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Second Quar te r ly  S ta tus  Report 
Fund Transfer  No. R-05-030-001 

For t h e  Period 1 May-31 Ju ly  1966 

I. The r e l a t i o n  between s t r u c t u r e  of e p i t a x i a l  f i lms  and sur face  a n d  
i n t e r f a c i a l  energies  ( A .  K. Green and E. Bauer). 

The i n t e r p r e t a t i o n  and discussion of t h e  epi taxy of f .c .c .  metals 
on alkali ha l ides  with d i f f e r e n t  surface condi t ions i n  u l t r ah igh  vacuum 
has been completed (Encl. (1)). 
t a t i v e  s t u d i e s  involving r ad io t r ace r  measurements i n  addi t ion  t o  t h e  
present ly  used techniques.  Studies of t h e  growth of a l k a l i  ha l ides  on 
a l k a l i  ha l ides  have been resumed (now on surfaces  cleaved i n  u l t rah igh  
vacuum) i n  order  t o  obta in  an understanding of t h e  observations made i n  
ordinary vacuum ( A .  K. Green, E. Bauer, J. Appl. Phys. 37, 917 (1966). 

Preparations are being made for  quanti- 

- 
11. Quant i ta t ive s tud ie s  of  t h e  e l a s t i c  and i n e l a s t i c  i n t e rac t ions  of 

slow e lec t rons  with W s ing le  c r y s t a l  sur faces  (J. 0. Porteus) .  

Preliminary measurements of t h e  i n t e n s i t y  of t h e  (00) beam from a 
tungsten (110) su r face  have been made as t h e  angle of incidence was  varied. 
A l ack  of r ep roduc ib i l i t y  w a s  noted and w a s  t e n t a t i v e l y  a t t r i b u t e d  t o  
recontamination of t h e  su r face  a f t e r  cleaning. Analysis of  desorbed gas 
with a mass spectrometer indicated considerable CO contamination of t h e  
sample during t h e  scanning in te rva l .  Also, desorption rates are indica- 
t i v e  of inadequate pumping speed. Plans are under way t o  convert from 
oi l -d i f fus ion  t o  ion pumping i n  an effort t o  produce an adequate vacuum 
environment f o r  t hese  experiments. 

111. Determination of na ture  and s t r u c t u r e  of sur face  layers  w i t h  l o w  
energy e l ec t ron  d i f f r a c t i o n  (E .  Bauer). 

A l l  work w a s  concerned with t h e  s t r u c t u r e  of SrO l aye r s  on t h e  W 
(110) plane (see IV) . 
IV. Relat ion between s t r u c t u r e  and e l ec t ron  emission proper t ies  of work 

funct ion reducing l a y e r s  on W(110) planes (C. Turner and E. Bauer). 

The work with SrO l aye r s  (see f irst  qua r t e r ly  s t a t u s  r epor t )  has 
been continued, revea l ing  a very complex dependence of t h e  emission prop- 
erties on film th ickness ,  deposit ion o r  annealing temperature and anneal- 
ing t i m e .  
a s soc ia t ion  between s t r u c t u r e  and emission proper t ies  ( see  first qua r t e r ly  
s t a t u s  r epor t )  which is corrected i n  t h e  ora l  presenta t ion  of  t he  paper 
(Encl. ( 2 ) ) .  More work w i l l  be needed t o  obta in  a f u l l y  reliable associa- 
t i o n  between su r face  s t ruc tu re  and emission p rope r t i e s  of t h i s  system. 

T h i s  complex dependence had l ed  t o  an incor rec t  t e n t a t i v e  
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V. Momentum exchange of atoms on well defined s i n g l e  c r y s t a l  
surfaces ( 6 7 .  Faith and E. Bauer) . 
The molecular beam attachment f o r  t h e  low energy e lec t ron  d i f f r ac -  

t i o n  system has been nearly completed and w i l l  be t e s t e d  i n  s i t u  during 
t h e  next qua r t e r ,  i n  which a l s o  t h e  first measurements are expected. 

VI. Theory of low energy e lec t ron  s c a t t e r i n g  (E.  Bauer). 

. Our claim t h a t  r e l a t i v i s t i c  e f fec ts  are important i n  t h e  s c a t t e r i n g  
of s l o w  e lec t rons  by neut ra l  atoms (H.  N. Browne, Phys. Rev. Letters l6, 
495 (1966) has caused considerable controversy, which i s  c l a r i f i e d  i n  
Encl. ( 3 ) .  

PUBLICATIONS 

1. "On t h e  Formation of Single  Crystal  Films of f .c .c .  Metals on A l k a l i  
Halide Cleavage Planes. 11. Comparison of Experiment and Theory," 
by E. Bauer and A. K. Green, submitted t o  phys. stat. s o l i d i .  

2. "An Ultrahigh Vacuum Electron Microscope and i t s  Application t o  Work 
Function Studies," by G .  H. Turner and E. Bauer, t o  be presented a t  
t h e  In te rna t iona l  Congress on Electron Microscopy i n  Kyoto, Japan, 
August/September 1966. 

3. "Importance of R e l a t i v i s t i c  Effects i n  t h e  Sca t te r ing  of Slow Electrons 
by Atoms 11," by H. N.  Browne and E. Bauer, submitted t o  Phys. Rev. 
Letters. 
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On t he  Formation of Single Crystal  Films of f .c .c .  Metals 
on A l k a l i  Halide Cleavage Planes 

11. Comparison of Experiment and Theory 

E. Bauer and A. K. Green 
Michelson Laboratory, China Lake, Cal i forn ia  93555 

ABSTRACT 

The experimental r e s u l t s  of Part I are  compared w i t h  theory and w i t h  

other  relevant experimental war:;. Emphasis i s  placed on the  influence of 

t h e  subs t ra te  surface condition and of res idua l  gases on t h e  film growth. 

The f i lm growth i s  subdivided i n t o  th ree  s tages:  (1) the  nucleaticn m d  

i n i t i a l  growth s tage ,  (2)  t h e  coalescence s tage ,  and ( 3 )  t h e  f i l l i n g - i n  

s tage.  The discussion of s tage (1) shows t h a t  phenomenolopical nuclea- 

t i o n  theory can bes t  account f o r  t he  observations and t h a t  t h e  e p i t a x i a l  

o r ien ta t ion  develops most probobly during t h e  i n i t i a l  growth of t h e  

c rys t a l s .  

and t h e i r  f r e e  surface energy play a major r o l e  i n  determining t h e  coales- 

ence process. 

react ions i s  emphasized. The discussion shoxs t h a t  t h e  growth of f .c.c.  

I n  s tages  (2 )  and ( 3 )  t h e  i n t e r f a c i a l  enerCy between the  c rys t a l s  

The importance o f t h e  t w i n  boundary e n e r a  and of chemical 

metals on a l k a l i  hal ides  i s  highly spec i f i c  f o r  eacb fi lm-substrate p a i r  

and the  experimental conditions and t h a t  the  l a t t i c e  mismatch i n  an 

un inpor tmt  pGrameter. 



D i e  experimente l e n  Ergebnisse des e r s t en  T e i l s  (I) uerden m i t  der  

Theorie und anderen einschlagigen Experimenten verglichen. 

wicht l i eg t  auf dem Einfluss  des Oberfliichenzxtandes und von Restgasen 

auf das Fi2rmachs:um. Das Filmwachstum v i r d  i n  3 Phasen a u f g e t e i l t  : 

(1) Keimbildung und Anfangswac?istum, (2) Koaleszenz und (3) Auffiillphase. 

D i e  Diskussion der  Phase (1) ze ig t  dass d ie  ph2inomenologische Keirabildvngs- 

t h e o r i e  am besten d i e  Beobachtuigen erkliiren kann und dass d i e  ep i t ax ia l e  

Orientierung s i c h  hbchstwahrscheinlich i m  Anfangswachstum ausbi lde t .  

den Phasen (2 )  und (3 )  s p i e l t  d i e  Grenzflachenenergie zwischen den Schicht- 

k r i s t a l l e n  und i h r e  Oberflzchenenergie d i e  wicht igste  R d l e  fiir d i e  

Koaleszenz. Die Wichtigkeit der  Zwillingsgrenzenenergie und von chemischen 

Red t ionen  wird hervorgehoben. Die Diskussion z e i g t ,  dass das Wachstum 

yon k . f  .z. Metallen auf Alkalihalogeniden altsserst  spez i f i s ch  fiir jede:: 

Film-Unterlagenparr und fiir d i e  experimentellen Bedingungen i s t  und dasz 

dabei der  Gitterkonstantenunterschied nur e ine  unwesentliche Rolle s p i e l t .  

D a s  Sch;rerge- 

I n  

1. Defini t ion of Growth Stages 

We divide t h e  process of formation of s ing le  c r y s t a l  f i l m s  i n t o  th ree  

s tages :  (1) t h e  nucleation and i n i t i a l  growth s t age ,  (2)  t h e  coalescence 

s t age ,  and (3) t h e  f i l l i ng - in  stage.  

the  following manner. 

but are s u f f i c i e n t l y  far apar t  t h a t  they do not contact each o ther  t o  a 

s i g n i f i c a n t  amount. However t h e i r  d i f fus ion  regions--i.e. t h e  regions 

which supply t h e  growing crys ta l s  with atoms--may civerlap. 

dominated by t h e  formation of la rger  c r y s t a l s  from smaller c r y s t a l s  by 

These s tages  a r e  charecter ized i n  

I n  s t age  (11, nucle i  form continuously and grow 

Stage (2) is  
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coalescence o r  simply growing together.  Although t h e  coalescing smaller 

c r y s t a l s  may have formed at  d i f f e ren t  t i m e s  and grown at d i f f e r e n t  rates, 

they have nevertheless  comparable s i ze .  T h i s  is not  true i n  s tage  ( 3 )  i n  

wkich there  are l a rge  d i f fe rences  i n  s i z e  betveen t h e  c r y s t a l s  formed by 

coalescencc i n  s tage  ( 2 )  and those which have not coalesced o r  hcve 

nucleated i n  s tage  (2) or ( 3 ) .  

channel and hole  s tages .  

Stage ( 3 )  includes Pashlejr's network, 

2. Nucleation and I n i t i a l  Growth Stage 

2.1. Surface condition 

It is  obvious t h a t  t h e  condition of t h e  sur face  has a profound inf lu-  

ence on t h e  f i l m  formation. It determines t h e  thermal accommodation of 

t h e  hot vapor beam, t h e  heat of adsorption, t h e  ac t iva t ion  energy f o r  

sur face  d i f fus ion ,  t h e  absolute value and o r i en ta t ion  dependence of t h e  

binding energy of t h e  c l u s t e r  t o  the  subs t r a t e  and. t h e  i n t e r f a c i a l  energy 

between f i l m  c r y s t a l  and subs t ra te .  There is  l i t t l e  doubt now t h a t  an 

a l k a l i  ha l ide  sur face  not cleaved i n  UHY i s  covered with a surface layer .  

The nature  and thickness  of  t h i s  l ayer  depends upm the environment, t e m -  

pera ture  and duration o f  exposure of  t h e  cleavage plane. O f  t h e  seve ra l  

views of t h e  s t r u c t u r e  of air cleaved alkali ha l ide  s-arfaces present ly  

being he ld  [5,25-27), w e  accept the  hydrated sur face  l a y e r  model 125-27) 

here ,  bu t  do not  exclude t h e  p o s s i b i l i t y  t h a t  CO o r  C02 is a l s o  present i n  

this layer. Our RED comparison o f  t h e  UHV and a i r  cleaved surfaces  after 

a bakeout f o r  s eve ra l  hours below 25OoC shows t h a t  t h e  l a t e r a l  pe r iod ic i ty  

of t h i s  surface l aye r  is t h e  same as t h a t  of clean N a C l  o r  KC1. but t h e  

increased background indica tes  Lha t  t h e  degree of order  i n  t h e  l aye r  is 

3 
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lower than on t h e  vacuum cleaved surface.  This i s  i n  agreement with LEED 

observations. molecules and the  thick- 

ness of t h e  layer together  with t h e i r  temperature and time dependencr (pre- 

annealing!) i s  d i f f i c u l t  t o  determine at present.  

ind ica tes  t h a t  t h e  l aye r  is removed after 48 hours annealing a t  360 '~ o r  

1 hour annealing a t  45OoC i n  UHV. Harsdorff 's  water mult i layer  model i s  

discounted for two reasons: (1) the  m a s s  spectrometer evidence [28] is  not 

tenable  [12,28], and (2)  t h e  predictions of t h e  model a re  not i n  agreement 

with our observations discussed ir ,  2.2. and 2.3. 

The posi t ions of the H29, CO or  CO 2 

The growth of Au f i l m s  

2.2. Number and s i z e  of c r y s t a l s  

The resu l t s  reported i n  Par t  I and elsewhere [12] c lea r ly  ind ica te  t h a t  

t h e  number of c rys t a l s  on UfN cleaved surfaces  i s  much smaller thml on a i r  

cleaved surfaces.  This agrees qua l i t a t ive ly  w i t h  Jaunet m d  S e l l a ' s  [? I  

and Matthews' [ 1 4 ]  r e s u l t s ,  bu t  ^,here are  coysiderable quant i ta t ive  differ-  

ences as can be seen by ccmparing Table 1 of Par t  I with Table 1, which 

gives da ta  from some other  evaporations of f .c.c.  metals onto c rys t a l s  with 

N a C l  s t ruc tu re .  These differences Ere hovever not surpr i s ing :  In Jaunet 

and S e l l a ' s  [j'] work, cleaving and d e p s i t i o n  took place i n  ordinary vacvum 

and at room temperature, t h e  f i l m  c rys t a l s  were at l e a s t  p a r t i a l l y  coalesced; 

Matthews [14] deposited h i s  films at  3 6 ~ ' ~ .  

ai r"Um t h e  r a t i o  of t h e  p a r t i c l e  numbers N 

cles on t h e  UHV cleaved s i d e ,  - l o l o  on the a i r  cleaved side) t o  2 1, 

depending upon deposit ion conditions.  

at 360'C are always much smaller than Matthews' which may be due t o  d i f f e r -  

ences i n  gas composition (baked versus unbaked system! ), r a t e ,  thickness ,  

and other  parameters. The r a t e  and thickness dependence i s  i l l u s t r e t e d  by 

I n  o u r  own -esul ts  at 3 6 0 ~ ~  

var ies  from rn (i .e. no pa r t i -  

However our absolute p a r t i c l e  num3ers 



t h e  increase  i n  p a r t i c l e  number from 2.5*1O1*, i n  t h e  t h i n n e s t  part usable 

f o r  p a r t i c l e  counting of a wedge f i lm  on a vacuum cleaved K C l  sur face ,  to 

a m a x i m u m  of 15*1010 before l a r g e  s c a l e  coalescence reduces t h e  p a r t f c l e  

number. 

In  spite of t h e  s t rong  dependence of t h e  absolute  and r e l a t i v e  p a r t i c l e  

number on many parameters t h e  following ger.eral q u a l i t a t i v e  r u l e s  apply f o r  

t h e  d i f fe rence  between a i r  cleaved and vacuum or UHV cleaved su r faces ,  at 

least for t h e  materials inves t iga ted  so  far: (1) t h e  formation of c r y s t a l s  

begins on t h e  UHV cleaved sur face  la ter  than on t h e  a i r  cleaved sur face ;  

(2) t h e  i n i t i s l l y  observed c r y s t a l s  are l a r g e r  on t h e  UHV cleaved sur face  

than on t h e  air cleaved s u f a c e ;  ( 3 )  t h e  number 

on t h e  UHV ( o r  vacuum) cleaved sur face  is much smaller t h a n  t h e  number N 

of c r y s t a l s  on t h e  a i r  cleaved sur face ;  (4 )  t h e  d i f fe rence  between N 

(or N ) of c r y s t a l s  vac 

air 

UKV 
f o r  a given c r y s t a l  i s  much l a r g e r  than t h e  d i f fe rence  between t h e  Nair 

NvHv's or  N 

between t h e  i n i t i a l l y  observed crysLal s i z e s ;  ( 5 )  t h e  c r y s t a l  s i z e  ( D  

d i s t r i b u t i o n  on t h e  UHV cleaved surface d i f f e r s  from t h a t  (D ) on t h e  a i r  

cleaved sur face  with E > 5 - ( 6 )  t h e  mean thickness  ( o r  t h e  t o t a l  

number r of condensed atoms) on t h e  UHV cleaved surfa,-e i s  smaller  than 

's of d i f f e r e n t  c r y s t a l s ;  t h e  same is t r u e  fclr t h e  differences ai r 

) UHV 

air 

UHV a i r '  liHv 

UHV - 
t a i r  ( o r  

These 

proceeds 

then  t h e  

given by 

on t h e  a i r  cleaved sur face .  rair  

observations w i l l  now be compared with theory.  If condensation 

by nucleation--as it does i n  t h e  temperature range considered here-- 

t o t a l  number r ( t )  of atoms condensed a f t e r  a deposi t ion time t is 

5 
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Here n ( c  , t ' )  is  t h e  number of c rys t a l s  nucleated et t h e  t i m e  t '  with an 

o r i en ta t ion  or  kind of nucleat ion s i t e  (such as sur face  s t e p ,  kink,  ho le ,  

i 

e t c .  ) , character ized by p a r m e t e r s  5, .  g (  Si ,t ,t ' = dt dG ( ti , t l ' )dt l '  
t! 

is  t h e  number of atoms i n  t h e  c r y s t a l  a t  t h e  t i m e  t ,  which grew from a 

nucleus,  formed at t i m e  t ' .  

is determined by t h e  n - x l e a t i o n  r a t e  I(6. , t) (as long as no coalescence 

The t o t a l  number N( t ' )  of c r y s t a l s  at t i m e  t '  

1 

has taken place)  : 

where F( t" )  i s  t h e  f r ac t ion  of the  sur face  already covered by c r y s t a l s  

(and t h e i r  d i f fus ion  regions) .  Differences i n  r ( t )  (observation 5 )  can 

the re fo re  be due e i t h e r  t o  d i f fe rences  i n  t h e  nucleat ion rate I or  t h e  

growth r a t e s  as expressed by ;%, or  t o  boLh. That t h e  nucleat ion r a t e s  

d i f f e r  is  indicated by observaticn 3.  Xowever t h e  growth rates may d i f f e r  

too. I f  t h e  number of atoms h i t t i n g  t h e  groxing c r y s t a l  d i r e c t l y  from t h e  

vapor phase is  s m a l l  comp?-red t o  t h e  number of atoms a r r iv ing  a t  t h e  c r y s t a l  

f r o m  t h e  adsorption l a y e r ,  then t% is  given by 

AGa - ACA 

tT (3) d c  = t a s ( g )  a d t"  N~ e 

Here a i s  t h e  f r ac t ion  of a r r iv ing  atoms condensing on t h e  c r y s t a l ,  s ( g )  

is t h e  circumference of t h e  c r y s t a l ,  a is t h e  dis tance of t h e  po ten t i a l  

minima f o r  sur face  d i f fus ion ,  8 is  t h e  f r ac t ion  of t h e  number N.(cm 

of atoms inc ident  onto t h e  subs t ra te  which i s  adsorbed, AG 

hea t  of adsorption and AG 

d i f fus ion .  For a c r y s t a l  on the UHV cleaved sur face  t o  have a smaller i$i 

-2 sec- l )  
1 

( >  0 )  i s  the  a 

(>  0) is  the  ac t iva t ion  energy f o r  sur face  D 

6 



than t h a t  of  a c r y s t a l  w i t h  t he  same circumference on the  air  cleaved 

surface one of severa l  of t he  following conditions must be f u l f i l l e d :  

( a )  aUHV < a air '  (b) Bum 

('1 TUHv > Tair 

reduces AG much more than OG it is d i f f i c u l t  t o  see how condition ( c )  

could be f u l f i l l e d .  Conditions ( a ) ,  (b), and ( c )  however could be fu l -  

f i l l e d  i f  it is  assumed t h a t  a higher f r ac t ion  (14) of t h e  &toms is 

Bair' (4 (AG, - A G ~ ) ~ ~  (AG a - A G ~ ) ~ ~ ~ .  o r  

. Unless the  surface l aye r  on t h e  air cieaved surface 

3 a 

re f l ec t ed  on t h e  f i r s t ' e n c o u n t e r  with the  UHV cleaved su-fnce and t h a t  

t h e  thermal accommodation of t h e  hot vapor atom on t h e  UHV cleaved surface 

is poorer than on t h e  a i r  cleaved surface.  T h i s  would lead  t o  a higher 

temperature of t h e  Au (Ag, A l )  adsorption l aye r  (T uHv > Tair) and very 

probably t o  a lower s t i ck ing  coef f ic ien t  ( a  a ). It seems there- 

fore  t h a t  t he  smaller amount o f  condensed mater ia l  on t h e  UHV cleaved 

UIW a i r  

surface as compared t o  t h e  air cleaved surface can be a t t r i b c t e d  t o  a 

reduced growth r a t e  onl_v.if a difference i n  &-which i s  usual ly  taken t o  

be 1--or i n  thermal acconiodation - i s  assumed. 

Howeyer observation 3 suggests t h a t  mainly differences i n  I ( t )  are 

responsible f o r  t he  differences i n  I ' ( t ) .  I n  t h e  phenomenological 

theory [18,20-221 the  steady s t a t e  nucleation rate f o r  a nucleus con- 

s i s t i n g  of g* atoms w i t h  a square in t e r f ace  of euge length II* i s  given by 

7 
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The fac tors  CM, CL, C 

energize t h e  subnuclear c lus t e r s  i n  mobile adsorption layers  ( see  e.g. 

ref. 21, p. 46), (b) t h e  embryo d i s t r ibu t ion  over t h e  ava i lab le  surface 

take i n t o  account (a )  t h e  energy required t o  
g 

s i t e s  i n  loca l i zed  adsorption layers  ( see  e . e .  ref.  21, p. 451, and ( c )  

t h e  inf luence o f  embryos ( g  > 1) which i s  usua l ly  neglected (number of  

clusters cons is t ing  of '  g a t o m  N << N1) 1341. Cz i s  t h e  Zeldovich 
65 

f a c t o r ,  v i s  t h e  v ib ra t iona l  frequency of  t h e  adsorbed atoms, g* i s  t h e  

number o f  atoms i n  t h e x u c l e u s  and 

is t h e  Gibbs i'ree energy of fornation of an embryo or c r y s t a l  a t  rest ,  

cons is t ing  of g atoms. 

atoms i n  t h e  c r y s t a l  and i n  t h e  adsorption l aye r  respec t ive ly ,  0 and 4 

axe t h e  f r e e  sur face  and i n t e r f a c i a l  energies o f  t h e  embryos o r  c r y s t a l s  

Here IJ and pa a re  t h e  chemical po ten t i a l s  of t h e  

gs 

of  s i z e  g ,  and 0 i s  t h e  f r e e  surface energy of  t h e  subs t r a t e  a rea  

covered by t h e  p a r t i c l e  s i z e  g. 

it has  t o  be kept i n  nind t h a t  the cbserved quant i ty  is  not  I but N as 

s g  
In comparing equation ( 4 )  w i t h  experiment 

given by equation (2 ) .  In  put t ing N - I w e  have t o  m a k e  t h e  assumption 

t h a t  t he  incubation period T i 

is s h o r t  compared t o  t h e  t o t a l  deposition time T and t h a t  t h e  coverage F 

during t h e  f i l m  growth i s  always small ( F ( t )  << 1). 

t o  e s t ab l i sh  t h e  s teady s t a t e  nucleat ion rate 

However observation 1 

ind ica t e s  chat  and Fig. 4a-c i n  Par t  I shows t h a t  only on t h e  

UHV cleaved surface i s  F (T)  < c  1. Nevertheless i n  a l l  cases i n  which 

(>) << 1 (6 -1. 1 Although 10 condensation took place on both surfaces w a s  

t h e  assumptions made above are f u l f i l l e d  t o  d i f f e ren t  degrees on t h e  a i r  

and UHV cleaved sur faces ,  the  differences tend t o  compensate and w e  assune 

he re  t h a t  I i s  approximately proportional t o  14. 

a 



. 
I I 

We now have t o  explain why Iair > Ium i n  contradict ion t o  t h e o r e t i c a l  

expectations according t o  which impurit ies should reduce I (see ref. 21, 

p. 52 and 56). 

(assuming f u l l  thermal accornmouation of t h e  adsorbed atom): 'air kT I n  -- 
IUHV 

From Table 1, P a r t  I ,  we obtain the  fDllowing values f o r  

.075, .085, .15, and .14 e V .  From equation (4) w e  ge t  kT In  7 'air - - 
9 J K V  

where A is  t h e  pre-exponential and E the  numerator Aai r 
+ 'UHV - Eair kT I n  - 

%Hv 
of t h e  (negative) exponential. 

s e n s i t i v e  t o  the  surface condition (Aair 

.$ .15 eV f o r  t h e  experiments of Table 1, Par t  I. 

I f  it i s  assumed t h a t  

AVw! then 

The 

A is not very 

.075 eV zFUHV - 
smaller value c f  

E = AGK(g*) - 2 AG 
smaller expected value of  AG 

+ AG a D on t h e  a i r  cleaved surface i n  s p i t e  o f t h e  

( a s  compared t o  t h e  UHV cleaved surface)  a 

Eai r 

can 

be e a s i l y  accounted f o r  by a smaller value of  AGK(g*) (equation ( 5 ) )  which 

contains the  surface energy Q and i n t e r f a c i a l  a e r p j  Q The surface 

energy per  A u  aton i n  a l u g e  c r y s t a l  is (r 

u n r e a l i s t i c  case of a c r y s t a l  consis t ing of only a f e w  atoms c$ M .22 e V  

(according t o  t h e  Tolrnan formula which Is a l s o  not very r e a l i s t i c  f o r  siich 

g €9 ' 
0) 

M .65 cV, i n  t h e  somewhat A 

s m a l l  p a r t i c l e s ) .  It  i s  w e l l  known t h a t  the  surface energy can be reduced 

e a s i l y  by adsorption t o  one h a l f  o r  e v m  a quar te r  of i t s  value. If a 

small  Au c r y s t a l  i s  formed on an a i r  cleaved a l k a l i  ha l ide  surface at e 

s u f f i c i e n t l y  high temperature the  adsorbed species  can d'ffuse onto t h e  Ad 

c r y s t a l  and reduce i t s  surface energy without a s ign i f i can t  increase i n  

t h e  subs t r a t e  surface energy. A l s o  t h e  in t e r f ace  energy can be reduced 

considerably if the  la teral  forces between the  adsorbed species are w e a k  

as compared t o  those of t h e  subs t ra te  atoms and i f  t h e  edsorbed species i s  

at  l e a s t  p a r t i a l l y  incorporated i n t o  the  in t e r f ace .  T h i s  r e s u l t s  i n  a 

9 



. 
* 

considerable r e d w t i o n  of t h e  in te r face  shear  modulus and the re fo re  of 

t h e  i n t e r f a c e  energy i n  van der  Merwe's i n t e r f a c e  model [35]. I n  a 

c rys t a l "  cons is t ing  of say ,  5 or r o r e  atom% AGK(g*) can the re fo re  e a s i l y  11 

be reduced by .5 e V  or more. 

AG 

than  on t h e  clean sur face .  A value of AGa > .4 e V  p e r  atom i s  necessary 

in order  t o  obtain 8 c o l l i s i o n  r a t e  h izh  enough for nucleat ion t o  become 

poss ib le  under t h e  experimental conditions of I. If AG would be reduced 

considerably by adsorpt ion,  e.g. t o  h a l f  i t s  value,  t h e  number of adsorbed 

atoms on t h e  air cleaved sur face  would become so small, t h a t  t h e  nucleation 

rate would become neg l ig ib l e  i n  contradict ion t o  experiment. Higher values 

than  AGa % 1 e V  f o r  t h e  clean sur fece  a r e  unl ike ly  so  t h a t  we can conclude 

t h a t  impur i t ies  cannot decrease AG by more than  seve ra l  t e n t h s  of an eV 

per atom. Inasmuch as AG is usual ly  s m a l l  compared t o  AG and AGK(g*), 

On t h e  o the r  hand t h e  hea t  of adsorption 

of Au on a sur face  covered w i t h  impur i t ies  i s  expected t o  be lower a 

a 

a 

D a 

due t o  impurity adsorption by .075 - .15 eV UHV to Eair t h e  decrease from E 

is  quite p laus ib le ,  i f  t h e  nac le i  al-e assumed t o  cons i s t  ox' only a few 

atoms o r  i f  only a small reduction of t h e  sur face  energy occurs upon impurity 

adsorpt ion on larger nuc le i .  However it has t o  be kept i n  mind t h a t  t h e  

pre-exponential may also vary considerably with sur face  condition. The 

largest uncer ta in ty  probably is i n  t h e  Lothe-Pound f a c t o r  C 

t h e  magnitude of which i s  s t i l l  a mat ter  of d i spute  [36]. 

change I by many orders  of  magnitude depending upon t h e  mobil i ty  of t h e  

subnuclear c l u s t e r s ,  vhich may d i f f e r  considerably between UHV and a i r  

cleaved surfaces .  The phenomenological theory thus can explain t h e  higher 

t o t a l  condensation coe f f i c i en t  md p a r t i c l e  dens i ty  on t h e  air-cleaved sur- 

f a c e  but allows no r e l i a b l e  conclusions a t  present  because of t h e  l a rge  

i n  equation (4), M 
This f a c t o r  can 

10 



number of poorly understood var iables  (e.g. CM, C 

it contains .  

a ,  0 ,  e t c .  ) which 
g' 

The a tomis t ic  theary 1231 on the  o ther  hand contains  only a few 

va r i ab le s ,  but  cannot explain i n  its presen-L form t h e  observations con- 

s idered  here.  The nucleat ion r a t e  i s  given by 

E I + (g*+l)AGa - AGD 
kT ( 6  1 1 = N.N a 2 1  (;kY 1 e 

1 0  

where t h e  symbols have the  same s igni f icance  as i n  equations ( 4 )  and (5), 

N is t h e  dens i ty  of adsorption sites and E is t h e  energy of  dissocia-  

t i o n  of t h e  c r i t i c a l  nucleus.  

(4) and (6)  shows t h a t  bGK(g") = - [Eg* + (g*-l)AG 1 < 0 ,  i . e .  i n  t h e  

a tomis t ic  t h io ry  t h e  quant i ty  corresponding t o  t h e  Gibbs f r e e  energy of 

formation of a nucleus i s  negat.ive, i .e .  t h e r e  i s  no nucleat ion b a r r i e r  

and t h e  term'huc1sus"as t h a t  p a r t i c l e  which has equal probabi l i ty  for 

growth and decay 

and t h e  only w a y  it can "decay" is by desorpt ion,  so t h a t  t h e  heat  of 

rdsorpt ion AG becomes t h e  p a r m e t e r  dec is ive  f o r  thd  nucleat ion rate. 

This i s  also t r u e  i f  t he  "nucleus" cons i s t s  of two o r  more atoms, because 

such a nucieus i s  formed by co l l i s ion  of s i n g l e  atoms--except i n  systems 

which already contain i n  t h e  vapor phase diatomic molecules such as Ag 

and Au-. so t h a t  a s u f f i c i e n t l y  high AG 

enough c o l l i s i o n s  between a t o m  and subnuclear c l u s t e r s  ( i .e.  o ther  atoms, 

diatomic and polyatomic molecules). If AG i s  decreaszd by sur face  i m p -  

r i t ies  as general ly  a s s w e d ,  then t h e  "nuclea'cion r a t e "  w i l l  d e x e a s e  i n  

cont rad ic t ion  t o  experiment [see above). 

0 g" 
A comparison of t h e  exponents i n  equations 

a =  

loses  i t s  meaning. The s i n g l e  atom becomes a "nucleus" 

a 

is necessary i n  order t o  have a 

a 

The reason why I can increase 



, 

i n  t h e  phenomenological theory i n  s p i t e  of a decreased AG 

magnitude of t h e  pos i t i ve  terms Q, and 4 

reduced by impuri t ier  . I f ,  hovever, AG i s  assumed t o  be increased by 

su r face  impur i t ies ,  t h e  a tomis t ic  theory can a l s o  account f o r  t h e  observa- 

t i o n s  on a i r  and UHV cleaved surfaces .  This could happen i f  t h e  Au atoms 

penet ra te  i n t o  t h e  impurity l a y e r  s o  t h a t  they are bound normally j u s t  as 

on t h e  clean a l k a l i  ha l ide  sur face  and, i n  addi t ion ,  l a t e r a l l y  t o  t h e  

adsorbed species .  I n  t h i s  model, i n  which t h e  metal atorns d i f fuse  - i n  

t h e  impurity l a y e r  and not on t o p  of it, AG is  expected t o  be consider- 

ably higher  than on t h e  clean surface and may p a r t i a l l y  compensate t h e  

increase  of AG . 

is  t h a t  t h e  a 

i n  b G K ( g s )  (egiiation ( 5 ) )  a r e  e g= 

a 

D 

a 

Jus: t h e  opposite is  the case i n  Harsdorff 's  nodel [ 5 ]  of t h e  inf luence 

of sur face  layers  on t h e  growth of metal  f i l m s  on a l k a l i  ha l ides .  Here 

t h e  metal atoms are adsorbed on top  of an adsorbed multilayer--assumed t o  

cons is t  of H 0 on a i r  cleaved a l k a l i  halides--which themselves are so 2 

weakly bound t o  t h e  a l k a l i  ha l ide  sur face  t h a t  they can be desorbed success- 

i v e l y  by heat ing t o  seve ra l  100°C i n  vacuum. 

A u  experiments of Table 1 i n  Par t  I t h e  sur face  should be covered by t h r e e  

water layers .  

for sur face  diffusion bGD--which plays t h e  c e n t r a l  r o l e  i n  Narsdorff 's  

model--and the re fo re  according t o  equation (4) o r  (6)  t r ,  increase  t h e  nucle- 

a t i o n  rate. This conclusion however neglects  t h e  r e l a t i o n  between AG and 

Under t h e  conditions of t h e  

These layers  a re  assumed t o  reduce t h e  ac t iva t ion  energy 

a 
1 
10 M $ t o  - AGa. A change of AGD i s  It i s  eenera l ly  essumed t h a t  AGD . AGD 

t h e r e f o r e  accompanied by a much l a r g e r  change of A 2  

t h e  AGD change and l eads  t o  a reduction of I according t o  equations (4) and 

(6)  i n  contradict ion t c  experiment. 

which overcompensates a 

12 
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I n  conclusion, t h e  d i f fe rences  i n  t h e  number of condensed atoms I' and 

nucleat ion rates I between subs t r a t e s  with d i f f e r e n t  su r i ace  condi t ion 

can i n  p r inc ip l e  be explained by differences i n  AG ( g 2 ) ,  AGa o r  AGD. 

explanation i n  terms of AGK(g*) appears t h e  most r e a l i s t i c ,  bu t  only i f  

one of t h e  following condi t ions i s  f u l f i l l e d :  (a)  t h e  nuc le i  a r e  very 

small (g* %.5-10), (b) the  decrease of t h e  "surf8ce energy" an2  " in te r -  

facial energy" due t o  impuri t ies  is very small, or ( c )  t h e  subnuclear 

c l u s t e r s  are mobile t o  d i f f e r e n t  degrees depending upon su r face  condition. 

The last condition involves major differences i n  t h e  pre-exponential i n  

addi t ion  t o  d i f fe rences  i n  AGK(g"). 

The K 

2.3. Film o r i en ta t ion  and o r i en ta t ion  per fec t ion  

The most important; quant i ty  i n  t h e  context of  t h i s  paper i s  not  t he  

number of c r y s t a l s  i n  t h e  f i l m ,  but t h e i r  o r i en ta t ion  and t h e  perfect ion 

of o r i en ta t ion .  The following experimentd r e s u l t s  of Par t  I have t o  be 

compared with theory: (1) The th innes t  f i l m s  of Au on N a C l  and KC1 have 

predominantly (100) o r i en ta t ion  i n  t h e  temperature range inves t iga ted  

i r r e s p e c t i v e  of subs t r a t e  sur face  condition. (2)  I n  addi t lon  t o  t h i s  

predominant o r i en ta t ion  seve ra l  other  weak o r i en ta t ions  are obser-ed. 

( 3 )  The azimuthal alignment of t h c  c r y s t a l s  is  poor i n  t h e  th innes t  films 

and increases  with f i l m  thickness  ( p a r t i c l e  size). 

aligAnient i s  b e t t e r  on UHV cleaved surfaces  with l a r g e  p a r t i c l e  s i z e  than 

on air cleaved surfaces  (small  p a r t i c l e  s i z e ) ,  but  seems t o  become inde- 

pendent of t h e  sur face  condition once t h e  p a r t i c l e  s i z e s  are comparable. 

( 5 )  Ag on KC1 and A 1  on NaC1, i n  cont ras t  t o  A u  on N e C l  and KC1, have 

under s i m i l a r  conditions not only prominent (100) but also prominent (111) 

(4) The azimuthal 

13 



or i en ta t ions ,  with w e a k  subs id ia ry  o r i en ta t ions ,  appearing i n  t h e  earliest 

s tages  of f i l m  growth. 

respect  t o  t h e  s u b s t r a t e  normal under t h e  experimental condi t ions of Pa r t  I. 

(6) The c rys t a l s  a r e  always w e l l  a l igned with 

I n  t h e  phenomenological nucleation theory the f o r n i t i o n  of e p i t a x i a l  

nuc le i  i s  a t t r i b u t e d  t o  t h e  o r i en ta t ion  dependence of t h e  i n t e r f a c i a l  f r e e  

energy [17,18] ( see  a l s o  r e f s .  20, p. 493; 21, p. 69; 22, p. 18). 

every minimum (I (eM, 

pred ic t  a m a x i m u m  IM (el,!, OM) of t h e  nucleat ion rate. The relative nuclea- 

t i o n  rates for t h e  d i f f e r e n t  or ien ta t ions  with mininal i n t e r f a c i a l  energies  

depend upon t h e  depth of t h e  minima while t h e  perfect ion of t h e  o r i en ta t ions  

depends upon t h e  sharpness of  t h e  minima. 

observat ions,  (1)-(6) above, ind ica te  t h a t  for Au, Ag, and A 1  on N a C l  rind K C 1  

t h e r e  a r e  seve ra l  minima of Q 

i n  Au and t h e  (100) and t h e  (111![011] minima about equal ly  deep i n  Ag and 

A l .  The poor azimuthal alignment i n  t h e  th innes t  f i l m s  i nd ica t e s  t h a t  t h e  

minima are poorly pronounced. 

i a r y  o r i en ta t ions  ( ( l o o ) ,  (211):OOl) as defined i n  Pa r t  1.3.1.) i n  t h i s  

manner it has t o  be assumed t h a t  t hese  c r y s t a l s  r e a l l y  have d i r e c t  contact  

with t h e  subs t r a t e  and a r e  not oriented overgrowth of Au on Au as sug- 

gested by Gattsche [37]  who found t h e  same o r i en ta t i cns  i n  fi lms which were 

deposited a t  room temperature i n  ordinary vacuum and annealed afterwards.  

This  assumption appears j u s t i f i e d  on t h e  bas i s  of t h e  co r re l a t ion  betveen 

TED and TEM r e s u l t s  (see Par t  1.3.5.) .  

i n  terms of t h e  mult iple  twin model which has been convincingly demonstrated 

by Ino [38] f o r  predominantly (111) oriented Au f i l m s .  

be  excluded--except for t h e  (211)[011] orientations--because of t h e  dis-  

agreement between t h e  observed and ca lcu la ted  spot  pos i t ion  and i n t z n s i t i e s ,  

For 

of t h e  i n t e r f a c i a l  3nergy equations ( 4 )  and ( 5 )  M 
gs 

If in t e rp re t ed  t h i s  way, t h e  

with t h e  (100) minimun by f a r  t h e  lowert 
gs ’ 

For t h e  i n t e r p r e t a t i o n  of the  weak subsid- 

Arother poss ib le  i n t e r p r e t a t i o n  is 

However it can a l s o  



both f o r  base c r y s t a l s  with (111) and (100) or ien ta t ions .  Table 2 gives 

t h e  o r i en ta t ion  re la t ionships  of the  primary and secondary twins f o r  

which t h e  expected d i f f rac t ior ,  pa t te rns  have been determined. The equiv- 

a len t  twins are obtained from those l i s t e d  by proper permutatioca and 

s ign  changes of t.he indices .  

t i o n  of t h e  (211)[011] or ien ta t ions  i n  terms of t h e  mult iple  twinning 

An argument aga ins t  a possible  in t e rp re t a -  

model as upper secondary twins of  the  (100) o r i en ta t ion  is  t h e  observa- 

t i o n  of t h e  (211)[0ll] or ien ta t ions  i n  A 1  f i h s ,  i n  which no mul t ip le  

twinning would be expected because of the  high s tacking f a u l t  energy of 

A 1  . 
The indexing chosen i n  ?art I can explain a l l  re levant  d i f f r a c t i o n  

features. The ca lcu la ted  pa t t e rn  of one of  t h e  orientations--the four  

equivalent  (110) o r i en ta t ions  defined i n  Pa r t  I. 3.1.--which accounts for 

most of  t h e  weak subsidiary spots  i n  very t h i n  fi lms is  shown i n  Fig. 1. 

It has t o  be pointed out however t h a t  t h e  in t e rp re t a t ion  may not be 

unique because it is based on only one rec iproca l  l a t t i c e  sec t ion  end on 

t h e  Combination of TED and b r igh t  f i e l d  TEM. 

i n t e r p r e t a t i o n  f o r  anDarently t h e  same TED pa t t e rn  of t h i n  A u  f i l m s  

deposited on vacuum cleaved N a C l  i n  ordinary vacuum at  3OO0C has been 

given recent ly  1391, but  t h e  data  reported i n  Par t  I d e f i n i t e l y  do not f i t  

t h i s  i n t e rp re t a t ion .  

account f o r  t h e  discrepancies between recent  inves t iga t ions ,  especia!ly 

between those  reported i n  Par t  I and Ino 's  [38], which must be a t t r i b u t e d  

t o  differences i n  experimental conditions.  The most important difference 

is  probably i n  t h e  annealing of the  f i l m s :  i n  Ino's se tup  [4,38] t h e  

c r y s t a l s  cool only about 1 0 ° C  w i t h i n  10 min o r  more, w h i l e  i n  our setup 

For instame,  a d i f f e ren t  

Differences i n  in t e rp re t a t ion  alone however cannot 
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( see  Par t  I. 2.)  t h e  temperature drops about l5OoC within t h e  first 

10 mjn. Considerabie annealing, which leads t o  coalescence and t o  

secondary or ien ta t ions  ( see  Par t  I. 3 .4 .3 .  and 11. 3.2.) ,  i s  the re fo re  

l i k e l y  t o  have occurred i n  Ino 's  work 1381, but  not i n  ours.  This is 

i n  contradict ion t o  Ino 's  suggestion t h a t  t h e  c r y s t a l s  which are multiply 

twinned with respect t o  c r y s t a l s  w i t h  (111) base or ien ta t ions  a, -e formed 

by nucleat ion and not by coalescence. 

wedge f i lms,  even Ino ' s  t h innes t  films (Fig. 18a i n  ref. 38) show coales- 

cence. Even i f  t h e  films are quenched immediately after deposit ion it 

According t o  our  experience with 

is d i f f i c u l t  t o  exclude coalescence completely, at least i n  slow deposi- 

t i o n s ,  because it occurs t o  a s m a l l  degree simultaneously with nucleation 

and growth. U n t i l  disproven, t h e  or ien ta t ions  reported i n  Part  I w i l l  be 

considered not t o  be due t o  coalescence. 

The in t e rp re t a t ion  i n  terms of nucleat ion as b r i e f l y  discussed above 

has t h e  following d i f f i c u l t i e s :  (1) I n  order  t o  explain t h e  high nuclea- 

t i o n  rates observed very l a r g e  values of  IJ - p i n  equations ( 4 )  and ( 5 )  

have t o  be assumed, which lead according t o  t h e  Gibbs-Thomson equation 

a 

t o  very s m a l l  g* ( <  101, unless  t h e  pre-exponential f ac to r s  are assumed 

to be very la rge .  ( 2 )  The difference between t h e  p a r t i c a l  numbers on air  

and UHV cleaved surfaces  suggest a l s o  a very snall nucleus s i z e  unless 

l a r g e  differences i n  t he  pre-exponential f ac to r s  com2ensate f o r  t h e  

d i f fe rences  i n  AGK(gK) ( see  2.2.). (3) The pre-exponential i n  t h e  pre- 

s e n t  formula f o r  t h e  nucleation rate (equation ( 4 ) )  can be s u f f i c i e n t l y  

l a r g e  and change s t rongly w i t h  surface condition only i f  t h e  nuclei  

and subnuclear c l u s t e r s  are mobile (Lothe-Pound f ac to r  C ) .  Mobility 

is a l s o  expected i f  g* is  small, i f  t h e  ac t iva t ion  e n e r a  fo r  surface 

M 
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diffusion i s  s m a l l .  If t h e  mability includes r o t a t i c n  of t h e  "crystals"  

no Orientat ion dependent " in t e r f ac i a l  energy" can be ascribed t o  them 

and no e p i t a x i a l  nucleation is  t o  be expected. The formation o f  prefer red  

or ien ta t ions  has then t o  be ascribed t o  t h e  growth of t he  c r y s t a l s  from 

t h e  nuc le i .  T h i s  i s  governed by e s s e n t i a l l y  t h e  same extremum conditions 

as nucleat ion (see e.g. ref. 40, equations (6 )  and (7 ) ) :  t h e  Gibbs free 

energy G o f  t h e  system has t o  be an extrenum, for nucleation G--or mcre 

prec ise ly  i t s  change AG upon nucleation--has t o  be a maximum (Fig. 2b) ,  

i n  t h e  case considered here G has t o  be a minimum (Fig.  2c) .  

t h e  ac t iva t ion  b a r r i e r  f o r  a c rys t a l  t o  reach t h e  configuration of 

minimum G i s  not t o o  high t h e  minimization o f  t h e  i n t e r f a c i a l  energy w i l l  

l ead  t o  epi taxy by growth i n  t h e  same manner as it does by nucleat ion of 

nuclei  which are la rge  enough and do not r o t a t e .  In  terms of t h e  sche- 

mat ical  AG(g) diagram (Fig.  2)  the  differer.ce between t h e  e p i t a x i a l  

nucleat ion model and t h e  ep i t ax ia l  growth model can be described as 

follows: i n  the nucleation model ( F i g .  2b) ,  t h e  i n t e r f a c i a l  energy 41 

and the re fo re  AGK( g) (equation (5 )  ) var ies  s t rongly  with c r y s t a l  or iecta-  

t i o n  ( e  ,I$) and consequently according t o  t h e  Thomson-Gibbs equation a l s o  

g* 

t a t i o n s  ( e  ,Q ) corresponding t o  minima of t h e  " in t e r f ac i a l  energy" W i l l  

be formed at a much higher r a t e  than nuclei  with o ther  or ien ta t ions  ( 8 .  , t j .  ).  

In  t h e  growth model (Fig.  2d) the va r i a t ion  of t h e  " in tn r f ac i a l  enerey" 

with o r i en ta t ion  i s  very small--if it can be defined at all--and a l l  orien- 

t a t i o n s  are formed with compareble probabi l i ty .  

s i z e  t h e  minima ( e  

and c r y s t a l s  with an or ien ta t ion  8 

As long as 

gs 

and according t o  equation ( 4 )  t h e  nucleat ion rate. Nuclei w i t h  orien- 

M M  

1 1  

With increasing in t e r f ace  

of the i n t e r f a c i a l  energy become more pronounced 14 ' $M 
,$ grow p re fe ren t i a l ly  o r  c r y s t a l s  M' M 
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While M,'M* with d i f f e r e n t  or ien ta t ions  8.  ,$i r o t a t e  i n t o  o r i en ta t ion  8 

t h e  bas ic  assumption of  t he  growth model, t h a t  t h e  o r i en ta t ion  of t h e  

nuclei  may be very poor, cannot be examined present ly  because of t h e  small 

s i z e  of t h e  nuc le i ,  observations 3 and 4 (see above) which are i n  agree- 

ment with Matthews' observations [14,321 s t rongly  favor  such an in t e r -  

p r e t  at ion. 

1 

The growth model is  diametr ical ly  opposed t o  Walton'z model 1231 of t h e  

mechanism o f  epitaxy. 

by t h e  o r i en ta t ion  of  t h e  "nucleus" cons is t ing  i n  general  of 2-4 atoms. 

Actually t h e r e  is  no nucleus because t h e  addi t ion of  an atom t o  a cluster 

of a r b i t r a r y  s i z e  is  accompanied wi th  an energy gain,  so t h a t  no maximum 

i n  AG is formed as suggested by t h e  word nucleus (Fig. 2 a ) ;  r a t h e r  AG 

decreases continuously with g as shown schematically i n  Fig. 2c. The 

tendency of t h e  2 t o  4 a t o m  i n  t h e  t o  l i e  i n  t h e  p o t e n t i a l  

minima of  t h e  surface determines %he or ier , ta t ion of t h e  c l c s t e r  which is 

maintained upon i t s  f u r t h e r  growth. This is  i n  disagreement with observa- 

t i o n s  3 and 4. 

considerat ion shows: Walton's model asserts t h a t  i f  t h e  nucleus i s  a 

diatomic molecule ("twin") a (111) or ien ta t ion  is predicted and i f  it 

cons i s t s  of t h r e e  atoms a (100) or ien ta t ion  should be formed. 

t h e  binding energy E2 of t h e  diatJmic molecule, t h e  higher  t h e  probabi l i ty  

t h a t  t h e  "twin" i s  already t h e  nucleus and t h a t  a (111) or ien ta t ion  is  

formed. 

tendency t o  form (111) or ien ted  nuclei  than Ag with E2 = 1.63 -+ .10 e V  [ 4 1 ]  

o r  A 1  f o r  which no diatomic molecules have been detected t o  da te ,  i n  contra- 

d i c t i o n  t o  experiment (observation 5 ) .  Another argument against  Walton's 

I n  h i s  model t h e  c r y s t a l  o r i en ta t ion  i s  d e t e d n e d  

Observation 5 cannot be explained e i ther  as t h e  following 

The l a r g e r  

Therefore Au w i t h  E2 = 2.23 f .10 e V  [41] should show a s t ronger  
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epitaxy model i s  t h a t  many f.c.c. metals show (100) epi taxy  on a l l  a l k a l i  

ha l ides  from LiF t o  K I  with widely d i f f e r i n g  d is tances  between t h e  poten- 

t i a l  minima i n  t he  surface;  obviously t h e  o r i en ta t ion  of a given c l u s t e r  

configuration should change with t h e  subs t r a t e  l a t t i c e  parameter. These 

d i f f i c u l t i e s  of  Walton's epi taxy model do not  mean t h a t  atomic theo r i e s  

of condensation such as Zinsmeister's 1421 cannot account f o r  epitaxy. 

They only ind ica t e  t h a t  t h e  o r i en ta t ion  is  not determined by t h a t  of t h e  

smallest s t a b l e  c l u s t e r  but  develops i n  t h e  l a t e r  s t ages  of i t s  growth. 

The observations are also incompatible with Harsdorff 's  model [5] of 

t h e  inf luence  of surface l aye r s  on t h e  perfect ion of t h e  o r i en ta t ion .  

According t o  h j s  model t h e  o r i en ta t ion  should be more pe r fec t  on an a i r  

cleaved sur face  than on a UHV cleaved sur face  whicn is  i n  contradict ion 

t o  experimeTt (observation 4 ,  s ee  a l s o  refs.  12, 1 4 ) .  

In  conrlusion,  while within the framework of t h e  phenomenological 

nucleat ion theory t h e  or ien ta t ions  observed i n  very t h i n  f i l m s  can i n  

p r i n c i p l e  be a t t r i b u t e d  t o  e p i t a x i a l  nucleat ion,  the o r i en ta t ions  suggest 

t h a t  t h e  nuc le i  a r e  only poorly or iented and t h e t  t h e  wel l  defined orien- 

t a t i o n s  are formed i n  t h e  growth process by t h e  tendency t o  be i n  t h e  

s ta te  of minimum Gibbs f r e e  energy which depends upon i n t e r f a c i a l  energy 

and i t s  o r i en ta t ion  dependence. 

2.4. Residual gas inf luence 

The experiments described i n  Part I were performed i n  UHV and t h e  

inf luence  of t h e  r e s idua l  gas i s  considered t o  be negl ig ib le .  

i n  experiments i n  ordinary vacuum [4,8,9] a s t rong  inf luence of t h e  

r e s i d u a l  gas was noted. Th i s  was explained i n  terms of t h e  inf luence of 

However 
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r e s idua l  gases on t h e  ac t iva t ion  energy f o r  su r face  d i f fus ion  AG 

"place exchange energy") [8  I .  

f r e e  energy of formation of a nucleus A G K ( g * ) ,  t h e  hea t  of adsorption AGa 

of t h e  metal atoms on t h e  sur face ,  t h e  pre-exponential f a c t o r  i n  t h e  

nucleat ion rate (equation ( 4 ) )  and t h e  nucleus s i z e  g*. A s  discussed i n  

11.2.2 and 11.2.3. AG (6") i s  t h e  most probable quant i ty  responsible  f o r  

t h e  dependence of  I on t h e  surface condition. This suggests explanation 

o f t h e  r e s idua l  gas inf luence a l s o  i n  t e r m s  of A G K ( g * ) .  

( o r  D 
However r e s idua l  gases inf luence also t h e  

K 

If  an a l k a l i  ha l ide  sur face  i s  cleaved i n  an a c t i v e  r e s idua l  gas and 

t h e  evaporation i s  performed i n  it, t h e  gas i s  adsorbed on the  subs t r a t e  

sur face  and on t h e  sur face  of t h e  c l u s t e r s  and c r y s t a l s  of the  condensing 

matei-ial. It is  obxious t h a t  t h e  na tu re  m d  th ickness  of t h e  adsorption 

l aye r  on a given sur face  will depend on t h e  pressure and na ture  of t h e  

r e s idua l  gas, and t h e  sur face  temperature. Fur themore ,  on a vacuum 

cleaved s u b s t r a t e  sur face  it w i l l  depend on t h e  exposure time p r i o r  t o  

depos i t ion ,  and on t h e  sur face  of t h e  groving c l u s t e r s  an? c r y s t a l s  it 

w i l l  depend on t h e  rate at which t h e  sur face  a rea  increases ,  which i s  t o  a 

l a r g e  ex ten t  determined by t h e  deposit ion rate. These  adsorption layers  

in f luence  A G K ( g * ) ,  Aca, AG and other  quan t i t i e s  on which t h e  nucleus D 
s i z e  g* ("homson-Gibbs equat ion) ,  t h e  nucleat ion rate I (equation (4) ) , 
and t h e  growth rate (equation (3 ) )  depend; as discussed i n  11.2.2. adsorp- 

t i o n  is  expected t o  decrease g*, A G K ( g * ) ,  AG,, and AGD, but t h e  decrease 

of A G ~ ( ~ * )  + AGD overcompensates t h a t  of ACa so t h a t  I increases .  

magnitude of t h e  increase of I depends on t h e  magcitude of t h e  decrease 

of t h e  "surface" and " in t e r f ac i a l  f r e e  energies" 0 and Q 

t i o n  which i n  t u r n  depends on t h e  r a t e  a t  which gas i s  supplied t o  t h e  

The 

due t o  adsorp- el US 
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growing surface.  

r e s idua l  gas atoms ( o r  molecules) can be adsorbed, Q 

s i z e  g w i l l  be reduced more than i n  the  case where t h e  sur face  area 

increases  so rap id ly  t h a t  only a small f r a c t i o n  of it is covered w i t h  

If t h e  sur face  grows s u f f i c i e n t l y  slowly so t h a t  many 

f o r  a given p a r t i c l e  
g 

adsorbed atoms. 

and LeBlanc [30] t h a t  t h e  nucleation rate I of Au on vacuum cleaved N a C l  

at 3OO0C i n  t h e  10- 

N. i n  cont rad ic t ion  t o  nucleat ion theory (equation ( 4 ) )  neglec t ing  t h e  

r e s idua l  gas influence.  

v a l i d  only i f  tine sur face  energy of t h e  c r y s t a l  i s  much l a r g e r  than t h a t  

of t h e  subs t r a t e . )  I w i l l  increase with decreasing N u n t i l  t h e  sur face  

of t h e  growing c l u s t e r  i s  covered with a sa tu ra t ed  adsorption l a y e r .  

This can explain qua l i t a t ive ly  the  observation of Adamsky 

6 t o r r  range increases  with decreasing deposi t ion rate 

1 

(It should be noted t h a t  t h i s  explanation is  

i - - 

This c r i t i c z l  deposi t ion rate Ni w i l l  depend of t h e  

C r e s i d u a l  bas, i t s  na ture ,  which determines t h e  hea t  of adsorpt ion AGa 

on t h e  c l u s t e r  sur face ,  and on t h e  temperature T of t h e  c l u s t e r .  Any 

further decrease of Ni ( o r  at constant N .  any f u r t h e r  - increase i n  res id-  

ual gas pressure)  w i l l  ndt reduce 4 
g 

start t o  - decrease as expected from nucleat ion theory neglect ing t h e  resid- 

u a l  gas inf luence.  

on t h e  pressure p r 

I 

1 - 
for  a given g aqy f u r t h e r  and I w i l l  

i 

If t h e  observed inf luence of the  r e s idua l  gas on t h e  o r i en ta t ion  perfec- 

t i o n  [81 i s  t o  be a t t r i b u t e d  t o  the  nucleation and i n i t i a l  growth s t age ,  

t he  assunption has t o  be made t h a t  i n  t h e  presence of ac t ive  r e s idua l  

gases t h e  processes t*ing place i n  t h e  l a t e r  s tages  of the f i l m  growth 

(coalescence and f i l l i n g - i n )  do not s i g n i f i c a n t l y  inf luence t h e  o r i en ta t ion  

pe r fec t ion  i n  cont ras t  t o  t h e  UHV r e s u l t s  described i n  Pa r t  I. 

t i o n  i s  necessary because t h e  films s tudied  were i n  general  450 A t h i c k ,  

This assump- 
0 
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and even t h e  th innes t  f i l m  f o r  which t h i s  r e s idua l  gas influence w a s  

checked w a s  30 A t h i c k ,  a thickness a t  which massive contact between t h e  

c r y s t a l s  must have already taken place a t  t h e  subs t r a t e  temperature and 

deposit ion rate used (6ooc and 1 A/sec) .  

t h a t  coalescence takes  place a l s o  i n  f .c .c .  metal f i lms deposited i n  

normal vacuum onto a l k a l i  ha l ides  131. 

premature t o  speculate  on t h e  or igin of t h e  inf luence of t h e  r e s idua l  

gas on t h e  o r i en ta t ion  per fec t ion ,  although t h e  suggested explanation i n  

terms of AG seems unl ike ly  t o  us on t h e  basis of t h e  arguments given i n  

11.2.2. and II.2.3., and although an explanation i n  terms of t h e  inf luence 

of t h e  r e s idua l  gas on 0 and +gs (and the re fo re  on AG (go) could be 

offered along t h e  l i n e s  discussed i n  11.2.2. and 11.2.3. 

0 

0 
There is considerable evidence 

We consider it therefore  as 

D 

K 

3. Coalescence S t a t e  

3.1. Number and s i z e  of  c r y s t a l s  

Coalescence can occur i n  any stage o f  t he  f i l m  growth and reduce the  

number of c r y s t a l s  arid change t h e i r  o r ien ta t ion .  It becomes a major 

f a c t o r  when t h e  pa- t ic le  densi ty  N i s  so  high t h a t  t h e  m e a n  p a r t i c l e  s i z e  

i s  comparable with t h e  mean p a r t i c l e  dis tance.  With increasing p a r t i c l e  

dens i ty  more and more c r y s t a l s  touch each o ther  and coalescc so t h a t  

t h e  p a r t i c l e  densi ty  increases  a t  a decreasing rate u n t i l  it reaches a 

m a x i m u m  N at a t i m e  t a f t e r  which coalescence overcompensates 

nucleat ion leading t o  a decrease of N. 
max m a x  

The beginning of t h e  coalescence 

s t a g e  can be ( a r b i t r a r i l y )  i den t i f i ed  as t h a t  time tc < tmax at which 

N = N  = - - M  

cence, t h e  a rea  - per coalesced p a r t i c l e  is i n  general  smaller than t h e  

Although t h e  mean p a r t i c l e  s i z e  increases upon coales- 1 
c 2 max' 

F 
N 
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sum of t h e  areas of t h e  p a r t i c l e s  from which it w a s  formed. This shows 

t h a t  coalescence i s  accompanied by a decrease i n  average sur face  t o  

V o l u m e  r a t i o  of t h e  p a r t i c l e s  which poin ts  t o  t h e  cause of coalescence. 

The systen? t r i e s  t o  minimize its Gibbs f r e e  energy by reducing t h e  sur face  

f r e e  energy 4 of t h e  p a r t i c l e s .  The poss ib le  mechanisms involved i n  t h i s  

minimization process have been discussed by Pashley e t  al. [43]. 

Concerned here  only with t h e  dr iving fo rce  f o r  t h e  process,  t h e  3ibbs free 

surface energy 4 ,and t h e  influence of t h e  nature  and condition of t h e  

s u b s t r a t e  sur face  and of res idua l  gas on 4 . If t h e  p a r t i c l e s  have dif-  

fe ren t  o r i en ta t ions  (e .  ,O. ) before coalescence occurs , t h e  i n t e r - p a r t i c l e  

i n t e r f a c i a l  f r e e  energy 4 ik 

balance which determines t h e  minimum f ree  energy configuration after 

coalescence. Under c e r t a i n  conditions (see 3.2. t h e  p a r t i c l e  r e s u l t i n g  

from t h e  coalescence of d i f f e ren t ly  or ien ted  c r y s t a l s  i s  not a s i n g l e  

c r y s t a l  bu t  cons i s t s  of pa r t s  w i t h  d i f f e ren t  o r i en ta t ions .  As t h e  r e s u l t s  

concerning t h e  f i l m  s t ruc tu re  i n  t h e  coalescence s t age  described i n  Par t  I 

were not  concerned with ? a r t i c l e  number and s i z e ,  but  only with p a r t i c l e  

Q 

We are 

t3 

Q 

1 1  

becomes an important p a r t  of t h e  energy 
gg' ' 

or i en ta t ion  a d  p a r t i c l e  shape, we w i l l  l i m i t  t he  discussion t o  t h e  la t ter  

t w o  quan t i t i e s .  

3.2. Orienta t ion ,  or ien ta t ion  per fec t ion  and shape of c r y s t a l s  

The following observations reported i n  Pa r t  I have t o  be accounted for: 

(1) I n  Au f i l m s  on a i r  cleaved NaC1, UHV and sir cleaved K C 1  coalescence 

leads t o  t h e  el iminat ion of the (111) or ien ted  c r y s t a l s  and of a l l  other 

c r y s t a l s  having an or i en ta t ion  d i f f e ren t  from t h e  (100) o r i en ta t ion .  

Simultaneously t h e  c r y s t a l  habi t  changes f r o s  (111) habi t  t o  a (100) hab i t  
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which is accompnied by t h e  formation of a sur face  l a y e r  on t h e  (100) sur- 

faces with a per iod ic i ty  i n  t h e  { O l l l  d i r ec t ion  of approximately 513 of 

t h e  Au pe r iod ic i ty  i n  t h i s  direct ioi l .  ( 2 )  In  Au f i lms on UHV cleaved N a C l  

and i n  Ag f i lms on UHV and a i r  cleaved KC1 coalescence leads  t o  approximate 

(2U)lll or ien ta t ions .  ( 3 )  I n  A 1  films on N a C l  t he  (111) or i en ta t ions  

increase  on coalescence at  the expense of t h e  (100) o r i en ta t ion  with a 

simultaneous decrease of t h e  o r i en ta t ion  per fec t ion  and of t h e  (100) f ace t s  

which are replaced by (111) planes p a r a l l e l  t o  t h e  subs t r a t e .  

here  only t h e  coalescence of (100) and (111) or ien ted  c r y s t a l s  of comparable 

Ve consider 

s izes  g and g ' .  As suggested i n  3.1., t h e  coalescence process i s  determined 

by t h e  stirface and i n t e r f a c i a l  f r ee  energies .  Consider two c r y s t a l s  con- 

s i s t i n g  of g and g' atoms with or ien ta t ions  (€J i ,4 i )  and ( O k , 4 , )  respect ively.  

Then t h e  Gibbs f r ee  energy change upon coalescence i s  

i k  i k  i k  i k  i ik 
+ +gs+ 4gs - - 

@gg' + @g+g' + #g+,J,s @s &+a' AG = 

where t h e  'hklFhk1 Here each 4 i s  given by an expression of t h e  form 6 = 

u 

p a r t i c l e  surfaces  ( o r  i n t e r f a c e s )  with areas F 

t o  occur we m u s t  have AG<O and the  ac t iva t ion  energy t o  reach a s t a t e  u i t h  

are t h e  s p e c i f i c  free surface ( o r  i n t e r f a c e )  e n e r a  of t h e  various hkl  

I n  order  for coalescence hkl ' 

lower Gibbs f r e e  energy G must be s u f f i c i e n t l y  low. This s ta te  of lower 

G = G 

minima of G separated from t h e  o r ig ina l  s ta te  by ac t iva t ion  b a r r i e r s  of 

is  not  necessar i ly  t h a t  of lowest G ,  because t h e r e  can be severa l  M 

d i f f e r e n t  height .  

no reac t ion  takes  place during coalescence which changes t h e  s p e c i f i c  f r e e  

su r face  and in t e r f ace  energies  of t h e  d i f f e r e n t  faces  of t he  c r y s t a l  and 

of t h e  in t e r f ace  w i t h  t h e  subs t r a t e ,  t h e r e  i s  no motivation f o r  a major 

If t h e  coalescing c r y s t a l s  have t h e  saxe or i en ta t ion  and 
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change i n  or ien ta t ion  and t h e  r e s u l t  of coalescence i s  only an increase 

i n  p a r t i c l e  s i ze ,  provided tha t  t h e  state w i t h  G = G can be reached 

(Wulffs law). 

d i f f e r  and/or when reaction--involving the  res idua l  gas o r  t h e  substrate--  

occurs, considerable changes i n  p a r t i c l e  or ien ta t ion  and/or shape can take  

place.  

is t oo  complex. 

Par t  I. 

M 
However when t h e  or ientat ions of t he  coalescing p a r t i c l e s  

A general  discussion of these changes on t h e  bas i s  of equation (7 )  

W e  consider here  therefore  only t h e  cases s tudied i n  

In  order t o  understand observation 1 ( A u  on a i r  cleaved N a C 1 ,  UHV and 

air  cleaved KC1) one has t o  t ake  in to  account t h a t  Au forms compounds with 

t h e  a l k a l i  metals. 

(100) Au surface which w a s  cleaned by ion combardment develops a complex 

surface s t ruc tu re  ascribed t o  a gold-alkali compound; no such surface 

s t ruc tu re  i s  formed under i d e n t i c a l  co?ditions on a (111) surface [45) .  

Unless a gold-alkali  compound layer  with t h e  same l a t e r a l  per iodic i ty  as 

t h a t  of t h e  A u  (111) plane is formed on t h e  A u  (111) surface these observa- 

t i o n s  suggest t h a t  a (100) surface can reduce i t s  f r e e  surface energy u 

by forming a react ion l a y e r ,  while a (111) surface cannot. 

reac t ion  l aye r  on t h e  (100) surface disorders  ( revers ib ly)  at 8OOOC it 

cannot be removed by heat ing t o  the melting point .  

coalesce a considerable amount of energy can be l i be ra t ed  due t o  t h e  

reduction of t h e  surface t o  volume ratio. For example, i f  two spher ica l  

p a r t i c l e s  of io0 A radius coalesce t o  form one spher ica l  p a r t i c l e ,  4.7-10 

eV are  l i be ra t ed  assuming a spec i f ic  free energy of 1500 erg/cm . 
l i b e r a t e d  energy--or pa r t  of it--can i n i t i a t e  an exothermic react ion between 

A u  and t h e  subs t ra te .  This reaction may not only produce the  reaction l aye r  

Low energy electron d i f f r a c t i m  has shown [44] t h a t  a 

100 

Although the  

When two A u  c rys t a l s  

0 3 

2 The 
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on t h e  (100) surface reducing u 

energy a id ing  i n  the  atomic rearrangement during coalescence. If t h e  

but  may a l s o  l i b e r a t e  addi t ional  

R.L. 
100 of t h e  Au 1100) surface covered with Spec i f ic  f r e e  surface energy o 

then a (100) hab i t  minimizes G-- 111 ’ t h e  reac t ion  l aye r  is lower than u 

or maximizes lAGl--. If i n  addi t ion t h e  s p e c i f i c  free i n t e r f a c i a l  

i i i then 111 < ulOO’ energies ahkl are not changed i n  such a manner t h a t  u 

t h e  (100) o r i en ta t i cn  i s  t h e  favored coalescence o r i en ta t ion .  If t h i s  

explanation i s  accepted it has t o  be concluded t h a t  t h e  tendency f o r  t h e  

formation of  t h i s  o r i en ta t ion  var ies  with t h e  kind and condition of t h e  

subs t r a t e  surface.  The observation t h a t  on a i r  cleaved, i .e. hydrated, 

N a C l  t h e  reac t ion  l aye r  i s  formed but not on UHV cleaved KaC1 suggests 

t h a t  t h e  ac t iva t ion  energy needed t o  start  t h e  react ion i s  mainly respon- 

s i b l e  f o r  t h i s  dependence. T h i s  i s  supported by t h e  much s t ronger  

tendency f o r  react ion on K I  than on KC1 which has a higher l a t t i c e  energy. 

Certain fea tures  i n  t h e  RED pa t te rns  discussed i n  Par t  I, such as 

s t reaked  r e f l ec t ions  not normal t o  t h e  surface ind ica t e  t h a t  t h e  absorp- 

t i o n  of  t h e  (111) o r i e n t d  c rys t a l s  by t h e  (100) or ien ted  c r y s t a l s  in- 

volves intermediate s tages  l i k e  twinning, but t h e  d i f f r a c t i o n  pa t t e rn  due 

t o  t h e  surface l aye r  i s  so s t rong  t h a t  a de ta i led  evaluation of these  

f ea tu res  was not possible .  This is not t r u e  i n  obser-ration 2 (Au on UHV 

cleaved N a C 1 ,  Ag on a i r  and UHV cleaved KC1) , where complex or ien ta t ions  

due t o  coalescence between (100) and (111) oriented c r y s t a l s  a r e  c l ea r ly  

not iceable .  The in te -pre ta t ion  of these  or ien ta t ions  i s  based on t h e  

following assumptions: (1) no react ion takes  place with t h e  subs t ra te  

(2)  t he  s p e c i f i c  f r e e  twin boundary ill 500; during coalescence so  t h a t  u 

e n e r w  u i s  a very s m a i l  f rac t ion  of t h e  s p e c i f i c  f r e e  sur face  energy. T 
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As a consequence of (1 )  t h e  coalesced p a r t i c l e s  tend  t o  be bound by (111) 

planes l i k e  t h e  c r y s t a l s  before coalescence. As a consequence of  (2 )  

p a r t i c l e  agglomerates may be formed i n  which t h e  ind iv idua l  p a r t s  are i n  

twin pos i t ions  r e l a t i v e  t o  eack other ,  if t h i s  so-called mult iple  twinning 

process is  accompanied with a decrease i n  G ,  say t o  G As twinning is  

a d i f fus ion le s s  transformation, l i t t l e  ac t iva t ion  energy is  needed f o r  t h i s  

Er,' 

process so  t h a t  it occurs spontaneously. The mult iple  twin configuration 

may not be t h e  configuration of t h e  p a r t i c l e  aggregate w i t h  lowest G. 

The state of lowest G = Gm is  expected t o  be a s i n g l e  c r y s t a l  bounded hy 

{loo) and (111) planes i f  t h e  difference between alOO and alll is as small 

as genera l ly  accepted ( a  

boundary energies are  assumed t o  be twice t h e  s tacking f a u l t  energies 

= 52 erg/cm (YAP = 21 erg/cm and yAU 

t h e  exact twin or ien ta t ions  a re  neglected. 

= 1.1 [46 ] ) ,  i f  t h e  s p e c i f i c  free twin 100 : 

2 [471) and if small deviat ions from 

The s t a t e  with G = Gm can i n  

2 

pr inc ipa l  be reached d i f fus ionless  by migration of t h e  several twin 

boundaries through t h e  c r y s t a l .  However, simultaneously t h e  minimum f r ee  

surface energy configuration has t o  be maintained which requires  consider- 

able d i f fus ion .  This is associated w i t h  an ac t iva t ion  energy so  t h a t  it 

can be reached only a f t e r  a long period compared t o  t h e  twinning process,  

at higher  temperature or when a s s i s t ed  by some energy source such as an 

exothermic reac t ion  with t h e  subs t r a t e  ( see  above). 

f i l m s  of  f.c.c. metals on a l k a l i  hal ides  w a s  first suggested by Menzer [48] 

t o  explain t h e  epitaxy of Ag on NaC1.  

ments on t h e  nucleation of f .c. c. metals on a l k a l i  ha l ides ,  revived by 

Goswami [491 t o  explain t h e  (211) or i en ta t ion  of Ag films on N a C 1 ,  and dis- 

counted by Gsttsche 1371 on t h e  bas is  of t h e  argument t h a t  double twinning 

Multiple twinning i n  

It has been discounted i n  many experi- 



. 
leads t o  a (744) o r i en ta t ion  which deviates from t h e  (211) o r i en ta t ion  

in t h e  <Oll> azimuth by 3.6'. Recently, however, Ino [38 ]  has c l e a r l y  

demonstrated t h e  exis tence of multiple twinning i n  Au f i l m s  on M a C l  using 

TED and b r igh t  and dark f i e l d  TEM. H i s  f i l m s  d i f f e r  from ours i n  t h a t  i n  

h i s  case t h e  f r ac t ion  of c r y s t a l s  with (100) o r i en ta t ion  i s  very small 

with most of t h e  c r y s t a l s  multiply twinned with respec t  t o  base c r y s t a l s  

with (111) o r i e n t a t i c n s ,  while i n  our case ( see  Par t  I)  t h e  (100) or ienta-  

t i o n  i s  general ly  s t ronger  which suggests t h a t  most of t h e  c r y s t a l s  are 

double twinned with respect  t o  base c r y s t a l s  i n  (100) or i en ta t ion .  

t h e  basis of t h e  observations on t h e  inf luence of annealing on t h e  f i l m  

s t r u c t u r e  (Par t  1 . 3 . 4 . 3 . 1 ,  w e  a t t r i b u t e  t h e  differences mainly t o  s t rong  

annealing e f f e c t s  i n  Ino 's  Au f i l m s .  

On 

The (approximate) (211) or ien ta t ion  has also been observed by Kehoe [SO) 

in Cu films on NaC1,  K21, KBr,  and K I ,  Ag films on R a C l  and KBr and Au 

films on N a C l  deposited slowly i n  ordinary vacuum on a i r  cleaved surfaces .  

Slow deposi t ion allovs coalescence processes t o  occur during f i l m  growth 

so t h a t  Kehoe's (211) o r i en ta t ion  i s  probably also a coalescence or ienta-  

t i o n .  This w a s  already suggested by Matthews e t  al .  [32], who accepted 

Gbttsche's [37]  model of t h e  (211) or ien ta t ion :  a Au c r y s t a l  grows with 

i ts  (110) plane p a r a l l e l  t o  t h e  (111) plane of a (100) or ien ted  c rys t a l ;  

t h i s  could happen during coalescence i f  t h e  i n t e r f a c i a l  energy of the  (110)(111) 

g r a i n  boundary i s  very low, which i s  unl ikely.  We suggest an in t e rp re t a t ion  

in terms of mult iple  twinning which i s  based on t h e  observation t h a t  t h e  

approximate (211) o r i en ta t ion  i s  ne i the r  prec ise ly  a (211) nor (744) or ien ta-  

t i o n  but  is roughly halfway between both o r i en ta t ions .  Table 2 ind ica tes  

tha t  t h e  plane i n  the  upper secondaqf twin ((100)-T2 ) of a (100) or ien ted  
U 
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c r y s t a l  which i s  p a r a l l e l  t o  t h e  subs t ra te  is a (744) plane, and simi- 

l a r l y  t h a t  of a (111) or ien ted  c rys t a l  ( ( l l l ) -T2U) i s  a (7,5,13) plane. 

Both secondary twins have a common [&'?I axis which deviates  from t h e  

[I111 axis  by 3'40'. 

angle of 54'44' = 60~-5'16' with its [7,5,13] d i rec t ion .  

of part of a c r y s t a l  about i t s  [ili] axis  br ings t h a t  p a r t  of t h e  c r y s t a l  

i n t o  twin pos i t ion  with respect  t o  t h e  r e s t  of t h e  c r y s t a l .  

twins, (100)-T2 

t i v e  t o  each o ther ,  with misorientations of severa l  degrees which are of 

t h e  same magnitude as those  required i n  Ino 's  mul t ip le  t w i n  model. Thus 

f i v e  approximate twin boundaries with known low i n t e r f a c i a l  energy can 

mediate between t h e  (100) and (111)[011] or ien ta t ion .  

such or ien ta t ions  coalesce,  t h i s  multiply twinned s t r u c t u r e  i s  l i k e l y  t o  be 

formed. 

depending upon experimental conditions,  which could account fo r  t h e  s l i g h t  

o r i en ta t ion  differences between t h e  r e s u l t s  of Par t  I and others  [37,49,50] 

and f o r  t h e  d e t a i l s  i n  t h e  RED pat terns  (spot  shapes) which require  f u r t h e r  

study. It should be pointed out t h a t  t h e  TED observations of Matthews I141 

i f  properly in t e rp re t ed  agree a3.o with t h e  TED and RED r e s u l t s  of Pa r t  I. 

Matthews has a t t r i b u t e d  t h e  s t rong spots  o r  a r c s  observed i n  t h e  coalescence 

s t age  on t h e  (111) r ing  t o  s ing le  twinning. As Fig. 3 ind ica tes  very s t rong  

misorientat ions have t o  be assumed t o  observe these  spots  which is i n  contra- 

d i c t i o n  t o  t h e i r  high i n t e n s i t y .  

approximate (211) or ien ta t ion  can e a s i l y  account for t h e  spots .  

Matthews' observations also indicate  t h a t  t h e  disappearance of t he  (100) 

The [?&4] di rec t ion  i n  t h e  (lll)-T2u twin makes an 

A 60° r o t a t i o n  

The secondary 

and (111)-T2u are  therefore  near ly  i n  twin pos i t ion  rela- 
U 

When c r y s t a l s  with 

The small misvrientation may be accommodated i n  severa l  ways, 

However double twinning with t h e  r e s u l t i n g  

Therefore 



' 
or ien ta t ion  i n  Au films on UHV cleaved N a C l  upon coalescence is not  simple 

due t o  a growth of t h e  (111) or iented c r y s t a l  a t  t h e  expense of t h e  (100) 

or ien ted  c r y s t a l s ,  but proceeds via a complex t r a n s i t i o n  s t age  which can 

be explained i n  terms of mult iple  twinning. Matthews'hypothesis t h a t  t h e  

difference i n  p a r t i c l e  numbers at t h e  time of coalescence i s  responsible 

for whether t h e  f i l m  w i l l  assume a (100) o r  a (111) o r i en ta t ion  a l s o  i s  

not t enable  on t h e  basis of  t h e  comparison of  Au on UHV cleaved N a C l  and 

KC1: I n  both cases a (111) or ien ta t ion  should be formed because o f t h e  

s m a l l  p a r t i c l e  number i n  contradict ion t o  experiment. "he d i f fe rence  

between films on N a C l  and K C 1  can however be e a s i l y  accounted f o r  by t h e  

observation t h a t  no reac t ion  takes place between Au and UHV cleaved NaC1.  

The observation of Ino e t  al .  [4] t h a t  t h e r e  is no difference between Au 

films grown on UIN and a i r  cleaved surfaces  is due t o  t h e i r  s t rong  bake- 

out which removes t h e  hy i ra ted  surface l aye r  ( see  1.3.4.1.). The import- 

ance of t h e  hydrated surface layer  has also been w e l l  e s tab l i shed  f o r  Ag 

on N a C l  by Bethge et  al .  [13]. 

The t h i r d  observation ( A l / N a C l )  concerns a case i n  which the re  is  no 

ind ica t ion  f o r  a reac t ion  between f i l m  and subs t r a t e  material upon coales- 

ence and i n  which tile t w i n  bolrndary energy u i s  not small compared t o  t h e  

sur face  energy (s tacking  f a u l t  energy y = 280 erg/cm ; estimated surface 

energy u M 1000 erg/cm 1 

configurat ions of' coalesced (100) and (111) or ien ted  c r y s t a l s  w i t h  low G. 

Therefore t h e  -.oalesced p a r t i c l e  has t o  assume e i t h e r  f u l l y  a (111) o r  a 

(100) or i en ta t ion  i n  order t o  eliminate high energy in te r faces .  

t i o n  t h a t  t h e  (111) or ien ta t ion  is  prefer red  under t h e  experimental con- 

T 
2 

2 Because of  t h e  high y there a r e  no aggregate 

The observa- 

d i t i o n s  of Par t  I i r r e spec t ive  of t h e  substra-Le surface condition ind ica tes  
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t h a t  ulOO i s  s u f f i c i e n t l y  l a r g e r  than u i n  order t o  make a c r y s t a l  111 

bounded mainly by (111) planes more s t a b l e  than one bounded equally by 

(100) and (1111 planes. 

In conclusion, t h e  th ree  metals on t h e  f e w  subs t ra tes  inves t iga ted  

display st rongly d i f f e r i n g  coalescence behavior: (1) react ion with t h e  

subs t r a t e  r e su l t i ng  i n  changes of  the surface free energies u of  t h e  

metals due t o  formation of surface l aye r s ,  (2) mult iple  twinning t o  

e l iminate  high energy gra in  boundaries i n  coalesced c r y s t a l s  with d i f f e r -  

e n t  o r i en ta t ion ,  and (3) annihi la t ion of one or ien ta t ion  upon coalescence 

of c r y s t z l s  with d i f f e ren t  or ien ta t ion  without formation of s t a b l e  o r  

metastable t w i n  boundaries. The d e t a i l s  of these processes s t i l l  need t o  

be inves t iga ted  and others  may be found i n  o ther  systems. 

h k l  

3.3. Residual G a s  Influence on Coalescence 

The r e s u l t s  of  Kehoe [50] fol- Cu,  Ag, and Au deposited i n  ordinary 

vacuum on a l k a l i  ha l ide  surfaces  cleaved i n  a i r  and those of G i l l e t  e t  a l . [39]  

for Au deposited i n  ordinary vacuum onto vacuum cleaved N a C l  c l ea r ly  indi-  

ca t e  t h a t  type 2 coalescence involv3ng multiple twinning occurs a l s o  i n  t h e  

presence of res idua l  gases. 

2 3 O o C  t h e  type 1 coalescence mechanism does not occur i n  Au f i l m s  on air 

cleaved NaC1, probably because the temperature i s  too  low f o r  t h e  reaction 

t o  occur. 

present  i n  ordinary vacuum systems have l i t t l e  inf luence on t h e  coalescence 

Kehoe's data ind ica te  furthermore t h a t  up t o  

While these  r e s u l t s  ind ica te  t h a t  t h e  res idua l  gases usual ly  

process ,  those of Harsdorff e t  a l .  [ 8 ]  however show t h e  contrary: If it is 

assumed t h a t  t h e  or ien ta t ion  perfection is  determined by t h e  nucleation and 

i n i t i a l  growth process (11.2.3.) then the  res idua l  gases present i n  t h e i r  
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experiment must suppress coalescence. 

i f  t h e  temperature dependence of t he  o r i en ta t ion  perfect ion [C,] is t o  be 

a t t r i b u t e d  t o  nucleat ion as suggested [51 o r  t o  i n i t i a l  growth. Such an 

assumption does not  appear unreasonable i n  view of  t h e  observation t h a t  

deposit ion i n  weakly adsorbed gases (H2, He) leads t o  very poor or ienta-  

t i o n  which could be due t o  coalescence of w e l l  o r ien ted  c r y s t a l s  with 

d i f f e r e n t  o r i en ta t ions  l i k e  i n  UHV. 

on t h e  o r i en ta t ion  perfect ion see ref. [12]. 

The same assumption must be made 

For a discussion o f  t h e  experiments 

4 .  Fi l l ing- in  Stage 

The f i l l i n g - i n  s tage is  characterized by t h e  f i l l i n g - i n  of t h e  space 

between t h e  coalesced c r y s t a l s ,  p a r t i a l l y  by t h e i r  la teral  growth, par- 

t i a l l y  by nucleat ion and growth of s m a l l  c;ystals between t h e  l a rge  

coalesced c r y s t a l s  and t h e i r  subsequent coalescence upon contact with t h e  

l a r g e r  c r y s t a l s .  As a consequence of these processes l a rge  f la t  c r y s t a l s  

are formed which grow l a t e r a l l y  t o  j o i n  up i n t o  a network of  c rys t a l s .  

Fur ther  lateral  growth leads  t o  formation of channels, holes ,  and f i n a l l y  

t o  a continuous f i lm  (see e.g. Fig. 11 c-e, h-k i n  r e f .  [12]) .  The pro- 

cesses which determine t h e  or ien ta t ion  of t h e  continuous film start  a t  t h e  

beginning of t h e  f i l l i n g - l n  s tage when t h e  c r y s t a l s  w i t h  l a rge  lateral  

dimensions are formed. The following observations a re  t o  be explained: 

(1) t h e  c r y s t a l s  are p la te - l ike  ins tead  of sphere-like; (2)  i n  some cases 

t h e  (111) o r i en ta t ion  and o ther  or ien ta t ions  disappear completely and only 

t h e  (100) or ien ta t ion  i s  l e f t ,  i n  others  t h e  (100) or ien ta t ion  and the  

approximate (211) coalescence or ien ta t ions  disappear and only t h e  (111) 

or i en ta t ions  are l e f t .  Observation 1 can be due t o  two causes: e i t h e r  t h e  
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ac t iva t ion  energy needed fo r  t h e  considerable material t ranspor t  required 

t o  form a p a r t i c l e  with minimum surface t o  volume r a t i o  ( i . e .  a polyhedron 

approximating a sphere) i s  missing o r  t h e  p la te - l ike  habi t  represents  a 

lower free energy configuration. 

see e.g. ref. [ b o ] )  it can be shown e a s i l y  t h a t  t h e  r a t i o  of t h e  surface 

energy 4 a rectangular p a r t i c l e  

of minimum free energy configuration and i d e n t i c a l  volume is  given by 

Applying Wulff's l a w  ( f o r  i ts  va l id i ty ,  

of a spher ica l  p a r t i c l e  t o  t h a t  of ( 0  1 2 

U 
(1 + ") 

U 

Here u, a 

energies  of t h e  free surface of the c r y s t a l ,  i t s  in t e r f ace  with t h e  sub- 

u a re  the  ( s i z e  and shape independent) spec i f i c  f r ee  surface i' s 

st rate ,  and of the  subs t r a t e  respect ively.  For Au on NaCl and KC1 

as/u NN 1/10 and 9, > 02 only if u & 1/5 u ,  i . e .  t h e  spher ica l  c r y s t a l  has 

a higher  f r ee  energy i f  t h e  ai ;L1/5 Q w 300 erg/cm . 
values of t h e  i n t e r f a c i a l  energy seem possible ,  it is l i k e l y  t h a t  t h e  

i 
2 Although such low 

formation of t h e  p la te - l ike  crystals i s  mainly due t o  t h e  f irst  cause. 

The second observation has doubtlessly t o  be a t t r i b u t e d  t o  t h e  minimi- 

za t ion  of the  free energy of t h e  p la te - l ike  c r y s t a l  aggregate by acquiring 

t h e  same low energy ex terna l  surface p a r a l l e l  t o  t h e  subs t ra te  ((100) o r  

(111)) over t h e  whole aggregate and by el iminat ing twin boundaries, which 

can e a s i l y  move through t h e  c rys t a l .  In  cases where a {loo) f ree  subs t r a t e  

sur face  is  favored (reduction of (I 

favors  a motion of t h e  twin boundaries from t h e  ( L O O )  or iented par t  of t h e  

c r y s t a l  t o  t h e  o ther  pa r t s  whereby t h e  whole aggregate acquires a (100) 

by a react ion l aye r )  t h e  f r ee  surface 3.00 

or i en ta t ion ,  I? the  cases where a {111) f r e e  surface is favored (no 

reduction of Q by a react ion l aye r )  t w i n  boundary motion away from the  10 0 
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(111) or ien ted  p a r t  of t h e  aggregate w i l l  occur thus e l imina t ing  a f l  

twins--and with it t h e  approximate (211) or i en ta t ions  and transforming 

t h e  whole aggregate irAo a (111) or ien ted  c r y s t a l .  

boundaries and microtwins w i l l  s t i l l  p e r s i s t  t o  accommodate t h e  azimuthal 

o r i en ta t ion  d i f fe rence  between the various (111) or i en ta t ions  and t o  

accommodate t h e  atomic displacements of t h e  in t e r f ace  of  c r y s t a l s  with 

i d e n t i c a l  o r i en ta t ions .  

However many twin 

If such f i l m s  are allowed t o  anneal many of t h e  

twin boundaries and microtwins disappear accompanied by gra in  growth. 

5. Conclusions 

1. The formation of continuous s i n g l e  q rys t a l  f i l m s  of f .c.c.  metals 

on a l k a l i  ha l ides  i s  a highly complex phenomenon. The o r i en ta t ion  i s  not 

only de t emined  by nucleat ion and growth of ind iv idua l  c r y s t a l s  bu t  also by 

coalescence between c r y s t a l s  and depends i n  a complicated manner upon t h e  

experimental conditions.  

2. Ep i t ax ia l  nucleat ion i s  ne i the r  a necessary nor  s u f f i c i e n t  condition 

for  t h e  formation of s i n g l e  c r y s t a l  f i lms .  It i s  not necessary because t h e  

o r i e n t a t i o n  can devclop during t h e  growtn of t h e  ind iv idua l  c r y s t a l s  pro- 

vided t h e  s ta te  of minimum f r e e  energy can be reached. It i s  not su fz i c i en t  

because coalescence can change t h e  predominant c r y s t a l  o r i en ta t ion  completely. 

3. The inf luence of t h e  experimental conditions on t h e  i n i t i a l  phases 

of t h e  condensation process can be understood both on t h e  basis of t h e  

phenomenological and a tomis t ic  nucleation theo r i e s ,  however t h e  former appears 

more r e a l i s t i c .  

t h e  formation of a nucleus. This ac t iva t ion  b a r r i e r  dces not e x i s t  i n  t h e  

a tomis t i c  t h e o r i e s ,  i n  which differences i n  t h e  heat  of adsorDtion AG or 

The c r i t i c a l  quant i ty  i s  t h e  Gibbs f r e e  energy AG (g*) f o r  K 

a 
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i n  t h e  ac t iva t ion  energy f o r  surface d i f fus ion  AG,, have t o  account for 

differences i n  experimental r e s u l t s  (a t  constant rate 11 and temperature T) .  i 

4. Coalescence between c rys t a l s  with d i f f e ren t  or ien ta t ions  is s t rongly  

influenced by t h e  i n t e r f a c i a l  energy between t h e  c r y s t a l s  and i t s  aniso- 

tropy. 

complicated coalescence or ien ta t ions  can be formed spontaneously. 

For in te r faces  such as t w i n  boundaries with l o w  i n t e r f a c i a l  energy 

5 .  The energy l i be ra t ed  during coalescence can i n i t i a t e  chemical 

react ions which may change t h e  anisotropy of t h e  surface free energy of t h e  

c r y s t a l s  and consequently t h e i r  o r ien ta t ion  and shape w i t h  minimum Gibbs 

free energy. 

6 .  I n  the  f i n a l  s tages  of t h e  f i l m  formation the  tendency t o  form a 

plane p a r a l l e l  s l a b  with minimum free surface energy u lead t o  t h e  formation 

of a f i l m  i n  which a l l  c rys t a l s  have a plane with low u p a r a l l c l  t o  t h e  

subs t ra te .  The azimuthal a l i g n m e n t  of t he  c r y s t a l s  can be b e t t e r  o r  worse 

than t h a t  of t he  c r y s t a l s  before coalescence. 

7. The growth and s t ruc tu re  of f .c . c . metal films on alkali ha l ides  

is highly spec i f i c  not only f o r  each f i l m  subs t r a t e  o r i en ta t ion ,  but a l s o  

for  t h e  experimental conditions.  

processes involved it is  highly unlikely t h a t  a f u l l  understanding of t he  

f i l m  growth can be obtained unless as many parameters as possible  a re  

e l iminated (such as res idua l  gases, surface condi t ion) ,  unless t h e  experi- 

In  view of t h e  many parameters and physical 

mental conditions are carefu l ly  control led and unless a r t e f a c t s  (such as 

e l ec t ron  beam o r  annealing e f f ec t s )  are excluded. 

This work w a s  supported i n  par t  by the  FIational Aeronautics and Space 

Administration under Contract No. R-05-030-001. 
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Fig. 1. 

Fig. 2. 

Fig. 3. 

FIGURE CAPTIONS 

Transmission d i f f r a c t i o n  pa t te rn  of (100) o r i en ta t ion  ( f u l l  

c i r c l e s )  and of t h e  four  equivalent  (110) or i en ta t ions  (open 

c i r c l e s ) ;  s ee  Par t  1.3.1. 

Dependence o f t h e  Gibbs f r e e  energy change AG,  upon s i z e  e; of  

condensed p a r t i c l e ,  (schematic). Discrete  jumps a t  small g are 

approximated by smooth curves and o s c i l l a t i o n s  are neglected.  

a) i n  an a tomis t ic  theory with nucleation b a r r i e r ;  b )  i n  t h e  

phenomenological theory;  c )  i n  an atomostic theory without 

nucleat ion b a r r i e r ;  and d >  dependence assumed i n  t h i s  work. 

Transmission d i f f r a c t i o n  pa t te rn  showing t h e  a )  (loo), and 

b) (111) bas ic  pa t t e rn  ( s o l i d  c i r c l e s )  and twin spots  (open 

c i r c l e s )  observable by allowing ro t a t ions  a about t h e  o r i g i n  

of: a < 5' ( l a rge  c i r c l e s ) ,  5 O  K a < 12O (medium c i r c l e s ) ,  and 

< a < 20" (small  c i r c l e s ) .  
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Table 2 

Crystal lographic  r e l a t ions  f o r  mult iple  twinning 

Corresponding axes 
Plane p a r a l l e l  i n  plane p a r a l l e l  "win 

Nomenclature t o  s u b s t r a t e  t o  s u b s t r a t e  axis 

Base or i en ta t ion  ( 100 1 [oil] 

1st twin ( 100 ) -T1 ( i22 ) [ 4iiI [iii] 

Upper 2nd t w i n  ( 100 ) -T2 U (744) 1877 1 [ iii] 

L o w e r  2nd t w i n  ( 100)-T2t ( 148) 

Base or i en ta t ion  (111 1 [oil 3 
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An Ultrahigh Vacuum Electron Microscope and Its 
Application t o  Work Function Studies 

I 

G. H. Turner and E. Bauer 
Michelson Laboratory, China Lake, Ca l i fo rn ia  93555 

In  recent  years  t h e r e  has been a marked increase of i n t e r e s t  i n  

sur face  phenomena many of which are  w e l l  known t o  be very s e n s i t i v e  t o  

res idua l  gases. 

has considerable influence on t h e  electron emission from tungsten covered 

with adsorbed Ea. 

dependence of such surface phenomena on the  submicroscopic s t ruc tu re  of 

surfaces ,  a surface e lec t ron  microscope is  needed which works i n  t h e  10 

t o r r  region and i n  which t h e  surfaces can be made atomically clean. With 

these  goals i n  mind an U.H.V. surface e lec t ron  microscope has been devel- 

oped. 

scopy modes. 

d i f f r ac t ion  modes are being incorporated. I n  addi t ion,  two quant i ta t ive  

in t eg ra t ing  modes are possible  at present:  (1) measurement of t o t a l  

emission cur ren t ,  and (2)  contact po ten t i a l  measurements. 

For example, an oxygen p a r t i a l  pressure of 5 . 1 ~ 1 ~ ~  t o r r  

If one wants t o  obtain a basic  understanding of t h e  

-10 

The instrument operates current ly  i n  t h e  emission and mirror  micro- 

Low energy r e f l ec t ion  microscopy and l o w  energy e lec t ron  

The arrangement of t h e  major components can be seen schematically i n  

SLIDE 1. The e lec t ron  opt ics  consis t  of an e l e c t r o s t a t i c  obdective l ens ,  

e l e c t r o s t a t i c  f i l t e r  and magnetic intermediate and pro jec tor  lenses. The 

specimen forms one element of the  object ive l ens  and can be heated o r  

i r r a d i a t e d  with l i g h t  o r  e lectrons f o r  emission microscopy. 

t i o n  and mirror modes of operation an e lec t ron  beam or ig ina t ing  at the  

e l e c t r o n  gun i s  r e f l ec t ed  at t h e  specimen and subsequently imaged on t h e  

In  t h e  r e f l ec -  

1 

Encl. (2) 



f luorescent  screen immediately below t h e  viewing por t s .  

e s s e n t i a l  i n  removing t h e  i n e l a s t i c a l l y  sca t t e red  e lec t rons  i n  t h e  re f lec-  

t i o n  and d i f f r ac t ion  mode. 

been given an addi t iona l  degree of a x i a l  freedom i n  order t o  operate near 

t h e  foca l  length minimum and t o  compensate f o r  t h e  l a r g e  va r i a t ion  i n  

o p t i c a l  p roper t ies  of t h e  object ive l ens  when operated i n  t h e  r e f l e c t i o n  

mode. 

The f i l t e r  is 

. The intermediate and pro jec tor  lenses  have 

The next SLIDE 2 is a view of t h e  instrument i t se l f .  The a l l  s ta in-  

less s t e e l  construction allows baking up t o  45OOC. 

2 x 10-l' t o r r .  

cleaned by ion bombardment. 

object ive l ens  permits evaporation onto t h e  specimen while i n  observation 

pos i t ion .  Residual gases,  decomposition and desorption products can be 

analyzed by means of a mass spectrometer. 

The base pressure i s  

The specimen can be heated t o  2800'K and can a l s o  be 

The design of t h e  center  e lectrode of t h e  

As an example of t h e  appl icat ion of  t h e  instrument, I would l i k e  t o  

repor t  some preliminary r e s u l t s  on e lec t ron  emission phenomena which are 

w e l l  known t o  be extremely sens i t i ve  t o  residual  gases. 

t r u e  of t h e  work function minimum observed i n  many a l k a l i  and a l k a l i n e  

e a r t h  films and i n  films of t h e i r  oxides on r e f r ac to ry  metals. 

of t h i s  s tudy is t o  c o r r e l a t e  the  e lec t ron  emission proper t ies  of surfaces 

(espec ia l ly  at t h e  work function minimum) with the  surface s t ruc tu re  by 

combining t h e  U.H.V.  surface electron microscope with Low Energy Electron 

Dif f rac t ion .  The experimental techniques and r e s u l t s  are i l l u s t r a t e d  here  

for t h e  system SrO on a (110) oriented SJ s ing le  c rys t a l .  

This is  espec ia l ly  

The purpose 

SrO w a s  evaporated at  severa l  temperatures between 1500'K and 1700'K 

onto a W ' s ingle c r y s t a l  a% various temperatures. Pressure during t h e  

2 



I .  . 

-10 evaporations was from 2 - 7 x 10 t o r r .  W surfaces had or ien ta t ions  

near t h e  (110) and were cleaned by electron bombardment above 2000°K before 

deposit ion.  Light from a PEK 110 Hg a r c  lamp w a s  focussed onto t h e  speci-  

men by quarts  op t ics  and photoelectr ic  emission micrographs and photo- 

electric work function measurements were taken a t  in t e rva l s  during deposit ion.  

Change i n  contact po ten t i a l  w a s  a lso measured by t h e  e lec t ron  beam method. 

Similar deposit ions were made i n  a Varian Low Energy Electron Dif f rac t ion  

instrument t o  obtain information on t h e  atomic arrangement of t h e  surface.  

SLIDE 3 i l l u s t r a t e s  t y p i c a l  r e s u l t s  for t o t a l  photocurrent, curve (11, 

and photoe lec t r ic  work function and contact po ten t i a l  change, curve (2), 

as a function of deposit ion time fo r  W specimens at room temperature. 

There i s  no minimum observed i n  the  work function as a function of film 

thickness .  Low Energy Electron Dif f rac t ion  shows t h a t  i n  t h i s  thickness  

range t h e r e  i s  no ordered surface s t ruc tu re  formed at t h e  evaporation 

rates considered. Only an increase i n  background and a decrease i n  t he  

i n t e n s i t y  of t h e  clean W d i f f r ac t ion  spots  is noted. 

microscope shows uniform emission over t h e  e n t i r e  surface.  

such a film, however, t h e  surface s t ruc tu re  passes through severa l  d i s t i n c t  

s t ages ,  u n t i l  above 1950'K clean W is  again observed. 

are qu i t e  s e n s i t i v e  t o  film thickness and annealing t i m e  and temperature. 

Only t h e  temperature range from 300°K t o  l lOO'K w i l l  be considered i n  

d e t a i l  here. 

The sur face  e lec t ron  

Upon heating 

A l l  of these  s tages  

SLIDE 4, curve (1) , i l l u s t r a t e s  t h e  change i n  apparent photoe lec t r ic  

work funct ion as a function of increasing annealing temperature for SrO 

deposited on (110) or iented W at 300'K. Below about 6 5 0 ~ ~  t h e  work function 

3 
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rezains  e s s e n t i a l l y  constant and the  photoelectr ic  emission i s  uniform 

over t h e  surface.  As t h e  annealing temperature rises above 65OoK t h e  

photoelectr ic  work function decreases and passes through a minimum at  

820-8-70~~. 

observed when SrO i s  deposited a t  higher specimen temperatures. 

point  is taken from a separate  evaporation and a somewhat sharper minimum 

is observed. 

Curve 2 is  representat ive of t h e  change i n  work function 

Each 

The next SLIDE 5 i s  t y p i c a l  o f t h e  lateral i n t e n s i t y  d i s t r ibu t ion  of 

photoemission occurring i n  t h i s  region of minimum work function. 

magnification is  -400 X .  

cor re la ted  with t h e  decrease i n  photoelectr ic  work function and appear a t  

reproducible si tes on t h e  W specimen which appear t o  be s teps .  

Electron Dif f rac t ion  ind ica tes  t h a t  i n  t h e  stepped regions of t h e  c r y s t a l  

t h e  (111) or i en ta t ion  of SrO as shown i n  SLIDE 6 i s  predominant. On t h e  

f lat  areas however, (100) or iented SrO and (110) or ien ted  y-Sr i s  mainly 

observed. 

increase i n  t o t a l  photoelectr ic  emission. 

t u r e  above 1050°K r e s u l t s  i n  t h e  disappearance of t h e  high emission centers  

and t h e  ordered SrO and Sr  s t ruc tures .  The work function r i s e s  severa l  

t e n t h s  of an e lec t ron  v o l t  and new d i f f r a c t i o n  pa t t e rns  appear. 

of these  t h a t  appears i n  t h e  proceedings and is not r e l a t ed  t o  t h e  work 

funct ion minimum. This structure--l ike t h e  others--is very sens i t i ve  t o  

annealing t i m e  and temperature and can be in t e rp re t ed  as a s t r a ined  S r  

l a y e r  on a chemisorbed oxygen layer  together  with a s t ruc tu re  similar t o  

100 or ien ted  SrO i n  per iodic i ty  but with an intensi ty-vol tage curve which 

is incompatible with those of (100) oriented SrO. A t  higher temperatures 

The 

The high i n t e n s i t y  emission centers  can be 

Low Energy 

I n  spi te  o f t h e  decrease i n  work function t h e r e  is only a s l i g h t  

Increasing t h e  annealing tempera- 

It is one 
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I . 
t h e  work function rises very rapidly and other  s t r u c t u r e s  appear t h a t  can 

be assoc ia ted  with t h e  Sr-W-0 and 'bI-0 system, and chemisorbed oxygen. 

t o  t h e  complexity of t h e  processes involved it i s  d i f f i c u l t  a t  t h i s  stage 

of  inves t iga t ion  t o  d r a w  any quant i ta t ive  conclusions. 

Due 

O u r  r e s u l t s  show, however, t h a t  t he  work funct ion minimum occurs over 

a wide thickness  range which i s  d i f f i c u l t  t o  explain i n  terms of t h e  widely 

accepted dipole  l a y e r  theory.  

with t h e  W sur face  can also be excluded as a cause f o r  t h e  minimum f o r  2 

reasons: (1) t h e  minimum occurs at a temperature below which SrO r e a c t s  

with W, and (2) f r e e  S r  is  already present  i n  t h e  as-deposited film. 

Adsorbed S r  f r eed  as a r e s u l t  of SrO reac t ing  

The prefer red  formation of 111 or ien ted  SrO c r y s t a l s  i n  t h e  regions 

where t h e  high emission centers  occur suggest t h a t  t h e  work funct ion min- 

imum i s  assoc ia ted  with t h e  (111) or ien ted  SrO c r y s t a l l i t e s .  

For a f u l l  understanding of the  high emission of these  centers  more 

work i s  needed i n  which t h e  use of t h e  low energy e l ec t ron  r e f l e c t i o n  

microscopy and l o w  energy e lec t ron  d i f f r a c t i o n  modes should be extremely 

he lp fu l .  
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FIGURES 

, 

For Figs .  2, 3, and 5 see  F i r s t  Quarter ly  Progress Report, Encl. ( 3 ) ,  
Figs,  1, 2, and 3 respect ively.  

Fig.  1. 

Fig.  4 .  

Schematic of UHV e lec t ron  microscope. 

Change of apparent work function with annealinR and deposi t ion 
temperature. 

LED pa t t e rn  of (111) or ien ted  SrO. Fig. 6 .  

, 
I-. a 

Fig. 1 Fig. 4 

Fig. 6 
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. '  
Importance of R e l a t i v i s t i c  Ef fec ts  i n  t h e  

Sca t te r ing  of Slow Electrons I 

H. N. Browne and E. Bauer 
n I Q  

Michelson Laboratory, China  Lake, Cal i forn ia  

C+CrPLirrd 1 l_/ILL/ /3&) 
1 Our recent claim ( re fer red  t o  here as I) t h a t  r e l a t i v i s t i c  effects 

a .  
. ... . .\ 

are of importance f o r  t h e  t o t a l  and differential  s c a t t e r i n g  cross sec t ions  

of atoms f o r  slow electrons has caused considerable controversy. 2,3 we 

a t t r i b u t e  t h i s  t o  (1) lack of c l a r i t y  of our let ter due t o  i t s  b rev i ty ,  

and (2) the  d i f f i c u l t y  of imagining a r e l a t i v i s t i c  e f fec t  t o  be important r&?lediaGalbm: 

at low energies.  
A 

The purpose of t h i s  l e t t e r  is  t o  c l a r i f L  some of t h e  

misunderstandings and t o  present addi t ional  material strengthening our 

claim. The following c r i t i que  has been made: 

. . .  

(1) It is  inconsis tent  t o  use a n o n r e l a t i v i s t i c  po ten t i a l  i n  t h e  rela- 

2 t i v i s t i c  wave equation f o r  the f ree  e lec t ron  and vice versa. 

(2) If d i f f e ren t  po ten t i a l s  are used i n  the r e l a t i v i s t i c  and nonrela- 

t i v i s t i c  equations such t h a t  they y i e ld  t h e  correct  l eve ls  fo r  loosely bound 

states of t h e  atoms, then the  r e l a t i v i s t i c  e f f e c t s  claimed i n  I disappear. 2 

(3)  If t h e  atom has a E = 0 ionic  bound s t a t e  w i t h  very s m a l l  binding 

2 energy = y ( i n  Hartree atomic un i t s )  then t h e  phase s h i f t  n f o r  a = 0 

and k + 0 i s  given by k cos TI 3 - y i r r e spec t ive  of t he  short range p a r t  of 

t h e  po ten t i a l .  The same is t r u e  for E # 0.3 Therefore the  Ank = na - ny + 0 

f o r  k + 0 i f  i d e n t i c a l  po ten t i a l s  are used i n  {he n o n r e l a t i v i s t i c  and re la -  

t i v i s t i c  Eqs. I ( 1 )  and I(2). 

R 

( 4 )  The very low energy sca t t e r ing  phases a r e  bad because long range 

e f f e c t s  are neglected i n  I. 3 

+is work was supported i n  p a r t  by the National Aeronautics and Space 

Administration under Grant No. R-05-030-001. . .  
" 4 ' 
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(5) Figure 2 i n  I, which ind ica tes  a s t rong  p-wave cont r ibu t ion ,  is 

i n  contradict ion t o  t h e  statement t h a t  r e l a t i v i s t i c  e f f e c t s  a r e  s i g n i f i -  

cant up t o  n1 i n  .Hg at  2 eV. 
4 

Our r e p l i e s  t o  these  c r i t i c a l  remarks a r e ' a s  follows: 

(1) It is obvious t h a t  a n o n r e l a t i v i s t i c  p o t e n t i a l  VNR should be used 

i n  t h e  n o n r e l a t i v i s t i c  wave Eq. I(lj and a r e l a t i v i s t i c  p o t e n t i a l  VR i n  t h e  

r e l a t i v i s t i c  Eq. I(2) and t h a t  t h e  r e s u l t s  should be compared w i t h  each 

other, instead of  comparing the  r e s u l t s  obtained by pu t t ing  the  same poten- 

~ tial i n t o  both equations.  However, r e l a t i v i s t i c  p o t e n t i a l s  and nonrelat iv-  

i s t i c  p o t e n t i a l s  obtained i n  t h e  same approximation, e.g. i n  t h e  Hartree 

I approximation, d i f f e r  very l i t t l e  from each o the r  i n  t h e  r-region i n  which 

t h e  a term i n  Eq. I (2 )  i s  s i g n i f i c a n t ,  bu t  d i f f e r  considerably f o r  l a r g e r  2 

r. If d i f f e r e n t  r e s u l t s  a r e  obtained f o r  t h e  two cases using t h e  corres- 

ponding wave equations it would only be n a t u r a l  t o  ascr ibe  them t o  t h e  d i f -  

ferences i n  V(r) f o r  l a r g e r  r f o r  two reasons: (1) it i s  we l l  known t h a t  t h e  ~ ~ ~ e & ' ~ y d  

s c a t t e r i n g  of  slow e l ec t rons  is s t rongly influenced by t h e  outer  p a r t s  of  t h e  

atom, and (2)  it i s  general ly  assumed tha t  slow e l ec t rons  do not pene t r a t e  

very deeply i n t o  t h e  atom 

has t o  make sure t h a t  t h e  e f f ec t ive  po ten t i a l s  d i f f e r  only due t o  t h e  rela- 

A 

/&d tpr+ 3. 
If a r e l a t i v i s t i c  e f f e c t  i s  t o  be demonstrated one 

A 4b - &pzci2bwL 
. .  

t i v i s t i c  terms. This w a s  done i n  I. However, it may be argued t h a t  t h e  

d i f fe rences  in s c a t t e r i n g  cross  sect ions caused by t h e  d i f fe rences  i n  t h e  

.. . 

, . .  

e f f e c t i v e  p o t e n t i a l s  at  very s m a l l  r values may be p a r t i a l l y  o r  completely 

compensated by t h e  p o t e n t i a l  differences f o r  l a r g e r  r if a se l f -cons is ten t  

approach i s  used. This omission i s  corrected i n  Table I which gives  t h e  

t o t a l  e l a s t i c  s c a t t e r i n g  cross  sect ions f o r  Hg using a se l f -cons is ten t  

2 



approach, i .e. a nonre l a t iv i s t i c  Hartree potential’  i n  Eq. I(1) and rela- 

t i v i s t i c  Hartree potentials6.’7 i n  Eq. I ( 2 ) .  A comparison of t h e  r e s u l t s ,  

espec ia l ly  f o r  2 and 4 e V ,  shows tha t  t h e  differences i n  s c a t t e r i n g  cross 

sect5ons caused by the  differences i n  the  e f f e c t i v e  po ten t i a l  a t  very s m a l l  

r values is not compensated by t h e  poten t ia l  differences a t  l a rge r  r values. 

2 ~(2) I n  Rotenberg’s method t h e  po ten t i a l s  a r e  chosen i n  such a manner 

2 t h a t  t h e  inf luence of t h e  a -term i n  the  r e l a t i v i s t i c  Eq. I(2) on t h e  

energies  of loosely bound s t a t e s  i s  compensated by differences i n  t h e  poten- 

t ia ls  f o r  l a r g e r  r values t o  give iden t i ca l  energies for both cases ( R  and 

NR). It is therefore  not surpr i s ing  tha t  t he  R and NR low energy s c a t t e r i n g  

phases d i f f e r  l i t t l e .  This was a lso  noted by Mittleman.8 A self-consis tent  

n o n r e l a t i v i s t i c  ca lcu la t ion  however cannot give t h e  same energies as a self- 

consis tent  r e l a t i v i s t i c  calculat ion i n  t h e  same approximation, as amply 

demonstrated i n  t h e  l i t e r a t u r e ,  because it neglects  ce r t a in  physical e f f e c t s  

such as t h e  r e l a t i v i s t i c  s - sh i f t  or t h e  sp in  o r b i t  coupling. 

results, based on i d e n t i c a l  bound state energies i n  t h e  R and NR cases,  

Rotenberg’s 

while  co r rec t ,  are i r r e l evan t  t o  our claim. A 4 &?@ t/ 
. A 

(3) This argument is  correct  and our ca lcu la t ions  are not i n  contra- 

d i c t ion  t o  it. 

t h a t  t h e  probabi l i ty  of f ind ing  an e lec t ron  with near ly  zero energy near  t he  

Applied t o  t h e  atom + e lec t ron  case it says  e s s e n t i a l l y  

nucleus is very s m a l l ,  whether the e lec t ron  is bound o r  f ree .  If t h i s  i n t e r -  

p re t a t ion  is accepted then t h e  condition of t h e  existence of a bound state 

appears unnecessary, i.e. AQ = 0:: - IIF -* 0 f o r  k -* 0 even i f  no Ionic  

bound L states ex is t .  

t h e  Anlt begin t o  decrease below about 10 eV and confirmed by t h e  r e s u l t s  of 

L 
This i s - a l r eady  indicated i n  Fig. 3 of I i n  which 

3 
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Table I1 which gives 

energies .  A similar 

t h e  continuation of  t h e  da ta  i n  Fig.  3 of I t o  lower 

behavior is  observed f o r  Hg. The t o t a l  e l a s t i c  

s c a t t e r i n g  c ross  sec t ions  % and QNR as obtained from t h e  R and 

and I ( 2 )  respec t ive ly ,  using Cohen's r e l a t i v i s t i c  Hartree p o t e n t i a l ,  a r e  

shown i n  Table 111. 

pr inc ipa l ly  v a l i d  even without t h e  exis tence of weakly bound i o n i c  states, 

5s appl icable  only t o  extremely low energies ,  and not t o  t h e  low energy 

range considered i n  I. However, f o r  t h e  sake of  c l a r i t y ,  t h e  statement 

made i n  I tha t  t h e  r e l a t i v i s t i c  e f f e c t s  decrease with increas ing  energy, 

should be made more prec ise  by l imi t ing  the  v a l i d i t y  of  t h e  statement t o  

t h e  energy range used i n  e l ec t ron  beam experiments, i .e .  from seve ra l  

t e n t h ' s  of an eV & s e v e r a l  e V  

is concerned, and w a s  not  mentioned i n  I. 

Eqs.  I(1) 

These r e s u l t s  ind ica te  t h a t  Spruch's argument, while 

fh~24d~'Jv 
A A 

n 
I\ ~ i v ' : t d ~  .This i s  t h e  range with which our work A 

In t h e  thermal energy range t h e  

e f f e c t s  decrease with energy. 
g ,  

(4) This is  t r u e  as follows from statements a t  t h e  beginning and at  t h e  

end of I: A t  t h e  beginning it is pointed out t h a t  exchange and po la r i za t ion  

are neglected,  at t h e  end it i s  pointed out tha t  exchange and po la r i za t ion  

have t o  be  included i n  o rde r  t o  obtain r e l i a b l e  s c a t t e r i n g  cross  sec t ions  

f o r  slow e lec t rons .  On t h e  bas i s  of our experience t o  da te  with s c a t t e r i n g  

c ros s  sec t ion  ca lcu la t ions  f o r  heavy atoms, i n  which exchange and polar iza-  

t i o n  are taken i n t o  account by an improved vers ion of  a method reported 

earlier: we  have l i t t l e  hope t h a t  r e l i a b l e  results f o r  slow e lec t rons  can 

be obtained with t h e  present ly  ava i lab le  atomic wave funct ions.  Therefore 

exchange and po la r i za t ion  a r e  neglected i n  I and he re ,  so t h a t  t h e  r e s u l t s ,  

A i ? ~ . k ' ~ ~ ~  
A 

at least I n  t h e  range below 10 eV, cannot be compared with experiment. 

t h i s  has l i t t l e  inf luence on t h e  subjec t  of t h i s  paper.. 

But 
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n, 
very d i f f e r e n t  from t h e  Coulomb poten t ia l .  

t ive  nuclear  charge Z(r )  is  expanded i n  a power s e r i e s  i n  r: Z( r )  = Z - ar 
This can be seen i f  t h e  effec-  

I. ' (5) The s t rong  difference i n  t h e  p-wave cont r ibu t ion  i n  Fig. 2 of I 
5 .  appears only f o r  t h e  Thomas-Fermi-Dirac p o t e n t i a l ,  and f o r  none of  t h e  

Z 
0 

I z 

r 
I : 
I - + b +  . .. and vtl(r) = 2 5 + ... 
I r 2 p o t e n t i a l  by less than 1%; V ' ( r )  = - 

. .  
. .  - . 

. .  . . .  
. .  

. 
.. . 

deviate even less. If a slow e lec t ron  can penet ra te  i n t o  t h i s  region of 

an atom it will t he re fo re  see  a similar p o t e n t i a l  as i n  t h e  Coulomb case 

and similar e f f e c t s  are t o  be expected. The numerical ca lcu la t ions  show 

t h a t  t h i s  is  ' the case. 'I A comparison with pos i t ron  s c a t t e r i n g  i s  o f  i n t e r e s t  Q 
i n  t h i s  connection. As t h e  r e l a t i v i s t i c  e f f e c t s  are due t o  t h e  region near  

t h e  nucleus,  no such e f f e c t s  would be expected i n  t h e  pos i t ron  case because 

of t h e  repuls ive  na ture  of the  po ten t i a l  near  t h e  nucleus. 

d i f f e rences  between e l ec t ron  and posi t ron s c a t t e r i n g  have been noted i n  t h e  

Coulomb case. 

Corresponding 

Our ca lcu la t ions  f o r  R g  show q u i t e  clearly t h e  absence 

5 
. .  

. .  

. .  

. .  
. . .  . .  . .  

#'.. 
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. .  
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~ of r e l a t i v i s t i c  e f f e c t s  as caused by the  a 2 term (column 1 versus 2 i n  

Table Iv), but  i nd ica t e  a r e l a t i v i s t i c  e f f e c t  due t o  t h e  p o t e n t i a l  d i f f e r -  

ences .  at larger r values (column 1 versus 3 i n  Table I V )  . 
If t h e  t h e o r e t i c a l  arguments f o r  t h e  importance of  r e l a t i v i s t i c  e f f e c t s  

I 
I *  
i 

:. . , ... . 

bV ~ i h i t s  
f o r  t h e  s c a t t e r i n g  of  slow e lec t rons  should not be convincing enough, w e  A 
would l i k e  t o  refer t o  t h e  recent  measurements of  t he  Mott po la r i za t ion  of 

' * 

slow e lec t rons  s c a t t e r e d  by Hg atoms.12 The t h e o r e t i c a l  work of  Schonfelder 13 

i 
should also be mentioned i n  t h i s  connection. 

I -  
In conclusion, r e l a t i v i s t i c  e f f e c t s  are important i n  t h e  s c a t t e r i n g  of  

slow e lec t rons  by heavy atoms. They are i n  p a r t  due t o  t h e  a 2 term i n  t h e  . t  

I 

r e l a t i v i s t i c  wave equation, as shown i n  I, and i n  p a r t  due t o  t h e  d i f f e r -  

ence between r e l a t i v i s t i c  and n o n r e l a t i v i s t i c  po ten t i a l s  f o r  l a r g e r  r values,  

as shown here ,  e spec ia l ly  for t h e  posi t ron case. . 

I .  We would l i k e  t o  thank M. A. Coulthard, H. Deichsel, D. M. Fradkin, 1 
M. B. Mittleman, G. H. Rawitscher, M. Rotenberg, and L. Spruch f o r  p rep r in t s ,  

re fe rences ,  and correspondence. 

_ .  . . 
. .  
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Table I .  Total e last ic  scattering cross sections of Hg for slow 
electrons using Hartree potentials i n  the nonrelativistic (NR) and 
relat ivist ic  ( R )  wave equations ( i n  atomic units).  

I --- - ---_ 
Energy {ev) Hartree 5 .  Mayers 6 Cohen 7 

NR R R 

2 

4 

7 

20 

297 84.1 

80.9 64.8 

63.2 . 90.8 

52.3 151 

22.2 50.9 

17.0 15.1 

89.2 

111 

143 

151 

38.6 

14.3 

23 20.6 16.9 16.4 . .  
45 38.3 31.9 32.6 

29.0 27.2 27.7 200 

300 20.8 20.8 21.2 

. .  

. .  

. . .  
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Table 11. 
by Kr using the same potential i n  the re lat iv is t ic  ( R )  and nonrelativistic 
(NR) equations. 

Scattering phases (mod n) for very slow electron scattering 

1 .  1 
nI Energy I n& = I - -) 2 n & j  = I + 

- 740717 - .815164 1 0 

1 .150244 131645 J27995 

.000696 .000688 - .000763 2 

05 0 - 532697 -0589755 
1 .Oh8131 .Ob1939 

. .000131 .00012g- .000141 2 .  

- 0241708 - 269094 01 0 

1 

05 0 

.003968 003594 .003514 

- .171445 - 190780 
-.'001370 . ,001242 0001232 1 

001 0 - -076826 - 085501 
.000110 0 00010g 1 0000121 

0 -0054288 -.060475 > .005 . 
. -  

.000043 .000039 .00003g - -i I .  1 

0001 0 

1 

- .024265 - .027051 
.OOOOb4 ._  .000004 000003 

i -,,.-. . .  
. .  . .  

I 

.. . 
, . . - .  

. .  .*;. 
1. . 

. .  . I . .  ; 

. -  
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Table 111. Total e last ic  scattering cross sections of Hg for very 
slow electrons using Cohen's potential in  R and M equations ( i n  atomic 
units) 

Energy (eV) 1 - 5  -1 mO5 -01 e005 .001 *0001 

891 893 R 175 314 669 773 877 885 

875 882 M 58.3 132 455 605 810 845 
-. 

Table I V .  
positrons using R and NR Hartree potentials i n  R and NR equations ( in  
atomic units).  

Total elastic scattering cross sections of Hg for slow 

------ 

Energy (ev) 

7 Cohen 7 Cohen 5 Hartree 
R m r?R 

2 48.8 48.5 61.8 

20 33.6 33.5 40.1 I 

16.6 16.6 17.7 200 
* 

. .  
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