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Abstract: LEED patterns obtained from clean Au(l1 I )  surfaces, show 
tha t  each in tegra l  order d i f f r a c t i o n  beam i n  the normal (1 x 1) 
pa t te rn  i s  surrounded by hexagonal arrays o f  r e f l ec t i ons  al igned 
along the <110>. The spacing between these addi t iona l  d i f f r a c t i o n  
features i s  Q 4% o f  t ha t  between the in tegra l  order beams and lead! 
t o  the suggestion tha t  the outermost layer o f  atoms i s  not  
completely coherent w i t h  respect t o  the bu lk  structure.  Oxygen was . 
found t o  adsorb on the clean surface a t  sample temperatures above 
560°C hut  i t s  presence d i d  no t  e f f e c t  the LEED pattern. An 
increased ra te  o f  adsorption was observed on surfaces which 
contained small quan t i t i es  o f  Ca. This chemisorbed oxygen could be 
removed by ion  bombardment but not by heat ing up t o  80o0C. 

1 NTRODUT l ON a t  elevated temperature but  d i f f e r  i n  : 

t h e i r  observations concerning adsorption 
It has been determined from LEED inves t i -  below 50o0C./7,8/ I n  view o f  t h e  r o l e  
gatians o f  clean ~ ~ ( 1 0 0 )  and (110) o f  ac t i ve  s i t e s  and, thus, the spec i f i c  * 

surfaces, tha t  tt-e atomic arrangements i n  dependence on both sample o r i e n t a t i o n  
the outermost layer a re  reordered re la -  and surface c leanl iness i n  the  chemisorp- 
t i v e  t o  t h e i r  idea l  in t rap laner  arrange- t i o n  process, we have performed adsorp- 
nents i n  the bulk./l-4/ While the surface t i o n  experiments on we l l  character ized , 
region o f  t h e  (100) i s  now generally Au( l l1)  surface 
bel ieved t o  consist  o f  a s ing le  hexagonal 

EXPERIMENTAL Au layer on top  c f  the normal bu lk  array, 
/4,5/ the exact atomic arrangement o f  the 
(110) surface i s  s t i l l  i n  question. I n  A l l  LEED observations were made w i t h  a ; , 
contrast ,  r esu l t s  o f  studies with,LEED or commercial three-gr id LEED opt ics .  
the Au(1 l l )  surface have suggested t h a t  While some i n i t i a l  Auger spectra were 
t h i s  surface exh ib i t s  i t s  normal bulk-  obtained by employing t h i s  o p t i c s  as a 
l i k e  atomic arrangement./2,6,7/ However, re tard ing f i e l d  analyzer, most data were I 
published LEED photographs obtained d u r i i g  acquired w i t h  a double pass CMA. Both 
these studies,/2,7/ e x h i b i t  large areas analyzers along w i t h  an ion bombardment 
or i n tens i t y  a t  the in tegra l  order gun and quadrupole mass spectrometer 
r e f l e c t i o n  pos i t ions instead o f  shar, were mounted i n  a s ta in less  s t e e l  UHV 

' 

narrow beams. We have obtained resu l ts  , chamber whose background pressure was 
presented below, which now suggest t ha t  t y p i c a l l y  i n  the low l oo8  Pa range. 
the Au( l l1 )  outermost surface layer i s  I 
not completely coherent w i t h  respect t o  ~ n e  bu lk  Au sample used in  t h i s  fnvest i -  
the bu lk  s t ructure.  gat ion was spark cut  from a 5N pure ingot  

and then mechanically pol ished w i t h  
A'l though r e l a t i v e l y  ine r t ,  there has been abrasives t o  produce a surface o r ien ted  
i n te res t  i n  the adsorption propert ies o f  t o  w i t h i n  0.5' o f  the [Ill]. An 
Au and a number af invest igat ions speci- o p t i c a l l y  smooth, h igh-qual i ty  surface 
f i c a l l y  concerned w i t h  the chemisorption was subsequently obtained by e lec t ro -  
o f  oxygen a t  room and elevated tempera- po l i sh ing  the sample i n  a cyanide base 
tures have been performed since 1920. solut ion./g/ The t h i n  f i l m  sample used 
The cont rad ic tory  resu l t s  of some of these was a sel f -support ing s i ng le  c r y s t a l  
studies may possibly be a t t r i b u t e d  t o  % 6500 t h i c k  w i t h  a [I 1 I ]  o r i en ta t i on .  
surface preparation, treatment o r  clean- This sample was grown e p i t a x i a l l y  on a . 
l iness.  Two recent studies performed on mica substrate and then t rans fe r red  t o  a 
(111) or iented samples under UHV condi- Au d i sk  using procedures prev ious ly  
t i ons  have both reported chemisorption described./lO/ A chromel-constantan 

thermocouple placed i n  contact  w i t h  ' 

"~esearch sponsor?d b the ERDA under these samples was used f o r  monitoring 
contract  w i  t h  Un~on xarbide Corporation. spec i menJ SsmPgr@tup& .-,.- ,,A", - : ~  . #-I--, ~."-,'~&&.~,,~j'iI .i,&.g, 
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F ig.  1. a) LEED p a t t e r n  a t  a  pr imary beam energy o f  54 eV from a  c lean AU (1 11) surface. 
b) O r i e n t a t i o n  o f  sample w i t h  respect t o  LEED pa t te rn .  To be viewed from the  

p rospec t i ve  o f  l ook ing  through the c r y s t a l  and p r o j e c t i n g  the  f i r s t  t h ree  ' 

layers ,  ABC, on to  the  screen, A=O, B = 3 ,  C = O .  

RESULTS t h a t  these measurements a re  i n d i c a t i v e  of  
a  c lean ~ ~ ( 1 1 . 1 )  sur face.  . . . .  . 

LEED observat ions from the  b u l k  Au 
sample, as i nse r ted  i n  t he  UHV system, I n i t i a l  c h a r a c t e r i z a t i o n  o f  t h e  t h i n  
revealed o n l y  i n t e g r a l  o rder  r e f l e c t i o n s  f i l m  specimen was s i m i l a r  t o  t h a t  o f  t h e  
o f  weak i n t e n s i t y ,  de tec tab le  a t  ener- b u l k  sample. A f t e r  Ar i on  bombardment 
g.ies above 200 eV, due t o  the  in tense and anneal ing, t he  LEED p a t t e r n  ob ta ined 
d i f f u s e  b.ackground. Subsequent t o  A r  f rom t h i s  sur face was o f  thedsame qua1 i t y  
i o n  bombardment and anneal ing t o  % 400°C as t h a t  e x h i b i t e d  i n  Fig.. l a .  However, 
t he  LEED p a t t e r n  shown i n  F ig.  l a  was the  i n t e n s i t i e s  o f  t he  hexagonal a r rays  
.observed. Each i n t e g r a l  o rder  beam i s  . o f  r e f l e c t i o n s  as w e l l  as the  i n t e g r a l  
surrounded by hexagonal a r rays  o f  o rder  beams e x h i b i t e d  s i x - f o l d  r a t h e r  
a d d i t i o n a l  r e f l e c t i o n s  whose i n t e n s i t i e s  than t h r e e - f o l d  r o t a t i o n a l  symmetry. . . 

e x h i b i t  the t h r e e - f o l d  r o t a t i o n a l  symme- This r e s u l t s  from a  superpos i t i on  o f  
t r y  s p e c i f i c  t o  t h i s  c r y s t a l  o r i e n t a t i o n .  t h r e e - f o l d  symmetric d i f f r a c t i o n  
An examinat ion o f  t he  b u l k  atomic pa t  te rns  f rom adjacent  doma ins  which 
arrangement, o r i e n t e d  w i t h  respect t o  the  . have e i t h e r  ABC o r  ACB s tack ing  arrange- 
LEED p a t t e r n  and shown i n  Fig. l b ,  ments formed du r ing  the e p i t a x i a l  growth 
reveals these a'ddi t i  onal r e f l e c t  ions t o  on themica  subs t ra te .  Wi th  the  excep- 

' . be a l i gned  w i t h  <110> d i r e c t i o n s .  From . t i o n  o f  t h i s . d i f f e r e n c e ,  a l l  o t h e r  
a d d i t i o n a l  observat ions,  i t  was deter -  observat ions on t h i s  sur face were 
mined t h a t  hea t i ng  t o  Q 200°C subsequent' i d e n t i c a l  t o  those on the  b u l k  sample 
t o  i o n  bombardment was s u f f i c i e n t  t o  surface. 
anneal the  sur face such t h a t  t h i s  complex 
LEED p a t t e r n  was then obtained. Th is  No changes were observed i n  t he  c lean'  
atomic arrangement then p e r s i s t e d  and sur face LEED p a t t e r n s  o r  Auger spectrum 
s i m i l a r  LEED pa t te rns  were observed a f t e r  from a  sample subsequent t o  exposure t o  
anneal ing t o  temperatures as h igh  as oxygen a t  room temperature a t  pressures 
850°C. up t o  l o e 3  Pa and f o r  per iods  up t o  8 

h rs .  -However, exposure o f  a  f r e s h l y  i on  
An Auger spectrum obta ined from such a  bombarded surface t o  Pa f o r  2  h r s  
sur face i s  shown i n  F ig .  2 and reveals resu l ted  i n  the  adsorp t ion  o f '  a  ,very 
t h a t  no i m p u r i t y  s igna ls  could be smal l  amount o f  oxygen which r a p i d l y  . 

.. . 
detected on t h i s  surface. Repeated desorbed upon s tand ing  i n  vacuum. Th is  
s p u t t e r  a'nd anneal ing treatments had 'no ' oxygen Auger s  i gna 1 was never. more ttiari" . 
e f f e c t  on e i t h e r  the  LEED pa t te rns  o r  2, 0.02 as in tense as the  255 eV Au 

I Auger spectra.  Therefore,  i t i s  be1 i eved Auger s i g n a l .  
. . .. .. . . " -..~ 

I , . . , . - . , 
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F ig.  2. Auger e l e c t r o n  spectra from a 
c lean A u ( l l 1 )  sur face and a f t e r  
exposure t o  O 2  a t  700°C. 

Oxygen was observed t o  begin adsorbing 
on a c lean annealed sur face a t  a c r y s t a l  
temperature o f  % 500°C a t  a pressure of  

Pa. The amount o f  adsorbed oxygen 
f o r  a s p e c i f i c  exposure increased w i t h  
increas ing  temperature up t o  the  maximum 
temperature employed, 800°C. The l a r g e s t  

.oxygen Auger s i g n a l  was Q 0.2 as in tense 
as t h e  255 eV Au Auger s igna l  and i t s  

' negat ive  peak occurred a t  an energy o f  
507 eV. No o the -  de tec tab le  Auger s i g -  
na l s  nor  changes i n  LEED pa t te rns  were 
observed f o l l o w i n g  these exposures. 
This  chemisorbed oxygen cou ld  be removed 
by i o n  bombardment bu t  n o t  by hea t i ng  t o  
800" c . 
Ca could be segregated t o  the  sur face by 
hea t i ng  the  sample above 500°C f o r  many 
hours, and the  q u a n t i t y  increased w i t h  
hea t i ng  t ime o r  increased temperature. 
More oxygen was observed t o  adsorb f o r  a 
speci f i c  expos,ure a t  an e levated tempera- 
t u r e  when Ca was i n i t i a l l y  present  than 
on t h e  c lean sur face.  Depending on the  
i n i t i a l  cond i t i ons ,  t h i s  increase cou ld  

,be  as much as a f a c t o r  o f  5. The oxyger, 
Auger l i n e  shape and p o s i t i o n  w i t h  res- 
pec t  t o  energy were unchanged from t h a t  
observed i n  the absence o f  Ca. An 
example o f  the  most in tense s igna l  obser- 
ved i s  shown i n  Fig. 2. Wi th Ca present,  
the minimum temperature f o r  adsorp t ion  o f  
oxygen was lowered t o  % 400°C. The 
amount o f  Ca segregat ing a t  t he  sur face 
a t  a s p e c i f i c  temperature increased when 
the samp!.e .was s l mu!-taneous l y  exposed t o  
oxygen. 

DISCUSSION 

The observa t ion  o f  i d e n t i c a l  LEED pa t -  
te rns  obta ined from samples prepared i n  

I t o t a l  l y  d i f f e r e n t  fashions from d i f f e r e n t  

. . 

source m a t e r i a l s  i n  con junc t ion  w i t h  iden- 
t i c a l  AES r e s u l t s  s t r o n g l y  suggests t h a t  
these pa t te rns  r e f l e c t  the  atomic arrange- 
ment on h i g h l y  o r i e n t e d  c lean ~ ~ ( 1 1 1 )  
surfaces. The p o s s i b i l i t y  t h a t  su r face  
imperfect ions a re  respons ib le  f o r  these 
observat ions i s  reduced due t o  t h e  com- 
p l e t e  s t a b i l i t y  o f  these sur faces w i t h  . ' 

respect t o  ex tens ive  hea t i ng  a t  tempera- 
t u res  up t o  8 5 0 ~ ~  and the a d d i t i o n a l  f a c t .  
t h a t  the t h i n  f i l m  sur face i s  known t o  ; 
have a tom ica l l y  smooth domains severa l  - 
thousand angstroms i n  ex ten t .  Moreover, 
our  LEED observat ions on (100) and ( 1  10) 
o r i e n t e d  Au samples prepared f rom these 
same source m a t e r i a l s  a re  cons i s ten t  w i t h  
prev ious r e s u l t s  and argue aga ins t  some 
undetected i m p u r i t y  be ing  respons ib le  f o r  
s t a b i l i z i n g  t h i s  atomic arrangement. The 
absence o f  s i m i l a r  observat ions o f  t h i s  

.complex LEED p a t t e r n  du r ing  prev ious  
s tud ies  on (111) o r i e n t e d  Au samples may . 

reasonably be a t t r i b u t e d  t o  e i t h e r  sur -  
face p repa ra t i on  o r  l ack  o f  angular  reso l -  
u t i o n  i n  the  e l e c t r o n  o p t i c s  d e t e c t i o n  
system. /2,7/ Whi l e  t h e  reordered Au ( 1  00) 
and (110) sur faces can be converted t o  
t h e i r ' n o r m a l  atomic arrangements by adsorp- 
t i o n  of  submonolayer q u a n t i t i e s  o f  impur- 
i t i e s ,  t he  amounts o f  e i t h e r  0 o r  Ca 
present  as a r e s u l t  o f  t he  adsorp t ion  ex- 
periments have been i n s u f f i c i e n t  t o  cause 
such a conversion o f  . the  (1 11). . .  - 

A c a r e f u l  examinat ion o f  t he  LEED pat-. . 
t e rns  revea ls  t h a t  t he  s p a t i a l  s p l i t t i n g  
.between the  a d d i t i o n a l  r e f l e c t i o n s  and 
the  integ.ra1 order  beams i s  Q 4% o f  t h e  . 

d is tance between t h e  i n t e g r a l  ' o rde r  beams. 
Th i s  amount o f  s p l i t t i n g  i s  comparable t o  
t h a t  observed between the e x t r a  r e f l e c -  
t i o n s  i n  the  ~ ~ ( 1 0 0 )  LEED pa t te rns .  I n  . 

t h a t  case a hexagonal l aye r  w i t h  an i n t r a -  
l aye r  spacing Q 5% smal le r  than t h a t  i n  
the  b u l k  has been suggested as the  top  
l aye r  con f i gu ra t i on . / l - 4 /  The observa- 
t ions presented here suggest t h a t  a 
cont rac ted  hexagonal l aye r  may a l s o  e x i s t  
on the  A u ( l l 1 )  sur face.  Because o f  the  . 
complexi ty  o f  t he  p a t t e r n ,  accura te  LEED 
i n t e n s i t y  measurements are d i f f i c u l t ,  and 
w h i l e  p r e d i c t i o n s  o f  m u l t i p l e  s c a t t e r i n g  
c a l c u l a t i o n s  may prove h e l p f u l ,  an 
approach which makes use o f  i o n  channeling 
may be the  most s u i t a b l e  technique f o r  
determin ing whether o r  no t  the  t o p  l a y e r  
i s  contracted. /5/  

The absence o f  any de tec tab le  oxygen 
adsorp t ion  a t  temperatures below 500°C on 
c lean annealed sur faces i s  i n  complete 
accord w i t h  the  on l y  o the r  LEED-AES 
i n v e s t i g a t i o n  on a ~ ~ ( 1 1 1 )  su r face  
repor ted by Chesters and Somorjai (C  & S). 
/7 /  However, these observat ions and the  . -  

. ,  . . . . . . . . . . .  ..<.. . 
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l ack  o f  any s i g n i f i c a n t  adsorp t ion  on an 
ion  bombarded sur face a r e  i n  disagreement 
w i t h  the  r e c e n t ' r e s u l t s  o f  Schrader./8/ 
He has pos tu la ted  a c t i v e  s i t e s ,  no t  
present  on h i g h l y  ordered surfaces, - t o  
e x p l a i n  the  d i f f e r e n c e  between h i s  
r e s u l t s  and those o f  C & S .  Whi l e  the  
absence o f  adsorp t i on on our  annealed 
surfaces may be due t o  a lack  o f  such 
a c t i v e  s i t es ,ou r  r e s u l t s  on t.he i o n  
bombarded sur face (which- a r e  known from 
LEED observat ions t o  be h i g h l y  disordered) 
r a i s e  some doubts about the importance o f  
such a s i t e .  Unfor tunate ly ,  t he  l a c k  o f  
sur face c h a r a c t e r i z a t i o n  w i t h  LEED ra ises  
the  poss ib i  1 i t y  t h a t  t he  (1 11) o r i e n t e d  
samples o f  Schrader may d i f f e r  s i g n i f i -  
c a n t l y . i n  t h e i r  sur face  topography from 

.ours and thus prevents a thorough evalu-  
a t i o n  o f  these d i f f e r i n g  r e s u l t s .  

The observed adsorp t ion  o f  oxygen a t  
temperatures above 500°C i n  a s t r o n g l y  
chemisorbed form i s  cons i s ten t  w i t h  
prev ious observat ions./7,8/ Although 
i t  i s  d i f f i c u l t  t o  es t imate  p r e c i s e l y  
the coverage due t o  many unknown f a c t o r s  
a f f e c t i n g  the  Auger s igna l  s t rength ,  the  
r e l a t i v e  i n t e n s i t y  o f  the oxygen s igna l  
and the  absence o f  any new ordered 
s t r u c t u r e s  o r  changes i n  LEED pa t te rns ,  
suggests t h a t  t he  coverage was much less  
than a monolayer. Whi le these LEED 
observat ions a r e  i n  c o n f l i c t  w i t h  the  
ox ide  s t r u c t u r e  repor ted  by C & S, the  
d i f f e r e n c e  may be due t o  the  d i f f e r e n c e  
i n  sur face o rde r  as i nd i ca ted  by the  
d i f f e r i n g  LEED observat ions from the  
sur faces on which the  adsorp t ion  
occurred. However, the r e l a t i v e  
s t r e n g t h  o f  the  oxygen Auger s igna l  
repor ted  here i s  i n  agreement w i t h  t h a t  
observed by o the rs  /7,8/ and suggests -. 

t h a t  the q u a n t i t y  o f  oxygen present  i s  
no t  s u f f i c i e n t  t o  form an ex tens ive  
ox ide  s t r u c t u r e .  

The e f f e c t  o f  Ca on oxygen adsorp t ion  
ra tes  has n o t  been repor ted p rev ious l y ;  
however, i t s  e f f e c t  on water vapor 
adsorp t ion  on Au has recen t l y  been 
repor ted by Sch rader . / l l /  I n  accord 
w i t h  h i s  observat ions,  the amount o f  
oxygen adsorbed f o r  a speci f i c Ca 
concent ra t ion  increased, bu t  no t  
l i n e a r l y ,  w i t h  increased Ca segregat ion.  
Moreover, s ince  the  Ca concent ra t ion  
could be -increased by heat ing  the-  sample 
i n  t he  presence c f  oxygen i t  appears tha t  
no t  on l y  does the Ca increase the  r a t e  
o f  oxygen adsorp t ion  bu t  i t  segregates 

.. .. , 

small undetectable q u a n t i t y  was present  
.on the  c lean sur face;  however, t h i s  quan- 
t i t y  i s  extremely smal l .  

CONCLUS l ONS 

Whi l e  there  i s  much agreement between t h e  
oxygen adsorp t ion  r e s u l t s  presented here 
and those p rev ious l y  repor ted by others, .  
the  lack  o f  ex tens ive  surface charac ter -  
i z a t i o n  i n  some o f  those i n v e s t i g a t i o n s  
prevents a complete eva lua t i on  and under- 
s tand ing  o f  the  c o n f l i c t i n g  observat ions. '  
S p e c i f i c a l l y ,  the  new LEED p a t t e r n s  
repor ted  here suggest t ha t  h i g h l y  
o r i en ted ,  clean, annealed A u ( l l 1 )  surfaces 
may no t  have been used i n  p rev ious  
s tud ies .  Our LEED r e s u l t s  imp ly  an . . 
atomic c o n f i g u r a t i o n  i n  the su r face  
reg ion  o f  the (1 1 1 )  d i f f e r e n t  f rom t h a t  , 

i n  the  bu lk .  Although d e t a i l s  o f  the  
exact  arrangement remain t o  be determined, 
a cont rac ted  i n t r a l a y e r  spacing i n  the  
outermost l a y e r  may expla' in these obser- ; 
va t i ons  and i s  c o n s i s t e n t . w i t h  p.revious 
f i n d i n g s  on AU (100) reordered sur faces.  
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