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SOME RECENT RESULTS I N  SURFACE D I F F U S I O N  

R. Gomer 

Department of Chemistry and The James Franck In s t i t u t e ,  
The University of  Chicago, U.S.A. 

R6sum6 L 'extens ion de l a  m6thode de f l u c t u a t i o n s  'a l a  de'termination des 

tenseurs de d i f f u s i o n  bi-dimensionnel le des couches adsorbees e s t  esquiss@e.Les 
2 

&sul  t a t s  obtenus pour O/W(110), ' ~ / ~ ( 1 1 0 ) ,  e t  H/W(110) son t  pr&ente's, a i n s i  
3 

qu'un debut d ' i n t e r p r e t a t i o n .  La d i f f u s i o n  par  l ' e f f e t  tunnel de 'H, 'H e t  H 

sur  W(110) e s t  d e c r i t e  e t  discutee. 

Abst ract  Extension o f  the f l u c t u a t i o n  method t o  the determinat ion o f  2-dimen- 

s iona l  d i f f u s i o n  tensors o f  adsorbates i s  sketched and r e s u l t s  f o r  O/W( 110) , 
2 ' ~ / ~ ( 1 1 0 ) ,  and H/W(110) a re  presented and t e n t a t i v e l y  in te rp re ted .  Results 

f o r  the tunne l ing  d i f f u s i o n  o f  a1 1 three hydrogen isotopes on W(110) are pre- 

sented and discussed. 

The f i e l d  emission f l u c t u a t i o n  method f o r  s tudy ing sur face m o b i l i t y  makes i t  poss ib le  

t o  determine chemical ( i  .e. F ick ' s  law) d i f f u s i o n  c o e f f i c i e n t s  on the v i r t u a l l y  per- 

f e c t  microscopic s i n g l e  c r y s t a l  surfaces encountered on f i e l d  emi t ters  under condi- 

t i o n s  o f  e f f e c t i v e l y  constant coverage, which however, can be var ied  widely  / I / .  The 

method has recen t l y  been extended t o  a determinat ion o f  anisotropy, i.e. the f u l l  2- 

dimensional d i f f u s i o n  tensor /2/. This paper repor ts  some resu l  tr recen t l y  ohtained 

hy these methods. 

I - DIFFUSION ANISOTROPY 

The f l u c t u a t i o n  method i s  hased on the f a c t  t h a t  even very small changes i n  adsor- 

hate concentrat ion on a f i e l d  e m i t t e r  sur face lead  t o  appreciable emission current  

changes hecause o f  i t s  h igh s e n s i t i v i t y  t o  work funct ion.  By means o f  a probehole 

emission from regions 50-100 A i n  rad ius can he examjned, s ince the magn i f i ca t ion  of 
the f i e l d  emission microscope i s  l o5  - lo6 .  Under condi t ions o f  adsorbate m o b i l i t y  

appreciab-le numb-er and hence cur ren t  f l u c t u a t i o n s  occur on such small regions because 

of' adsorbate d i f f u s i ~ n  i n t o  and ou t  of t h e  probed region. For a c i r c u l a r  probe area 

a re1 axat ion t ime T~ 

i s  associated w i t h  the bu i ldup  and decay o f  fluctuationsl7 Here ro i s  the  rad ius o f  
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the probed region and D  the  chemical d i f f u s i o n  c o e f f i c i e n t .  I t  turns ou t  t h a t  t h e  

t ime au tocor re la t ion  func t ion  o f  the  number f l u c t u a t i o n s  can be expressed as a  func- 

t i o n  o f  tho. The f i e l d  emission current  c o r r e l a t i o n  func t ion  i s  near ly  p ropor t io -  

nal t o  the number f l u c t u a t i o n  funct ion,  a1 though s l i g h t l y  more complicated, s ince 

dipoles outs ide the probed region a lso con t r ibu te  t o  the  l o c a l  work func t ion  w i t h i n  

i t  and hence a f f e c t  emission, b u t  t h i s  i s  a  technica l  d e t a i l .  I n  any case i t  i s  pos- 

s i b l e  t o  ob ta in  -co and hence D  (s ince  ro can be est imated from the  e m i t t e r  rad ius and 

the  probehol e  s i ze )  from a  comparison o f  t h e o r e t i c a l  and experimental c o r r e l a t i o n  

funct ions.  

I f  the probehole i s  constructed i n  the form o f  a  long narrow s l i t ,  i t  can be shown 

/2/ t h a t  the c o r r e l a t i o n  f u n c t i o n  decomposes i n t o  a  product o f  two one-dimensional 

funct ions,  i f  the s l i t  i s  l i n e d  up along one o f  the p r i n c i p a l  axes o f  the  d i f f u s i o n  

tensor. Each o f  these funct ions has i t s  own r e l a x a t i o n  t ime 

2  
T = b  /Dyy 
Y  

(2b) 

i f  the s l i t  dimension 2fi i s  orthogonal t o  the  x  and the dimension 2b orthogonal t o  

the y  d i r e c t i o n ,  x and y  being p r i n c i p a l  axes. I f  b/a r> 1 i t  i s  c l e a r  t h a t  T~ << T 
Y  

even if Dxx < D  so t h a t  the decay o f  the  experimental c o r r e l a t i o n  func t ion  i s  de- 
YY 

termined by T~ only ,  unless very long  times are used. Thus Dxx can be found. I f  the 
2  2  s l i t  i s  then r o t a t e d  90' so t h a t  rX = b  IDxx, r = a  /Dyy, 4 and hence D w i l l  be 

Y  YY 
determined from the experimental c o r r e l a t i o n  func t ion .  

A tuhe w i t h  L/g = 10 and a  magnet ica l ly  r o t a t a b l e  s l i t  has been used by M. Tr ing ides 

and the author t o  l o o k  a t  the anisotropy o f  d i f f u s i o n  on a  W(110) plane. The p r i n -  

c i p a l  axes, which can he determined from symmetry ( i .e .  the requirement t h a t  D  re- 

main i n v a r i a n t  under the symmetry operat ions o f  the  surface) are (.11O1 and (100) (y  

and x  i n  F ig .  1, respec t i ve ly ) .  If d i f f u s i o n  occurs along the axes l a b e l l e d  xl and 

x2 i n  Fig. 1 ( i .e .  (111) d i r e c t i o n s ) ,  i t  can be shown /2/ t h a t  the r a t i o  o f  t r a c e r  * * 
d i f fus ion  c o e f f i c i e n t s  D /D = 2. No p red ic t ions  can be made a  p r i o r i  about the 

yY xx 
r a t i o  of chemical d i  f f u s ~ o n  c o e f f i c i e n t s ,  b u t  as long  as the  subst rate symmetry i s  

n o t  hroken j t  i s  probable t h a t  adsorbate-adsorbate i n t e r a c t i o n s  w i l l  n o t  modify the 

r a t i o  2. A d e f i n i t i v e  answer w i l l  have t o  await  Monte Carlo s imulat ions.  A more 

d e t a i l e d  d iscuss ion o f  t h i s  p o i n t  i s  given i n  a  forthcoming paper by M. Tr ing ides 

and R. Gomer. 

The r e s u l t s  f o r  oxygen adsorpt ion show t h a t  D  /D = 2 under near l y  a l l  condi t ions 
YY xx  

o f  coverage and temperature, although f o r  O/W = 0.6 the r a t i o  i s  less  except a t  

h igh temperature. Very s u r p r i s i n g l y  f o r  hydrogen and deuterium D  /D 2 1 under 
YY xx 

a l l  condi t ions,  i n c l u d i n g  tunne l ing  d i f f u s i o n  a t  27 K. I n  view o f  the oxygen 



F ig .  1 - Schematic diagram o f  bcc (110) p lane .  Non -p r im i t i ve  u n i t  c e l l  shown as 

dashed r e c t a n g l e .  x  and y  a r e  p r i n c i p a l  axes and correspond t o  (100)  and (110) 

d i r e c t i o n s .  xl and x2 a r e  (111) d i r e c t i o n s  and p robab l y  correspond t o  phys i ca l  

jump d i r e c t i o n s  f o r  m s t  adsorbates.  

r e s u l t s  i t  seems most u n l i k e l y  t h a t  H-H i n t e r a c t i o n s  can be d i r e c t l y  respons ib le  f o r  

t h i s  r e s u l t .  The exp lana t i on  must t h e r e f o r e  be sought  i n  a  symmetry b reak ing  f o r ,  

o r  r e s u l t i n g  from H adsorp t ion .  For  i n s t a n c e  H m i g h t  be adsorbed i n  t h e  asymmetric 

b r i d g e  s i t e s  a t  e i t h e r  end o f  t h e  ' lhourglassl '  reg ions i n  F ig .  1 w i t h  a  b a r r i e r  i n  

t h e  m idd le .  However, t h i s  wou ld  r e q u i r e  t h e  b a r r i e r  t o  be o f  t h e  same h e i g h t  (and 

o p a c i t y  i n  t u n n e l i n g )  as those between hourg lasses,  and t h i s  seems u n l i k e l y .  A  more 

reasonab le  e x p l a n a t i o n  i s  suggested by a  r e c e n t  f i n d i n g  o f  P. Es t rup,  namely t h a t  H  

adso rp t i on  causes s u r f a c e  r e c o n s t r u c t i o n ,  c o n s i s t i n g  o f  a  s h i f t  o f  t h e  t o p  W l a y e r  

p a r a l l e l  t o  t h e  (110) d i r e c t i o n .  Such a  s h i f t  amounts t o  a  Jahn -Te l l e r  l i f t i n g  o f  

t h e  degeneracy o f  t h e  2 asymmetric h r i d g e  s i t e s  a t  each end o f  t h e  hourg lass ,  making 

one such s i t e  more, and the  o t h e r  l e s s  t i g h t l y  b i n d i n g  f o r  H. I t  can be shown t h a t  

t h i s  can l e a d  t o  jumps by H atoms w i t h  no o r  l e s s  p r o j e c t i o n  on  t h e  y  a x i s  b u t  w i t h  

normal p r o j e c t i o n s  on t h e  x  a x i s ,  thus reduc ing  t h e  r a t i o  D  /D 
YY x x '  

1 2 The f a c t  t h a t  H  and H  show v i r t u a l l y  t h e  same l a c k  o f  an i so t ropy  a l s o  m i l i t a t e s  

a g a i n s t  t h e  cha in  p ropaga t i on  mechanism invoked p r e v i o u s l y  /1/ t o  e x p l a i n  t h e  ano- 
2 malous l y  h i g h  p r e f a c t o r s  i n  a c t i v a t e d  d i f f u s i o n  f o r  H a t  h i g h  coverage. 

I 1  - MEAN SQUARE FLUCTUATION ANISOTROPY 

The d i f f u s i o n  measurements j u s t  d iscussed a l s o  g i ve ,  i n  t he  fo rm of t h e  c o r r e l a t i o n  

f u n c t i o n  a t  t = 0  mean square f l u c t u a t i o n s .  For  s u f f i c i e n t l y  l a r g e  probed areas, 

embedded i n  a- s u f f i c i e n t l y  l a r g e  ( i  .e. i n f i n i t e  i n  p r i n c i p l e )  p lane  these a re  pro-  

p o r t i o n a l  t o  t h e  2-dimensional  c o m p r e s s i b i l i t y  K o f  t h e  a d l a y e r  / 3 / :  
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2 where c  i s  adsorbate concentrat ion i n  atoms/cm and <n> the  mean number o f  atoms. 

I t  was there fo re  s u r p r i s i n g  t o  f i n d  considerable anisotropy w i t h  s l i t  o r i e n t a t i o n  i n  
2 <(6n) >. For O/W(110) an anisotropy o f  %2 almost independent o f  T  and 8 was found, 

the f l u c t u a t i o n  being l a r g e r  f o r  t h e  long  dimension o f  the s l i t  p a r a l l e l  t o  (100). 
1 2 Anisotropies from ~3 t o  <1, dependjng on temperature and 8 were found f o r  H and H. 

I t  turns out ,  however, t h a t  t h i s  behavior i s  t o  be expected f o r  s u f f i c i e n t l y  small 

rectangular  probe areas i f  the c o r r e l a t i o n  lengths o f  the  f l u c t u a t i o n s  i n  the x  and 

y  d i r e c t i o n s  d i f f e r  and i f  a t  l e a s t  one o f  the c o r r e l a t i o n  lengths i s  comparable t o  

the s h o r t  probe dimension. I t  i s  n o t  poss ib le  t o  assign unique sets o f  c o r r e l a t i o n  

lengths t o  expla in  the observed anisot rop ies,  b u t  the a r t i c l e  by Tr ing ides and Gomer 

a1 ready r e f e r r e d  t o  shows t h a t  reasonable values, g i v i n g  the observed anisot rop ies,  

can be ca lcu la ted  by mean f i e l d  theory, us ing the oxygen-oxygen nearest, next-nearest, 

and next-next nearest neighbor i n t e r a c t i o n  energies whi ch are invoked t o  exp la in  the  

phase diagram o f  t h i s  system /4/ and which have a lso been used t o  exp la in  almost 

q u a n t i t a t i v e l y  the increase i n  a c t i v a t i o n  energies o f  d i f f u s i o n  w i t h  coverage /5/. 

The l a r g e r  an isot rop ies,  and t h e i r  more dramatic v a r i a t i o n  w i t h  T and 8, seen f o r  
2 'H and H suggest more complex i n t e r a c t i o n s  and poss ib ly  the  inadequacy o f  a  l a t t i c e  

gas model f o r  these systems. 

I 1 1  - TUNNELING DIFFUSION OF HYDROGEN, DEUTERIUM, AND TRITIUM 

1 2 The d i f f u s i o n  o f  H and H was s tud ied  by the  f l u c t u a t i o n  method by DiFoggio and 

Gomer /1/, who noted i n  a d d i t i o n  t o  thermal ly  ac t i va ted  a lso  temperature independent 

d i f f u s i a n  a t  T  < 140-160 K, depending on i so tope  and coverage. These measurements, 

have heen v e r i f i e d  and extended by S. C .  Wang and the author. Only the tunnel ing 

r e s u l t s  w i l l  be discussed here, a1 though t h e  thermal ly  a c t i v a t e d  ones a lso  present 

a  number o f  i n t e r e s t i n g  features.  Log D values a t  27 K p l o t t e d  against  0 are shown 

i n  Fig. 2. The agreement w i t h  Ref. 1 i s  yery good, where over lap ex is ts ,  except f o r  
1 a  general s h i f t  downward o f  the H  curve. This probably r e s u l t s  from er ro rs  i n  ro, 

which must he determined from emission data r a t h e r  i n d i r e c t l y  and can depend markedly 

on l o c a l  magni'f ication. Several features o f  F ig .  2 are q u i t e  s t r i k i n g .  F i r s t ,  tun- 
3 nel i n g  s t i l l  occurs f o r  3~ and as 8 + 0 the value o f  D  ( H) i s  on ly  1/15 o f  t h a t  f o r  

1 3 2 'H. Second, the 8 dependence o f  H  and H i s  v i r t u a l l y  i d e n t i c a l ,  w h i l e  t h a t  for  H 

d i f f e r s  f o r  8 > 0.7. F i n a l l y  a l l  curves show an i n i t i a l  minimum fo l lowed by a  maxi- 

mum a t  0 = 0.3. S t ra igh t fo rward  a p p l i c a t i o n  o f  the WKB tunne l ing  p r o b a b i l i t y  would 

requi re the b a r r i e r s  t o  be extremely transparent i n  o rder  t o  exp la in  the  small mass 

effect, h u t  then the observed absolute values o f  D  would be many orders o f  magnitude 

too small  f o r  any reasonable model. The q u a l i t a t i v e  explanat ion l i e s  i n  the  f a c t  

t h a t  there i s  mass renormalizat ion, i n  the form o f  a d d i t i v e  mass correct ions,  as 

explained i n  a  forthcoming paper by K. A. M u t t a l i b  and J. Sethna. The e f f e c t  ar ises 



1 3 Fig. 2 - Log D vs. relat ive coverage 8 for  H ,  2 ~ ,  and H on W(110) a t  27 K .  Dashed 
1 2 curve for H from Ref. 1. Points f o r  H from Ref. 1 shown as fu l l  squares. 

because the adsorbate d is tor ts  the substrate.  In tunneling th is  distort ion i s  car- 

ried along and gives r i se  to phonon generation, which translates into effective mass 

corrections. As 8 increases the substrate distort ion fo r  a given adatom i s  counter- 

acted by other adatom-substrate interactions; the l a t t i c e  i s  thus s t i f fened,  and the 

mass decreased, resulting in increased D.  A t  even higher 8 s i t e  blocking, o r  equi- 

valently, l a t t i c e  softening for  hole diffusion again reduces D.  A t  very low 8, how- 

ever, i t  appears tha t  2 body (ad-ad) interactions r e su l t  e i ther  in some substrate 

softening or in more blocking that  st iffening.  This could resul t  from the preferred 

2 body s i t ings  a t  low 8. 

2 
The increase in D for  8 > 0.7 and the generally lower than expected D values fo r  H 

3 pose a puzzle. I t  i s  quite l ikely tha t  the difference between 'H and H on the one 
2 hand and H on the other arises from nuclear s t a t i s t i c s .  If  electrons hop on and 

2 off the adsorbate rapidly, only nuclear s t a t i s t i c s  matter and H then behaves l i k e  a 

spin = 1 hoson. For th i s  case a Fermi hole i s  absent i n  213 of encounters between 
2 1 3  two H atoms while i t  i s  present in 314 of encounters fo r  H or  H atoms. A t  low 8 

th i s  i s  a disadvantage, 1 eading to unproductive configurations for  subsequent jumps, 

h u t  a t  high 8 where hole diffusion predominates i t  f ac i l i t a t e s  the l a t t e r .  

IY - CONCLUSION 

The results  described here give a sampling of the phenomena being uncovered by the 

fluctuation technique. Surface diffusion i s  turning out to be f a r  more complex, but 

also f a r  more interesting than one might have imagined, i t s  ramifications leading 

deeply into the s t a t i s t i c a l  and quantum mechanics of two-dimensional systems. 
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