio n s  of ag g reg a tio n  k in e tic s  i t  w as found  b y  
D r y d e n  an d  h is  co-w orkers [8 ] th a t  an  ag g reg a te  co n ta in s  th re e  or m ore  
d ipoles excep t in  cases w here t h e  aggregate  is  b u ilt  up  of Sr2 + o r  Ca2+ im p u r i
ties . T h e  th e rm a l d epo la risa tion  [6 ] and  th e  d ie lec tric  loss [7, 8 ] m easu rem en ts  
in d ic a te  th a t  th e  aggregates w h ich  are fo rm ed  from  th e  ab o v e  m en tio n ed  
im p u ritie s  co n ta in  only  tw o d ip o les . This ty p e  of aggregate  is called d im er.

T he p u rp o se  o f  our w o rk  is to  in v e s tig a te  th e  d im er fo rm atio n  a n d  
d isap p earen ce  m easu rin g  th e  c r it ic a l  yield s tre s s  of d iffe ren tly  doped  c ry s ta ls . 
T he c ry s ta ls  w ere grow n u n d e r  special c ircu m stan ces , th u s  th e  q u a n titie s  o f 
O H -  ion  g roups a n d  other an io n  im p u ritie s  a re  neglig ib ly  sm a ll as c o m p ared  
to  th e  d iv a len t im p u r ity  c o n te n t [9]. This f a c t  is very  im p o r ta n t  because th e  
u n w a n te d  an ion  im purities, esp ec ia lly  th e  O H -  ion  g roups, can  reac t w ith  
th e  ca tio n  im p u ritie s  m aking th e  ev a lu a tio n  o f  th e  effect o f th e  d iv a len t im p u 
r i ty  on  th e  c ritic a l y ield  stress u n re liab le .
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Experim ental results

T he c ritic a l y ie ld  s tre ss  was m easu red  a t  room  te m p e ra tu re  w ith  th e  aid 
o f  an  In s tro n  in s tru m e n t a f te r  h ea t t r e a tm e n t  of th e  c ry s ta l. The ex p e rim en ts  
w ere  ca rried  o u t w ith  spec ia lly  grow n O H -  free N aC l c ry sta ls . T he sam p les  
w ere doped  w ith  Mg, M n, Cd, Sr, Ca, P b  a n d  B a so t h a t  each  sam ple c o n ta in e d  
on ly  one k in d  o f ca tio n  im p u rity . T he im p u r ity  c o n c e n tra tio n  v a ried  in  th e  
ran g e  o f 1 — 1000 p p m . F u rth e rm o re  we h a d  a t ou r d isp o sa l a spec ia lly  p u re  
N aC l c ry s ta l in  w hich  th e  co n cen tra tio n s  o f th e  d iffe ren t d iva len t im p u ritie s  
rem a in ed  u n d e r  0.2 p p m . T he O H -  free  p u re  c ry s ta l a n d  th e  sam ples doped  
w ith  d iffe ren t im p u ritie s  h a d  been grow n b y  th e  R esea rch  G roup fo r C ry sta l 
P h y sics  o f th e  H u n g a ria n  A cadem y o f Sciences [9]. T h e  h e a t t re a tm e n ts , th e  
an n ea lin g  a n d  q u en ch in g  o f th e  c ry s ta ls  w ere carried  o u t in  a fu rn ace  o f  low 
h e a t  c a p a c ity  filled  w ith  in e r t  gas a tm o sp h ere .

As a f i r s t  s tep  th e  cooling ra te  (v) dependence  o f th e  critical y ie ld  stress  
w as d e te rm in ed  fo r d iffe re n tly  doped  sam ples cooled from  600 °C to  room  
te m p e ra tu re . T he cooling  ra te s  app lied  in  o u r ex p e rim en ts  alw ays re m a in e d  
u n d e r  th e  c r itic a l va lu e  a t  w hich stresses an d  p lastic  defo rm ations o ccu r in 
th e  sam ples, co n seq u en tly  th e  d islo ca tio n  d en sity  re m a in e d  u n c h an g ed  all 
th e  tim e . T h u s  th e  changes in  th e  c ritic a l y ield  s tre ss  caused  by  q u en ch in g  
can  be b ro u g h t in to  u n am b ig u o u s  co n n ec tio n  w ith  th e  ch an g e  of s ta te  o f  th e  
ca tio n  im p u ritie s . I t  w as found  th a t  below  100 ppm  im p u r ity  co n c e n tra tio n  
th e  c ritica l y ie ld  s tre ss  т  m easu red  a t  ro o m  te m p e ra tu re  d id  no t show  any  
cooling ra te  dependence  w hich  ap p eared  on ly  above th e  100 ppm  lim it. L et 
г  an d  r 0 be th e  c ritica l y ie ld  stresses o f th e  doped an d  th e  pure c ry s ta ls , re 
sp ec tiv e ly , a n d  ta  th e  im p u r ity  sen sitive  p a r t  o f th e  c ritic a l yield  s tre ss . The 
fu n c tio n  T A ( v )  has th e  sam e  c h a ra c te r  in  th e  case of d iffe re n t k inds of im p u ritie s  
a n d  a t  d iffe re n t im p u r ity  co n cen tra tio n s  as well, th e re fo re  to  il lu s tra te  th e  
fo rm  o f Тд w e give one ex am p le  only (F ig . 1), w hich show s th e  r A ( v )  fu n c tio n  
o f  th e  sam p le  c o n ta in in g  700 p p m  Sr2 + . Тд h a rd ly  in c reases  w ith  th e  cooling  
ra te  in  th e  low  cooling r a te  ran g e  b u t  a t  a ce rta in  v a lu e , w hich  depends w eak ly  
on th e  im p u r ity  c o n c e n tra tio n  Тд becom es ra p id ly  in creasing , th e n  above 
a n o th e r  v a lu e  o f  th e  cooling  ra te  i t  rem a in s  again in sen sitiv e  to  th e  cooling  
r a te  v a r ia tio n  (See F ig . 1). T he ex istence o f  th re e  sections in  t a ( v ) w ith  obv io u sly  
d iffe ren t c h a ra c te rs  suggests  th a t  a m o v in g  d islocation  is o b s tru c ted  b y  tw o  
d iffe ren t m echan ism s cau sed  b y  agg rega tes o f d iffe ren t ty p e s  due to  q u en ch in g  
w ith  d iffe ren t ra te s . P re su m a b ly , Тд is essen tia lly  d e te rm in ed  by  one ty p e  
o f  o b s tru c tin g  cen tres  a t  low  ra te s  and  b y  th e  o th e r ty p e  of cen tres a t  high 
ra te s . In  th e  m ean  cooling  r a te  ran g e  Тд re su lts  from  th e  com p etitio n  b e tw een  
th e  d iffe ren t o b s tru c tin g  effects.

In  th e  second s tep  th e  dependence o f  th e  c ritica l y ie ld  stress on th e  im 
p u r i ty  c o n c e n tra tio n  (C) w as in v es tig a ted . T h e  Тд(С) fu n c tio n  was d e te rm in ed
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Fig. 1. The cooling rate dependence of the critical yield stress in a sam ple doped with
700 ppm  Srs +

in  th e  case o f each im p u r ity  m en tio n ed  above a t  tw o  fix ed  cooling ra te s  iq, v 2 
co rresp o n d in g  to  th e  low  an d  to  th e  h ig h  cooling ra te  ranges. I t  w as fo u n d  th a t  
t a ( C )  h a d  d iffe ren t shapes a t  low a n d  h igh cooling ra te s . T his fa c t agrees 
w ith  th e  above assu m p tio n  th a t  t A(C) is caused b y  d iffe ren t in te ra c tio n  m e
chan ism s b e tw een  th e  d islocation  an d  th e  various ty p e s  o f agg regates p roduced  
a t  low  an d  h igh cooling ra te s . In  o th e r  w ords th is  m ean s th a t  a t  slow  an d  fast 
cooling  d iffe ren t ty p e s  o f obstacles o rig in a te  from  th e  dipoles. T h e  ch a rac te r 
of r A(C) depends on th e  ty p e  o f th e  im p u rity  too .

T o d e m o n s tra te  th e  above a sse rtio n s some o f th e  m easured  r A(C) func
tio n s  a re  g iven in  F igs. 2a, 2b an d  3a, 3b. T he cu rv es  1, 2 in  F ig . 2a  are th e  
TA(C) fu n c tio n s  co rresp o n d in g  to  th e  fa s t  and  slow q u en ch in g  (tq =  10 °C/m in 
an d  v 2 — 0.1 °C /m in) in  NaCl : Sr2 + , re spec tive ly . B o th  curves a re  given as 
th e  fu n c tio n  o f f C  in  F ig . 2b, too . T h e  Ca im p u rity  produces r A{C) sim ilar to  
th e  cu rv es  p lo tte d  in  F igs. 2a, 2b . F o r  th e  rem a in in g  im p u ritie s  (M n, Mg, 
Cd, P b , B a) th e  тA(C) functions h av e  id en tica l fo rm s, there fo re  i t  is su ffic ien t to  
p lo t, fo r in s tan ce , th e  r A(C) o f th e  N aC l : P b 2+ sy stem s show n in  F igs. 3a, 
3b w here  th e  n u m b erin g  is th e  sam e as before.

A t la s t th e  sam p les  o f high t a , w hich  were o b ta in e d  a t h igh  cooling ra te  
an d  h av e  th e  cu rves 1 in  Figs. 2 a n d  3, w ere an n ea led  a t  v a rio u s annealing  
te m p e ra tu re s  for d iffe ren t annealing  tim es . W e a lw ays w an ted  to  m easu re  th e  
c ritic a l y ie ld  s tress a t  room  te m p e ra tu re , there fo re  th e  sam ples w ere quenched  
from  th e  c o n s ta n t an n ea lin g  te m p e ra tu re  T a (100 °C <  Г а <  150 °C) to  room  
te m p e ra tu re  and  so in  all p ro b a b ility , th e  agg rega te  form  co rrespond ing  to  
th e  an n ea lin g  te m p e ra tu re  and  tim e  w as frozen in  o u r sam ples.

T h e  k in e tic  cu rv es  (Figs. 4a a n d  4b) show th e  a lte ra tio n s  o f  th e  frozen 
agg regates in  N aCl : Sr2+ and  N aCl : P b 2+ system s. T h ey  describe th e  critical 
y ie ld  s tre ss  vs an n ea lin g  tim e. W e g ive th e  re su lts  o f  th e  an n ea lin g  m easu 
re m e n ts  ca rried  o u t fo r sam ples o f  700 ppm  Sr2+ a n d  750 p p m  P b 2+ im pu-
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Figs.  2a, b. The im purity  concentration dependence o f th e  critical yield stress for Sr2+ w ith  
fast (curve 1 ) and slow  (curve 2 ) cooling

r i t y  c o n te n ts  (F igs. 4 a  and  4b, re sp ec tiv e ly ). S im ila r curves w ere  ob ta in ed  
m e a su rin g  sam ples o f o th e r im p u r i ty  co n ten ts.

D iscussion

T h eo re tica lly , a t  c o n s tan t te m p e ra tu re  th e  c ritic a l y ield  s tre ss  is due to  
th e  e la stic  in te ra c tio n s  betw een  m o v in g  d islocations and  ag g reg a tes  co n ta in 
in g  Z  dipoles [10]. C o rrespond ing ly , r A is g iven  b y  th e  fo llow ing  fo rm ula

rA =  P V ^ C z , (1)

w h e re  P  an d  a  a re  a p p ro p ria te  c o n s ta n ts  [10] a n d  Cz  is th e  ag g reg a te  concen
t r a t io n ,  w hich can  b e  expressed  in  te rm s  of th e  d iv a le n t im p u rity  co n cen tra tio n
C. A ccord ing  to  D r y d e n  and  h is co-w orkers [8] th e  c ry sta ls  c o n ta in  aggre-
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Figs. 3a, b. The im purity  concentration dependence of the critical yield stress for the Pb2 +
gw ith fast ( 1 ) and slow  cooling (2 )

gates, m ad e  u p  o f a  d e fin ite  n u m b er o f  dipoles (Z), w ith  c o n cen tra tio n  Cz  and 
also d ipoles w ith  c o n c e n tra tio n  CD. O w ing to  th e  law  o f m ass ac tion  th e  follow 
ing  re la tio n  is v a lid  betw een  c o n cen tra tio n s  Cz  a n d  CD

Cz = M z C l ,  (2)

w here M z  is th e  c o n s ta n t in  th e  law  o f m ass ac tio n . T h e  to ta l  c o n c e n tra tio n  
o f th e  d iv a le n t im p u r ity  is

H ence a n d  from  (3):

C — Cd —|- ZC z .

C =  (Cz /M z)1/Z +  ZCz .

(3)

(4)

U sing th e  E q s. (1) a n d  (4) one can  g e t r A as th e  fu n c tio n  of th e  im p u rity  
c o n cen tra tio n . In  th e  case of d im ers (Z  =  2) th e  xA(\[C) fu nc tion  is a h y p erb o la :
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*A +
P  f a /2  Y 8 M

\ I S M 2

> 2

f  Y c  Ÿ
l

/ \ ] / 8 M 2

=  1 (5)

Г о г  Z  =  3 ( tr im e rs )  th e  a n a ly tic a l so lu tion  is a lso  o b ta in ab le  b u t  for cases 
Z  >  3 no a n a ly tic a l  so lu tion  e x is ts . The lim its  С —у 0 an d  C  —► oo can be 
d iscu ssed  for a n y  Z . I f  C —► 0, th e n  from  (4) Cz  =  M ZCZ, an d  th e  a sy m p to 
t ic a l  r A reads

rA (C — 0 ) =

F u r th e rm o re  i f  C  —*■ oo and Z  >  3, th e n  C =  Z C z , and  th e  e q u a tio n  of th e  
a sy m p to te  is Tд(С oo) =  P  Vsc/ZfC .
i.e . th e  a sy m p to te  o f  Тд(уС) p asses  th ro u g h  th e  origin. W e can  see from  E q . 
(5) t h a t  in  th e  case  o f  dim ers th e  a sy m p to te  o f  th e  r A(]ÍC) cu rv e  has non zero 
a x ia l  sections since  fro m  (5) th e  a sy m p to te  is

ТЛ(С — oo) =  P  2 \rC -  Р/4 j/a/M j .

O ur e x p e rim e n ta l resu lts c a n  be ex p la in ed  in  th e  follow ing m anner. In  
F ig . 2b  th e  a s y m p to te  of cu rve  1 does n o t p ass  th ro u g h  th e  orig in  and th is  
re fe rs  to  d im ers. T h e  a sy m p to te  o f  cu rv e  2 in  F ig . 2b and  s im u ltan eo u sly  th e  
a s y m p to te  of c u rv e s  1 and 2 in  F ig . 3b pass th ro u g h  th e  o rig in , i.e. in  th e se  
cases  Z  ]> 3. T h e  fa c t  th a t  th e  a sy m p to te  o f c u rv e  1 re la tes to  E q . (5) does 
n o t  m ean  th a t  th e  cu rv e  follows E q . (5) th ro u g h o u t. Indeed , т л is p ro p o rtio n a l 
to  th e  im p u r ity  co n cen tra tio n  a t  low  c o n cen tra tio n s  for all th e  im p u rities  
as ca n  be seen fro m  F igs. 2a an d  3a . T h eo re tica lly  i t  can be assu m ed  [10] th a t  
in  th e se  cases r A is de te rm ined  b y  th e  Snoek  effect of sing le  dipoles. A t 
n o t  to o  low co n c e n tra tio n s  th e  c r it ic a l  yield s tre ss  in crem en t o f sam ples doped  
w ith  S r and  Ca is cau sed  by  d im ers  a fte r  fa s t cooling  and b y  agg regates con
ta in in g  th ree  o r  m o re  dipoles a f te r  slow cooling. T h e  Mn, Mg, P b , Cd and  B a  
in c re a se  th e  c r it ic a l  y ie ld  s tress a f te r  fa s t coo ling  m ore s tro n g ly  th a n  a f te r  
s low  cooling an d  in  b o th  cases th e  occu rring  ag g reg a tes  co n ta in  th re e  or m ore 
d ip o les . P re su m a b ly , th e  fa s t coo ling  b rings a b o u t ag g rega tes, w hich are  
sm a lle r  and  a re  d isp ersed  m ore den se ly  th a n  th e  aggregates p ro d u ced  by  slow 
coo ling . F rom  o u r  ex p e rim en ta l re su lts  we ca n  give those p o in ts  o f curves 
T A ( C )  a t  w hich th e  effect of a g iv en  dipole asso c ia tio n  stops or a t  w hich th e  
e ffec t of a n o th e r  one  s ta rts . F o r in s ta n c e , th e  r A o f  fa s tly  cooled sam ples co n 
ta in in g  m ore th a n  250 ppm  Sr2+ a re  d e te rm in ed  b y  dim ers b u t  below th is  
c o n c e n tra tio n  sing le  dipoles a re  responsib le  fo r t a . Sim ilarly  th e  r A  of th e
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slow ly cooled  sam ples d o p ed  above 100 p p m  Sr2+ are d e te rm in ed  b y  ag g reg a 
te s  co n sisting  o f th re e  or m ore dipoles.

T h e  k in e tic  curves can  be ex p la in ed  as follows. I f  t h a t  p o rtio n  o f  th e  
c ritica l y ie ld  stress w hich  depends on th e  n u m b e r  of a c e r ta in  k in d  of ob stac les  
decreases d u rin g  ann ea lin g , th e n  th is  m ean s also th e  decrease  of th e  n u m b e r  
o f  th e  g iven  aggregate , e.g. th e  decrease o f  r A in  Fig. 4a  d en o tes  th e  decrease  
o f  th e  d im er n u m b er. T h u s  w ith  th e  a id  o f annealing  o f th e  c ry s ta l w e can  
pass over from  cu rve  1 in  F ig . 2a to  cu rv e  2. A ccord ing  to  th e o ry , th is  fa c t 
in d ica te s  th e  d issocia tion  o f  d im ers an d  th e  association  o f  la rg e r agg rega tes. 
W e can  also  pass over fro m  cu rv e  1 in  F igs. 3 to  cu rv e  2 as i t  is p ro v ed  
b y  th e  g rap h s o f an n ea lin g  in  F ig . 4b. T h is  o b se rv a tio n  m a y  be in te rp re te d  
b y  s te p -b y -s te p  d issocia tion  o f sm all agg rega tes an d  th e  sim u ltan eo u s b u ild in g  
u p  of la rg e r ones.

Figs. 4a, b. The kinetic curves, i.e. the critical y ield  stress vs annealing tim e of sam ples doped
w ith  Sr! + (a), P bJ+ (b)
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The o rd e r  o f k inetics a n d  th e  b in d in g  energy o f d isap p earin g  d ipo le  
g ro u p s can b e  d e te rm in ed  fro m  th e  k inetic  cu rv es  (Figs. 4 a , b). The n u m erica l 
ev a lu a tio n  o f  th e  graphs co n firm s th e  above  described  an n ea lin g  m echan ism . 
E a c h  curve in  F ig s . 4a, 4b h as  an  ex p o n e n tia l tim e  dep en d en ce . I t  m eans t h a t  
th e  k inetics is o f  f ir s t  o rd er in  all cases. T h e  ac tiv a tio n  energ ies o b ta in ed  from  
th e  curves a re  1.66 eV an d  1.40 eV in N aC l : Sr2+ an d  N aC l : Ca2+ sy stem s, 
re sp ec tiv e ly . T h e  know n th e o re tic a l ca lcu la tio n  fo r b in d ing  energies of d iffe ren t 
d ipo le  g roups (d im ers, tr im e rs )  h as  been m a d e  in  p o in t ch a rg e  ap p ro x im a tio n  
[11] an d  i t  h a s  y ie ld ed  0.4 eV fo r  th e  b in d in g  energy  b e tw een  th e  tw o dipoles 
in  dim ers. T h e  d iffusion  en e rg y  o f dipoles is 1 eV for Sr, a n d  0.92 eV fo r Ca. 
I n  th e  case o f  Ca th e  sum  o f th e  b in d ing  en erg y  and  th e  d ipo le  diffusion energy  
eq u a ls  th e  a c tiv a tio n  energy  o b ta in e d  (see above) b u t in  th e  case of Sr d e v ia 
tio n  arises. O ne possible re a so n  for th is  is p ro b a b ly  th e  ty p e  of th e  im p u r ity  
u p o n  w hich th e  d im er b in d in g  energy  d ep en d s. T hus th e  ca lcu la tio n  fo r th e  
b in d in g  en e rg y  can n o t be sa tis fa c to ry  in  p o in t  charge a p p ro x im a tio n . T h e  
k in e tic s  is o f f i r s t  o rder in  N aC l : P b 2+ sy s tem s, to o , w h ere  th e  a c tiv a tio n  
en e rg y  (E act =  1.08 eV) is a p p ro x im a te ly  e q u a l to  th e  d ipo le  diffusion en erg y  
( £ dif{ = 1 . 0  eV), i.e. th e  b in d in g  o f d ipoles in  aggregates la rg e r th a n  d im ers 
is v e ry  w eak . S um m ariz ing  w e can  say  t h a t  th e  a c tiv a tio n  energy o b ta in e d  
fro m  th e  k in e tic  curves is e q u a l to  th e  sum  o f th e  single d ipo le  d iffusion en e rg y  
a n d  th e  b in d in g  energy  o f d ipo les in  ag g reg a tes , i.e.

F?act =  F-diff +  E b\nd  •

W e should  lik e  to  in v es tig a te  th e  v a lid ity  o f  th is  re la tio n  w ith  th e  a id  o f a n  
a to m is tic  c a lc u la tio n  of th e  d im er b in d ing  energ ies in  th e  n e a r  fu tu re .
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The temperature-dependent impurity distribution of NaCl : Sr++ and the NaCl : Mn + + 
systems was studied by using the measuring methods of microhardness, flow stress, conduc
tivity and the gold decoration method. The results show that with increasing quenching 
temperature the measured values of mechanical and electrical characteristics increase 
monotonously up to a point characterized by  the impurity. This is in accordance with our decor
ation studies; the impurities dissolve gradually into the lattice with increasing temperature. 
In the N aC l:S r+ +  system  there are needle-like precipitates whereas the N aC l:M n + + 
system produces rectangular parallelepipedons. The size of these formations decreases with 
increasing quenching temperature.

Introduction

I t  is p a r tic u la r ly  im p o r ta n t to  know  th e  p o in t defec t s tru c tu re  o f rea l 
c ry s ta ls  a t  d iffe ren t te m p e ra tu re s  w hen  one s tu d ie s  p ro p ertie s  d epend ing  on 
im p u ritie s . The m a jo r ity  of th e  ex p e rim en ta l m e th o d s  are  in d ire c t, e.g. th e  
m easu rem en t of c o n d u c tiv ity  [1] a n d  d en sity  [2, 3 ], how ever, th e re  are  d irec t 
m e th o d s  as w ell, e .g . th e  e lec tro n  m icroscopic d eco ra tio n  w hich  allow s th e  
to p o g ra p h ic  s tu d y  o f  sep a ra te  fo rm a tio n s  developed  b y  im p u ritie s  [4]. T h is 
m e th o d  is based  on  th e  fac t t h a t  th e  defects o f th e  c ry s ta l su rface  fo rm ed  
b y  im p u r ity  ions, vacan c ies  or som e com b in a tio n s o f th e m  are  fav o u rab le  fo r 
th e  c ry s ta lliz a tio n  o f  th e  d eco ra tin g  gold p a rtic le s . In  ou r w ork  w e app lied  
th e  in d ire c t m e th o d s  of m icro h ard n ess , ionic c o n d u c tiv ity  an d  th e  above 
m en tio n ed  d irec t m e th o d  of deco ra tio n .

Experimental methods

T h e m o d ifica tio n  of th e  p o in t defec t s tru c tu re  w as carried  o u t b y  q u en ch 
ing th e  c ry s ta ls  f ro m  d ifferen t te m p e ra tu re s . W e supposed  th a t  b y  th is  m e th o d  
th e  im p u r ity  d is tr ib u tio n  fo rm ed  a t  th e  q u ench ing  te m p e ra tu re  is in  good 
a p p ro x im a tio n  p re se rv e d  a t  ro o m  te m p e ra tu re . T h e  sam ples w ere cooled a t  
a  c o n s ta n t ra te  (100 °C/m in) fro m  d ifferen t an n ea lin g  te m p e ra tu re s  in  th e  
e v a p o ra tin g  e q u ip m e n t a t  a p ressu re  of 1 P a  to  room  te m p e ra tu re  a n d  f irs t
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g o ld , a f te rw a rd s  ca rb o n  w as e v a p o ra te d  o n to  th e  c ry s ta l su rface . T h e  gold 
p a r tic le s  n u c le a te d  accord ing  to  th e  s tru c tu re  o f th e  c ry s ta l su rface  on th e  
p ro d u c e d  th in  c a rb o n  film  w hich  w as ta k e n  o ff from  th e  su rface  a n d  s tu d ied  
in  th e  e lec tron  m icroscope.

, T he o th e r  p a r t  o f th e  id e n tic a l sam ples w as qu en ch ed  to  room  te m p e ra 
tu r e  a t  th e  a b o v e  m en tio n ed  ra te  a n d  p ressu re  in  a fu rn ace  o f  sm all h e a t 
c a p a c ity . O n th e  fu rn ace -q u en ch ed  sam ples Y ickers-hardness m easu rem en ts  
w ith  a load  o f 4 • 10 ~2 N a n d  flow  stre ss  m easu rem en ts  w ere c a rr ie d  ou t a t 
ro o m  te m p e ra tu re . T h e  p u rpose  o f  th e  fo rm er w as to  o b ta in  know ledge of th e  
su rfa c e  h a rd e n in g  effect o f th e  im p u r ity  d is tr ib u tio n  changes an d  o f  th e  la t te r  
to  s tu d y  th e  h u lk  effects. S im u ltan eo u sly  th e  c o n d u c tiv ity  o f th e  sam ples 
w as  m easu red  as w ell.

W e used  in  o u r m easu rem en ts  specia lly  grow n [5], ex trem ely  p u re  (im pu
r i t y  c o n te n ts  a re  less th a n  10 ~7 m ol/m ol) c ry s ta ls  a n d  O H -  free  c ry s ta ls  
d o p e d  w ith  d iv a le n t ions (M n + + , S r + + ). T he S r ++ an d  Mn + + im p u r ity  con
c e n tra tio n  w as a b o u t 0.5 • 1 0 ~3 m ol/m ol.

T he im p u r ity  d is tr ib u tio n  w as m odified  b y  te m p e rin g  th e  c ry s ta ls  for 
h o u rs  to g e th e r  a t  te m p e ra tu re s  h ig h e r th a n  100 °C. T he te m p e ra tu re -d e p e n d 
e n t  im p u r ity  p re c ip ita tio n  does n o t  v a ry  a f te r  th e  necessary  developing 
t im e  w ith  fu r th e r  annealing . T h e  gold  d eco ra tio n  m e th o d  w as u sed  fo r m aking  
th e  p re c ip ita te s  v is ib le . T h e  size o f  o u r sam ples w as 3 x 3 x 6  m m .

In  th e  co u rse  o f an n ea lin g  a n d  qu en ch in g  (w ith  a p p ro p ria te ly  chosen 
q u en ch in g  ra te )  th e  sam ples w ere n o t  defo rm ed  p las tic a lly , so th e  d islocation  
d e n s ity  re m a in e d  c o n s ta n t, th u s  th e ir  role in  th e  v a r ia tio n  o f m icrohardness, 
c o n d u c tiv ity  a n d  flow  stress due  to  th e  h e a t t r e a tm e n t  w as considered  negli
g ib le .

Experim ental results, conclusions

T he chan g es o f  m icrohardness (H ( T q)), flow  stress (t(T^)) a n d  conduc
t iv i ty  (a( T q)) d u e  to  quench ing  in  th e  case o f N aC l : S r + + sy stem  a re  illu s tra te d  
in  F igs, l a ,  l b ,  l c  a n d  2 (cu rve  1). T h e  N aCl : M n ++ system  p ro d u c e d  sim ilar 
c u rv es . A p p a re n tly , th e re  a re  n o  m a rk e d  d ifferences in  th e  c h a ra c te r  of th e  
th r e e  cu rves fo r n e ith e r  o f th e  tw o  sy s tem s. O n ly  th e  concre te  v a lu es  an d  th e  
s a tu ra t io n  q u en ch in g  te m p e ra tu re s  d iffer. T he p laces o f b reak s  in  th e  curves 
o f  F ig . 2, i.e . th e  jo in in g  p a r ts  o f th e  a ssoc ia tion  a n d  p re c ip ita tio n  
c o n tro lle d  c o n d u c tiv ity  co rrespond  to  th e  s a tu ra tio n  te m p e ra tu re s  (in  th e  case 
o f  N aC l : S r ++ 350 °C, a t N aCl : M n ++ 300 °C). T h e  fa c t th a t  th e  m easured  
sm a ll lo ad  m ic ro h ard n ess  an d  flow  stre ss  va lu es  v a ry  sim ila rly  w ith  te m 
p e ra tu re  p ro v es t h a t  th e  p o in t d e fec t fo rm atio n s on th e  surface a n d  w ith in  
th e  c ry s ta l do n o t  d iffer from  each  o th e r . T his m eans th a t  th e  in fo rm a tio n  ob
ta in e d  b y  th e  d eco ra tio n  m e th o d  fo r th e  su rface  is v a lid  for th e  w hole bu lk
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100 300 500

F ig. 1. The variation of microhardness, flow stress and conductivity as function of the quench
ing temperature. Curves 1 — pure NaCl, curves 2 — NaCl : Sr + + system

m a te ria l. T he m echan ica l an d  th e  e lec trica l p ro p e rtie s  o f th e  p u re  c ry sta l 
(F igs, l a ,  l b ,  lc ,  cu rv es  1) are in d e p e n d e n t of th e  q u ench ing  te m p e ra tu re . 
This is in  accordance w ith  our a ssu m p tio n  th a t  th e  ch an g es o f th e  m easu red  
q u a n tit ie s  are  tig h tly  co n n ec ted  w ith  th e  changes in  th e  s ta te  o f th e  im p u 
r ity .

Fig. 2 . lg o T — T  curves o f the NaCl : Sr + + (curve 1) and o f the NaCl : Mn++ (curve 2)
system s
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T he m ic ro h ard n ess  an d  th e  flow  stress s tro n g ly  depend  on  th e  annealing  
te m p e ra tu re  su g g estin g  th a t  th e  n u m b er o f th e  re ta rd in g  cen tre s  increases 
w ith  increasing  T q. T his can  o n ly  m ean  th a t  th e  b ig  h in d e rin g  cen tres go to  
sm a ll b u t  e ffic ien t pieces. T h is is in  accordance w ith  th e  fa c t t h a t  th e  conduc
t iv i ty  increases w ith  increasing  quench ing  te m p e ra tu re , i.e . th e  im p u rities  
d isso lve g ra d u a lly  in to  th e  c ry s ta l.

Q uench ing  ex p erim en ts  w ere  perfo rm ed  in  th e  e v a p o ra tio n  eq u ip m en t 
fo r  te s tin g  th e  a b o v e  described  assu m p tio n . T h e  crysta ls  w ere tem p ered  for

F ig . 3a. Decoration electron micrograms of the NaCl : Sr + + system at different temperatures 
1— 100 °C, 2 -2 0 0  °C, 3 —300 °C, 4—350 °C, 5 -4 0 0  °C
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-Fig. 3b. Decoration electron micrograms of the NaCl:Mn + + system at different temperatures: 
1 -1 0 0  °C, 2 -2 0 0  °C, 3 - 3 0 0  °C, 4 -3 5 0  °C, 5 — 400 °C

ho u rs , th e n  cooled to  ro o m  te m p e ra tu re , a fte rw ard s gold and  c a rb o n  was 
e v a p o ra te d  on th e ir  th e rm a lly  dem olished surface. T h e  carb o n  lay e r w ith  th e  
gold p a rtic le s , d is tr ib u te d  according to  th e  surface s tru c tu re , w as se p a ra te d  
from  th e  c ry s ta l  and  w as s tu d ied  in th e  elec tron  m icroscope.

Acta Physica Academiae Scientiarum Hungaricae 49 .1980



404 J. SÁRKÖZI et al.

F i g .  3c .  Decoration electron micrograms of pure NaCl at different temperatures: 1 —100 °C,
2 -2 0 0  °C, 3 — 300 °C, 4 - 3 5 0  °C, 5 -4 0 0  °C

T he re su lts  a re  show n in  F ig . 3 fo r d iffe ren t q u en ch in g  te m p e ra tu re s  
(100 °C, 200 °C, 300 °C, 350 °C, 400 °C) a n d  fo r  th e  tw o  k in d s  of im p u ritie s  
(F ig . 3a N a C l : S r + + , Fig. 3b  N a C l : M n + + ). T he p h o to g ra p h s  p rove  th e  
g ra d u a l d isso lu tio n  o f th e  im p u r ity  w ith  in c rea s in g  te m p e ra tu re . The size o f  
p re c ip ita te s  is sm alle r an d  sm alle r w ith  h ig h e r  te m p e ra tu re  and  a t  350 °C 
(N aC l : M n + + ) a n d  300 °C (N aC l : S r ++) re sp ec tiv e ly  th e y  v an ish  by  d isso lv 
in g  in to  th e  la t t ic e .  U sing th e  ex trem ely  p u re  c ry sta l w e cou ld  n o t observe  
a n y  o rien ted  fo rm a tio n s  on th e  surface (F ig . 3c). The p re c ip ita te d  p a rtic le s  
a re  d iffe ren t fo r  th e  tw o  im p u ritie s  stud ied . T h e  p re c ip ita tio n  of S r ++ ap p e a rs  
as needle-like fo rm a tio n s  in  th e  <  110 >  d irec tio n . In  th e  case o f M n+ + r e c ta n 
g u la r  p ara lle lep ip ed o n s are  fo rm ed  w ith  edges in  th e  <  100 >  direction . T h e  
le n g th  of th e  n eed les  is 1 — 10 /xm and th e  len g th  of th e  para lle lep ipedons
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is ap p ro x . 0.1 — 1 /xm. T h e  revealed  shap es and  sizes ag ree w ith  th e  re su lts  o f o th e r 
tech n ics  [6]. A cco rd ing  to  th e  l a t t e r  p ap e r th e re  is a second p h ase  (SrC l2) 
in  th e  N aCl la ttic e . I n  th e  case o f  M n ++ th e  p resen ce  of th e  so -ca lled  Suzuki 
p h ase  (6NaCl : M nC l2) in  th e  N aC l single c ry s ta l  [7] is p ro v ed . O ur ex p eri
m en ts  seem  to  p ro v e  th e  ex istence  o f th is  p h ase  in  th e  N a C l:M n 2+ system .

T he su rface re p lic a  m eth o d  u sed  b y  us p ro v id es  lim ited  in fo rm a tio n  as 
co m p ared  e.g. to  th e  X -ray  d iffrac tio n  p ro ced u re . In  sp ite  o f  th is , th e  
deco ra tio n  m e th o d  is a  sim ple b u t  usefu l w ay  to  reveal th e  im p u r ity  p rec i
p ita tio n  and  to  fo llow  th e  process o f chang ing  th e  shape o f  p re c ip ita te s  
cau sed  b y  h e a t t re a tm e n t .
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ATOMIC DISPLACEMENTS CAUSED BY DIVALENT 
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The binding energies of divalent impurity ions and positive ion vacancies situated at the 
distance of next nearest neighbours and the atomic displacements around this type of lattice 
imperfections have been computed in NaCl crystals using the semiclassical Born—Mayer model 
of ionic solids. The procedure followed in calculating the binding energies of complexes containing 
Be, Mg, Ca, Sr, Ba, Zn, Cd, Hg and Pb was based on the method developed by R e i t z  and 
G a m m e l . The calculations were carried out w ith and without the inclusion of the Van der 
Waals interaction. The numerical results show that in agreement w ith the experimental data, 
the binding energy increases with the ionic radius of the impurity.

Introduction

In  th e  a lka li halides doped  w ith  d iv a le n t im p u ritie s  th e re  ex ist im p u r ity  
— v a c a n c y  p a irs , I —У  dipoles. T heir ex is ten ce  is of g re a t im p o rtan ce  in  in te r 
p re t in g  m o st o f th e  c ry s ta l  d a ta  e.g. th e  re su lts  of c o n d u c tiv ity  an d  d iffu sion  
m easu rem en ts  [1], th e re fo re  d issocia tion  energies an d  th e  la ttic e  d is to r tio n  
a ro u n d  c e r ta in  I —Y dipoles co n ta in in g  Ca2+, Sr24- and  Cd2+ h a d  been co m p u te d  
in  an  a to m is tic  m odel [2, 3] on th e  g ro u n d  o f th e  Mott  — L it tl e to n  th e o ry  
[4]. T h e  p u rp o se  o f our p a p e r  is to  in v e s tig a te  th e o re tic a lly  th e  la ttic e  d is to r 
tio n  e ffec t an d  th e  g ro u n d  s ta te  b ind ing  energy  of d ipo les fo r every  d iv a le n t 
im p u r ity  o f  p rac tica l im p o rtan ce .

T h e  ca lcu la tio n  m e th o d  is th e  fo llow ing. T he d isp lacem en t and  th e  in d u c 
ed  d ipole m o m en ts  of th e  n e a re s t n e ighbours o f a single im p u r ity  and  an  im p u 
r i ty  — v a c a n c y  dipole w ere co m p u ted  so lv ing  system s o f n o n lin ea r e q u a tio n s  
n u m erica lly . T he tw o e q u a tio n s  o f  th e  sy s tem s describe th e  s ta tic a l force b a la n c e  
a n d  th e  p o la riza tio n  o f  th e  n e a re s t ne ig h b o u rs  of th e  d e fec t. The I —Y  d ipole  
b in d in g  en erg y  ca lcu la tio n  is based  on th e  m ethod  of R e it z  and  Ga m m e l  [2] 
i.e . th e  w ork  necessary  to  rem ove  a so d iu m  ion from  th e  closest v ic in ity  of 
th e  d iv a le n t im p u rity  to  in f in ity  was c a lcu la ted  an d  su b tra c te d  fro m  th e  
w ork  n ecessa ry  to  c rea te  a  single po sitiv e  ion  vacancy  in  th e  p refec t la tt ic e .

Interionic potentials

T h e p o te n tia ls  o f  th e  d iffe ren t ty p e s  o f in te rac tio n s  b e tw een  th e  ion s are 
as follow s. T he repu lsion  b e tw een  tw o ions is due to  th e  o v e rlap  of th e ir  e lec tro n  
c louds. D iffe ren t k in d s o f  repu lsive  p o te n tia ls  are  av a ilab le  [5, 6]. W e u se  th e
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B o rn  —M ayer ex p o n e n tia l fo rm u la  [7] since th e  e lectron  d e n s ity  on th e  p e r i
p h e ry  of th e  io n s decreases ex p o n e n tia lly  a n d  so i t  can  he  expec ted  th a t  th e  
o v e rla p  p o te n tia l  m a y  also he  described  b y  a n  ex p o n en tia lly  decreasing fu n c 
tio n  of th e  in c re a s in g  in te rio n ic  d istance . T h e  B o rn —M ayer repulsive p o te n 
t i a l  is

Ф =  a t j  b  exp [(r, - f  Tj — r)/p], (1)

w h e re  r,-, r ; a re  th e  co rresp o n d in g  ionic ra d ii, r  is th e  in te rio n ic  d istance , b  a n d  
Q a re  p a ra m e te rs  c h a ra c te r is tic  o f  th e  tw o  io n s. T he c o n s ta n t a iy is th e  P a u lin g  
fa c to r

ai ] =  1 +  *,7n i +  Zj /n j ,  (2 )

w h e re  zt, zj a n d  n f, n y are th e  valencies a n d  num bers o f o u te r  e lec trons in  
io n s  i and  j .  W e use  th e  ionic ra d ii  given b y  G o ld sc h m id t  [8 ]. T h eo re tica lly  
f o r  fix ed  b  th e  q u a n ti ty  g  is  c h a ra c te ris tic  o f  th e  in te ra c tin g  ion p a ir. A n  
a t te m p t  w as m a d e  b y  T o si a n d  F u m i  [9] to  d e te rm in e  a se t o f  repulsive p a r a 
m e te rs  an d  io n ic  ra d ii on th e  g ro u n d  of th e  B o rn —M ayer th e o ry  of th e  c ry s ta l. 
W e  can n o t u se  th e i r  resu lts  b e cau se  th e  c a lc u la tio n  w as m ad e  o n ly  for th e  a lk a li 
a n d  halide  ions (a lk a li h a lide  c ry s ta ls ) b u t  fo r  th e  a lkali e a r th  ions such  ca l
c u la tio n  does n o t  ex is t. T h u s w e use an a v e rag e  b  and  q as w as done b y  m a n y  
o f  th e  a u th o rs  [1, 2, 3] in  th e  p a s t  ( b  =  0 .1429 eV, q =  0 .0345 nm).

T he p o te n tia l  o f th e  V a n  d e r W aals in te ra c tio n  b e tw een  th e  ions i , j  is

V  =  -Cuir»  -  d t j /r*, (3)

w h e re  th e  co effic ien ts  ctj, djj a re  [8]

cij =  (3/2) ha-iXj Vi Vjl{vi +  vj) , (4)

djj =  с и ( х 1 Vi +  Xj vj) 2 n l ( x j c ) .  (5)

c is th e  v e lo c ity  o f  lig h t an d  Xj  is th e  fin e  s tru c tu re  c o n s ta n t. The q u a n titie s  
a,-, Xj are th e  e lec tro n ic  p o la rizab ilitie s  o f th e  ions i, j  a n d  vt, Vj are th e  f re 
q u e n c y  lim its  in  th e ir  d isc re te  sp ec tra . T h e  fo rm u lae  (4) a n d  (5) are v a lid  o n ly  
in  th e  case o f  free  ions. F o r c ry s ta ls  m ore a c c u ra te  va lues o f  c{j  and  dy m a y  
b e  derived  fro m  o p tica l a b so rp tio n  d a ta  o f  th e  crysta l. T h e  V an der W aals 
coeffic ien ts  o f a lk a li halides w ere  d e te rm in ed  b y  Ma y e r  [10] in  th is  m an n e r. 
I n  th e  case o f  a lk a li e a r th  h a lid e s  we have no  c,-; and  d i; v a lu es  based  on o p tica l 
a b so rp tio n  d a ta  th e re fo re  in  th is  ca lcu la tio n  w e use fo rm u lae  (4) and  (5) fo r  
a ll  th e  ions. H o w ev er for th e  sak e  of b e tte r  accu racy  in s te a d  o f th e  freq u en cy  
lim its  of th e  free  N a + and  C l~  ions we use  th e  frequencies de te rm ined  w ith  
t h e  a id  o f (4) a n d  (5) from  th e  accu ra te  ciy a n d  dy d a ta  o f  th e  NaCl c ry s ta l  
g iv e n  b y  Ma y e r  [10]. B o sw a r v a  [11] h as  g iv en  th e  co rrespond ing  r, v a lu es
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o f ions Mg2+, Ca2+,Sr2+ a n d  B a2 + . In  th e  case of th e se  a lk a li e a r th  io n s , th e  
V/ values o f  B o s w a r v a  a n d  for th e  o th e r  ty p e s  o f d iv a le n t im p u ritie s  th e  free 
ion  freq u en cy  lim its  are  used  [12].

T he e lec trica l p o te n tia l  p ro d u ced  b y  a  p o in t ch a rg e  q an d  a  p o in t like 
elec tric  d ipo le  m o m en t fi is as usual

U  =  q r  +  p .r/r3, (6)

w here r  is a  v e c to r  fro m  th e  charge to  a  d is ta n t p o in t an d  r  is its  a b so lu te  
va lue .

D escrip tion  o f  ca lcu la tion

T he ions in  th e  la tt ic e  in te ra c t w ith  each  o th e r as described  a b o v e  an d  
each  ion is in  eq u ilib riu m  a t  a la ttic e  s ite  o f th e  perfec t c ry s ta l. In  th e  v ic in ity  
o f defects th e  eq u ilib riu m  is d is tu rb ed , th e  la ttic e  becom es deform ed a n d  th e  
d is to r tio n  o f  th e  la tt ic e  m ay  be ch a ra c te riz e d  by  ion ic  d isp lacem en ts  from  
th e  orig inal positions an d  fo r charged  d efects  also b y  e lec tro n ic  dipole m o m en ts  
in d u ced  on  th e  n e ig h b o u rin g  ions.

F o r  th e  d e te rm in a tio n  of th e  d isp lacem en ts  an d  d ipole  m o m en ts  caused  
b y  charged  p o in t defec ts th e  cy rs ta l is u su a lly  d iv ided  in to  tw o  reg ions [13]. 
R egion  I  in c ludes th e  d efec t an d  a c e r ta in  n u m b er o f  su rro u n d in g  io n s, in  our 
case th e  n e a re s t n e ig h b o u rs . T he d isp lacem en ts  an d  d ipole m om en ts o f  th e  
ions in  reg ion  I  are ca lcu la ted  s im u ltan eo u sly . In  reg ion  I I ,  w hich su rro u n d s  
reg ion  I , th e  co n tin u u m  th e o ry  is u sed .

T he c a lcu la tio n  h as  tw o  steps. F irs t  th e  d is to rtio n  a n d  th e  dipole m o m en ts  
cau sed  b y  a  single im p u r ity  a t  (000) a re  co m p u ted  in  reg io n  I  w hich  c o n ta in s  
th e  six n e a re s t  ne ig h b o u rs  of th e  foreign  ion  (the  ions 2, 3, 4, 5, 8 a n d  9 in 
F ig . 1). I t  follow s from  th e  sy m m etry  o f  th e  N aCl la t t ic e  t h a t  th e  m ag n itu d es  
o f  th e  d isp lacem en t a n d  in d u ced  dipole m o m en t v ec to rs  o f th e  ions 2, 3, 4, 5, 8 
an d  9 a re  eq u a l. T hus we can  use tw o in d e p e n d e n t v a riab le s , th e  a b so lu te  va lue  
o f  th e  d isp lacem en ts  a n d  th a t  of th e  d ipo le  m o m en ts , |  an d  /X resp ec tiv e ly . 
T h e  o u tw a rd  d isp lacem en t an d  d ipole m o m en t are  |  =  x + + • r 0 a n d  [i =  
=  m ++ • er0 re sp ec tiv e ly , w here r 0 is th e  an ion  — c a tio n  d is tan ce  an d  e 
is th e  ch a rg e  o f th e  e lec tro n . T he e q u a tio n s  d e te rm in in g  m ++ an d  x ++ are

F e +  F r +  F v w  =  0 ,  (7)

Fe — ™++ e2 r 0/ a 2 =  0 , (8)

w here F e, F r an d  F vw  d epend ing  on m ++ an d  x ++ a re  th e  re su lta n ts  o f  th e  
e le c tro s ta tic , rep u ls iv e  an d  V an d er W aa ls  forces a n d  a 2 is th e  e lec tron ic  
p o la r iz a b ility  o f th e  C l-  ion. (The d e ta iled  fo rm ulae  o f  F e an d  F r a re  g iven  in
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O

©

Cl ion

Na* ion
impurity
ion
vacancy

F i g .  1 .  The frame of reference and the ion numeration used in calculations

[1 ] P- 271 — 272). T h e  F y W c o n ta in s  th e  s h o r t  ran g e  a t t r a c t io n  be tw een  th e  
d isp la c e d  (100) io n  an d  its  tw e lv e  n e a re s t n e ig h b o u r  c h lo rin e  ions. T h e  in 
te ra c t io n s  o f  io n  ( 100) w ith  th e  im p u r ity  a n d  th e  o p p o site ly  p laced  so d ium  
io n  a re  in c lu d ed  in  F y w to o . T h e  system  o f  n o n lin e a r e q u a tio n s  (7) an d  (8 ) 
is  so lv ed  n u m e ric a lly .

I n  th e  c o n tin u u m  reg ion  (reg ion  I I )  th e  charge  o f th e  d efec t in d u ces  
d ip o le  m o m en ts  on  th e  d is ta n t  p o sitiv e  a n d  n eg a tiv e  ion s d u e  to  e le c tro n  
a n d  d isp lacem en t p o la riz a tio n s . T h e  in d u ced  d ipo le  m o m en ts  o f  N a4 a n d  Cl-  
a re  re sp e c tiv e ly

w h e re

F +  =  М+его/r2, (9)
1х _ = М ' _ е г Ц г \ (10)

M '+
1

í1 Ч
а +  cc1

(П)
4 л * 1/2(а 1 +  а2) +  а

M L
1

1 - 1
7t ,

а +  а2 (12)
4 л 1/2 («1 +  «г) +  «'

a x a n d  «2 a re  th e  e lec tron ic  p o la r iz a b ilitie s  o f  th e  po sitiv e  a n d  n eg a tiv e  ions, 
л  a n d  a are th e  s ta t ic  d ie lec tric  c o n s ta n t a n d  th e  d isp lacem en t p o la rizab ility  
o f  th e  c ry s ta l [1 ]. T h e  induced  d ip o le  m o m en ts  in  reg ion  I I  a c t  u p o n  th e  ions 
in  re g io n  I .  T h is  e ffe c t is also in c lu d e d  in  th e  e le c tro s ta tic  fo rce  F e [1]. U sing
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th e  so lu tio n  of (7) a n d  (8) th e  p o te n tia l  TJX is co m p u te d  a t  th e  la t t ic e  p o in t 
(110), i.e . a t  th e  p lace  o f th e  sod ium  io n  w hich w ill be rem oved . (See F ig . 1.)

T h e  second s te p  is to  fin d  d is to r tio n  a ro u n d  th e  d ipole. F o r th e  sake  of 
s im p lic ity  i t  w as assu m ed  th a t  e ach  defect in  th e  p a ir  ( th e  v acan cy  a n d  th e  
im p u r ity )  p roduces i ts  ow n d is to r tio n  an d  th e  r e s u lta n t  is b u ilt u p  b y  su p e r
p o sitio n  o f th e  in d iv id u a l d is to rtio n s . T h e  p o la riza tio n  of region I I  is neg lec ted  
in  th is  case because th e  I —V dipole is n e u tra l. T h u s  th e  system  o f e q u a tio n s  
(7) a n d  (8) is so lved w ith  M'+ =  M'_  =  0 in  th e  cases o f single im p u r ity  and 
single v acan cy  to o . T h e  ab so lu te  v a lu es  of th e  d isp lacem en t an d  th e  d ipole 
m o m e n t vecto rs o f th e  ions su rro u n d in g  th e  im p u r ity  (2, 3, 4, 5, 8 a n d  9 in  
F ig . 1.) a re  d en o ted  b y  x D, m D a n d  th e  co rresp o n d in g  q u a n titie s  o f th e  ions 
su rro u n d in g  th e  v a c a n c y  (4, 5, 6, 7, 9 an d  11 in  F ig . 1.) are  d e n o ted  b y  x v, 
m v.T h e  d is to rtio n  o f  th e  I —У d ipo le  is c o n s tru c te d  from  th e  d isp lacem en ts  
x D, x v  in  th e  fo llow ing m anner. T h e  d isp lacem en ts  o f th e  tw o  ch lo rin e  ions 
are th e  v ec to r  sum s o f th e  d isp lacem en ts  x D a n d  x v. T he  d isp lacem en ts  o f  
th e  ions 2, 3, 8 a n d  9 are  x D an d  th e  d isp lacem en ts o f  th e  ions 5, 7, 10 an d  
11 a re  Xy only. T h  dipole m o m en ts  a re  ca lcu la ted  s im ila rly . U sing th e  above 
ex p la in ed  d is to rtio n  th e  p o te n tia l U 2 a t  p o in t (110) is co m p u ted .

T h e  p o te n tia ls  U v  U 2 have  th re e  te rm s: th e  e lec tro s ta tic , th e  rep u ls iv e  
a n d  th e  V an  der W aa ls  ones. T he e lec trica l te rm  in  U x an d  U 2 has p a r ts  due 
to  th e  d isp lacem en ts  an d  in d u ced  d ipo le  m om en ts o f  th e  n ea re s t n e ig h b o u rs  
a n d  th e  p o la riza tio n  in  region I I ,  in  U 2 th e  la s t te rm  re fe rred  to  is ca lcu la ted  
so t h a t  th e  in d u ced  d ipole  m o m en t p.,- a t  a  la ttic e  p o in t i is co m p u ted  fro m  th e  
exp ressions p,;- =  a,-E,• [2] an d  th e  p o te n tia ls  of th e  in d u ced  dipoles a re  a d d ed . 
T h e  su m m atio n  w as carried  o u t o v e r ions n e a re r  to  th e  p o in t (110) th a n  
4 r 0. T h e  im p u rity  is  po larized  b y  th e  v acan cy  a n d  th e  p o te n tia l cau sed  b y  
th is  d ipo le  m om en t is in c lu d ed  in  U 2, to o . T he rep u ls iv e  an d  a t tr a c t iv e  p o te n 
tia ls  a t  th e  p o in t (110) p roduced  b y  th e  ions in  th e  ab o v e  m en tio n ed  reg ion  a re  
c a lc u la ted  and  in c lu d ed  in  Ux an d  U2. T he  w ork W  n ecessary  to  rem o v e  th e  
so d iu m  ion from  th e  p o in t (110) to  in f in ity  is [2 ]

W = ( U 1 + U 2)I2. (13)

T h e  b in d in g  energy  o f  th e  com plex  is o b ta in ed  i f  W  is su b tra c te d  fro m  th e  
w o rk  V  necessary  to  fo rm  a single p o sitiv e  ion v a c a n c y  a t  a d is ta n t p o in t in  
th e  la ttic e .

R esu lts  an d  discussion

T h e  n u m erica l so lu tion  of th e  system  of e q u a tio n s  an d  th e  ca lcu la tio n  
o f th e  b in d in g  energ ies w ere p e rfo rm ed  on a S iem ens 4004 co m p u te r. W e give 
tw o  se ts  o f re su lts  o b ta in e d  w ith  a n d  w ith o u t th e  inclusion  o f th e  V an  d er 
W aa ls  in te r  c tio n , in  T ab les I , I I  a n d  I I I  w here th e  n o ta tio n  is th e  sam e as 
befo re .
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Table I

D isplacem ent, induced electric dipole m om ent and W  results w ithout V an der W aals interaction.
r0 is the ionic radius in  0 .1  nm

Ion ro *+ + Л
XD mb W (eV)

B e 0 .3 4 — .01163 — 0.1242 0.0833 0.0945 4.521

Mg 0 .7 8 — 0.0990 — 0.1071 0.0869 0.0985 4.480

Ca 1.06 — 0.0663 — 0.0743 0 .0932 0.1055 4.387
Sr 1 .27 - 0 .0 3 0 2 — 0.0380 0.0991 0.1121 4.274

B a 1.43 + 0 .0 0 2 9 — 0.0045 0 .1038 0.1175 4.150

Zn 0 .83 — 0.0986 — 0.1067 0 .0870 0.0986 4.478

C d 1.03 — 0.0768 — 0 .0849 0.0913 0.1032 4.398

Hg 1.12 — 0.0641 — 0.0721 0 .0936 0.1059 4.360

P h 1.32 + 0 .0 1 7 7 + 0 .0 1 0 5 0.1056 0.1196 4.026

Table П

D isplacem ent, induced electric dipole m om ent and W  results w ith Van der W aals interaction. 
The electronic polarizabilities fi o f the different ions are given in 10 ~ 3 nm 3 units.

Ion mg W  (eV) a [15]

Be no solution 0.008

Mg — 0 .1 0 9 2 - 0 .1 1 7 6 0 .0848 0 .0961 4 .512 0.094

Ca - 0 . 0 7 9 1 - 0 .0 8 7 7 0 .0908 0 .1027 4.432 0.472

Sr — 0 .0 4 2 4 - 0 .0 5 1 0 0.0972 0 .1099 4.323 0.865

Ba — 0 .0 0 9 8 — 0.0182 0.1021 0 .1154 4 .209 1.560

Zn no solution 0.286

Cd — 0 .1 2 0 0 — 0.1283 0.0825 0 .0935 4 .518 1.080

H g — 0 .1 0 6 0 — 0.1147 0.0855 0 .0968 4 .484 1.250

Pb no solution 4.320

T he so lu tio n s  x v an d  m v  belong ing  to  th e  v acan cy  a re  x v  =  0.0837, 
tnv  =  —0.0863 in  th e  sim pler ca lcu la tio n  (ca lcu la tio n  I) an d  x v  =  0.0981, 
in  m v =  —0.0814 in  th e  c a lcu la tio n  w ith  V an  d e r W aals forces (ca lcu la tion  
I I ) .  (The su ffixes I  o r I I  in  T ab les  I ,  I I  an d  I I I  re fe r to  c a lcu la tio n  I  or ca l
c u la tio n  I I .)  W  d en o tes  th e  w o rk  necessary  to  c rea te  a p o sitiv e  io n  v acan cy  
a t  a  n e x t n e a re s t n e ig h b o u rin g  p o in t o f th e  im p u r ity . F o r th e  w ork  V  necessary  
t o  c re a te  a v a c a n c y  a t  a d is ta n t p o in t in  th e  la tt ic e  we use th e  v a lu e  o f S c h o l z

[14] w hich is V  =  4 .64 eV in  N aC l. T h e  d ipole  b in d in g  enegies (E d =  V  — W )
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Table Ш

The calculated and the measured dipole binding energies in eV units

Ion
E Ï (eV) E 1/  (eV) ■̂theor (ê ) Ed,exp (eV)

This calculation [3] [i6] [17] [18]

Be 0.12 — — — — —

M g 0.16 0.13 — 0.30 — —
Ca 0.25 0.21 0.38 0.30 0.31 0.30 0.67
Sr 0.37 0.32 0.45 0.45 0.55 —
Ba 0.49 0.43 — 0.55 — 0.76

Zn 0.16 — - — — 0.48
Cd 0.24 0.12 0.38 — 0.34 0.40
H g 0.28 0.15 — — —

Pb 0.61 — — 0.5 — 0.47 0.41

o b ta in e d  in  b o th  cases (E d a n d  E ld ) are l is te d  in  T able I I I  w here th e  r e s u lts  of 
a p rev ious ca lcu la tio n  (_Etheor) an d  ex p e rim en ts  (2?dexp) a re  also g iven  fo r 
com parison . T h e  ionic ra d ii are  show n in  T ab le  I. F o r th e  d iv a len t ion  p o la r i
zab ilities  we h av e  a d o p ted  th e  d a ta  of P a u lin g  [15] a n d  th e  values are  lis te d  
in  T ab le  I I .

T he d isp lacem en t a n d  dipole m o m en t re su lts  of th e  ca lcu la tion  w ith o u t 
V an  der W aa ls  in te ra c tio n  (lis ted  in T ab le  I)  agree w ith  th o se  of [3] fo r  Ca2 + 
an d  Sr2+, h u t  dev ia tio n  ap p e a rs  for Cd2+ w h ich  arises fo r  th e  following reaso n . 
T h e  co rrec t v a lu e  of th e  P a u lin g  fa c to r  (see E q . (2)) is 1 —1/8 -|- 2 /18 =  
=  0.9861 in s te a d  of 1.125 used  in  [2] a n d  [3] because  th e  Cd2+ ion  h a s  18 
elec trons in  its  o u te r shell.

T he n u m erica l re su lts  in  Tables I ,  I I  an d  I I I  show  th a t  th e  in d u c e d  
d ipo le  m o m en ts  m + + an d  m D fu rth e rm o re  th e  b ind ing  energ ies E ld , E ld in c rea se  
b u t  th e  d isp lacem en ts x + + an d  x D decrease w ith  in c reas in g  ionic ra d iu s  in  a 
g iven  co lum n o f th e  p erio d ica l system  o f e lem ents.

T he d ifference b e tw een  our b ind ing  energies an d  th o se  of [3] o rig in a te s  
fro m  th e  fa c t t h a t  in  o u r b in d in g  energy ca lcu la tio n  we to o k  larger su rro u n d 
ings o f th e  d e fec t as w as done in  [3].

O ur b in d in g  energies a re  sm aller th a n  th e  observed  ones as i t  can  b e  seen 
in  T ab le  I I I .  O ne possible reaso n  for th is  d ev ia tio n  is th e  f ix in g  of th e  v a c a n c y  
a n d  th e  im p u r ity  a t th e ir  la t t ic e  po in ts . I t  is h igh ly  p ro b a b le  th a t  th e  im p u r ity  
is  d isp laced  to w a rd  th e  v ac a n c y , th u s  th e  ca lcu la ted  im p u r ity  — v a c a n c y  
b in d in g  energy  m ay  becom e g rea te r. T h erefo re  i t  is p lan n ed  to  ex ten d  th e  d is to r 
tio n  an d  th e  b ind ing  en erg y  ca lcu la tions p e rm ittin g  th e  m o tion  an d  p o la r i
za tio n  of th e  d iv a len t io n  an d  of all th e  n ea re s t n e ig h b o u rs  of th e  de fec t.
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A sim plified k inetic  m odel for the calculation o f  vacancy transport caused by m oving  
dislocations is developed . The basic principle o f th e  m odel is that th e  transport process is 
carried out by the diffusion of vacancies in the poten tia l field  of the m oving  dislocations. The  
num erical results obtained  in ionic crystals agree w ell w ith  the experim ental results a t  room  
tem perature, hu t a t higher tem peratures there is significant discrepancy between the theory  
and experim ent. T he estim ations show  th a t this discrepancy can be attributed  to the u n ju sti
fied  neglects m ade during the evaluation  o f the m easurem ents.

In tro d u c tio n

T he p la s tic  p ro p ertie s  o f  m ateria ls  h a v e  been in v e s tig a te d  for sev e ra l 
decades. T hese in v es tig a tio n s  h av e  show n t h a t  th e  p la s tic  defo rm atio n  o f 
c ry sta llin e  m a te r ia ls  occurs p rim a rily  by  th e  m ov em en t o f d islocations, conse
q u e n tly  th e  know ledge of e le m e n ta ry  processes ta k in g  p lace d u rin g  th e  m o tio n  
o f d islocations is v e ry  im p o r ta n t  fo r th e  u n d e rs ta n d in g  o f th e  p lastic  p ro p e r
tie s  o f m a te ria ls . O ne of th e se  processes is th e  in te rac tio n  b e tw een  d islocations 
a n d  p o in t d efec ts , w hich  can  in  m an y  cases h a v e  an  essen tia l effect on th e  p la s 
tic  b eh av io u r o f  c ry s ta ls  [1, 2] T h e  fac t t h a t  in  ce rta in  ty p e s  o f c ry s ta ls  — 
am ong  o th ers  io n ic  c ry sta ls  — th e  defects c a n  ca rry  a  n e t  electric  ch arg e , 
m akes i t  possib le  to  in v e s tig a te  th e  m o v em en t an d  in te ra c tio n s  of defec ts . 
In  th e se  c ry s ta ls  th e  m o v em en t of charged  defects in  th e  course of p la s tic  
d efo rm atio n  re su lts  in  a m acroscop ic  t r a n s p o r t  o f e lec tric  charges, an d  can  
give rise  to  o b se rv ab le  e lec tric  effects. T he an a lysis  of su ch  effects gives new  
in fo rm atio n  on  th e  e lem en ta ry  defect in te ra c tio n s  [3].

One o f th e  o ldest effects o f  th is  k ind  d iscovered .by  St e p a n o v  [4] is t h a t  in  
ionic c ry s ta ls  su b je c te d  to  inhom ogeneous p la s tic  d e fo rm atio n , electric p o te n 
tia l d ifferences a p p e a r  b e tw een  d ifferen t p o in ts  o f th e  c ry s ta l  (S t e p a n o v  
effect). Since th e  d iscovery  o f  th e  effect m a n y  research  w ork ers  h av e  d e a lt 
w ith  th e  p ro b lem . T h e  resu lts  w ere su m m arized  b y  W h it w o r t h  in  a d e ta ile d  
rev iew  [3]. In  sp ite  o f th e  v e ry  large a m o u n t o f w ork d one  in  th is  f ie ld  th e  
th e o re tic a l t r e a tm e n t  of th e  e ffec t is m issing  u p  to  th e  p re se n t.
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T h e a im  o f th is  p a p e r  is to  ex p la in  th e  St e p a n o v  effect b y  m ean s of 
a  sim ple th e o re tic a l m odel. T he e x p e rim en ta l resu lts  o b ta in ed  in  th e  la te s t 
y ea rs  th re w  lig h t on som e im p o r ta n t  c h a rac te ris tic s  o f  th e  effect a n d  th is  is 
w h a t m ad e  i t  possible to  w ork  o u t th is  m odel. E a rlie r i t  h ad  been a lread y  
assum ed  t h a t  th e  p h en o m en o n  w as re la te d  to  th e  fa c t t h a t  d islocations gene
ra te d  in  th e  course of th e  p la s tic  d e fo rm a tio n  ca rry  e lec tric  charge, t h a t  th e y  
acqu ire  sw eep ing  up  som e ch arg ed  p o in t defects o f th e  c ry sta l. N ow ad ay s 
i t  is w ell k n o w n  th a t  in  N aC l ty p e  c ry s ta ls  th e se  p o in t d e fec ts  are ca tio n  v a c a n 
cies [3], a n d  th a t  th e  a m o u n t of ca rr ied  vacancies d ep en d s on th e  v e lo c ity  
o f th e  d is lo ca tio n s [5]. T h is v e lo c ity  d ep en d en ce  has an  essen tia l ch a rac te ris tic . 
N am ely , th e re  ex ists  a c ritic a l ve lo c ity  above  w hich th e  v acan cy  c o n tc e n tra -  
t io n  on th e  m oving  d isloca tions decreases considerab ly . T h e  critica l v e lo c ity  
v a rie s  w ith  th e  rec ip rocal te m p e ra tu re  accord ing  to  an  ex p o n en tia l law . 
T hese  re su lts  suggest t h a t  th e  v ac a n c y  tr a n s p o r t  is rea lized  b y  m ean s of a  
d iffusive  m o tio n  o f ca tio n  vacancies .

B asic  princip les o f th e  m odel

As a  s ta r t in g  p o in t o f th e  m odel w e assum e th a t  th e  vacancies d iffuse 
u n d e r  th e  in flu en ce  o f th e  s tress fie ld  o f  th e  d is loca tion . In  th is  case th e  
v a c a n c y  t r a n s p o r t ,  in  p rin c ip le , m ay  he  ca lcu la ted  b y  so lv ing  th e  a p p ro p ria te  
d iffu sion  e q u a tio n , ta k in g  in to  acco u n t th e  m oving p o te n tia l fie ld  o f  th e  
d is lo ca tio n . T h is  e q u a tio n  is , how ever, v e ry  d ifficu lt to  solve an d  o n ly  its  
a p p ro x im a te  so lu tions are  k n o w n  [6, 7]. In  th e  m odel described  here  th e  dif
fu sion  o f v acan c ies  is co nsidered  as a succession of a to m ic  ju m p s  [7], b u t  th is  
m e th o d  is u sed  in  a s im p lified  form .

Since th e  d isloca tion  — v acan cy  in te ra c tio n  decreases rap id ly  w ith  th e  
d is tan ce  b e tw een  th e m , i t  is  assum ed  t h a t  a d isloca tion  in te ra c ts  o n ly  w ith  
th e  v acan c ies  s itu a te d  in  i ts  core reg ion .

F o r  th e  freq u en cy  o f  a to m ic  ju m p s  (v) th e  w ell k n o w n  ex p ressio n  of 
th e  r a te  th e o ry  [8 ] is u sed :

V =  p  ■ v0 • ex p  { — U/k ■ T }. (1)

H ere  v0 is th e  v ib ra tio n  freq u en cy  o f a n  a to m  in c lu d in g  th e  e n tro p y  te rm , 
U  is th e  a c tiv a tio n  energy  fo r  th e  ju m p , p  is th e  geo m etrica l fac to r. T h e  ju m p  
fre q u e n c y  fo r  a  v acan cy  m o v in g  to w ard s  th e  d islocation  ( / )  is d iffe ren t from  
t h a t  in  th e  o p p o site  d ire c tio n  ( / ') ,  b ecau se  th e  p resence  o f th e  m ech an ica l 
a n d  e lec tric  fie ld s of th e  d islo ca tio n  m odifies th e  p o te n tia l  energy (F ig . 1). 
W ith  th e  n o ta t io n  o f F ig . 1 th e se  freq u en c ies  can be  w ritte n :

v ' = p - v 0 - exp  { - ( U m -  A U  12)1 к  ■ T } , (2a)

v " = p - v  0 • exp  { - ( I 7 m +  A U  12)1 к  ■ T )  . (2b)
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O) b)

Fig. 1. Poten tia l energy curves explain ing the calculation o f  the jum ping rate

T h e  v acan cy  c o n c e n tra tio n  in  th e  core of th e  d is lo ca tio n  ( / )  is c a lcu la ted  
b y  considering  th e  ju m p s  show n in  F ig . 2. T hen  th e  r a te  o f  vacan cy  c o n c e n tra 
tio n  ch an g e  in  th e  core  (Ф) m ay  be g iv en  [7] u n d er th e  a ssum ptions u se d  as:

Ф (/) =  - Т -  =  4 • v' • n„ • (1 — / )  — 4  • v" • f  • (1 — n v) - f  —  • K —/ ) ,  (3)
dt s

w here s is th e  d is tan ce  b e tw een  th e  d islo ca tio n  an d  o n e  o f  th e  n e a re s t ca tio n  
sites, n v is th e  c o n c e n tra tio n  o f free c a tio n  vacancies in  th e  c ry s ta l a n d  t is

1

О
Fig. 2. V acancy jum ps ta k en  into  account in  th e  model

th e  tim e . T h e  la s t te rm  in  (3) gives th e  co n cen tra tio n  change re su ltin g  from  
th e  m o tio n  o f th e  d isloca tion .

T h e  c o n c e n tra tio n  o f  free ca tio n  vacancies (re„) is  ca lcu la ted  on th e  basis 
o f th e  associa tion  th e o ry  [9], and  is g iven  by  th e  e q u a tio n :

—— =  г • exp { — S J k }  • exp { U J k T ]  . (4)
n t

H erce c is th e  c o n c e n tra tio n  of d iv a le n t cation  im p u r ity , Ua an d  S a a re  the  
b in d in g  energy  an d  e n tro p y , re sp ec tiv e ly , z is th e  g eom etrica l fa c to r .
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Since in  o u r  case ionic c ry s ta ls  are  ex am in ed , w here th e  d islocations 
a n d  vacancies a re  generally  c h a rg e d , th e  in te ra c tio n  energy  A U  of a d isloca
t io n  and  a v a c a n c y  consists o f  tw o  p a rts :

A U = A U b + A U e. (5)

H e re  A U b is th e  b in d in g  en e rg y  o f a v a c a n c y  in  th e  core o f  an  o therw ise  
u n c h a rg e d  d is lo c a tio n , while A U e is th e  d ifference  betw een  th e  e lec tro sta tic  
energ ies of a v a c a n c y  in  th e  co re  a n d  on a s ite  n e a re s t to  th e  co re . C onsidering 
th e  charge o f  th e  d islocation  as  a  row  o f p o in t  charges a ll e q u a l to  e ith e r  e 
a n d  spaced u n ifo rm ly  [10] th is  l a t te r  energy  is :

2  • e2
7t * S * £ q

__________ 1__________
y sz +  (i +  1/2)2 . d2

______1

(i +  1/2) d
(6)

H e re  d  is th e  sp a c in g  of th e  p o in t  charges, w h ich  can be ex p ressed  in  te rm s  
o f  th e  un k n o w n  c o n cen tra tio n  f  as :

(? )

a  is  th e  c a tio n -a n io n  spacing, s is th e  d is ta n c e  betw een  th e  d islocation  a n d  
t h e  n ea rest c a tio n  s ite , e is th e  d ie lec tric  c o n s ta n t of th e  c ry s ta l. The su m m a
t io n  should  be  t a k e n  over all th e  p o in t charges on th e  d is loca tion .

H ow ever, on  th e  basis o f  th e  e x p e rim e n ta l observa tions [11] th e  E q . (3) 
sh o u ld  be c o m p le ted . T he rea so n  fo r  th is  is t h a t  th e  d isloca tion  can  sweep u p  
v acan c ies  also f ro m  im p u rity -v a c a n cy  p a irs  ly in g  near th e  slip  plane. T his 
p ro cess  shou ld  b e  ta k e n  in to  a c c o u n t as a v a c a n c y  source, w h ich  m ay  be g iven 
b y  th e  te rm :

— • np • we - (1 - / ) .  (8)
s

H e re  n p is th e  c o n c e n tra tio n  o f  th e  im p u rity -v a c a n cy  p a irs , w c is th e  p ro b a 
b i l i ty  of th e  b re a k -u p  of an im p u r ity -v a c a n c y  p a ir  by  a m o v in g  dislocation . 
C o m p le ted  w ith  th is  te rm  E q . (3) reads:

0 ( f )  =  4 • v' ■ n v • (1 — / )  -  4 • v" ■ f  ■ (1 — n v) +
(9)

+  —  ■ К  — / )  +  • n p • w c • (1 — / ) .
s s

T he so lu tio n  o f  E q . (9) is co m p lica ted  b y  th e  fac t t h a t  in  general th e  
in te ra c tio n  en e rg y  A U  depends on  th e  co n c e n tra tio n  / .  T he a p p ro x im a te  so lu 
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t io n  show s, how ever, t h a t  th e  v acan cy  co n cen tra tio n  on  th e  d isloca tion  b e 
com es s ta tio n a ry  in  a v e ry  sh o rt tim e , a n d  th is  m eans t h a t  only  th e  s ta t io n a ry  
e q u a tio n

Ф(Л =  0 (10)

shou ld  be solved. T h is can  be carried  o u t b y  using  a  sim ple i te ra tio n  m eth o d .

R esults a n d  discussion

U sing th e  m odel described  ab o v e  num erica l ca lcu la tio n s w ere carried  
o u t fo r som e cases, w hich  h a d  been s tu d ie d  ex p erim en ta lly  as well.

As a f ir s t  ex am p le  L iF  c ry sta ls  d o p ed  w ith  Mg2+ ions w ere in v es tig a ted , 
because  th is  is th e  on ly  system  for w h ich  ex p e rim en ta l resu lts  are ava ilab le  
concern ing  th e  d isloca tion  velocity  d ependence  of th e  charge  (i.e. th e  v acan cy  
co n cen tra tio n ) fo rm ed  ro u n d  a m ov ing  edge d isloca tion  [5]. T he u n k n o w n  
b in d in g  energy  A U b w as d e te rm in ed  b y  f i t t in g  th e  th e o re tic a l cu rv e  to  th e  
e x p e rim e n ta l p o in ts  o b ta in e d  a t  room  te m p e ra tu re . T h e  v a lu e  A U b =  0.46 eV 
o b ta in e d  in  th is  w ay  is in  ag reem en t w ith  ex p ec ta tio n s  [12]. T he a c tiv a tio n  
energy  fo r m ig ra tio n  o f ca tio n  vacan c ies  ( U m) was assu m ed  to  be 0.6 eV [5]. 
T he o th e r  d a ta  used  w ere: wc =  1 [11, 13], v0 =  2.9 ■ 1014 s _1 [14], Ua =  0.4 eV
[15], c =  6 • 1 0 ~5 (f ittin g ).

F ig . 3 show s th e  v acan cy  c o n c e n tra tio n  on an  edge d islocation  ( / )  as a 
fu n c tio n  o f th e  d islo ca tio n  velocity  (v ). T h e  solid cu rv es  are  ca lcu la ted  from  
E q . (10), th e  b ro k en  curves rep re sen t ex p e rim en ta l re su lts  [5]. As i t  c an  be  seen, 
th e  m odel is in  good ag reem en t w ith  th e  ex p erim en t a t  room  te m p e ra tu re , 
b u t  a t  h ig h er te m p e ra tu re  only  th e  u p p e r  an d  low er s a tu ra tio n  lim its  a n d  th e  
c ritica l velocities agree w ith  th e  ex p e rim en ta l re su lts .

Fig. 3. D islocation  v e lo c ity  (v) dependence o f  the vacancy concentration ( / )  on an edge dislo
cation in  the L iF  : Mg* + system  at different tem peratures. T he solid curves are calculated  
from E q. (10), the broken curves represent experim ental results [5]. The tem peratures are: 

1 ,V  : 293 K , 2,2' : 373 K , 3,3' : 423 К

Acta Physica Academiae Scientiarum Hungaricae 49, 1980



420 A. TÓ TH  et al.

I n  F igs. 4 a n d  5 sim ilar th e o re tic a l cu rv es  are  show n as in  F ig . 3, b u t  
f o r  N aCl c ry s ta ls  a t  room  te m p e ra tu re . T he d iffe ren t curves rep re sen t re su lts  
w ith  d iffe ren t c o n cen tra tio n s  o f  Ca2+ im p u r ity  (F ig . 4) an d  w ith  d iffe ren t d iv a 
le n t  ca tions h a v in g  d ifferen t a ssoc ia tion  en e rg y  a t  th e  sam e co n cen tra tio n s  
(F ig . 5). In  th e se  cases th e  fo llow ing  d a ta  w ere u sed : v0 =  2.8 • 1013 s _1, Z7m=  
=  0 .65 eV, Ua =  0.31 eV [16], A U b =  0.5 eV [12], wc =  1 [11, 13].

Since e x p e rim e n ta l d a ta  o b ta in e d  a t  ro o m  te m p e ra tu re  in  NaCl c ry s ta ls  
co rresp o n d  to  c o n s ta n t d isloca tion  velo c ity , b u t  to  d ifferen t free  ca tio n  v acan cy  
c o n c e n tra tio n s  [17], in  Fig. 6 th e  v acan cy  c o n c e n tra tio n  on  th e  d islocation  
(f  ) is p lo tte d  a g a in s t th e  v a c a n c y  c o n c e n tra tio n  in  th e  b u lk  (nv) a t  room  te m 
p e ra tu re  an d  w ith  d iffe ren t d is lo ca tio n  velocities. T he c a lc u la te d /v s  nv g rap h s 
(so lid  lines) a re  s tra ig h t  lines in  th e  ve lo c ity  ran g e  o f 1 0 ~4— 1 0 “ ® m /s. T h e  
e x p e rim e n ta l re su lts  [17] y ie ld  also  a lin e a r  re la tio n sh ip  b e tw een  /  an d  n v 
(b ro k e n  line), a lth o u g h  th e  d is lo ca tio n  v e lo c ity  is n o t know n in  th ese  experi-

F ig .  4. Calculated lo g /  vs log v curves for NaCl : Ca2+ system  at room  tem perature w ith  
different Ca2+ concentrations: I : 2 • 1 0 -7 , 2 : 1 0 ~ e, 3 : 10~5, 4 : 10 ~4, 5 : 1 0 - 3  m ol/m ol

\

log [v( m/s)l---- ►

F ig .  5. Calculated l o g / v s  log v curves for NaCl crystals containing divalent cation im purities 
w ith  different association  energies ( t / a). T he U a values are: 1 : 0.6 eV, 2 : 0.5 eV, 3 : 0.4 eV, 
4  : 0 .3  eV. The im p u rity  concentration is 5 • 10 _s m ol/m ol, the tem perature: T =  300 К
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Fig. 6. Vacancy concentration on th e  dislocation ( / )  v s  vacancy concentration in  the bulk (га„) 
for NaCl crystals a t room  tem perature. Solid lines are calculated , broken line represents experi

m ental results [17]. The velocities used: 1 : 1 0 ~ 4 m /s, 2 : 10 - 6  m /s, 3 : 1 0 - 6  m /s

m en ts . O n th e  basis  o f F ig . 6 , how ever, w e m a y  conclude t h a t  th e  average  
v e lo c ity  of d islo ca tio n s shou ld  be  in  th e  ran g e  o f  10 _s—10_4 m /s. Such a con
c lusion  seem s to  be  v e ry  reasonab le .

T he te m p e ra tu re  (T ) d ependence  of th e  v acan cy  c o n cen tra tio n  on th e  
d islocation  ( f )  is show n in  F ig . 7 As i t  can  be  seen , th e  th e o re tic a l cu rve  (1) d e 
v ia te s  s ig n ifican tly  from  th e  ex p e rim en ta l [18] one (2). I t  shou ld  be  n o te d  th a t  
th e  e x p e rim e n ta l values are  low er th a n  th e  th e o re tic a l ones ju s t  as in  th e  case 
o f  th e  L iF  : Mg2+ sy stem  (F ig . 3).

Fig.  7. Tem perature (T ) dependence o f the vacancy concentration on the dislocation ( / )  in  
NaCl : 10 - 5  m ol/m ol Ca2+ system  at v — 10 - 5  m /s. 1 :  calculated results, 2:  experim ental 

results [18], 2' : corrected experim ental results
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Since th e  d iffu sion  m odel agrees w ell w ith  th e  ex p erim en ta l re su lts  a t 
ro o m  te m p e ra tu re , i t  w ou ld  n o t be  ex p ec ted  t h a t  i t  g ives w orse re su lts  a t  h ig h 
e r te m p e ra tu re s , w h ere  d iffusion  m a y  p la y  a  m ore  im p o r ta n t ro le . Conse
q u e n tly , th e  p ro b lem  o f re liab ility  o f h igh  te m p e ra tu re  m easu rem en ts  arises, 
w h ich  is ju s tif ie d  also b y  th e  fa c t t h a t  a  g rea t a m o u n t o f c o n tra d ic to ry  high 
te m p e ra tu re  re su lts  e x is t in  th e  l i te ra tu re  (see e.g. isoelec tric  p o in t [3]).

E v a lu a tin g  th e  m easu rem en ts  i t  is genera lly  accep ted  th a t  th e  v a c a n c y  
t r a n s p o r t  due  to  th e  p o te n tia l  d ifference caused  b y  th e  m oving  d islocations 
can  be  neg lec ted . H ow ever, th is  backflow  o f v acancies m ay  resu lt in  low ering 
th e  m easu red  v a lu e  o f  th e  v acan cy  c o n c e n tra tio n  on th e  d islocation . T h e  h igher 
th e  c o n d u c tiv ity  o f th e  c ry s ta l, th e  g re a te r  th is  effect, i.e . th e  h igher th e  m e a su r
in g  te m p e ra tu re , th e  g re a te r  th e  e x p e rim e n ta l e rro r. A fte r  th e  co rrec tio n  of 
th e  e x p e rim e n ta l cu rv e  2 in  F ig . 7 w ith  th e  e s tim a te d  v a lu e  o f th is  v ac a n c y  
b ack flo w , th e  cu rve  2 ' is o b ta in ed . I t  c an  be  seen th a t  th is  effect can  g ive  rise 
to  gross erro rs in  m easu rem en ts . T h e  d ev ia tio n  o f th e  co rrec ted  c u rv e  (2 ') 
fro m  th e  ca lcu la ted  re su lts  (1) is co n sid e rab ly  low er th a n  th a t  of th e  u n co rrec ted  
one (2). S im ilar e s tim a tio n s  m ay  also b e  m ade , in  p rin c ip le , in  th e  case o f  th e  
L iF  : Mg2+ sy stem , b u t  for th is  a  b e t te r  know ledge o f  ex p erim en ta l de ta ils  
[5] w ou ld  be req u ired .

F in a lly , i t  m u s t be  n o ted , th a t  in  th e  m odel used  h ere  an  essen tia l s im p li
fy in g  a ssu m p tio n  w as m ade . N am ely , th e  diffusion o f  th e  vacancies w as ta k e n  
in to  ac c o u n t only  in  th e  closest v ic in ity  o f  th e  d isloca tion . T he d ev e lo p m en t 
o f  an  im p ro v ed  m odel is in  progress.
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Acoustic resonance vibration generated by th e  inverse piezoelectric effect was in v es
tigated  in longitudinal K D P  electrooptic light sh utters driven by a series o f  high vo ltage  
pulses. A lthough the repetition rate o f the driving pulses was far below  the m echanical 
frequencies o f the m odulator crystals significant resonances were observed.

1. Acoustic resonances in  K D P  type crystals

K D P  ty p e  e lec tro o p tica l c rysta ls  a re  strong ly  p iezoelectric . A coustic  
processes, in d u ced  b y  th e  in v e rse  p iezoelectric  effect, can  g re a tly  a ffec t th e  
o p era tio n  o f  e lec tro o p tica l lig h t m o d u la to rs  m ade of K D P  ty p e  c ry s ta ls . 
C h arac te ris tic  exam ples of d is tu rb in g  in flu en ce  of th e  aco u stic  processes a re  
resonances o bserved  in  p erio d ica lly  d riv en  electroop tic  m o d u la to rs .

An e lec tric  fie ld  ap p lied  to  a lin ea r e lec troop tic  c ry s ta l  induces e lastic  
d e fo rm ations o f  th e  c ry s ta l b y  th e  in v erse  piezoelectric  effect. T he e lastic  
defo rm atio n s a re  g en era ted  a t  th e  surface o f th e  c ry sta ls  w here th e  e la stic  
forces are n o t  c o m p e n ^ te d . T h e  elastic  defo rm ations p ro p a g a te  inside  th e  
c ry s ta l as aco u stic  w aves. I n  lo n g itu d in a l K D P  m o d u la to rs w ith  re c ta n g u la rly  
shaped  m o d u la to r  crysta ls  (F ig . 1) th e  sources of th e  aco u stic  w aves a re  a t  
th e  la te ra l faces p e rp en d icu la r to  th e  x  a n d  y  c ry sta llo g rap h ic  axis [1]. T h e

Fig. 1. K D P  longitudinal m odulator crystal
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w aves g e n e ra te d  a t  th e  su rface  a re  p lan e  tra n sv e rse  w aves p ro p ag a tin g  a lo n g  
th e  X  an d  y  d irec tio n s w ith  sh e a r co m p o n en ts  in  th e  y  a n d  x  direc tions, r e 
spec tiv e ly . T h e  w aves p ro p a g a te  across th e  c ry sta l. A rriv in g  a t  th e  o p p o site  
side th e  aco u stic  w aves are  re flec ted  b a c k  in to  th e  c ry s ta l  an d  p ro p a g a te  in 
th e  oppo site  d irec tio n  [2]. In  th e  case o f  con tin u o u s g en era tio n  of aco u stic  
w aves b y  u s in g  a.c. d riv in g  p o te n tia l, a t  frequencies e q u a l to  th e  m ech an ica l 
reso n an ce  freq u en c ies  o f  th e  m o d u la to r  c ry s ta l  acoustic  s tan d in g  w aves a re  
developed  b y  w av e  su p erp o sitio n . S im ila rly , resonances can  ta k e  place d r iv in g  
th e  m o d u la to rs  w hich  are  u sed  as lig h t s h u tte rs  b y  a series of h igh v o lta g e  
pu lses o f su b h a rm o n ic  re p e tit io n  ra te  i f  th e  d riv ing  p o te n tia l  con ta in s la rg e  
enough  F o u rie r  co m p o n en ts  a t  th e  fu n d a m e n ta l or a t  th e  h arm o n ic  frequenc ies 
o f th e  c ry s ta l.

T he aco u stic  processes, especially  th e  resonances, can  g rea tly  a ffec t 
th e  tra n sm iss io n  of th e  K D P  e lec tro o p tic  m o d u la to rs . T h e  acoustic  reso n an ces 
are  u su a lly  in v e s tig a te d  b y  m easu rem en t o f  th e  freq u en cy  tran sfe r fu n c tio n  
o f  th e  e lec tro o p tic  m o d u la to rs  [3, 4]. C arefu l th eo re tica l t re a tm e n t an d  e x p e r i
m e n ta l in v e s tig a tio n  o f aco u stic  re so n an ce  processes in  lo n g itu d in a l K D P  
m o d u la to r  c ry s ta ls , d riv en  b y  ra d io -freq u en cy  v o ltag es , was g iven  b y  
S t e p h a n y  [5 ]. St e p h a n  Y chose a sim ple b u t  d e m o n s tra tiv e  w ay o f e x p e r i
m e n ta l in v e s tig a tio n . H e  p h o to g rap h ed  th e  tran sm iss io n  d is trib u tio n  across 
th e  fu ll a p e r tu re  of th e  m o d u la to r  c ry s ta l p laced  be tw een  crossed po la rizers . 
K uzo k o va  a n d  N ilo v  in v e s tig a te d  th e  acoustic  reso n an ces developed  in  
K D P  an d  D K D P  e lec tro o p tic  lig h t s h u tte rs  d riven  b y  a periodic series of 
h ig h  v o ltag e  pu lses [6]. T h ey  app lied  an  in te rfe ro m e tric  m ethod . T he in te r -  
fe rog ram s w ere  p h o to g ra p h e d  b y  a fa s t  c iné  cam era.

T h e  a u th o rs  of p a p e rs  [3 — 6 ] fo u n d  th e  resonances a t  driv ing  f re q u e n 
cies eq u a l to  th e  fu n d a m e n ta l or th e  o v e rto n e  m ech an ica l frequency  o f  th e  
m o d u la to r  c ry s ta ls . W e d ro v e  ou r lo n g itu d in a l K D P  m o d u la to rs  by  a series 
o f h ig h  v o lta g e  pulses a t  a re p e titio n  ra te  fa r  below  th e  fu n d a m e n ta l f req u en cy  
o f  th e  m o d u la to r  c ry s ta l an d  we observed  s ig n ifican t reso n an ce  v ib ra tio n s  o f 
th e  c ry s ta l. T h e  m easu red  frequencies o f  th e  resonance  v ib ra tio n s  deve loped  
b y  su b h a rm o n ic  d riv in g  a re  eq u a l to  th e  fu n d a m e n ta l freq u en cy  or th e  f re 
q u en cy  o f th e  overtones.

2. E xperim en ta l investiga tions

A n e x p e rim e n ta l a rra n g e m en t s im ila r to  th a t  u sed  b y  St e p h a n y  [5] 
w as ap p lied  (F ig . 2).

T he ex p e rim en ts  w ere perfo rm ed  on a  15 m m x l 5  m m x 2 5  m m  K D P  
c ry s ta l (F ig . 1) grow n an d  m ach in ed  b y  o u r group . T he c ry s ta l  was m o u n te d  
in  a p lex i-g lass sam ple h o ld e r; copper p la te  e lectrode w ith  14 m m  d ia m e te r ,
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c ircu la r openings w ere p ressed  ag a in st th e  po lished  end-faces o f th e  c ry s ta l 
b y  springs. T he b e a m  of a 3 m W  H e —Ne la se r  w as ex p an d ed  a b o u t te n  tim es  
in  d iam e te r  b y  a  G alilean  te lescope  (T). T h e  c ry s ta l was p la c e d  in  th e  colli
m a te d  laser b eam  betw een  crossed  p o larizers (A, P). T h e  m o d u la to r w as 
d riv en  b y  th e  12 kV  pulses o f th e  h igh  vo ltage  p u lse  (H Y P) g e n e ra to r  tr ig g e red  
b y  a m a s te r  (A F P ) g en era to r. T h e  A F P  g en e ra to r  was tu n e d  in  th e  0.01 k H z  — 
10 k H z  range to  g e t th e  s ta n d in g  w ave tran sm iss io n  d is tr ib u tio n  ch a ra c te riz 
ing  th e  resonances. T he cam era  (C) was foused  on th e  ex it face  of th e  c ry s ta l  
an d  to o k  tim e  av e rag ed  tran sm iss io n  p ic tu res. T h e  freq u en cy  o f  th e  resonance  
v ib ra tio n s  could  b e  checked b y  a p h o tod iode  (P D ) co n n ec ted  to  a freq u en cy  
m e te r  (FM ). T h e  p h o to d io d e  w as p laced  in  th e  axis o f th e  a rran g em en t. To 
be ab le  to  co m p are  th e  resonances developed  in  th e  case o f  su bharm on ic  
d riv in g  w ith  th e  resonance  g en e ra ted  by  a .c . d riv ing  p o te n tia l ,  we u sed  a 
rad io -freq u en cy  g en e ra to r  (R F G ).

W ith  d riv in g  frequencies u n d e r  1 kH z w e could  h a rd ly  observe re so n a n 
ces. In  th e  case o f  su b h arm o n ic  d riv in g  th e  re so n an ces o b serv ed  in  th e  1 k H z  — 
2.5 k H z  freq u en cy  range  w ere b e tte r  deve loped  th a n  th o se  found  a t low er 
frequencies, b u t  th e y  w ere also  n o t well d e fin ed . A bove 2.5 k H z  b u t u n d e r  
10 k H z  (upper l im it  o f th e  H V P  genera to r) th e  resonances co u ld  be o bserved  
a lm o st co n tin u o u sly  b y  ch an g in g  th e  re p e titio n  ra te .

I t  te n d e d  to  be  d ifficu lt to  tu n e  to  th e  resonances a n d  th e  resonance  
tran sm issio n  d is tr ib u tio n  w as s tab le  only fo r  a  sh o rt tim e  b u t  i t  was enough  
fo r p h o to g ra p h in g  purposes. W e w ere u n ab le  to  observe th e  fu n d a m e n ta l 
resonance  of th e  c ry s ta l an d  som e o f th e  h a rm o n ics  such as th e  th ird  and  fo u r th  
(indexed  by  m  =  7 and  9 acco rd in g  to  S t e p h a n y  [5]). T h e  f irs t  h a rm o n ic  
an d  specially  th e  second one n u m b ered  by  3 a n d  5 were deve loped  in  m a n y  
cases tu n in g  across th e  au d io -freq u en cy  ra n g e  availab le  (F ig . 3). A m ix ed  
tran sm ission  d is tr ib u tio n  o f tw o  o r several co ex is tin g  reso n an ces was o bserved  
in  som e cases (F ig . 4). F o r w ell defined  reso n an ces th e  in te rn a l  s tru c tu re  o f 
th e  tran sm iss io n  d is tr ib u tio n  w as developed as a  consequence o f th e  h igh re so 
nance  a m p litu d e  (F ig . 5).
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Fig. 3. R esonances developed b y  subharm onic driving, 
a. m =  3; b. m  =  5; c. m =  11; d. m  =  17
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O n com paring  th e  resonance  tran sm iss io n  p ic tu res  of su b h arm o n ic  
d riv in g  w ith  th a t  o f  th e  rad io -freq u en cy  d riv ing  w e found good ag reem en t 
for som e well deve loped  resonances in  spite  of th e  sign ifican t d ifference of 
th e  t im e  dependence  o f  th e  d riv ing  p o ten tia ls . V a ry in g  th e  a m p litu d e  of th e  
rad io -freq u en cy  d riv in g  we got co n g ru en cy  betw een  th e  resonance tran sm iss io n  
d is tr ib u tio n s  o b ta in e d  b y  using ra d io -freq u en cy  a n d  su b h arm o n ic  driv ing  
and  co u ld  roug h ly  e s tim a te  th e  re so n an ce  c o m p o n en t of th e  su b h arm o n ic  
driv ing .

T h e  freq u en cy  o f  th e  resonance  v ib ra tio n s  o f  subharm onic  d r iv in g  was 
m easu red  an d  good ag reem en t w as fo u n d  w ith  th e  resonance  f re q u e n c y  m ea
su red  in  th e  case o f  ra d io -freq u en cy  d riv ing  an d  w ith  th e  freq u en cy  values 
ca lc u la ted  in  St e p h a n y ’s ap p ro x im a tio n . The v e lo c ity  of th e  sh ea r w aves was 
ca lc u la ted  an d  i t  ag reed  w ell w ith  th e  co rrec ted  v a lu e  [7] of th e  v e lo c ity  of 
th e  aco u stic  tra n s ie n t  pulses in  K D P  m o d u la to rs  in v es tig a ted  ea rlie r [2].

3. Conclusions

W ell defined  resonances can b e  developed in  lo n g itu d in a l K D P  m odu
la to rs  d riv e n  by  a series of high v o lta g e  pulses a t  subham onic frequencies. 
T he e ffec t can  be ex p la in ed  b y  th e  F o u rie r sp e c tru m  of th e  series o f high 
v o ltag e  pu lses o f su b h arm o n ic  freq u en cy . I f  th e  su b h arm o n ic  re so n an ces are 
co m p ared  w ith  th e  resonances d ev e lo p ed  by  th e  a .c . d riv ing  th e  resonance 
freq u en cy  co m p o n en t o f  th e  F o u rie r series of d r iv in g  pulses can be  e s tim a ted . 
W ith  lo n g itu d in a l K D P  m o d u la to rs  used  as lig h t sh u tte rs  d riven  b y  a series
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o f  h ig h  v o ltage  p u lses th e  p o ss ib ility  of aco u stic  resonances m u s t  be ta k e n  
in to  acco u n t ev en  i f  th e  d riv ing  freq u en cy  is f a r  below  th e  m ech an ica l reso 
n a n c e  o f th e  m o d u la to r  crysta l.
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An evaporating m ethod to grow large, good quality alpha-iodic acid ( H I 0 3) single 
crystals from  their aqueous solutions under controlled circum stances is described. The crystals 
obtained w ith this m ethod proved to be su itab le for acousto-optical purposes.

1. Introduction

A lpha-iod ic  ac id  c ry s ta ls  (H IO )3 a re  o f som e in te re s t  because o f th e ir  elec- 
tro o p tic a l, aco u sto o p tica l an d  n o n -lin ea r op tica l p ro p ertie s  [1, 2, 3]. T h e  c ry s
ta ls  be long  to  th e  D 2— P 2 12121 space g ro u p  [4], th e ir  d e n s ity  is 4.63 • 103 k g /m 3, 
th e y  c leave  w ell a long  th e  {011} p lanes, th e y  are colourless and  tra n s p a re n t  in  
th e  0.3 — 1.0 /лm  ra n g e  [5] an d  doub le  ax ial.

T h e  o u ts ta n d in g  im p o rtan ce  o f  th e  alpha-iod ic  ac id  c ry s ta ls  is due  to  
th e ir  aco u sto -o p tica l p ro p ertie s .

T h e  fa c to r  o f  m e rit (M 2) of a lp h a-io d ic  acid as re la te d  to  q u a r tz  glass 
for lo n g itu d in a l a co u stic  w aves in  th e  [001] d irec tio n  and  lig h t w aves of 
X — 0.63 /rm p ro p a g a tin g  in  th e  [010] d irec tio n  a n d  po la rized  in  th e  [100] 
d irec tio n  am o u n ts  to  55.2 [2]. A t th e  sam e tim e  th e  acoustic  a t te n u a tio n  is 
ra th e r  low : 2.5 dB  • m _1 fo r lo n g itu d in a l acoustic  w aves of th e  fre q u e n c y  of 
500 M H z. F o r co m p ariso n  in  case o f  lo n g itu d in a l aco u stic  w aves th e  fac to r 
o f m e r it  as re la te d  to  q u a rtz  glass is 22.8 fo r T e 0 2 c ry s ta ls , 23.7 fo r  P b M o 0 4, 
6.99 fo r L iN bO g, 2.78 fo r A D P  an d  1.91 fo r K D P  c ry s ta ls  [2, 3, 6]. T h e  acous
tic  a t te n u a tio n  o f th e  alpha-iod ic  ac id  c ry s ta ls  is b e t te r  th a n  th e  a tte n u a tio n  
of T e 0 2 o r P b M o 0 4 [3]. W ith  re g a rd  to  L iN b 0 3 a fu r th e r  a d v a n ta g e  is th e  
absence o f o p tica l d am ag e  even in  case o f considerab le  lig h t in te n s i ty  [2, 5].

N ea r to  th e  m e ltin g  p o in t (110 °C) th e  c ry s ta ls  beg in  to  decom pose an d  
re leasing  w a te r  tra n s fo rm  in to  I 2O s (io d ic -ac id an h y d rid ). A t th e  sam e tim e  
H I 0 3 d issolves re a d ily  in  w ate r. A ccord ing  to  K a y e  a n d  L a b y  [7] 100 g w a te r 
dissolves 286 g a t  0 °C an d  472 g H I 0 3 a t  80 °C. A ccord ing ly , i t  is q u ite  ob
vious t h a t  th e  b e s t a n d  sim plest w ay  o f o b ta in in g  la rg e  single c ry s ta ls  should
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b e  to  grow  th e m  fro m  aqueous so lu tions. T h o u g h  th e  earlie r p ap ers  refe r to  
th is  m eth o d  o f g ro w th  [1, 2, 5, 8 , 9 ], w ith  th e  ex cep tio n  of one p ap e r, no d e ta ils  
o f  th e  g row th  tech n o lo g y  a re  g iven .

P a r k e r  a n d  P in n e l  [9] grew  60 g sing le c ry sta ls  w ith  th e  ev ap o ra tio n  
m e th o d . T he r a te  o f  ev ap o ra tio n  has been re g u la te d  by  th e  te m p e ra tu e  o f  
g ro w th , an d  th e  n u m b e r a n d  size o f th e  open ings th ro u g h  w h ich  th e  w a te r  
v a p o u r  e v a p o ra te d . T he seed c ry s ta ls  w ere fa s te n e d  to  5 — 1 2 x 1 0  ~3 cm  th ic k  
g o ld  or p la tin u m  filam en ts . T h e  use o f th ic k e r  filam en ts  re su lte d  in  c rack  
fo rm a tio n . In  th e ir  ex p erim en ts  cracks w ere in d u ced  also b y  th e  m ix ing  o f 
th e  so lu tion  b ecau se  of th e  o sc illa tin g  m o tio n  o f  th e  f ilam en ts  used  to  fa s ten  
th e  seeds.

In  w h a t follow s we w ish  to  p resen t an  ev ap o ra tin g  m e th o d  to  grow  
a lp h a-io d ic  ac id  c ry s ta ls  w ith o u t th e  use o f f ila m e n ts , w hich enab led  a m ore 
p rec ise  change o f  th e  ra te  of e v a p o ra tio n . W ith  th is  m ethod  i t  becam e possible 
to  avo id  c rack  fo rm a tio n  due  to  m ix ing , an d  grow  larger c ry s ta ls  th a n  w ith  
th e  m e th o d  re fe rred  to  in [9].

2. Experim ental method and results

(a) Growth equipm ent

T he g ro w th  eq u ip m en t co n sis ted  b asica lly  o f a double w all th e rm o s ta t. 
T h e  in n e r w o rk in g  space w here th e  ac tu a l g ro w th  to o k  p lace, w as a  210 m m  
h ig h  glass vessel w ith  a d ia m e te r  o f 130 m m . T h e  vessel w as enclosed in  a  
th e rm o s ta t in g  w a te r  ja c k e t ( th e  d ia m e te r  an d  h e ig h t o f th e  o u te r  vessel w ere 
a p p ro x im a te ly  300 m m ). T h e  w a te r  c o n te n t o f  th e  ja c k e t w as in ten siv e ly  
m ix e d  w ith  a c e n tr ifu g a l p u m p , a n d  th e  w a te r  te m p e ra tu re  w as k e p t  c o n s ta n t 
w ith  a c o n ta c t- th e rm o m e te r  th e rm o re g u la to r .

In  o rder to  m inim ize th e  te m p e ra tu re  f lu c tu a tio n s  due to  sw itch ing  on 
a n d  o ff th e  h e a tin g  c u rre n t a  low  h e a t c a p a c ity  h e a te r  w as u sed ; th e  h e a te r  
o u tp u t  has been  ex p e rim e n ta lly  o p tim a lized  w ith  a th y r is to r  co n tro lled  re g u 
la to r  device. T h u s  th e  te m p e ra tu re  f lu c tu a tio n  o f th e  th e rm o s ta tin g  w a te r  
co u ld  be k e p t be low  0.05 °C.

T he g ro w th  vesse l was co v ered  w ith  a  con ica l te flo n  lid . Since th e  lid  
is  in  c o n ta c t w ith  th e  open a ir  i ts  te m p e ra tu re  is low er th a n  th e  v a p o u r  above 
th e  so lu tion . As a re su lt o f th is  te m p e ra tu re  g ra d ie n t th e  w a te r  v a p o r  becam e 
c o n tin u a lly  co n d en sed  on th e  lid . T h e  co n d en sa te  trick led  dow n th e  conical 
sh a p e  an d  w as co llec ted  in  a sm all p o t  from  w hich  i t  was p erio d ica lly  e x tra c te d .

T he so lu tio n  w as m ixed w ith  te f lo n  shovels m oving  in  a lte rn a tin g , p e rio 
d ic a lly  chang ing , d irec tions [10]. T h e  schem e o f th e  eq u ip m en t is p resen ted  
in  F ig . 1.
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Fig. 1. The schem e o f  the growth equipm ent. 1. W orking space; 2. Therm ostating water jacket; 
3. Centrifugal pum p; 4. Contact therm om eter; 5. H eater; 6 . Lid; 7. Collecting pot; 8 . Conden
sate; 9. T eflon m ixing shovel; 10. Seed holder; 11. Seed crystal and growing crystal; 12. Solvent

eduction pipe

(b) Growth process

T he ex p erim en ts  w ere carried  o u t in  an  a ir  co n d itio n ed  e n v iro n m en t a t 
a c o n s ta n t te m p e ra tu re  o f 24 °C, th e  so lu tio n  te m p e ra tu re  was 40 °C. A t 
low er so lu tio n  te m p e ra tu re  (35 °C) th e  r a te  o f co n d en sa tio n  p roved  to  b e  un 
sa tis fa c to ry , a g ro w th  te m p e ra tu re  h ig h e r th a n  40 °C on th e  o th e r h a n d  gave 
rise  to  d ifficu lties w hen  pu llin g  ou t th e  as grow n c ry s ta ls  from  th e  g ro w th  
vessel.

As q u a lity  basic  m a te r ia l M erck “ zu r A nalyse”  H I O s was used.
T he m a te ria l q u a n ti ty  as ca lcu la ted  fro m  su p e rsa tu ra tio n  d a ta  p u b lish ed  

in  th e  l i te ra tu re  was n o t enough . W ith  th e se  q u an titie s  th e  f irs t  ex p e rim en ts  
re su lted  in  th e  d isso lu tion  o f th e  seed c ry s ta ls . F o r th is  rea so n  in  th e  su b seq u en t 
ex p erim en ts  w hile k eep ing  th e  so lu tion  a t  c o n s tan t te m p e ra tu re  th e  su p e r
s a tu ra tio n  w as o b ta in e d  b y  add ing  th e  H I 0 3 to  th e  so lu tio n  till  th e  n ecessary  
su p e rsa tu ra tio n  has been  o b ta in ed . T h e  s a tu ra te d  so lu tio n  w as th e n  d e c a n te d , 
h e a te d , f ilte re d  an d  p o u red  a t  a te m p e ra tu re  of a p p ro x im a te ly  45 °C on  th e  
seed c ry s ta ls  a lread y  d ep o sited  in  th e  grow ing  vessel w hose te m p e ra tu re  w as 
40 °C.

T h e  seed w as g lued  on a  te flo n  p la te  p u t  on th e  b o tto m  of th e  vessel. 
Since th e  so lu tio n  d e n s ity  is ra th e r  h ig h  th e  te flo n  p la te  w ould  h a v e  flo a ted  
on th e  su rface . I n  o rd er to  avo id  th is  also  th e  te flo n  p la te  w as glued to  th e  b o t
to m  o f th e  vessel. T he seed c ry s ta l as w ell as th e  te f lo n  ho lder w ere f ix e d  in 
position  w ith  s ilica -ru b b er glue (R hone-pou lenc-ch im ie  f in e  “ CAF 4”  rhodosil 
silicones w ere used). T h e  size of th e  seed c ry s ta ls  w as a p p ro x im a te ly  20 X 20 X 4 
m m , tw o  o f th e  surfaces w ere p ara lle l w ith  th e  (110) i.e . (110) p lan es a n d  th e
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o th e r  tw o  su rfaces  w ere p e rp en d icu la r  to  th e  “ c”  ax is (n o ta tio n  acco rd ing  
to  [9]).

A t th e  b eg in n in g  of th e  g ro w th  1.5 cm 3 so lven t w as e x tra c te d  each  d ay . 
T h is  q u a n ti ty  h a s  been g ra d u a lly  in creased  to  6.0 cm 3 p e r  day . One g ro w th  
p e rio d  la s ted  fo u r  m o n th s. N o fo rm atio n  o f p a ra s ite  c ry s ta ls  h as  been observed .

The coo ling  o f th e  as grow n c rysta ls  to  room  te m p e ra tu re  should  be  ca rried  
o u t ra th e r  ca re fu lly , since ra p id  cooling m a y  re su lt in  c rack in g . I t  is ad v isab le  
to  d raw  off th e  so lu tion  fro m  th e  as grow n c ry s ta l an d  le t th e  c ry s ta l cool 
dow n slow ly in  th e  vessel itse lf .

Since th e  so lu tion  is su scep tib le  to  p re c ip ita te  io d ine  b y  lig h t, th e  g ro w th  
eq u ip m en t w as  covered  w ith  b lack  c a rd b o a rd .

(c) Results

W ith  th e  m eth o d  d esc rib ed  c ry s ta ls  w eighing  1300 g w ere grow n. T h e  
le n g th  of th e  sides of th e  rh o m b u s  p e rp en d icu la r  to  th e  “ c”  axis w as 76 m m . 
T h e  size o f th e  c ry s ta l in  th e  d irec tion  o f th e  “ c”  axis a m o u n ted  to  65 m m .

The a v e ra g e  daily  r a te  o f  g row th  in  th e  d irec tion  o f  th e  “ a” , “ b ”  an d  
“ c”  axis w as 0 .3 , 0.35 an d  0 .54 m m , resp ec tiv e ly .

The as g ro w n  c ry s ta ls  w ere  free o f d efec ts  or inc lusions. T he p h o to g ra p h  
o f  an  as g ro w n  c ry s ta l is show n in F ig . 2.

F rom  th e  as grow n c ry s ta ls  w o rk ab le  aco u sto o p tica l u n its  cou ld  be
m ade .

Fig. 2. The photograph of an as grown H I 0 3 crystal
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I t  is a long es tab lish ed  fac t t h a t  d iv a len t im p u r ity  ions con sid erab ly  
increase  th e  y ield  s tre ss  o f a lkali h a lid e  c rysta ls  [1]. T h e  effect is genera lly  
a t t r ib u te d  to  th e  p resence  of com plexes m ade up  o f th e  d iv a le n t im p u r ity  ions 
an d  th e  vacancies a t t r a c te d  to  th e m  b y  th e ir  e lec tric  charge  su rp lu s  ( I —V 
dipoles). F l e isc h e r  [2 ] ca lcu la ted  th e  y ie ld  stress in c rem en t A t  o f a lkali 
halide  c ry s ta ls  from  th e  in te ra c tio n  o f  d islocations w ith  I —V  dipoles tre a tin g  
th em  as te tra g o n a l defec ts . T hese d efec ts  are  ch a ra c te riz e d  by  th e  so-called 
te tra g o n a lity , i.e. th e  d ifference b e tw een  th e  lo n g itu d in a l an d  tra n sv e rse  
s tra in  o f  th e  d is to rtio n . C om paring  ex p erim en ta l re su lts  w ith  F l e is c h e r ’s 
fo rm ulae  a n u m b er o f  au th o rs  (e.g. [1 — 3]) gave te tra g o n a li ty  v a lues fo r I —V 
dipoles. B u t since th e re  is no in d e p e n d e n t in fo rm a tio n  on th e  te tra g o n a lity  
based  on th e  s tra in  f ie ld  of th e  defec t, its  v a lue  is e ssen tia lly  a f lo a tin g  p a ra 
m e te r  in  th e  th e o ry  [1]. This p a p e r is in te n d e d  to  be  an  a t te m p t to  ev a lu a te  
A x  cau sed  by  I —У d ipoles using  th e  a to m ic  d isp lacem en t fie ld  a ro u n d  th e m  
an d  av o id in g  th e  use o f  th e  n o tio n  o f  te tra g o n a lity .

F o r  th e  sake o f  s im p lic ity  th e  v a c a n c y  and  th e  im p u r ity  ion  a re  ta k e n  
as d ila ta tio n  cen tres a n d  th e ir  s tra in  fie lds are  su m m ed  u p  to  give th e  s tra in  
o f th e  I —V  dipole. T h e  s tren g th s  ô o f th e  d ila ta tio n  cen tres  are co m p u ted  
from  th e  a tom ic d isp lacem en ts  of th e ir  n ea re s t n e ig h b o u r ions in  th e  w ay 
sugg ested  b y  B a s s a n i  an d  T h o m so n  [4]:

s + + Ï++ +  M '  s l v - M '
0 — -  , Oy — -  •

2ro 2 r 0

H ere  I  an d  M '  d en o te  th e  d isp lacem en ts  an d  th e  p o la riza tio n  d isp lacem en ts of 
th e  n e a re s t n e ig h b o u r ions of th e  cen tre s  ( r0 is th e  la t t ic e  p a ra m e te r) . Suffixes 
+  +  a n d  V  refer to  th e  im p u rity  io n  an d  th e  v ac a n c y , re spec tive ly . F o r f  
and  M ' we use th e  va lu es  e v a lu a te d  in  [5] on th e  basis  o f th e  B o rn  — M ayer 
th e o ry  o f  ionic solids. T h e  values ô o b ta in e d  are lis te d  in  T ab le  I  fo r  severa l 
ca tions.
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Table I
Strength of dilatation centres associated with impurity ions and vacancy

Mg Ca Sr Pb Ba Vacancy

ô + +  = -0 .0 3 1 1 -0 .0147 0.0035 0.0277 0.0202 <5V=0.0194

I t  is k n o w n  from  th e  l i te r a tu r e  [1, 2] t h a t  th e  v ex ed  q u estio n  w h e th e r 
edge or screw  d islocations a re  responsib le  fo r th e  m easu red  in crem en t in  
y ie ld  stress is f a r  fro m  being reso lv ed . In  o u r m odel we assum e th a t  th e  y ie ld  
s tre ss  in c rem en t A x  re su lts  f ro m  th e  in te ra c tio n  of th e  d ipo les w ith  edge d is
lo ca tio n s.

Making use o f  the form ula given by B il b y  [6] according to  which the  
in teraction  energy betw een a d ilatation  centre o f  strength ô at the origin and  
a dislocation parallel to  the ax is z  at the point x,  y  is

E int —  dfibÖrg '
X 2 +  y 2

fo r  th e  d ip o le -d is lo ca tio n  in te r a c t io n  energy  w e o b ta in :

Е м  =  — V bro
У + МУ -  ey)

x 2 _j_ (* — ex)2 +  (y *------1-  Sy)2 J ( 1 )

H e re  ft is th e  sh e a r  m odulus, r 0 is  th e  la ttic e  p a ra m e te r  an d  b is th e  B urgers 
v e c to r . T he im p u r i ty  ion  is p la c e d  a t  th e  o rig in  an d  th e  v a c a n c y  a t  th e  p o in t
ex, ey (see F ig . 1).

T he y ie ld  s tre ss  in c rem en t A x  can  be ca lc u la ted  by  m ean s o f th e  F riedel 
re la tio n sh ip  [7]:

F3/2 1/2
A x  =  max p , (2)

(2T)1'2 b
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w here cp is th e  c o n c e n tra tio n  of th e  obstacles in  th e  slip  p lane, F max is th e  
m ax im u m  o f th e  fo rce  th e  d isloca tion  m u s t overcom e as i t  passes a n  obstacle  
an d  T  is th e  line te n s io n  o f th e  d isloca tion .

T h e  force has b een  derived  f ro m  (1):

i t  _  9 E t n t

an d  th e  m ax im a  o f F  h a v e  been c o m p u te d  by  n u m erica lly  solving th e  eq u a tio n :

d x

W e h av e  re g a rd e d  on ly  th e  n e a re s t  possible (110) planes to  th e  dipoles 
as th e  in te ra c tio n  ra p id ly  decreases w ith  increasing  d is tan ce . In  N aC l a  dipole 
can h a v e  12 g eo m etrica lly  d iffe ren t o rien ta tio n s w h ich , considering  th e  tw o 
possib le slip  p lanes a n d  th e  p h y sica lly  eq u iv a len t o rie n ta tio n s  w ith  th e  sam e 
c o o rd in a te  e 2 ,  give 8 d iffe ren t s itu a tio n s . F rom  th e se  we have chosen  th e  case 
to  w h ich  th e  la rg e s t F max belongs. F o r 5 d iffe ren t im p u rity  ion s T ab le  I I  
co n ta in s  th ese  F max v a lu es  to g e th e r  w ith  th e  co rresp o n d in g  slip  p lan e  and  
dipole o r ie n ta tio n  co o rd in a tes . In  a p p ly in g  E q. (2) cp is co m p u ted  b y  m eans 
o f th e  sim ple a sso c ia tio n  th eo ry  [8] w ith  d iv a le n t im p u rity  co n cen tra tio n  
of 10 ~5 m ol/m ol.

Table II

Maxima of force acting on the dislocations and the corresponding yield stress increments

Mg Ca Sr Pb Ba

Fx max 30.1 19.9 14.9 23.7 18.2 • 1 0 -n iV

У
1

n

1
Ÿ 2

Ÿ 2
1

Ÿ 2

1

~  Y*

% Ÿ2 Í 2
1w 1

/ 2

1
/2 • r o

еУ 0 0 1w 1
/2

1
/2

dTexp 0.15 0.15 0.55 0.3 0.03
■ 10s ^

A T 0.31 0.17 0.2 0.37 0.25
m2
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T h e va lu es  At o b ta in ed  a re  v a lid  a t 0 K  a n d  in  o rd er to  m ake th e m  
c o m p arab le  w ith  d a ta  m easu red  a t  room  te m p e ra tu re , th e y  h a v e  been cor
r e c te d  in  th e  w ay  g iven  in [1]. T h e  com p u ted  a n d  m easured  [9] values of At 
a re  a lso  lis ted  in  T a b le  I I .

A s i t  is seen fro m  Table I I  a ca lcu la tio n  fo r  At based on  th e  in te rac tio n  
b e tw e e n  I —У d ip o les  and  edge d islocations w ith o u t using  th e  concept o f 
te tra g o n a l i ty  can  le a d  to  reaso n ab le  re su lts . T h e  m odel described  above needs 

co u rse  fu r th e r  re fin e m e n t to  re f le c t th e  p h y s ica l rea lity  m o re  accura tely . 
T h e  d ipo le  o u g h t to  be  described  w ith  m ore re a lis tic  s tra in  f ie ld  tak in g  in to  
a c c o u n t am ong o th e rs  th e  o ff-cen tre  d isp lacem en t of th e  im p u r ity  ion, to o . 
I n  a d d itio n , th e  S n o ek  effect m a y  also  sh ift At co n sid erab ly . E la b o ra tio n  of an  
im p ro v e d  m odel is in  progress.
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