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DIRECT IDENTIFICATION OF ATOMIC BINDING SITES ON A CRYSTAL*
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U n iv ers ity  o f  I l l i n o i s  at  Urbana-Champaign 
Urbana, I l l i n o i s  61801

ABSTRACT

The atomic r e s o lu t io n  o f  the f i e l d  ion m icroscope , 

in co n ju n ct ion  w ith  i t s  a b i l i t y  to  remove and id e n t i f y  

in d iv id u a l  atomic la y e r s ,  has been used to  map unambiguously 

the u n it  c e l l  o f  the (111) plane o f  tungsten and to  determine 

d i r e c t l y  the lo c a t i o n  o f  s in g le  tungsten atoms adsorbed on 

th is  p lane . Adatoms have been observed to  occupy two b in d ­

ing s i t e s  o n ly .  The predominant s i t e  corresponds to  a 

normal l a t t i c e  p o s i t i o n .  The second s i t e  is  o f  s im ila r  

symmetry, in that the adatom s i t s  between three f i r s t  layer  

atoms; however, a t  th is  p o s i t i o n  the adatom is  lo ca te d  above 

an atom in the second rather than the th ird  l a t t i c e  la y e r .

The former s i t e  is  favored  e n e r g e t i c a l l y ,  but on ly  by 

«  °2 eV. A l l  observa t ion s  have been made a t  high f i e l d s ,  

but i t  is  shown from stu d ies  o f  m igration  and other  e f f e c t s  

that the b ind ing  s i t e s  i d e n t i f i e d  in the f i e l d  ion m icro ­

scope are t y p i c a l  o f  a normal, f i e l d  f r e e  environment.

* Supported by the A ir  Force O f f i c e  o f  S c i e n t i f i c  Research (AFSC), USAF, 
under Grant AFOSR 72-2210.

t Operated under the J o in t  S erv ices  E le c t r o n ic s  Program (U.S. Army,
U.S. Navy, and U.S. A ir  F orce) under C ontract DAAB-07-72-C-0259.
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1. INTRODUCTION

V it a l  to  an understanding o f  the su r face  behavior o f  s o l id s  

is a knowledge o f  the s tru c tu re  and atomic arrangement at the in t e r ­

fa c e .  Such inform ation  is  s t i l l  q u ite  fragmentary. One fundamental 

qu est ion  which has not y e t  been reso lv e d  is - -w h ere  on a c r y s t a l  are 

s in g le  adsorbed atoms held? I t  is  to  an experim ental s o lu t io n  o f  th is  

problem that we w i l l  address o u r s e lv e s .

For adsorbed monolayers much has a lready  been done to  study 

the atomic arrangement using low energy e le c t r o n  d i f f r a c t i o n  (LEED).

A sketch o f  the present understanding o f  such la y e rs ,  and o f  LEED,1 

is  th e re fo re  necessary as an in tro d u c t io n  to  our own s tu d ie s ,  which 

are focu ssed  on the lo c a t io n  o f  s in g le  atoms.

The f i r s t  step  in d e f in in g  the lo c a t io n  o f  atoms in an o v e r ­

layer  with resp ect  to  those o f  the u nderly ing  c r y s t a l  was taken by 
2 3

Park. * He showed that the s p l i t t i n g  o f  the f r a c t i o n a l  order spots  

in c (2x2 ) p a t te rn s ,  t y p i c a l  o f  ad sorp t ion  on (100) p lan es ,  was due to  

s c a t t e r in g  from antiphase domains in which atoms were held  a t  s i t e s  

o f  f o u r - f o l d  symmetry. This l im its  the type o f  b inding s i t e  f o r  atoms 

in the adsorbed layer  w ith ou t, however, d e f in in g  i t  u n eq u iv oca l ly .

Only r e c e n t ly  has there been s u b s ta n t ia l  progress  in th is  d i r e c t i o n ,  

based on a d e ta i le d  examination o f  s c a t t e r in g  in t e n s i t y .  Two d i f ­

fe r e n t  approaches are being  pursued in dea lin g  with the com plicated  

dynamical e f f e c t s  which obscure the in t e n s i t y  r e la t io n s  in low energy



3

e le c t r o n  d i f f r a c t i o n  from monolayers:

1. Averaging o f  the experim ental d i f f r a c t i o n  i n t e n s i t i e s ,  

to  s t r ip  away dynamical c o n t r ib u t io n s .

2 . Comparison o f  s c a t t e r in g  in t e n s i t ie s  with the re su lts

o f  f u l l y  dynamical c a l c u la t io n s  f o r  d i f f e r e n t  monolayer arrangements.

IlS-The f i r s t  o f  these methods, which is  q u ite  prom ising fo r

c lean  s u r fa c e s ,  has been exp lored  f o r  only one ov e r la y e r :  the c (2x8 )

co in c id e n ce  l a t t i c e  formed at high temperatures by oxygen on the (100) 
4

plane o f  rhodium. There have been sev era l  attempts o f  the second 

typ e . From a comparison o f  the experimental in t e n s i t ie s  w ith  those 

ca lc u la te d  f o r  sodium on the (100) plane o f  n i c k e l ,  Andersson and

Pendry^ concluded that the a l k a l i  atom was p o s i t io n e d  above a h o le
£

o f  f o u r - f o l d  symmetry in the (1 0 0 ) .  Forstmann e t  a l . ,  using  s im ila r

procedu res , analyzed iod ine  layers on the (111) o f  s i l v e r .  Best

agreement with the experim ental measurements was obta ined  f o r  iod ine

in hollows o f  t h r e e - f o ld  symmetry. Two such s i t e s  are p o s s ib le  on the

(1 1 1 ) :  one w ith , and the other without a l a t t i c e  atom in the 2nd

l a t t i c e  layer  d i r e c t l y  below the h o l low . S ite s  o f  the l a t t e r  type

emerged as the most l i k e l y  p o s i t io n  f o r  atoms in the iod in e  f i lm .

7-9Most r e c e n t ly ,  three d i f f e r e n t  groups have concentrated  

on the arrangement o f  cha lcogen ide  layers on the (100) plane o f  n i c k e l .  

These an a ly ses ,  based on comparable experim ents, a r r iv e  a t  the same 

o v e r a l l  geometry: the atoms in the over la y er  are viewed as s i t t i n g

in f o u r - f o l d  symmetric h o l lo w s .  However, the d istan ces  between the
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ov e r la y e r  and the su r face  deduced by the three groups d i f f e r  co n s id e r a b ly .

D espite  a s ta ted  u n cer ta in ty  o f  on ly  + 0 .1  A f o r  oxygen on n i c k e l ,  values 
7 8 u qo f  0 .9 0 ,  1 .5 ,  and 1.8 A have been re p o r te d .  Although a l l  these stu d ies  

on ov er la y ers  agree in p la c in g  the adatoms in re cessed  p o s i t i o n s ,  at  

which they en joy  high co o r d in a t io n  w ith  the s u r fa c e ,  i t  appears from 

the r e s u lt s  so fa r  that fu r th er  work is  d e s ir a b le  to  make s t r u c tu r a l  

in form ation  obtained  by d i f f r a c t i o n  methods t r u ly  r e l i a b l e .

In o v e r la y e r s ,  we are dea lin g  w ith  adatoms in te r a c t in g  not 

on ly  w ith  the l a t t i c e ,  but with each o ther  as w e l l .  The more elemen­

tary  task o f  d e f in in g  the s i t e s  a t  which s in g le  adatoms are held  on a 

c r y s t a l  has not been touched. Our approach to  th is  problem is  s t r a ig h t ­

fo rw a rd --  i t  depends on our a b i l i t y  to  d e p ic t  s in g le  atoms, both in the 

su r face  layer  and on top o f  i t ,  using the f i e l d  ion m icroscope . We 

can expect  to  e s ta b l i s h  the p o s i t i o n  o f  an adatom p r o je c t e d  onto the 

plane o f  the su bstra te  on which i t  is  h e ld .  From f i e l d  ion m icroscop y1-0 

the spacing o f  atoms p erp en d icu lar  to  the su bstra te  is  not a c c e s s ib l e ;  

n e ith er  is  a bso lu te  in form ation  on spacings a t  the s u r fa c e .  In th is  

regard the technique is  i n f e r i o r  to  d i f f r a c t i o n  methods. However, f i e l d  

ion m icroscopy is  p a r t i c u la r ly  su ited  f o r  the study o f  s in g le  atoms, an 

area in which low energy e le c t r o n  d i f f r a c t i o n  has not as yet been 

s u c c e s s fu l ly  employed.

In what fo l lo w s  we o u t l in e  the f i r s t  attempt to  e s ta b l is h  the 

lo c a t io n  o f  adatoms on a c r y s t a l  su rface  by d i r e c t  ob serv a t ion .  For 

th is  in trod u ctory  e f f o r t  we have s e le c t e d  tungsten , the m ateria l most
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in te n s iv e ly  s tud ied  in the f i e l d  ion  m icroscope . One p re c o n d it io n  f o r  

success  in such a venture is  the a b i l i t y  t o  d e f in e  the lo c a t io n  o f  every 

atom in the su rface  i t s e l f .  For the low index planes o f  the body -cen tered  

cu b ic  l a t t i c e ,  th is  c r i t e r i o n  is  b e s t  met by the (111) p lane , and i t  

is  on th is  su rface  that we have con cen tra ted . To minimize p o s s ib le  

d i f f i c u l t i e s ,  we have made a l l  our ob serva tion s  on tungsten adatoms 

s e l f -a d s o r b e d  on t h e ir  own l a t t i c e ;  i t  w i l l  be obv iou s ,  however, that 

the procedures developed here are eq u a lly  a p p l ic a b le  to  a wide range 

o f  planes and adsorbed e n t i t i e s .

2 . EXPERIMENTAL TECHNIQUES

A simple but v e r s a t i l e  f i e l d  ion m icroscope has been used in

th is  study. The tube shown in F ig .  1 is  equipped w ith  an in te rn a l  image

11i n t e n s i f i e r ,  based on a 1 in .  diameter channel p la t e .  Centering o f  

the image on the screen  is  p o s s ib le  by a d ju s t in g  b e l lo w s ,  which j o in  

the sample h o lder  to  the imaging s e c t io n  o f  the m icroscope . The two 

are connected  by a 4 in .  f la n g e  to  f a c i l i t a t e  rapid  disassem bly o f  the 

m icroscope . The specimen under examination is  spot-w elded  onto a .007 

in .  diameter tungsten lo o p ,  2 in .  long , which in turn is  mounted on two 

pins o f  a fou r  lead press a t  the bottom o f  a small c o ld f in g e r .  The 

other  two pins support p o t e n t ia l  lead s ,  f o r  d i r e c t  measurement o f  the 

loop temperature during r e s i s t i v e  h ea t in g . Specimen temperatures down 

to  5° K can be ach ieved  by manual c o n t r o l  o f  the flow  o f  l iq u id  helium 

to  the bottom o f  the c o ld f in g e r .  Temperatures a t  the c o ld f in g e r  are
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F ig .  1. F ie ld  ion  m icroscope with channel p la te  image in t e n s i f i e r  
and a d ju s ta b le  t ip  p o s i t i o n e r .
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monitored by measuring the r e s is ta n c e  o f  a 1000 sl carbon r e s i s t o r

(A l le n -B r a d le y ) , mounted at the end o f  the s t a in le s s  s t e e l

t r a n s fe r  tube through which l iq u id  helium is  in trodu ced . Specimens

are made from ,005 in , diameter tungsten w ire  o r ie n te d  a long the [ i l l ] ,

obta ined  from the F ie ld  Emission and Ion Sources C o rp .,  McMinnville,

Oregon, and are sharpened by e l e c t r o p o l i s h in g  in 2N NaOH using an
12automatic d r o p -o f f  method.

E ither  the t ip  or the imaging s e c t io n  o f  the m icroscope can

be operated  at high v o lta g e ,  making i t  p o s s ib le  to  heat the specimen

during imaging. R e s is t iv e  heating  o f  a ,007 in .  diameter tungsten
♦

lo o p ,  mounted in a s id e  arm in l in e  o f  s ig h t  with the specimen, p r o ­

vides atoms f o r  d e p o s it io n  onto the s u r fa c e .  The m icroscope is  part 

o f  a small u ltra h ig h  vacuum s t a t i o n ,  la r g e ly  b u i l t  o f  g la s s ,  and 

evacuated by mercury d i f fu s i o n  pumps with a speed o f  pa 40 l i t e r s / s e c .  

Two imaging gases are a v a i la b le .  Neon, s to red  in a 1 l i t e r  bu lb ,  can 

be admitted to  the gas handling system through a G r a n v i l le -P h i l l ip s  

Type C valve* helium can be introduced through a Vycor d i f f u s e r .

U ltrahigh  vacuum co n d it io n s  are ach ieved  in the m icroscope 

by the usual repeated c y c le  o f  baking fo l lo w e d  by outgassing  o f  the 

metal p a r t s .  To avo id  degrading the channel p la t e ,  the system tem­

perature is  never ra ise d  above 320° C. The channel p la te  is  i t s e l f  

a p a r t i c u la r ly  p l e n t i f u l  scource  o f  contam ination ; when f i r s t  in s t a l l e d  

in the system, i t  is  outgassed f o r  many days by bombardment with f i e l d  

em itted  e le c t r o n s  drawn from the sample. A new specimen is  s im i la r ly
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su b je c te d  to  a r igorou s  treatm ent, which includes heating  to  1000° K 

f o r  approxim ately  24 hours and r e p e t i t i v e  f la s h in g  to  h igher temper­

atures f o r  periods  o f  a few seconds. A f t e r  outgassing  o f  the vapor 

sou rce ,  by r e s i s t i v e  heating  to  ju s t  below the temperature at which 

atoms are dep os ited  on the sample, the specimen is  f i e l d  evaporated 

to  produce the a to m ic a l ly  smooth endform. For t h i s ,  as w e l l  as imaging, 

a h ig h ly  s t a b i l i z e d  dc power supply is  used with re g u la t io n  o f  + .001%. 

Pulse d esorp t ion  is  c a r r ie d  ou t , when n ecessary ,  with a u n it  d e l iv e r in g  

2 (isec pulses at v o ltag es  a d ju s ta b le  from 0 to  15 kV.

The ra te  o f  contam ination o f  the f i e l d  evaporated s u r fa c e ,  

as measured by changes in the f i e l d  em ission o f  e l e c t r o n s ,  serves as 

a d i r e c t  in d ic a to r  o f  the c l e a n l in e s s .  Measurements are c a r r ie d  out 

only i f  the vo ltage  to  maintain a f i e l d  em ission current of 5 x 10~^ A 

varies  by less  than 0.57o/h r .  The c le a n l in e s s  o f  the vapor source is 

checked in two ways. A f t e r  heating  to  ju s t  below the evaporation  

temperature, the em itt in g  su rface  has to  remain c lean  as judged by 

f i e l d  em ission . Experiments are continued only i f  during a c tu a l  evap­

o ra t io n  the pressure r i s e  in the system amounts to  le s s  than 2 x 1 0"11 mm.

The lo c a t io n  o f  adatoms d ep os ited  in th is  way on the su rface  

has been recorded  p h o to g ra p h ica l ly ,  using a Canon FL camera w ith  an 

in verted  f / 1 . 2  lens o f  58 mm f o c a l  length , mounted r i g i d l y  to  the 

ta b le to p  h o ld in g  the m icroscope . A l l  micrographs were taken on Kodak 

T r i -X ,  a t  5 seconds exposure, w ith  the lens stopped down to f / 2 . 8 .  Image 

gas pressures are t y p i c a l l y  2 x 10  ̂ mm. In rou tin e  op era t ion  the 

channel p la te  is s e t  at  1200 V with the a c c e le r a t in g  vo ltag e  between 

p la te  and f lu o r e s c e n t  screen  at 4 .2  kV.



9

3. ATOMIC ARRANGEMENT OF THE (111) PLANE

To d e fin e  where on a su r face  in d iv id u a l  adatoms are h e ld ,  i t  

is  f i r s t  necessary  to  e s ta b l i s h  the l o c a t io n  o f  the atoms which make up 

the s u r fa c e .  With the (111) th is  is  not a t r i v i a l  task , and th is  s e c t io n  

is  th e r e fo r e  devoted e n t i r e ly  to  th is  problem.

For (111) planes with a diameter less  than 25 k , every atom in 

the su r fa ce  layer is  c l e a r l y  r e s o lv e d ,  as in the micrograph o f  a (111) 

o r ie n te d  tungsten su rface  in F ig .  2. I t  should be noted p a r e n th e t ic a l ly  

that such images are b e s t  obta ined  a t  a vo ltag e  «  4% below that most 

s u i ta b le  f o r  imaging the t ip  as a w hole. The r e la t i o n  o f  the (111) to  

the o v e r a l l  atomic arrangement o f  the e m it te r ,  as w e l l  as to  other 

p la n es ,  is c l a r i f i e d  by the model in F ig .  3 . In the f i e l d  ion m icro­

graph we a t  b e s t  see the outermost atoms shown in the model, the edges 

and corners  o f  p lan es ;  on a few s e le c t e d  s u r fa c e s ,  such as the (111)

and (4 1 1 ) ,  every  atom in the f i r s t  l a t t i c e  layer  appears c l e a r l y .  T h is ,

13however, is  not enough. The arrangement o f  atoms forming a (111) 

plane in the body -cen tered  cub ic  l a t t i c e  is  in d ica te d  s ch em a tica lly  in 

F ig .  4 . I t  is  immediately apparent that the atoms in the f i r s t  l a t t i c e  

plane do not a lone d e fin e  the s tru c tu re  o f  the s u r fa c e .  However, from 

the model in F ig .  3 i t  is  ev ident that the u n it  para lle logram  is  always 

p o in ted  away from the (211) planes on the t i p .  An idea o f  the o r i e n t a ­

t io n  o f  the un it  c e l l  can th e re fo re  be obta ined  from the ion micrograph 

o f  the t ip  as a whole, in F ig .  2. However, f o r  an unequivocal d e f i n i t i o n
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F ig .  2. F ie ld  ion micrograph o f  [ i l l ]  o r ien ted  tungsten e m it te r ,  
obtained  by f i e l d  evaporation  in He a t  20° K. ( I l l )  
plane has been t a i l o r e d  by pulsed  f i e l d  evaporation  
to  re v e a l  every  atom.
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F ig .  3 . Hard-sphere model o f  bcc  em itte r  o r ie n te d  along [111] . 
S ize is  s ca le d  to  that o f  specimens in the present 
experim ents.



12

F ig .  4 .  Map o f  atomic arrangement o f  (111) plane o f  tungsten.
a = l a t t i c e  sp acin g . Numerals and shading in d ica te  
v e r t i c a l  p o s i t i o n  o f  atom la y ert  Layer 1 = s u r fa c e ;
2 = - a < 2 /3 ) ;  3 = -a / j3 .
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o f  the s tru c tu re  o f  the (1 1 1 ) ,  which is  a p r e r e q u is i t e  to  any attempt

a t  id e n t i fy in g  the s i t e s  a t  which an adatom may be h e ld ,  i t  is  b e s t  to

e s t a b l i s h  the p o s i t io n s  o f  atoms in the second l a t t i c e  p lane .

14The atomic arrangement o f  the (111) can be d e fin ed  qu ite  

u n eq u iv oca lly  by lo c a t in g  the atoms in both  the f i r s t  and second l a t t i c e  

la y e r s .  F i r s t  the p o s i t i o n  o f  atoms in the outermost layer  is  e s ta b l is h e d  

by f i e l d  ion  m icroscopy . This la yer  is  then removed by pulsed  f i e l d  

ev a p ora t ion , with the ion image under continuous ob se rv a t io n .  Pulses 

20% above the b e s t  image v o l ta g e ,  a p p l ie d  a t  a ra te  o f  50 per second , 

make i t  p o s s ib le  to  remove the f i r s t  la yer  e s s e n t i a l l y  atom by atom, 

u n t i l  the second layer  is  v i s i b l e .  The image o f  the second layer  

superposed on that o f  the f i r s t  layer  then d e fin es  the su rface  u n it  

c e l l .  That th is  procedure is  r e l i a b l e  can be checked by removing 

three con secu tiv e  layers from the s u r fa c e .  I t  is  c le a r  from the 

diagram o f  the u n it  c e l l  in F ig .  4 that the fou rth  layer  e x a c t ly  

d u p lica te s  the f i r s t .  The image o f  the (111) a f t e r  removal o f  three 

layers  should th e re fo re  superpose p r e c i s e ly  on that o f  the s t a r t in g  

s u r f a c e .

An a ctu a l  f i e l d  evaporation  sequence o f  fou r  con secu tiv e  

layers  o f  the (111) plane o f  tungsten is  shown in F ig .  5, and a photo­

graphic su p e rp o s it io n  o f  the f i r s t  upon the fou rth  layer  in th is  sequence 

is d isp lay ed  in F ig .  6. That the p o s i t io n s  o f  the atoms in these two 

layers  do indeed c o in c id e  can b es t  be a p p rec ia ted  from F ig .  7. In t h i s ,  

the cen ters  o f  atoms in the fo u r th  layer  o f  the (111) were lo ca te d  by
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F ig ,  5a* F ie ld  evapora tion  sequence o f  the f i r s t  through 
the fou rth  atom layer  o f  the (111) p lan e ; f i r s t  
la y e r ,  a f t e r  trimming to  rev ea l  in d iv id u a l  atoms.
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F ig .  5b. F ie ld  evaporation  sequence o f  the f i r s t  through
the fou rth  atom la yer  o f  the (111) p lane ; 2nd la y e r .
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F ig .  5 c .  F ie ld  evaporation  sequence o f  the f i r s t  through
the fou rth  atom layer  o f  the (111) p lane ; 3rd la y e r .
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F ig .  5d. F ie ld  evapora t ion  sequence o f  the f i r s t  through the 
fo u r th  atom la yer  o f  the (111) p lan e ; 4th la yer
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F ig .  6. S u p erp os it ion  o f  1st layer  o f  the (111) plane
upon 4 th ; that i s ,  o f  F ig .  5a upon 5d. L oca tion  
o f  atoms is  i d e n t i c a l ,  as expected .



F ig .  7a. D eta iled  view o f  (111) p lane ; 1st atom la y e r .



F ig .  7b. D eta i led  view o f  (111) p lan e ; 4th la y e r ,  with 
atom cen ters  marked.



F ig .  7c. D eta i led  view o f  (111) p lane ; 
on (a ) .

su p e rp o s it io n  o f  (b )
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d o ts ;  a photograph o f  the su r face  so marked (F ig .  7b) was then superposed 

on the image o f  the fou rth  layer  by r e ly in g  on f i d u c i a l  marks on both , 

to  g ive  F ig .  7c . The lo c a t in g  marks f o r  layer  4 are seen to  c o in c id e  

with the cen ters  o f  the atoms in layer  1 to  w ith in  + 0 .3  k .  The e rror  

is  la rg e ly  due to  the d i f f i c u l t y  o f  imaging con secu t iv e  planes at 

i d e n t i c a l  in t e n s i t ie s  f o r  each atom. There is  no p e r s is t e n t  e r r o r  in 

lo c a t in g  atoms. This can e a s i ly  be e s ta b l is h e d  by ju s t  con tin u in g  

f i e l d  evap ora t ion . The su p e rp o s it io n  o f  the fou r th  on the tenth la y e r ,  

in F ig .  8 , is  ju s t  as good as that on the f i r s t ,  in F ig .  6.

This technique o f  id e n t i fy in g  the u n it  c e l l  o f  the (111) has 

been proven in more than 100 t r i a l s  on [ i l l ]  o r ie n te d  tungsten . I t  

must be emphasized, however, that f o r  samples prepared from [110] 

o r ie n te d  w ire ,  th is  method is  not r e l i a b l e :  atoms in the 4th layer

commonly do not meet the s u p e rp o s it io n  c r i t e r i a .  The reason f o r  th is  

has not been examined in depth. However, on se v e ra l  o ccas ion s  an 

apparent sideways s l i p  o f  sev era l  atoms in the f i r s t  layer  has been 

observed on the ( 1 1 1 ) . Such s l i p  is  presumably f a c i l i t a t e d  by non- 

ra d ia l  f o r c e s  generated at the o f f - a x i s  (111) when high v o ltag es  are 

a p p l ie d .  Whatever the cause o f  these d i f f i c u l t i e s ,  they do not intrude 

in [ i l l ]  o r ien ted  specimens. For th ese ,  we have in hand a r e l i a b l e  

method f o r  e s ta b l is h in g  the atomic arrangement o f  the (111) p lane .
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F ig .  8. Continuation  o f  f i e l d  evaporation  sequence: 
s u p e rp o s it io n  o f  the 10th layer  upon the 
4 th , p re v io u s ly  shown in F ig .  5d.
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4. LOCATION OF INDIVIDUAL ADATOMS

4 .1  Procedures

With the f i e l d  ion m icroscope we cannot hope to  determine 

a l l  the in teratom ic d is tan ces  necessary  to  d e f in e  the lo c a t io n  o f  an 

adatom with  r e s p e c t  to  the atoms o f  the underly ing  l a t t i c e .  V e r t i c a l  

separation s cannot be measured at a l l ,  and an a bso lu te  assessment o f 

d istan ces  in the plane o f  the su r face  is a ls o  d i f f i c u l t .  However, i t  

should be p o s s ib le  to  d is t in g u is h  between a few lo c a t io n s  on the (1 1 1 ) ,  

s e le c t e d  f o r  t h e ir  h igh symmetry, as co n ce iv a b le  s i t e s  f o r  b ind ing  o f  

adatoms. These p o s s ib le  s i t e s  are apparent from the diagram o f  the 

(111) plane in F ig .  4 .  An adatom cou ld  con ce iv a b ly  be h e ld  r ig h t  on 

top o f  a l a t t i c e  atom, or on the r idge  between two atoms in the f i r s t  

la y e r .  I n t u i t i v e l y  these are not very l i k e l y ,  as there e x i s t  s i t e s  at  

which the adatom en joys  h igher co o r d in a t io n  with the l a t t i c e .  On the 

(111) there are two such p o s s i b i l i t i e s ,  both o f  t r ig o n a l  symmetry: 

one above atom 2, the other above atom 3 in the u n it  c e l l .  At the 

former an adatom is  surrounded by three f i r s t  layer  atoms and by an 

atom in the second l a t t i c e  la y e r .  At s i t e  3 the adatom is  again 

surrounded by three f i r s t  layer  atoms, but is  now d i r e c t l y  over an atom 

in the th ird  l a t t i c e  la y e r .  T h is ,  in f a c t ,  is  the s i t e  occup ied  in 

forming a new l a t t i c e  la y e r ;  as such we w i l l  r e f e r  to  i t  as a l a t t i c e  

s i t e .  A layer  s ta r te d  by p la c in g  an adatom above atom 2 c o n s t i tu te s  a 

s ta ck in g  f a u l t ;  th is  p o s i t i o n  w i l l  th e re fo re  be designated  as a fa u l t

s i t e .



25

We have a lready  demonstrated, in the la s t  s e c t i o n ,  our a b i l i t y  

to  d e f in e  the u n it  c e l l  o f  the (111) p la n e , that i s ,  to  lo c a te  and d i s ­

t in gu ish  the s i t e s  ju s t  enumerated. To now e s ta b l is h  the b inding s i t e s  

f o r  adatoms, i t  is  in p r in c ip le  necessary  only  to  f in d  out where on the 

(111) an atom d epos ited  from the vapor is  a c t u a l ly  lo c a te d .  In p r a c t ic e  

there are s t i l l  problems to  overcome.

When an atom is  d ep os ited  on a sm all ,  t o t a l l y  re so lv e d  (1 1 1 ) ,  

such as the plane shown in F ig .  2 , the image o f  the adatom is  much 

la rg e r  than that o f  the l a t t i c e  atoms. This is  a well-known e f f e c t . 15 

At a h igh ly  protruding atom the ra te  o f  i o n iz a t io n  is  enhanced, in creas in g  

the image in te n s i ty  and th e re fo re  a ls o  the s i z e  o f  the recorded  image 

s p o t .  This e f f e c t  is  e s p e c ia l l y  s i g n i f i c a n t  f o r  small p lan es .  In f a c t ,  

the spot  s iz e  o f  the adatom is  so large  that i t  is  not p o s s ib le  to  d e fin e  

with any accuracy  the lo c a t io n  o f  the adatom r e la t i v e  to  the atoms of 

the su b s tra te .  On large  (111) p la n es ,  sharp, w e l l  de fin ed  images o f  

an adatom can be a ch ieved ; however, on such a su rface  the atoms o f  the 

su bstra te  cannot be r e s o lv e d ,  because o f  the diminution in the e l e c t r i c  

f i e l d  towards the ce n te r .  To surmount th is  d i f f i c u l t y  we have devised  

the fo l lo w in g  procedure.

An adatom is  d ep os ited  on a r e l a t i v e l y  large (111) plane 

(diam eter > 30 A) and i t s  p o s i t i o n  is  recorded  p h o to g ra p h ica l ly ,  as in 

F ig .  9a. The adatom is  then removed by pulsed  f i e l d  evaporation  at 

«  15° K (F ig .  9 b ) .  F ie ld  evaporation  o f  the underlying (111) is  c a r e ­

f u l l y  continued , u n t i l  a s u f f i c i e n t  number o f  atoms has been removed



26

(a )

(b )

F ig .  9. Steps in lo c a t in g  p o s i t i o n  o f  adatom on (111) p lane .
a» W atom, d ep os ited  on a large (111) plane by evaporation  

from incandescent f i la m en t ,  
b .  Adatom removed by f i e l d  d esorp t ion  a t  «  15° K.
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from the edge f o r  a l l  the remaining atoms o f  the (111) to  be c l e a r ly  

r e s o lv e d .  At th is  stage another photograph is taken, shown in F ig .

9c .  F in a l l y ,  the p re v io u s ly  recorded  image o f  the adatom, in F ig .  9a, 

is  superposed upon the photograph o f  the f u l l y  reso lv e d  (111) o f  F ig .

9 c ,  t o  y i e l d  the com posite in F ig .  9d. From th is  s u p e rp o s it io n  i t  is  

p o s s ib le  t o  ob ta in  a c l e a r l y  d e fin ed  view o f  the lo c a t io n  o f  the adatom 

r e la t i v e  to  the atoms o f  the f i r s t  l a t t i c e  la y e r .  In order t o  v e r i f y  

the v a l id i t y  o f  th is  i d e n t i f i c a t i o n  procedure , and to  con firm  the u n it  

c e l l  o f  the (1 1 1 ) ,  the outermost layer  o f  the (111) plane and two 

fu r th er  layers  are then s tr ip p ed  by f i e l d  evap ora t ion . The fourth  

layer  o f  the (111) so  exposed is  imaged and record ed . The image o f  

th is  layer  must, o f  co u rse ,  superpose upon that o f  the o r i g in a l  (111) 

to  v a l id a te  the sequence.

Such a sequence o f  ob serva t ion  must meet sev era l  s t r in g e n t  

requirements to  be con sidered  s i g n i f i c a n t :

1. When f i r s t  dep os ited  on the (1 1 1 ) ,  the adatom has to  

f a l l  c l o s e  to  the cen ter  o f  the p lane , in a reg ion  encompassing at 

most 12 to  14 atoms o f  the f i r s t  l a t t i c e  la y e r .  This is  necessary

to  minimize the d i s t o r t i o n  o f  the f i e l d  ion image in e v i ta b le  f o r  adatoms 

c lo s e  to  the edges o f  the small planes which can be imaged with every 

atom r e s o lv e d .

2. F id u c ia l  marks in the channel p la te  have to  be c l e a r l y  

v i s i b l e  in a l l  the photographs o f  a sequence, from the image o f  an 

adatom on a large plane down to  the shot o f  the f u l l y  reso lv e d  fou rth  

l a t t i c e  la y e r .



28

(d)

F ig  9. Steps in l o c a t in g  p o s i t i o n  o f  adatom on (111) p lane .
c .  ( H I )  plane trimmed by pulsed  f i e l d  evaporation  to  re so lv e  

in d iv id u a l  atoms.
d. S u p erp os it ion  o f  (a ) upon ( c )  to  rev ea l  adatom p o s i t i o n  r e la t i v e  

to  su b s tra te .
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3 . Images o f  the f i r s t  and fou rth  l a t t i c e  layers  must super­

pose e x a c t ly .

4 .2  R esu lts
1 £

By proceed ing  in th is  fa sh ion  we have been a b le  to  id e n t i fy  

two d i f f e r e n t  b ind ing  s i t e s  f o r  tungsten adatoms on the (111) p lane .

In a t o t a l  o f  175 sequences which s a t i s f y  the c r i t e r i a  ju s t  s ta te d ,  we 

have found adatoms on ly  on l a t t i c e  s i t e s  and on f a u l t  s i t e s .  No other 

p o s i t io n s  have ever been observed . In 165 o f  the sequences, tungsten 

adatoms were lo ca te d  a t  l a t t i c e  s i t e s  (F ig .  10b );  in the remaining 10, 

on fa u l t  s i t e s  (F ig .  1 0 c ) .  In a l l  these sequences the su r face  was 

brought to  ~  300 K fo r  60 s e c ,  in the absence o f  an a p p lie d  f i e l d ,  

a f t e r  d e p o s it io n  and imaging o f  the adatom. The l o c a t io n  o f  the adatom 

was then again  recorded  p h o to g ra p h ica l ly .  This was done in an attempt 

to  e q u i l ib r a t e  the adatom with the l a t t i c e ,  to  t ry  t o  reduce the e f f e c t s  

o f  the k in e t ic s  o f  the d e p o s i t io n  event upon the lo c a t io n  o f  the adatom 

on the s u r fa c e .  In no instan ce  was any motion o f  the adatom observed 

during th is  heating  c y c l e ,  in d ic a t in g  that the atoms were trapped in 

f a i r l y  deep p o t e n t ia l  w e l l s .

The s t a b i l i t y  o f  adatoms a t  l a t t i c e  and f a u l t  s i t e s  was 

fu rth er  exp lored  in a l im ite d  number o f  experim ents, by b r in g in g  the 

(111) to  con s id erab ly  h igh er tem peratures. With the adatom a t  a 

l a t t i c e  s i t e ,  heating  the su r face  to  550° K produces no change in the 

p o s i t i o n  observed . The behavior  o f  adatoms observed at a f a u l t  s i t e
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(a) (b)

( c )

F ig .  10. Adatom p o s i t io n s  on (111) plane o f  tungsten.
a . Unit c e l l  on the (1 1 1 ) ;  s o l i d  t r ia n g le  in d ica te s  

l o c a t i o n  o f  atom 2 in F ig .  4„
b . Tungsten adatom on l a t t i c e  s i t e .
c .  Tungsten adatom on f a u l t  s i t e .
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a f t e r  d e p o s it io n  on a c o ld  em itter  is d i f f e r e n t .  Heating to  480° K 

has been found to  move the adatom out o f  the fa u l t  s i t e  and in to  an 

a d jo in in g  l a t t i c e  p o s t io n .  Three con c lu s ion s  f o l l o w :

1. In our primary observa t ion s  o f  the lo c a t io n  o f  tungsten 

adatoms on the (1 1 1 ) ,  the frequency with which l a t t i c e  and fa u l t  s i t e s  

are occup ied  is not d ic ta te d  by the thermodynamics o f  b in d in g ,  but by 

o th e r ,  presumably k in e t i c ,  c o n s id e r a t io n s .

2 . The b a r r ie r  preventing  atom t r a n s fe r  from a f a u l t  to  a 

l a t t i c e  s i t e  is  h igh , on the order o f  an e le c t r o n  v o l t .

3 . Tungsten atoms are more f irm ly  bound a t  l a t t i c e  s i t e s  

than they are at f a u l t  s i t e s .

We en v is ion  the f i l l i n g  o f  the two types o f  s i t e s  as f o l l o w s .

An atom from the vapor source at «  2500° K s t r ik e s  the s u r fa c e .  I t  is

g e n e ra l ly  agreed that on f i r s t  impact enough energy is  exchanged with 
, , . 17

the l a t t i c e  to  prevent re -em iss ion  from the s u r fa c e .  However, the

atom may s t i l l  be h ig h ly  e x c i t e d  v i b r a t i o n a l l y ; while  in th is  s t a t e ,

i t  should be able  to  move from one s i t e  to  another, lo s in g  a d d it io n a l

18energy at each. Experiments suggest that the number o f  s i t e s  v i s i t e d  

during th is  energy e q u i l ib r a t i o n  is  sm all ,  c e r t a in ly  less  than 100, 

but there is no in form ation  a v a i la b le  s p e c i f i c a l l y  f o r  the (1 1 1 ) .  

Regardless o f  these d e t a i l s ,  however, i f  a v ib r a t i o n a l ly  e x c i t e d  atom 

jumps in to  a fa u l t  s i t e  a f t e r  having a lready undergone severa l  

c o l l i s i o n s  with the l a t t i c e ,  i t  may lo se  ju s t  enough energy to  be 

trapped there permanently. Atoms at a f a u l t  s i t e  are in a shallow er
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p o te n t ia l  w e l l  than a t  a l a t t i c e  s i t e .  During e q u i l ib r a t i o n  w ith  the 

l a t t i c e  they w i l l  th e re fo re  be able  to  escape more r e a d i ly  than atoms 

at a l a t t i c e  s i t e .  This w i l l  help  to  e s t a b l i s h  the preponderance o f  

atoms a c tu a l ly  observed a t  l a t t i c e  s i t e s .  There may, o f  cou rse ,  be d i f ­

fe ren ces  in the exchange dynamics a t  the two s i t e s  as w e l l .  In any event, 

our observa t ion s  id e n t i f y  on ly  two s i t e s  on the (111) plane at which 

tungsten atoms are bound: above atom 2, at  a fa u l t  s i t e ,  and above

atom 3, at a l a t t i c e  s i t e .  Of the two, the l a t t e r  is  fa v ored ,  both 

during the i n i t i a l  d e p o s i t io n  and in high temperature e q u i l i b r a t i o n .

5. FIELD EFFECTS

Up to  th is  p o in t  we have ignored one very important q u estion : 

does the a c t  o f  ob serva t ion  a f f e c t  the lo c a t io n  o f  tungsten adatoms on 

the (111)?  The co n d it io n s  necessary  f o r  imaging in the f i e l d  ion m icro­

scope are qu ite  severe .  Adatoms f i e l d  evaporate from the (111) a t  

4 .9  V/A; fo r  em itters  with a radius o f  150-200 i ,  t y p ic a l  o f  our e x p e r i ­

ments, helium images o f  the (111) plane are b e s t  at  a f i e l d  o f  4 .5  V /A .19

Although th is  is  a sa fe  margin to  avoid  lo ss  o f atoms by evapora t ion ,

how can we be sure that the p o s i t i o n  o f  atoms revea led  in the f i e l d  ion

m icroscope is  a ls o  re p re se n ta t iv e  o f  th e ir  l o c a t io n  in an ordinary

thermal environment, in the absence o f  high f i e l d s ?  That th is  is  

indeed the case has been e s ta b l is h e d  in sev era l  d i f f e r e n t  ways.
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5.1  Observations a t  Low F ie ld s

The a ct  o f  imaging can a f f e c t  adatoms through se v e ra l  mecha­

nisms. In an a p p lie d  f i e l d  F, the p o t e n t ia l  energy o f  a n eu tra l atom
1 2o f  p o l a r i z a b i l i t y  OiA is  lowered by ^  ^ F  , In a c tu a l  f a c t  an atom

chemisorbed a t  a su r fa ce  is  in genera l not n e u tr a l ;  even in the absence

o f  a f i e l d ,  atoms a t  a su rface  are p o la r i z e d ,  and are ch a ra c te r iz e d  by

a d ip o le  moment p,. I f  we denote the t o t a l  f i e l d  energy o f  an atom by 
20P (F ),  then

P(F) = p i  + \  aAF2 . (1 )

At the low temperatures a t  which imaging is  done, equ ilib r iu m  w i l l  be d i c ­

ta te d  p r im a r i ly  by the in tern a l  energy o f  the system. I f  the p o t e n t ia l  

energy o f  the atom a t  the su r face  in the absence o f  a f i e l d  is  denoted 

by V (R ), then at equ ilib r iu m  in a f i e l d  adatoms w i l l  seek to  occupy s i t e s  

a t  which V(R)—P(F) is  minimized; that i s ,  in a f i e l d  there w i l l  be 

a fo r c e  a c t in g  on adatoms, tending to  d r ive  them toward p o s i t io n s  R 

a t  which the p o la r i z a t i o n  term J  P(F) | is  maximized. This w i l l  o f  

course  be balanced by changes in the b in d in g  energy as the lo c a t io n  

R. o f  the atom is  changed.

Above and beyond t h i s ,  the presence o f  the image gas a ls o

exerts  an e f f e c t .  The gas atoms are a c c e l e r a t e d ^  by the inhomogeneous
1 2e l e c t r i c  f i e l d  around the t i p ,  ga in ing  an energy ot F b e fo re  c o l l i d i n g

with  the s u r fa c e .  During imaging, the su r fa ce  is  covered  w ith  a layer

21 22-25 of the imaging gas and is  in a d d it io n  s u b je c te d  to  e le c t r o n  showers

from gas atoms that io n ize  in space beyond the c r i t i c a l  d is ta n c e ,  a t
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which the e le c t r o n  le v e l  o f  the atom is  l in e d  up with the Fermi energy 

o f  the m etal. The importance o f  these events is  d i f f i c u l t  to  ev a lu a te .  

However, e le c t r o n  showers p lay  on ly  a small r o le  in f i e l d  evaporation  

o f metal atoms. Even i f  a metal adatom were to  be io n ize d  by e le c t r o n  

impact, e le c t r o n  exchange with the su r face  should r e s u l t  in rapid  

n e u t r a l i z a t io n .  This ex p e cta t io n  is  confirm ed by the small c r o s s -

26s e c t io n  f o r  e le c t r o n  stim ulated  d esorp t ion  found fo r  m e ta l l i c  la y e rs .

C o l l i s i o n s  with e n e r g e t ic  gas atoms are more s e r io u s ,  but

the k in e t i c  energy o f  the image gas is  s t i l l  sm all .  At the b e s t  image

f i e l d  i t  amounts to  0 .15 eV f o r  helium , and 0 .17 eV fo r  neon. On c lea n

tungsten, energy exchange w ith  the image gas is  p oor ,  the accommodation 
27

c o e f f i c i e n t  f o r  helium and neon amounting to  le s s  than 0 .1 .  Of

course  during photography the image gas adsorbed a t  the su r face  w i l l

promote accommodation to  some e x ten t .  However, the t o t a l  energy

imparted to  the su r face  in any c o l l i s i o n  is  minor by comparison with

the e f f e c t s  o f  su r fa ce  p o la r i z a t i o n .  This is  a l s o  the co n c lu s io n

drawn from experiments on f i e l d  eva p ora t ion . There i t  has been found

that in helium, evaporation  occurs a t  f i e l d s  only 2% le ss  than in a 
28vacuum.

D irec t  f i e l d  e f f e c t s ,  as given by Eq. ( 1 ) ,  appear to  be most 

important. The p o l a r i z a b i l i t y  o f  tungsten atoms, deduced from e x p e r i -
3 o

ments on f i e l d  eva p ora t ion , is  4 .80  A at kink s i t e s ,  and 5 .24  k on

29 30 o3the (110) p lane . * Assuming an average value o f  5 i  f o r  a ,
A

the p o la r iz a t io n  energy amounts to  3 .5  eV a t  the b est  image f i e l d  f o r
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helium, and 2 .2  eV fo r  neon, overshadowing in magnitude the energy

exchange in c o l l i s i o n s  w ith  the image gas. F i e ld -d ip o le  in te r a c t io n s

are less  s i g n i f i c a n t .  The d ip o le  moment o f  W adatoms on the (110)
31has been estim ated a t  ~  1 D; on a rough plane l ik e  the (111) we 

expect a much sm aller  va lue . However, even with a moment o f  th is  

s i z e  the f i r s t  term in Eq. (1 ) only  amounts to  .9 eV when imaging 

with He,and .7 eV with Ne. We s h a l l  th e re fo re  n e g le c t  f i e l d - d i p o l e  

in t e r a c t i o n s ,  and con cen tra te  e n t i r e ly  on p o la r iz a t io n  e f f e c t s .

To assess  the importance o f  f i e l d  and imaging e f f e c t s  upon 

the l o c a t io n  o f  atoms a t  the s u r fa c e ,  we have made observa t ion s  o f 

atomic posit ions  a t  reduced f i e l d s .  Using neon, the b e s t  image f i e l d ^  

amounts to  807, o f  that f o r  helium, and usable images o f  adatoms were 

obta ined  at 3 .7  V/A. In a l l  s tu d ies  w ith  neon only the l a t t i c e  and 

the f a u l t  sites have been found occu p ied  by adatoms, with the former 

again  predominant. O bservations a t  even lower f i e l d s  are p o s s ib le  

w ith  helium. Reasonable images o f  the (111) and o f  adatoms are 

obta ined  at 607, o f  the b est  image f i e l d ,  that i s ,  a t  2 .8  V/A. At no 

time was any motion o f  an adatom observed as the f i e l d  was brought to  

the normal image s tren g th ;  adatoms were found on ly  a t  l a t t i c e  and fa u l t  

s i t e s ,  in the usual r a t i o .

5 .2  Surface  D i f fu s io n  in High F ie ld s

I t  can s t i l l  be argued that the p o s i t io n  o f  the atom may be 

s e r io u s ly  a f f e c t e d  even a t  these reduced f i e l d s .  Under the m ildest  

co n d it io n s  used f o r  imaging, p o la r iz a t io n  reduces the energy o f  a
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tungsten adatom by 1.3 eV. In a bso lu te  terms th is  is a su b s ta n t ia l
32e f f e c t .  The energy to  remove a tungsten atom from a kink s i t e  in to

the vapor amounts to  8 .83 eV. However, what r e a l l y  counts in our work

are d i f fe r e n c e s  in f i e l d  e f f e c t s  a t  d i f f e r e n t  s i t e s ,  which w i l l  tend

to s h i f t  the atom from one p o s i t i o n  to  an oth er . These can be a scer ta in ed

d i r e c t l y  by measuring the e f f e c t  o f  the f i e l d  upon atomic d i f f u s i o n .

The d i f f u s i o n  c o e f f i c i e n t  f o r  adatoms at a su r face  w i l l  be 
33represented  as usual by

V
D = Dq exp - ^  , (2)

where represents  the h e igh t  o f  the b a r r ie r  r e s t r i c t i n g  su r face

m igration . The p r e - f a c t o r  D in two-dim ensional d i f f u s i o n  is  r e la te do

to  the jump length i  as w e l l  as to  the attempt frequency v through

v i
Do = T  exp ~ ;AS

k (3)

here AS is  ju s t  the entropy o f  a c t i v a t i o n .  In a l l  experiments on the

m igration  o f  s in g le  atoms i t  has been found that AS »  0, and that the

-3 2p r e - f a c t o r  can be adequate ly  approximated by «  10 cm / s e c .  We 

s h a l l  throughout adopt th is  va lue . Surface d i f f u s i o n  in an a p p lied  

f i e l d  w i l l  be a f f e c t e d  p r im a rily  through changes in the b a r r ie r  to  

d i f fu s io n  V , and we s h a l l  con cen tra te  e n t i r e ly  upon th is  e f f e c t .  The

b a r r ie r  is  to  a good approxim ation given by the d i f f e r e n c e  in the 

p o t e n t ia l  energy o f  an adatom a t  a saddle p o s i t i o n  and at an e q u i l i b ­

rium bind ing  s i t e  on the s u r fa c e .  The in crease  in the b a r r ie r  due to



37

the a p p lie d  f i e l d ,  AV^CF), is  ju s t  a r e f l e c t i o n  o f  the d i f f e r e n c e  in 

the f i e l d  energy o f  an atom a t  the two s i t e s .  I f  we denote the saddle 

p o s i t io n  by the s u b s cr ip t  s and the eq u ilib r iu m  s i t e  by e ,  then

avd (f ) = - (4)

To a f i r s t  approximation the e f f e c t i v e  f i e l d  a t  the saddle 

p o in t ,  Fg , and at the equ ilib r iu m  b ind ing  s i t e ,  Fft , stand in a constant 

r a t i o  to  the a p p lied  f i e l d  F. By in trod u c in g  an e f f e c t i v e  p o l a r i z a b i l i t y  

Oiy we can express the p o la r i z a t i o n  terms, again  n e g le c t in g  

f i e l d - d i p o l e  e f f e c t s ,  a s ^

AVd (F) = -  \  aF2 (5)

where a  = [of. c8 - of,ce] (5a)

and cs F . F. S C, F • (5b)

The d i f f u s i o n  c o e f f i c i e n t  in the presence o f  a uniform f i e l d  now becomes

D = D exp o ( 6)

A determ ination  o f  the change in the b a r r ie r  to  d i f fu s io n  

while  imaging w i l l  th e re fo re  prov ide  an in d ic a t io n  o f  the d r iv in g  fo r c e  

f o r  d isplacem ent o f  an adatom under these c o n d i t io n s .  D eta iled  d i f fu s io n  

stu d ies  on the (111) are extrem ely d i f f i c u l t ,  as in the absence o f  

f i e l d s  tungsten adatoms only begin  to  move over the su rface  at high 

temperatures, at  which contam ination by d i f f u s i o n  o f  im purities  up the
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shank a ls o  sets  in .  In stea d , we have estim ated changes in the b a r r ie r  

to  d i f f u s i o n  by measuring the e f f e c t  o f  the a p p lie d  f i e l d  (always in 

the presence o f  the image gas) upon the onset o f  d i f f u s i o n .  This is 

e s ta b l is h e d  as f o l l o w s .

A tungsten atom is  d ep os ited  at or near the cen ter  o f  a 

(111) p lan e . The t ip  v o ltag e  is  then se t  a t  a f i x e d  value and the 

temperature o f  the sample is r a is e d ,  a l i t t l e  a t  a tim e, under con ­

tinuous ob se rv a t io n ,  u n t i l  the atom is  seen to  move. Once the atom 

s h i f t s  i t s  p o s i t io n  in the f i e l d ,  i t  always moves by the s h o r te s t  

path a cross  the edge o f  the (111) p la n e . T h is ,  o f  co u rse ,  is  the 

expected  b eh av ior .  There is  a f i e l d  grad ient a cross  a f l a t  su rface  

on an e m itte r ,  with the f i e l d  in creas in g  from the cen ter  toward the 

edges. Once an atom jumps out o f  the cen ter  re g io n ,  i t  f in d s  i t s e l f  

in a h igher f i e l d ,  and is  there con fron ted  by a lower b a r r ie r  to 

d i f f u s i o n .  The l im it in g  step  in moving the atom o f f  the plane is 

the c r o s s in g  o f  the f i r s t  p o t e n t ia l  b a r r ie r .

In the absence o f  an a p p lie d  f i e l d ,  d i f fu s i o n  o f  adatoms 

becomes n o t ic e a b le  a t  temperatures T «  600° K. Because o f  problems 

with contam ination , only a few observa t ion s  have been done under 

unequivoca l c o n d it io n s .  However, when a tungsten adatom a t  a layer  

s i t e  moves i t  is always found to  jump to  a layer  s i t e  a d jacen t  to  i t .  

Such a sequence is  shown in F ig .  11.

The e f f e c t  o f  the a p p lied  f i e l d  upon the temperature a t  

which d i f fu s i o n  f i r s t  occurs is  p lo t t e d  in F ig .  12. I n i t i a l l y
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(a )

(b )

F ig .  11. Enlarged view o f  (111) p lan e , showing 
adatom displacem ent on warming.
a .  Tungsten adatom, in d ica te d  by arrow, 

a t  a layer  s i t e .
b .  Same p lane , a f t e r  heating  to  600° K. 

Adatom has moved to  a d ja cen t  layer  s i t e .
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F/BIF
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o
I -

AP-347

F ig .  12. Temperature TD f o r  the onset o f  adatom d i f fu s i o n  on (1 1 1 ) ,  
as a fu n c t io n  o f  a p p l ie d  f i e l d  F . Dashed curve ; Tj) v s .  
f i e l d ;  s o l i d  curve ; TD vs .  ( f i e l d ) 2 . Best image f i e l d  
(BIF) f o r  (111) = 4 .5  V / L

(°K
)



41

d i f fu s i o n  is  but l i t t l e  a f f e c t e d .  Only f o r  f i e l d s  o f  «  3 .5  V/A and

g r e a te r ,  that is above «  75% o f  the b e s t  image f i e l d  f o r  helium, does

the onset temperature drop r a p id ly .  At the lowest f i e l d s  a t  which a

reasonable  helium ion image can f i r s t  be a ch ieved , a t  2 .8  V/A, the

temperature f o r  the onset o f  d i f f u s i o n  is  s t i l l  qu ite  h igh , 500° K.

For such d i f f u s i o n ,  we assume that the adatom is  i n i t i a l l y

a t  the cen ter  o f  the p lan e , where the l a t e r a l  f i e l d  grad ient is  z e r o .

The temperature at which d i f f u s i o n  is  f i r s t  noted , that is  a t  which 
-17 2D «  10 cm / s e c ,  then g ives  us a measure o f  the e f f e c t i v e  b a r r ie r

1 2to d i f f u s i o n ,  VD " 2 <*F > through

VD - 2 a f2  = kTDln <D0/D) * ( ? )

We can rew rite  th is  in an e n t i r e l y  equ iva len t  way as

V ( VD -  I  “ f 2V C (8 )

C s  k in  ( dq/ d)  ,

to  emphasize that the temperature a t  which d i f fu s i o n  is f i r s t  observed
2

should vary l in e a r ly  with F . A p l o t  o f  th is  type has two advantages.

I t  makes e x tra p o la t io n  to  f i e l d  f r e e  d i f f u s i o n  s im ple , and i t  a l s o  

a llow s us to  a r r iv e  a t  a value o f  the e f f e c t i v e  p o l a r i z a b i l i t y  a .  The 

former is important. As a lready  noted , d i f f u s i o n  on the (111) in the 

absence o f  an ap p lied  f i e l d  occurs  a t  temperatures at which the in tru s ion  

o f  contaminants becomes troublesom e. A separate check on the d i f fu s i o n  

temperature is th e re fo re  d e s i r a b le .
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Our ob serva tion s  on the e f f e c t  o f  the a p p lie d  f i e l d  upon

the onset o f  d i f fu s i o n  are in f a c t  b e s t  represented  by a p lo t  o f  tem- 
2perature a ga in st  F , as is  ev ident in F ig .  12. This supports the n ot ion

that p o la r i z a t i o n ,  ra ther  than some other  f i e l d  r e la te d  phenomenon,

is  dominant. The e x tra p o la ted  value o f  the d i f fu s i o n  temperature T^

estim ated in th is  way, 640 + 20° K, agrees reasonably  w e l l  w ith  the

value observed d i r e c t l y .  I t  should be noted that the p o l a r i z a b i l i t y
o 3

term derived  from the s lo p e ,  oi = 1*5 + .1 A , is  on ly  one th ir d  the

29 30p o l a r i z a b i l i t y  o f  an adatom found by f i e l d  evap ora t ion . * This is

expected  in view o f  the d i f f e r e n t  s i g n i f i c a n c e  o f  the terms in the two
35experim ents. From the d e f in in g  r e la t i o n  (5 a ) ,  the p o l a r i z a b i l i t y  

term a  deduced from d i f f u s i o n  in a f i e l d  should be sm aller  in magnitude 

than f o r  ev a p ora t ion , and that is indeed found.

Most important in ou r*con text  is  that with these data we can 

attempt to  a ssess  the e f f e c t  o f  the a p p lied  f i e l d  upon the d i f fu s i o n  

b a r r ie r .  For d i f f u s i o n  over the (111) in the absence o f  an a p p lied  

f i e l d ,  we deduce from Eq. (6 ) a b a r r ie r  h e igh t o f  1.8 eV. O bservations 

o f  adatoms have been s u c c e s s fu l ly  made a t  f i e l d s  as low as 2 .8  V/A.

Under these co n d it io n s  the f i e l d  has lowered the b a r r ie r  to  d i f fu s io n  

by only  22%; that i s ,  the a c t iv a t i o n  energy to  d i f fu s i o n  is  s t i l l  

1 .4  eV. This is  the p o t e n t ia l  which an adatom fa ces  a t  an eq u ilib r iu m  

s i t e ,  whatever that may b e ,  and which separates i t  from the saddle 

p o s i t i o n .  When measured by th is  y a rd s t ick  the e f f e c t  o f  the a p p lied  

f i e l d  is small and, a t  the low temperature a t  which s i t e  observation s
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have been conducted , interchange between atoms a t  a normal s i t e  and at 

the saddle is  im p oss ib le .

Furthermore, from the diagram o f  the (111) plane in F ig .  4, 

i t  is  c le a r  that the on ly  s i t e s  in the v i c i n i t y  o f  the l a t t i c e  s i t e s ,  

a t  which our ob serva tion s  have lo ca ted  the preponderance o f  adatoms, 

are r id ge  p o s i t i o n s .  I f ,  p lay in g  the d e v i l ' s  a d v oca te ,  we were to  

p o s tu la te  the r idge  as the s i t e  p re fe r re d  by adatoms in the absence o f  

the f i e l d ,  we would be hard pressed  to  understand how the energy o f  

th is  s i t e  cou ld  d i f f e r  so l i t t l e  from that o f  a l a t t i c e  s i t e  f o r  the 

l a t t e r  to be fa vored  in the f i e l d .  The f i e l d ,  a f t e r  a l l ,  only seems 

to change the d i f f u s i o n  b a r r ie r  by «  0 .4  eV. A ls o ,  as the f i e l d  is  

r a is e d ,  from the low est values a t which the adatoms can be s tu d ied  

to  more normal c o n d i t i o n s ,  we should expect fu r th e r  displacem ents i f  

these are a lread y  s i g n i f i c a n t  a t  low va lu es ;  p o la r i z a t i o n  on ly  becomes 

s i g n i f i c a n t  at high values o f  the f i e l d .  However, such motions have 

never been observed .

5.3 In te rn a l  Checks

There are s tron g  in tern a l  arguments a g a in st  any displacement 

o f  adatoms in our experim ents. I f  such displacem ents were to  o ccu r ,  

then on repeated viewing a given adatom should o c c a s io n a l ly  appear on 

one s ide  o f  the normal s i t e  and then on the o th e r .  In f a c t ,  no change 

in the lo c a t i o n  o f  an adatom has ever been found when observed rep ea ted ly  

at low tem peratures. The frequency o f  occu pation  o f  a l te r n a te  s i t e s  

should be g rea ter  a t  h igher tem peratures. Although d e t a i le d  observation s
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are not a v a i la b le ,  there is  no in d ic a t io n  o f  th is  in the o c c a s io n a l  

measurements that we have made.

An e n t i r e ly  separate case can be made aga in st  the hypothesis  

that the f i e l d s  necessary  f o r  imaging might d i c t a t e  the occu pation  o f  

the l a t t i c e  s i t e  by an adatom. Although adatoms have most fr e q u e n t ly  

been found at l a t t i c e  s i t e s ,  o c c a s io n a l ly  an adatom is  lo ca ted  a t  a 

f a u l t  s i t e  a l s o .  Adatoms at f a u l t  s i t e s  are s ta b le  to  imaging. They 

can be d isp la ced  on h ea t in g ,  however, and they then move to  a l a t t i c e  

s i t e .  The ob serva t ion  o f  adatoms at f a u l t  s i t e s  by i t s e l f  proves that 

the occu pation  o f the l a t t i c e  s i t e  is  not d ic ta te d  by the f i e l d .

There is  an a d d it io n a l  argument to  suggest that f i e l d  e f f e c t s  

do not intrude in our i d e n t i f i c a t i o n  o f  the b ind ing  s i t e s  on the (1 1 1 ) .  

I t  is  c le a r  from the model o f  a (111) plane that at  both o f  the s i t e s  

a t  which adatoms have been lo ca te d  they s i t  in a h o llow . We expect 

f i e l d  e f f e c t s  to  be less  at  such p o s i t io n s  than at o ther  s i t e s ,  at 

which adatoms are more p ro tru d in g . I f  p o la r i z a t i o n  were to  play a 

s i g n i f i c a n t  r o le  in the lo c a t io n  o f  atoms on the s u r fa c e ,  i t  would 

tend to  d is p la c e  them out o f ,  ra th er  than in t o ,  the s i t e s  a c t u a l ly  

observed.

The evidence is  thus overwhelming that the lo c a t io n s  on the 

(111) plane id e n t i f i e d  in our experiments as b ind ing  s i t e s  are 

a p p ro p r ia te ,  not ju s t  to  the high f i e l d  co n d it io n s  under which they 

are observed , but to  an ordinary thermal environment as w e l l .
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6. ATOM BINDING ON THE (111)

By d i r e c t  ob serva t ion  in the f i e l d  ion m icroscope two lo c a t io n s  

have been i d e n t i f i e d  on the (111) plane o f  tungsten as s i t e s  f o r  s e l f ­

ad sorp t ion  o f  tungsten atoms: l a t t i c e  p o s i t io n s  and f a u l t  p o s i t i o n s .

At the form er, an adatom is  cen tered  between three atoms in the f i r s t  

c r y s t a l  layer  and above another in the th ir d .  At a f a u l t  s i t e  the 

adatom is p o s i t io n e d  above a l a t t i c e  atom in the second la y e r .  In our 

experiments the frequency  o f  o ccu pation  o f  l a t t i c e  s i t e s  is  d ic ta te d  by 

the k in e t i c s  o f  atom d e p o s it io n  at the s u r fa c e ,  and adatoms predominate 

a t  l a t t i c e  rather than a t  f a u l t  s i t e s .  L a t t i c e  s i t e s  are a l s o  favored  

thermodynamically. This emerges on ob serva t ion  o f  atom d i f f u s i o n  

from one s i t e  to  another. As is  apparent from the diagram o f  the 

u n it  c e l l  o f  the (111) p lan e , in F ig .  4 , the two s i t e s  are next to  

each o th e r ,  but separated  by a r id ge  p o s i t i o n .  The a c t iv a t i o n  energy 

f o r  motion o f  an atom out o f  a f a u l t  s i t e  and in to  a layer  s i t e ,  estim ated 

from the temperature a t  which th is  f i r s t  o c c u rs ,  is  «  1.3 eV. In con ­

t r a s t ,  motion between l a t t i c e  s i t e s ,  which from the symmetry o f  the 

su r face  should in vo lve  a f a u l t  s i t e  as an interm ediary , occurs over 

a b a r r ie r  o f  «  1.8 eV. I t  is  c l e a r  that the b inding energy o f  a 

tungsten adatom a t  a l a t t i c e  s i t e  exceeds that a t  a f a u l t  s i t e  by «  0 .5  eV.

Our observation s  are q u a l i t a t iv e ly  in a ccord  with ex p ecta t ion s  

f o r  a l a t t i c e  in which the coh es ive  energy can be d escr ibed  in terms

o f  p a ir -w is e  in t e r a c t io n s .  Rough estim ates o f  atom b ind ing  on a r i g i d

3 6l a t t i c e  have been made by Neustadter and B a c ig a lu p i , based on the use
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o f  Lennard-Jones p o t e n t ia ls  to  represen t in teratom ic  in t e r a c t io n s .

These suggest a p o t e n t ia l  minimum at a l a t t i c e  s i t e  and a secondary

minimum at a fa u l t  s i t e .  More r e a l i s t i c  e s t im a tes ,  in which the

l a t t i c e  is a llow ed to  re la x  around the adatom, have been made by 
37A y ra u lt .  These c a l c u la t i o n s ,  using Morse p o t e n t i a l s ,  again in d ica te

that an adatom a t  a l a t t i c e  p o s i t i o n  w i l l  have the low est p o t e n t ia l

energy. However, A yrault  lo ca te s  the energy o f  an adatom a t  the f a u l t

s i t e  2 .5  eV above the minimum at a l a t t i c e  s i t e .  This is  in marked

co n tr a s t  w ith  our experim ents, which suggest that adatoms are qu ite

s t r o n g ly  h e ld  a t  f a u l t  s i t e s .  Although a r e l i a b l e  value o f  the b ind ing

energy o f  tungsten adatoms on the (111) plane o f  tungsten is  not
32a v a i la b l e ,  i t  is  probably  on the order o f  6 eV. On th is  s c a le  o f  

en erg ies  the d i f f e r e n c e  in the p o t e n t ia l  o f  adatoms a t  l a t t i c e  and 

f a u l t  s i t e s  is  sm a ll ,  amounting to  le ss  than 10% o f  the t o t a l  b in d in g .

I t  w i l l  be in te r e s t in g  to  exp lore  more f u l l y  the im p lica t io n s  o f  the 

unexpected s t a b i l i t y  o f  adatoms at fa u l t  s i t e s .

Most im portant, however, is  the f a c t  that we have f o r  the 

f i r s t  time a q u a n t ita t iv e  determ ination o f  where metal atoms s i t  on 

the su r face  o f  t h e i r  own l a t t i c e .  Extensions o f  such measurements 

to  o ther  metals is r o u t in e ,  and should a llow  a more d e ta i le d  e x p lo ra t io n  

o f  in teratom ic fo r c e s  on c r y s t a l s .
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