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COMPUTER SIMULATION OF FRANK LOOP CONTRAST I N  FIELD I O N  IMAGES 
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Department of  M a t e r i a l s  Sc ience  and Engineer ing,  Col lege of Engineer ing;  

Un ive r s i t y  o f  C a l i f o r n i a ,  Berkeley,  C a l i f o r n i a  

ABSTRACT 

A computer model f o r  s imu la t i on  of t h e  image c o n t r a s t  caused by 

Frank d i s l o c a t i o n  loops  i n  f i e l d  i on  t i p s  of  f c c  materials i s  presen ted .  

The m d e l  i s  based on t h e  s h e l l  model f o r  i on  image s i m u l a t i o n ,  whereas 

t h e  displacement  f i e l d  o f  Frank loops i s  computed from t h e  exac t  d i s -  

placement equa t ion  f o r  a  c lo sed  d i s l o c a t i o n  loop i n  an i s o t r o p i c a l l y  

e l a s t i c  continuum. A method f o r  t ak ing  s u r f a c e  e f f e c t s  i n t o  account by 

s u p e r p o s i t i o n  o f  t h e  displacement  f i e l d  of  an image loop  i s  introduced.  

The r e s u l t s  i n d i c a t e  t h a t  Frank loops w i l l  cause image c o n t r a s t  whi le  

wholly beneath t h e  s u r f a c e  of  t h e  t i p ,  and t h a t  vacancy and i n t e r s t i t i a l  

l oops  w i l l  cause q u a l i t a t i v e l y  d i f f e r e n t  c o n t r a s t .  The e f f e c t  of  s u r f a c e  

r e l a x a t i o n ,  wh i l e  q u a n t i t a t i v e l y  s u b s t a n t i a l ,  does no t  q u a l i t a t i v e l y  a l t e r  

these r e s u l t s .  S p e c i a l  emphasis is p l aced  on smal l  loops ,  w i t h  r e s p e c t  

t o  which e x i s t i n g  c o n t r a s t  theory  i s  inadequate .  Some micrographs of 

i o n  bombarded i r i d i u m  t i p s  a r e  presen ted .  These micrographs d i s p l a y  

c o n t r a s t  e f f e c t s  i n  e x c e l l e n t  agreement w i t h  computer p l o t s  of  i n t e r -  

s t i t i a l  loop c o n t r a s t .  



I. INTRODUCTION 

This  i n v e s t i g a t i o n  was motivated by c e r t a i n  c o n t r a s t  e f f e c t s  

discovered i n  i o n  micrographs of  ion  bombarded i r i d i u m  t i p s .  While some 

of t h e s e  e f f e c t s  could  c l e a r l y  be a t t r i b u t e d  t o  d i s l o c a t i o n  loops,  

o t h e r s  could n o t  b e  expla ined  on t h e  b a s i s  of e x i s t i n g  image theory.  

Since bo th  k inds  of e f f e c t s  were observed i n  t h e  same t i p s ,  the  thought 

n a t u r a l l y  a r o s e  t h a t  both were due t o  d i s l o c a t i o n  loops.  There was 

f u r t h e r  some reason t o  be l i eve  t h a t  smal l  loops were respons ib le  f o r  

t h e  unexplainable  e f f e c t s .  Review of  t h e  l i t e r a t u r e  revealed t h a t  

l i t t l e  had been publ i shed  about d i s l o c a t i o n  loop con t r a s t  and nothing 

s p e c i f i c a l l y  about small loops.  The dec i s ion  t o  concent ra te  on Frank 

loops  w a s  based l a r g e l y  on t h e  f a c t  t h a t  e l e c t r o n  microscopis t s  have 

been s t r u g g l i n g  f o r  y e a r s  t r y i n g  t o  s p e c i f y  t h e  n a t u r e  of  Frank loops 

observed i n  r a d i a t i o n  damaged metal specimens. I t  w a s  f e l t  t h a t  ion  

microscopy might have a con t r ibu t ion  t o  make i n  t h i s  f i e l d ,  e s p e c i a l l y  

wi th  r e spec t  t o  small loops (say < 30A i n  diameter) .  

The o r i g i n a l  i n t e n t i o n  was t o  analyze t h e  observed con t r a s t  

e f f e c t s  by computer s imu la t ion .  During t h e  course of  t h i s  i n v e s t i g a t i o n  

some gene ra l  f e a t u r e s  of  Frank loop c o n t r a s t  became evident  and t h e  

emphasis of t h e  s tudy  s h i f t e d  t o  explor ing  Frank loop con t r a s t  i n  

gene ra l  by computer s imu la t ion  wi th  s p e c i f i c  emphasis on sma l l  loops. 

A r a t h e r  thorough review of t h e o r e t i c a l  and experimental  work i n  

t h e  f i e l d  i s  p re sen ted  i n  P a r t  I1 of t h i s  t h e s i s  a s  a  background t o  

t h e  r e s u l t s  ob ta ined  here .  The review concerns i t s e l f  both with image 

formation from f a u l t e d  c r y s t a l s ,  and wi th  computer s imula t ion  of ion  



images i n  genera l .  I n  P a r t  111 t h e  computer model t h a t  w a s  developed 

f o r  s imu la t i on  of Frank loop  c o n t r a s t  i s  d i scussed  i n  d e t a i l ,  whereaf te r  

t h e  main f i nd ings  o f  t h i s  s t udy  a r e  presen ted .  Some of  t he  experimental  

obse rva t ions  t h a t  i n i t i a t e d  t h i s  s t udy  a r e  presen ted  i n  P a r t  I V ,  and 

i n  P a r t  V some a s p e c t s  o f  t h e  ob t a ined  r e s u l t s  a r e  gene ra l l y  d i scussed .  



11. REVIEW OF THEORY AND EXPERIMENTAL OBSERVATIONS 

A. Geometrical Image Theory 

Although t h e  imaging process  i n  t h e  f i e l d  ion  microscope invo lv  

r a t h e r  complex e l e c t r o n i c  phenomena, a  f i e l d  i on  image can be  s imula ted  

w i t h  remarkable succes s  on pure ly  geomet r ica l  grounds. This  was f i r s t  

1 
demonstrated by Moore i n  a  computer s imu la t i on  of  images o f  p e r f e c t  

c r y s t a l s  based on two s imple i deas .  The f i r s t  is t h a t  t h e  s u r f a c e  of  

a  f i e l d  i o n  t i p  may be  considered a tomica l ly  smooth and approximately 

s p h e r i c a l ,  and t h e  second, fo l lowing  an obse rva t ion  by ~ i i l l e r , ~  t h a t  

imaging atoms a r e  t hose  which p ro t rude  most from t h e  su r f ace .  Moore 

r e a l i z e d  t h a t  t h e  p r o t r u s i o n  of  a toms , s i t ua t ed  on a  l a t t i c e ,  from a 

s p h e r i c a l  s u r f a c e  i s  d i f f i c u l t  t o  v i s u a l i z e ,  and gave t h e  fol lowing 

d e f i n i t i o n :  i f  an i n f i n i t e  c r y s t a l  is  c u t  by a  s p h e r i c a l  s u r f a c e  t h e  

atoms i n s i d e  t h e  sphe re  may be  s a i d  t o  c o n s t i t u t e  a  s p h e r i c a l  c r y s t a l ,  

t h e  s u r f a c e  of which may be termed an a tomica l ly  smooth s p h e r i c a l  

s u r f a c e .  The r a d i a l  d i s t a n c e  of each atom of  t h e  c r y s t a l  from t h i s  

s u r f a c e  can be  e a s i l y  c a l c u l a t e d  and used as a measure of pro t rus ion .  

The atoms c l o s e s t  t o  t h e  s u r f a c e  p ro t rude  most, and hence c o n t r i b u t e  

t o  t h e  f i e l d  i o n  image of t h e  s u r f a c e .  The smooth s u r f a c e  o f  f i e l d  

i o n  t i p s  comes about  because f i e l d  evapora t ion  r e m v e s  atoms pro t rud ing  

t o o  much above an approximately s p h e r i c a l  s u r f a c e .  

The image of t h e  reg ion  sur rounding  a  po le  of  a f i e l d  i on  t i p  can 

be  understoocL i f  t h e  reg ion  i s  thought t o  conform t o  a  smoothly curved 

s u r f a c e  a s  i l l u s t r a t e d  i n  Fig. l a .  The d iameter  o f  t h e  consecut ive  

c r y s t a l  p l anes  b u i l d i n g  up t h i s  reg ion  i s  l i m i t e d  by the  su r f ace .  



I f  only atoms a t  t h e  p l a n e  edges a r e  cons idered  t o  p ro t rude  enough 

t o  image, t h e  p r o j e c t e d  image of t h i s  reg ion  is  c l e a r l y  a s e r i e s  of 

c o n c e n t r i c  r i n g s ,  a s  shown i n  Fig. l b .  Images of f a u l t e d  c r y s t a l s  a r e  

analyzed by f i r s t  cons ide r ing  t h e  p o s s i b l e  s u r f a c e  displacements  caused 

by t h e  f a u l t ,  and t h e r e a f t e r  imposing a smooth envelope on t h e  f a u l t e d  

s u r f a c e  a s  above. F igure  l c  shows t h e  p o s s i b l e  e f f e c t  of a p l a n a r  

f a u l t  on a c r y s t a l ,  and Fig.  I d  t h e  r e s u l t i n g  image. I t  should  be 

c l e a r l y  recognized t h a t  only displacements  normal t o  t h e  s u r f a c e  a r e  

s i g n i f i c a n t  i n  t h i s  model. Displacements i n  t h e  s u r f a c e  cause only 

secondary e f f e c t s .  

The fo rego ing  i s  t h e  essence  of  t h e  geomet r ica l  image theory.  

I t  is t h e  b a s i s  bo th  o f  t h e  i n t u i t i v e  approach t o  t h e  a n a l y s i s  o f  

image c o n t r a s t ,  and of computer s imu la t i on .  I n  t h e  fol lowing t h e s e  

two methods of image i n t e r p r e t a t i o n  w i l l  b e  d i scussed  i n  some d e t a i l ,  

s t a r t i n g  w i th  t h e  i n t u i t i v e  approach. 

B. D i s loca t ion  Cont ras t  

1. P e r f e c t  D i s loca t ions  

D i s loca t ion  c o n t r a s t  i s  der ived  from the  f a c t ,  f i r s t  po in t ed  

3 
o u t  by C o t t r e l l ,  t h a t  a p e r f e c t  d i s l o c a t i o n  l i n e  i n t e r s e c t i n g  a 

s t a c k  of l a t t i c e  p l anes  w i l l  convert  t h i s  s t a c k  i n t o  a h e l i c a l  ramp 

(Fig.  2b). This  p rope r ty  is  gene ra l l y  recognized f o r  a screw d is -  

l o c a t i o n ,  b u t  i t  is  t r u e  f o r  any d i s l o c a t i o n  a s  long  a s  t h e  Burgers 

v e c t o r  of t h e  d i s l o c a t i o n  has  a component a long  the  normal t o  t h e  

p l anes .  The p i t c h  of t h e  h e l i c a l  ramp, i . e .  t h e  s e p a r a t i o n  of  

consecut ive  p lanes  i n  t h e  ramp, i s ,  by d e f i n i t i o n  of  a p e r f e c t  



d i s l o c a t i o n ,  an i n t e g r a l  number of p lane  spacings.  I f  t h i s  i n t e g e r  

i s  g r e a t e r  than  one, t h e  s t a c k  of p lanes  i s  a c t u a l l y  converted i n t o  

s e v e r a l  i n t e r l e a v e d  ramps, each of t he  same p i t ch .  The e f f e c t  of a  

d i s l o c a t i o n  l i n e  emerging from a  p lane  of a  f i e l d  ion  t i p  is i l l u s t r a t e d  

4 
i n  Fig. 2. F igure  2a is  a  ske tch  of t h e  p lanes  belonging t o  a  pole  

when p e r f e c t .  I n  Fig. 2b a  d i s l o c a t i o n  l i n e  has converted t h e  s t a c k  

o f  p lanes  i n t o  a  h e l i c a l  ramp, and i n  Fig. 2c the  e f f e c t  o f  f i e l d  

evapora t ion  on t h e  ramp i s  ind ica t ed .  The l a t t e r  is  r e a l i z e d  by i m -  

pos ing  a  smooth s u r f a c e  upon t h e  ramp. The p ro j ec t ed  image of t h i s  

con f igu ra t ion  i s  a  continuous s p i r a l  a s  shown i n  Fig. 2d. 

The p i t c h  of t h e  h e l i c a l  ramp can be  determined a n a l y t i c a l l y  as 

fo l lows  5 ' 6 :  t h e  p i t c h  is obviously t h e  magnitude of the p r o j e c t i o n  of 

-+ 
t h e  Burgers v e c t o r ,  b ,  of t h e  d i s l o c a t i o n  onto  t h e  plane normal. I f  

-+ 
t h e  u n i t  normal o f  t h e  p l ane  i s  n  t h e  p i t c h ,  p ,  is  hence: 

The normal of any l a t t i c e  p l ane  (hkR) is t h e  corresponding r e c i p r o c a l  

+ 
l a t t i c e  v e c t o r  ghkR, t he  l eng th  of which is  t h e  r e c i p r o c a l  of t he  

l a t t i c e  spac ing ,  i. e. 

and consequent ly,  

The s c a l a r  product  i n  Eq. (11.3) must be an i n t e g e r  f o r  p e r f e c t  dis-  

l o c a t i o n s .  This  i s  immediately obvious i f  t he  indexing of p lanes  and 



v e c t o r s  is r e f e r r e d  t o  t h e  p r i m i t i v e  t r a n s l a t i o n  vec to r s  of t h e  l a t t i c e .  

In t h i s  ca se  t h e  p e r f e c t  Burgers vec to r  would be  a  l a t t i c e  vec to r  by 

d e f i n i t i o n .  The s c a l a r  product  of  two l a t t i c e  vec to r s  be longing  t o  

mutual ly  r e c i p r o c a l  l a t t i c e s  is  always an i n t e g e r .  S ince  t h i s  r e s u l t  

is  a p rope r ty  of  t h e  l a t t i c e ,  i t  must be  t r u e  i n  any system of  t r a n s l a -  

t i o n  v e c t o r s .  

The c r y s t a l l o g r a p h y  of  t h e  f c c  s t r u c t u r e  is  usua l ly  based on t h e  

convent iona l  cubic  u n i t  c e l l ,  t o  t ake  advantage of t h e  symmetry of  t h e  

s t r u c t u r e .  The l a t t i c e  t r a n s l a t i o n s  a r e  t h e  c e l l  edges a [100] ,  a [010] ,  

and a [001] ,  where a  is  t h e  l a t t i c e  cons t an t .  I n  t k i s  system t h e  

a  Burgers v e c t o r  of a  p e r f e c t  d i s l o c a t i o n ,  [110] ,  is  no t  a l a t t i c e  

vec to r .  The r e c i p r o c a l  l a t t i c e  v e c t o r s  a r e ,  i n  t h i s  ca se ,  of t h e  form 

1 - [hkR], w i t h  h ,  k  and R e i t h e r  a l l  odd o r  a l l  even. This  requirement 
a  

fol lows d i r e c t l y  from a t ransformat ion  of a x i s  from t h e  p r i m i t i v e  c e l l  

+ + 
t o  t h e  convent iona l  cub ic  c e l l .  Hence &kR b is  of  t h e  form 

(h + k ) / 2 ,  wi th  h + k even, i .e . ,  an i n t e g e r .  

It is convenient  t o  drop dkhR from E q .  (11.3) and w r i t e  

where p is  understood t o  be  expressed  i n  u n i t s  of  t h e  p lane  spac ing .  

The va lue  of  p ,  i .e .  an  i n t e g r a l  number, i n d i c a t e s  t h e  m u l t i p l i c i t y  

of  t h e  image s p i r a l  caused by t h e  d i s l o c a t i o n .  A case  where p = 3 

4 
is  schema t i ca l l y  i l l u s t r a t e d  i n  Fig. 3. I t  would correspond t o  e .g .  

+ 1 + a 
g = ; [331] and b = - 2 [ l l o ] .  

I f  p  = 0 t h e  Burgers v e c t o r  i s  in t h e  p lane  *tinder s t u d y ,  i . e .  

t h e  displacements  a r e  p a r a l l e l  t o  t h e  p lane  and no s p i r a l  s t r u c t u r e  



w i l l  develop. On some high index  planes t h e  core s t r u c t u r e  of t h e  

d i s l o c a t i o n ,  o r  t h e  "ex t r a  h a l f  plane",  may be v i s i b l e  i n  t h i s  case.  

Analysis  of  d i s l o c a t i o n s  is  usua l ly  aimed a t  f i nd ing  t h e  Burgers 

vec to r .  The s i g n  of t h e  Burgers v e c t o r  depends on the  sense of t h e  

d i s l o c a t i o n  l i n e ,  which i s  a r b i t r a r y .  The fol lowing convention i s  

u s u a l l y  chosen:[( The sense  of t h e  d i s l o c a t i o n  l i n e  i s  def ined  by 

a s s i g n i n g  a  u n i t  vec to r ,  1, tangent  t o  t h e  l i n e .  The p o s i t i v e  sense 

-+ 
of t h e  l i n e  i s  i n  t h e  p o s i t i v e  d i r e c t i o n  of  R. A clockwise c i r c u i t ,  

l ook ing  down t h e  p o s i t i v e  sense  of t h e  l i n e ,  is formed i n  a  p lane  

i n t e r s e c t i n g  t h e  d i s l o c a t i o n .  The c i r c u i t  would c l o s e  i n  a p e r f e c t  

r e f e rence  c r y s t a l ,  b u t  f a i l s  t o  c l o s e  i n  t h e  r e a l  c r y s t a l .  The Burgers 

v e c t o r  i e  t h e  v e c t o r  drawn from t h e  s t a r t i n g  poin t  t o  t h e  f i n i s h i n g  point  

of  t h i s  unclosed c i r c u i t .  I n  f i e l d  ion  micrographs t h i s  d e f i n i t i o n  leads  

+ 
t o  t h e  fo l lowing  r u l e :  i f  1 is  chosen t o  po in t  out (n-Lt >O) of t h e  

c r y s t a l  then  a  clockwise s p i r a l ,  when looking down on a  p o s i t i v e  p r i n t ,  

i n d i c a t e s  t h a t  t h e  Burgers v e c t o r  has a  p o s i t i v e  couponent a long  the  

-b 

p lane  normal n ,  i . e .  p  is p o s i t i v e .  Another proper ty  of a  d i s l o c a t i o n  

-+ 
l i n e  is  t h a t  wi th  t h i s  d e f i n i t i o n  of 1, t h e  vec to r  1 x b p o i n t s  towards 

t h e  e x t r a  h a l f  p lane  connected w i t h  t h e  d i s l o c a t i o n .  By t h e  use of t h i s  

p rope r ty  i n t r i n s i c  d i s l o c a t i o n  loops can be  d i s t i ngu i shed  from e x t r i n s i c  

loops.  
9 

General ly  t h e  Burgers vec to r  of a  p e r f e c t  d i s l o c a t i o n  cannot be  

deduced from a  s i n g l e  micrograph. The information obta inable  i s  the  

magnitude and s i g n  of p  from t h e  m u l t i p l i c i t y  and sense  of t h e  image 

s p i r a l .  Usually s e v e r a l  Burgers vec to r s  s a t i s f y  t h e  value of p. I f  

t h e  d i s l o c a t i o n  emerges i n  a  reg ion  where two s e t s  of image r i n g s  a r e  

-+ 
r e s o l v a b l e  a unique de termina t ion  of b  can probably be made from t h e  



two p  va lues .  This  is  a l s o  t h e  case ,  i f  dur ing  f i e l d  evaporat ion 

t h e  d i s l o c a t i o n  "moves" from one pole  reg ion  t o  another .  I f  t h e  

d i r e c t i o n  o f  t he  d i s l o c a t i o n  l i n e  is  needed a  f i e l d  evaporat ion sequence 

is ,  of course ,  necessary .  

P e r f e c t  d i s l o c a t i o n  loops and d ipo le  p a i r s  a r e  t r e a t e d  simply by 

combining t h e  e f f e c t s  of s i n g l e  d i s l o c a t i o n s .  The two d i s l o c a t i o n s  i n  

a  d i p o l e  p a i r  have equal  b u t  oppos i t e  Burgers vec to r s .  Hence they w i l l  

cause s p i r a l s  of oppos i te  s ense  when emerging i n  t h e  same po le ,  and t h e  

s p i r a l  s t a r t e d  by one w i l l  end a t  t h e  o t h e r .  Plane r i n g s  enc los ing  

bo th  d i s l o c a t i o n s  w i l l  be  unbroken s i n c e  t h e  n e t  Burgers vec to r  is  

10 
zero.  Figure 4 i l l u s t r a t e s  two cases  w i t h  I p  1 = 1. I n  Fig. 4a t h e  

two d i s l o c a t i o n s  emerge on t h e  same p lane ,  i n  F ig .  4b on d i f f e r e n t  
1 

plane  ledges .  D i s loca t ion  loops obviously behave i n  t h e  same manner. 

I f  p  > 1 ,  a s i m i l a r  system of  m u l t i p l e  s p i r a l s  is  expected. I n  the  case 

of d i s l o c a t i o n  loops  t h e  l i n e  of  i n t e r s e c t i o n  between the  loop plane 

and t h e  s u r f a c e  o f  t h e  t i p  can b e  determined by d i r e c t  measurement on 

t h e  micrograph. The p o i n t s  of emergence o f  t h e  d i s l o c a t i o n s  a r e  taken 

t o  be where t h e  s p i r a l  s t a r t s  and ends. From t h e  l i n e  of i n t e r s e c t i o n  

t h e  p l ane  of  t h e  loop can ususa l ly  be deduced. 

2. S t ack ing  Fau l t s  and P a r t i a l  D i s loca t ions  

A p l a n a r  f a u l t  i n  a c r y s t a l  is  cha rac t e r i zed  by a  displacement 

-t 
v e c t o r  R,  which is  def ined  a s  t h e  displacement o f  one s i d e  of t h e  

c r y s t a l  r e l a t i v e  t o  t h e  o t h e r .  Where t h e  f a u l t  plane cu t s  t h e  s u r f a c e  

of t h e  c r y s t a l  a  s t e p  w i l l  r e s u l t .  The h e i g h t  of t h e  s tep,  normal t o  

-+ 
t h e  s u r f a c e  plane, i s  the  p r o j e c t i o n  of R on t h e  plane normal. A 

parameter  q,finalogous t o  p  of Eq. (11-4), can be def ined  f o r  t h e  f a u l t :  



-+ 
The u n i t  of q i s  a g a i n  t h e  l a t t i c e  spac ing  Bkt. Since R desc r ibes  a  

f a u l t  i t  must no t  b e  a  l a t t i c e  v e c t o r  of  t he  p r i m i t l v e  l a t t i c e  and 

consequently q need n o t  be  an i n t e g e r ,  although i t  may be. For 

s t a c k i n g  f a u l t s  on t h e  (111) planes i n  f c c  c r y s t a l s  t h e  va lue  of q 

is always of t h e  form nl3,where n is  an i n t e g e r  (zero  inc luded) .  

The image c o n t r a s t  expected when a  s t a c k i n g  f a u l t  i n t e r s e c t s  a 

po le  i n  a f i e l d  ion  t i p  i s  a s e r i e s  of broken p lane  r ings .  The 

i n t u i t i v e  approach t o  t h i s  c o n t r a s t  is  o u t l i n e d  i n  Fig. 5a and Sb, 

f o r  an i n t r i n s i c  and e x t r i n s i c  s t ack ing  f a u l t  r e spec t ive ly .  
11 

An 

i n t r i n s i c  s t a c k i n g  f a u l t  i n  f c c  corresponds t o  t h e  removal of one (111) 

p lane ,  t h e  e x t r i n s i c  t o  t h e  i n s e r t i o n  of  one e x t r a  (111) plane. This 

w i l l  i n t roduce  one f a u l t  i n  t h e  r egu la r  s t a c k i n g  sequence ( A B C A . . . ) ,  

i n  t h e  i n t r i n s i c  ca se ,  and two consecut ive f a u l t s  i n  t h e  e x t r i n s i c  

case. The broken r i n g  c o n t r a s t  r e s u l t s  because t h e  s u r f a c e  of t he  

sheared  s t a c k  of  p lanes  must conform t o  an approximately hemispherical  

shape. The case  i l l u s t r a t e d  i n  Fig. 5 y i e l d s  Iq 1 = 413 

1 f - , * a 
[220], R = - [ I l l ]  ) . The top  half-plane w i l l  be  removed f i r s t  3 

by fisU evapora t ion .  The rea f t e r  t h e  s m a l l e s t  r i n g  w i l l  a l t e r n a t e l y  

appear on e i t h e r  s i d e  of t h e  f a u l t  a s  f i e l d  evapora t ion  progresses .  

I f  I q  ( >  1 f i e l d  evapora t ion  i s  expected t o  remove an i n t e g r a l  number 

o f  p lanes  from one s i d e  of  t he  f a u l t .  I f  q  i s  non in t eg ra l  t he  i n t e g r a l  

r e s i d u e  q '  of q is used t o  cha rac t e r i ze  the  con r ra s t  i n  t h i s  case.  

For i n s t ance  i f  q  = 5/3 ,q1  would be 2 1 3 .  



P a r t i a l  d i s l o c a t i o n s  bound s t a c k i n g  f a u l t s .  The Burgers c i r c u i t  

used t o  de f ine  t h e  Burgers v e c t o r  of a  p a r t i a l  d i s l o c a t i o n  must start  

and end on t h e  a s s o c i a t e d  s t a c k i n g  f a u l t .  Hence t h e  Burgers v e c t o r  of 

a  p a r t i a l  d i s l o c a t i o n  w i l l  b e  t h e  s a w  a s  t h e  displacement vec to r  of 

t h e  s t a c k i n g  f a u l t ,  o r  d i f f e r  from i t  by a l a t t i c e  vec to r .  Equation 

-f + 
(11.5) is  v a l i d  f o r  p a r t i a l  d i s l o c a t i o n s  wi th  R rep laced  by b . 

P 

I n  t h e  f c c  s t r u c t u r e  t h e r e  a r e  two k inds  of  p a r t i a l  d i s l o c a t i o n s ,  

which a r e  c a l l e d  Shockley and Frank p a r t i a l s .  They a r e  both a s s o c i a t e d  

w i t h  i n t r i n s i c  o r  e x t r i n s i c  s t a c k i n g  f a u l t s .  Shockley p a r t i a l  d i s -  

l o c a t i o n s  a r e  c r ea t ed  by g l i d e  on t h e  (111) planes.  The p o s s i b l e  

a  
Burgers  vec to r s  a r e  of  t he  form - ( 1 1 2 )  of which t h e r e  a r e  t h r e e  on 6 

each {1111 plane. Shockley p a r t i a l s  occur  e i t h e r  as c losed  loops  o r  

as d i s s o c i a t e d  p e r f e c t  d i s l o c a t i o n s .  When a  Shockley loop i n t e r s e c t s  

t h e  s u r f a c e  of  t h e  c r y s t a 1 , i t  w i l l  appear as two d i s l o c a t i o n s  on e i t h e r  

s i d e  of a  s t a c k i n g  f a u l t .  The Burgers vec to r s  of t he  two d i s l o c a t i o n s  

must i n  t h i s  case  be  equa l  b u t  oppos i t e ,  i . e .  t h e  n e t  Burgers v e c t o r  i s  

zero.  The appearance of  a  d i s s o c i a t e d  d i s l o c a t i o n  is  t h e  same, bu t  

t h e  n e t  Burgers vec to r  i s  now t h a t  of t h e  d i s s o c i a t e d  p e r f e c t  d i s -  

l o c a t i o n .  Frank d i s l o c a t i o n s  occur  only i n  loops. The loops a r e  

formed by t h e  c o l l e c t i o n  of p o i n t  d e f e c t s  i n t o  d i s k s  on the  I1111 

p lanes .  A disk  of vacancies ,and the  ensuing  co l l aps ing  of t h e  p lanes  

above and below t h e  p l ane  of t h e  d i s k , c r e a t e s  an i n t r i n s i c  loop. A 

d i s k  of  i n t e r s t i t i a l s  between two (1111 p lanes  c o n s t i t u t e s  an e x t r i n s i c  

loop.  The d i s l o c a t i o n  bounding t h e  Frank loop i s  of pure edge charac- 

a  
ter,  and i ts  Burgers vec tor  i s  of  t he  form - (111) . When a Frank 

3 

l o o p  i n t e r s e c t s  t h e  c r y s t a l  s u r f a c e  i t  appears  a s  two d i s l o c a t i o n s  



connected by a  s t a c k i n g  f a u l t .  The Burgersvec tors  of t he  two d is -  

l o c a t i o n s  a r e  e q u a l  b u t  of oppos i te  s i g n ,  s o  t h a t  t he  n e t  Burgers 

v e c t o r  is zero.  

The image c o n t r a s t  from p a r t i a l  d i s l o c a t i o n s  must c l e a r l y  be a  

combination o f  " d i s l o c a t i o n  c o n t r a s t "  and " s t ack ing  f a u l t  c o n t r a s t " .  

The s p i r a l  c o n t r a s t  of  a  d i s l o c a t i o n  w i l l  develop,  b u t ,  when q i s  

n o n i n t e g r a l ,  t h e  s p i r a l  w i l l  no t  be  cont inuous bu t  broken, o r  s tepped.  

A l t e r n a t i v e l y  one may s t a r t  w i th  t h e  s t a c k i n g  f a u l t  c o n t r a s t  of  Fig.  5 

and imagine t h a t  t h e  breaking  of t h e  r i n g s  s t o p s  a t  t h e  p a r t i a l .  The 

s imp le s t  case, where one p a r t i a l  d i s l o c a t i o n  emerges i n  t h e  c e n t e r  

o f  t h e  p l ane ,  and Iq / < 1, is easy t o  v i s u a l i z e  and is  i l l u s t r a t e d  i n  

Fig. 6. 
4 

For a  p a r t i a l  d i s l o c a t i o n  t h e  va lue  o f  q i s  s i g n i f i c a n t  even when 

Iql> 1, and n o t  on ly  t h e  i n t e g r a l  r e s i d u e  q ' .  This  is  s o  because s e v e r a l  

i n t e r l e a v e d  s t epped  s p i r a l s  w i l l  develop i n  t h i s  case, as shown i n  

4 
Ng.  7. The m u l t i p l i c i t y  of t h e  s p i r a l  i s  t h e  smallest i n t e g e r  

l a r g e r  than  q. 

When bo th  p a r t i a l s  of a d i s l o c a t i o n  loop  emerge i n  t h e  same po le ,  

r i n g s  e n c l o s i n g  none o r  bo th  o f  the  p a r t i a l s  w i l l  b e  unbroken. Rings 

enc los ing  only  one p a r t i a l  w i l l  b e  s tepped .  This  ca se  i s  i l l u s t r a t e d  

i n  Fig.  8. 
4 

A d i s s o c i a t e d  d i s l o c a t i o n  causes  t h e  same c o n t r a s t  , 

except  t h a t  r i n g s  e n c l o s i n g  both p a r t i a l s  w i l l  form a  continuous 

s p i r a l  due t o  t h e  enc losed  p e r f e c t  d i s l o c a t i o n .  Figure 9 i s  a  ske t ch  

o f  t h i s  s i t u a t i o n .  
4 



When q is  ze ro  o r  i n t e g r a l  no s u r f a c e  s t e p  i s  formed a t  a 

s t a c k i n g  f a u l t  a f t e r  f i e l d  evapora t ion ,  and t h e  r i n g s  c ros s ing  

t h e  f a u l t  w i l l  be  unstepped. There w i l l ,  however, be  small k inks  

i n  t h e  r ings  where they  c r o s s  t h e  s t a c k i n g  f a u l t ,  caused by t h e  

+ 
p r o j e c t i o n  of R i n  t h e  imaged plane.  A measure of t h e  magnitude of 

t h e  kink i s  t h e  normal displacement of atomic rows i n  t he  plane.  I f  

t h i s  displacement is  ze ro  o r  an i n t e g r a l  number of  row spac ings ,  t h e r e  

w i l l  be  no kink. This  i s  i n  any case such a  small e f f e c t  t h a t  i t s  

d e t e c t i o n  i n  t h e  image i s  doubtful .  Some c o n t r a s t  e f f e c t s  i n  observed 

9 
images have been a t t r i b u t e d  t o  k inks ,  however. For a p a r t i a l  d i s -  

l o c a t i o n  an i n t e g r a l  va lue  of q means t h a t  a  continuous s p i r a l  develops 

i n  t h e  image, wi th  k i n k s  where the  s p i r a l  c ros ses  t h e  s t a c k i n g  f a u l t .  

3. I n t r i n s i c  and E x t r i n s i c  Fau l t s  

D i s t ingu i sh ing  between i n t r i n s i c  and e x t r i n s i c  f a u l t s  t u r n s  ou t  

t o  be  a  d i f f i c u l t  ma t t e r .  The geometr ical  image c r i t e r i o n  makes i t  

p o s s i b l e  t o  t e l l  by i n s p e c t i o n  which s i d e  of t h e  c r y s t a l  has  been 

pushed i n t o  t h e  t i p  a t  a  f a u l t .  If t h e  f a u l t  plane i s  a l s o  known, t h e  

n a t u r e  of  t h e  f a u l t  can ,  i n  some cases ,  be deduced. 

The c l e a r e s t  ca se  t u r n s  o u t  t o  be a  Frank loop wi th  both p a r t i a l s  

emerging i n  t h e  same p o l e  (F ig .  10a ) .  The image i n  t h i s  case  c o n s i s t s  

of two s e t s  of h a l f - r i n g s  d iv ided  by t h e  s t a c k i n g  f a u l t .  I t  i s  always 

p o s s i b l e  t o  t e l l  on which s i d e  of t he  f a u l t  t he  ha l f - r ings  a r e  sma l l e r .  

This is  n o t  q u i t e  s o  obvious as i t  seems s i n c e  t h e  s m a l l e s t ,  i. e .  t h e  

c e n t r a l ,  h a l f - r i n g  w i l l  a l t e r n a t e  between t h e  two s i d e s  of t h e  f a u l t  as 

f f e l d  evaporat ion removes t h e  top  half-plane.  There w i l l ,  however, be 

an unbroken r ing  e n c l o s i n g  t h e  whole loop,  and one can t e l l  from t h e  



l a r g e s t  broken r i n g  on which s i d e  of  t h e  f a u l t  t h e  ha l f - r i ngs  a r e  

smaller. 
11 

Another way o f  s ay ing  t h i s  is  t o  no t e  t h a t  one can t e l l  

which p a i r  of  ha l f - r i ngs  belong t o g e t h e r  i n  t h e  unfau l ted  c r y s t a l .  The 

s i d e  w i t h  t h e  smaller h a l f - r i n g s  has  been pushed toward t h e  s u r f a c e  of 

t h e  t i p .  . I f  i n  a d d i t i o n  t h e  p lane  o f  t h e  loop is  known, t h i s  f a c t  

a l lows  a de te rmina t ion  of  t h e  n a t u r e  of t h e  loop. Figure l ob  i l l u s t r a t e s  

t h i s  f o r  t h e  c a s e  o f  a loop on e i t h e r  o f  two (111) planes under (001).  

The image i n  Fig.  10a  could r e s u l t  from e i t h e r  an i n t r i n s i c  loop on 

(111) o r  an e x t r i n s i c  loop on ( l l i )  . The de te rmina t ion  is  unambiguous 

i n  t h e  ca se  o f  a Frank loop because i t  can be  c r ea t ed  by one d isp lace-  

ment a loue  on any one p lane .  For example, an i n t r i n s i c  loop  on (111) 

i n  Fig. l o b  can be  c r e a t e d  on ly  by d i s p l a c i n g  t h e  p a r t  of t h e  c r y s t a l  

t o  t h e  r i g h t  o f  (111) i n t o  t h e  c r y s t a l ,  i .e .  i n  t h e  [ i i i ]  d i r e c t i o n .  

For Shockley loops  t h e  s i t u a t i o n  i s  more complicated. On each 

(111) p lane  t h e r e  a r e  t h r e e  f a u l t  v e c t o r s  l ead ing  t o  t h e  i n t r i n s i c  

f a u l t .  On t h e  (111) plane they are a[T1l ] ,  6 :[lZl] and t [ l l T ]  (Fig.  

l l b ) .  The oppos i t e s  of t he se  v e c t o r s  l e a d  t o  t h e  e x t r i n s i c  f a u l t .  

Although t h e  s t a c k i n g  f a u l t  i s  t h e  same i n  a l l  t h r e e  ca se s ,  t h e  

bounding d i s l o c a t i o n s  a r e  n o t ,  and t h r e e  phys i ca l l y  d i s t i n c t  configura-  

t i o n s  exist. S p e c i f i c a l l y  i t  is  no longe r  p o s s i b l e  t o  uniquely 

connect one type  o f  f a u l t  w i th  a displacement  ou t  of o r  i n t o  t h e  t i p .  

For  i n s t a n c e  i f  an i n t r i n s i c  Shockley loop is  c rea t ed  on (111) i n  

F ig .  l o b ,  one of t h e  p o s s i b l e  displacements  (:[112]) w i l l  push t h e  

r i g h t  s i d e  i n t o  t h e  c r y s t a l  whereas t h e  o t h e r  two w i l l  push i t  ou t .  

l?ortesl2 has  analyzed t h i s  case  w i t h i n  t he  framework of t h e  

geomet r ica l  image theory a s  fol lows:  t h e  f a u l t  plane is  ass igned  a 



+ -+ 
u n i t  normal N. The s i d e  of t h e  c r y s t a l  t o  which N po in t s  is  c a l l e d  +N,  

-+ 
t h e  o t h e r  -N. The f a u l t  vec to r  R i s  def ined  a s  t h a t  displacement of  

+N r e l a t i v e  t o  -N which w i l l  c r e a t e  t h e  f a u l t  i n  ques t ion .  A s  noted 

-+ 
above t h e r e  a r e  t h r e e  p o s s i b l e  vec to r s  R f o r  a p a r t i c u l a r  f a u l t .  I f  

-+ -+ 
v e c t o r s  +R c r e a t e  i n t r i n s i c  f a u l t s ,  vec to r s  -R c r e a t e  e x t r i n s i c  f a u l t s .  

The Burgers v e c t o r  of t h e  bounding d i s l o c a t i o n  is  def ined  by a Burgers 

c i r c u i t  t h a t  s t a r t s  on t h e  -N s i d e  of t h e  f a u l t .  The Burgers vec to r  

i s  t h e  c l o s u r e  f a i l u r e  of t h e  c i r c u i t  p o i n t i n g  towards t h e  end o f  t h e  

-+ -+ 
c i r c u i t .  Th i s  d e f i n i t i o n  w i l l  make b co inc ide  wi th  R. I t  i s  only 

P 

necessary  t c  determine t h e  Burgers v e c t o r  f o r  one d i s l o c a t i o n ,  s p e c i f i c -  

a l l y  t h e  one c l o s e r  t o  t h e  pole .  Th i s  is c a l l e d  t h e  l ead ing  p a r t i a l .  

The determina t ion  of t h e  n a t u r e  of t h e  loop i s  based on t h e  pos- 

s i b i l i t y  t o  t e l l ,  by i n s p e c t i o n  of t h e  image, t h e  r e l a t i v e  displacement 

of t h e  +N and -N s i d e s  of  t h e  f a u l t .  I f  t h e  Burgers vec to r  of t h e  

l e a d i n g  p a r t i a l  d i s l o c a t i o n  is known unambiguously i t  i s  then  p o s s i b l e  

t o  i n f e r  t h e  n a t u r e  of t h e  loop.  The Burgers vec to r  is  determined 

from t h e  va lue  of I s  1 , i .e.  t h e  s p i r a l  s t r u c t u r e  of t h e  image. Knowl- 

edge o f  t h e  f a u l t  plane  r e s t r i c t s  t h e  number of p o s s i b l e  Burgers vec to r s  

t o  t h r e e .  I f  only one o f  t h e s e  y i e l d s  t h e  observed value of I q  1 an 

unambiguous de te rmina t ion  of  t h e  n a t u r e  of  t h e  f a u l t  can be made. The 

procedure and t h e  problems involved a r e  b e s t  i l l u s t r a t e d  with an example. 

Consider a f a u l t  on (111) under (001) (Fig.  11 ) .  The p o s s i b l e  f a u l t  

v e c t o r s  are i n d i c a t e d  b e l m ,  t o g e t h e r  wi th  t h e i r  I 1 -values : 

Burgers vec to r :  



The normal o f  t h e  f a u l t  p l ane  can be  chosen a s  [ I l l ]  . Hence 

-+ -+ -+ 
t h e  p o s i t i v e  d i r e c t i o n s  of b  b  and b  a r e  connected wi th  an i n t r i n s i c  

1' 2  3  

f a u l t ,  and t h e i r  nega t ive  d i r e c t i o n s  w i th  an e x t r i n s i c  f a u l t .  I f  t h e  

image i n d i c a t e s  t h a t  t h e  +N s i d e  has  been d i sp l aced  toward t h e  ou t s ide  

-+ -+ -+ 
of  t h e  t i p ,  t h e  p o s s i b l e  f a u l t  vec to r s  would be +b +b and -b The 

1' 2 3' 

f-r two would y i e l d  an i n t r i n s i c  f a u l t ,  t h e  l a t t e r  an e x t r i n s i c  f a u l t .  

-+ -+ 
The l q  1 va lue  would be d i f f e r e n t  f o r  b and b2 on t h e  one hand (113). 

1 
+ 

and b3 on t h e  o t h e r  (213). I n  p r i n c i p l e  t h i s  d i f f e r e n c e  would be  

v i s i b l e  i n  t h e  image, bu t  i n  p r a c t i c e  i t  may be t o o  small f o r  

unambiguous de te rmina t ion  ( s ee  below). I f  t h i s  d i s t i n c t i o n  between 

t h e  p o s s i b l e  Burgers vec to r s  cannot be made wi th  c e r t a i n t y ,  t h e  na tu re  

o f  t h e  loop  cannot be  i n f e r r e d .  This  case, un fo r tuna t e ly ,  i s  t h e  r u l e  

12 
r a t h e r  t han  t h e  except ion .  Table  I is a  l i s t  of  Iql-values f o r  

some p r o d n e n t  p o l e s  i n  f c c  c r y s t a l s .  The t a b l e  i s  compiled f o r  f a u l t s  

on t h e  (111) plane.  It i n d i c a t e s ,  f o r  each p o s s i b l e  Burgers v e c t o r ,  

which s i d e  o f  t h e  c r y s t a l  w i l l  be d i sp l aced  towards t h e  s u r f a c e  of 

t h e  t i p  f o r  each k ind  of f a u l t  ( i n t r i n s i c  o r  e x t r i n s i c ) .  The t a b l e  

shows t h a t  i t  i s .  g q u e n t l y  necessary  t o  d i s t i n g u i s h  between ( q  ( = 113 

and ( q l  = 213 i n  o r d e r  t o  determine t h e  n a t u r e  of a  loop.  I f  f o r  one 

c a s e  l q l  >1 and f o r  t h e  o t h e r  I q l  < 1 t h e  d i s t i n c t i o n  can be made, as 

is t h e  case  f o r  t h e  (1x3) and (131) po les .  I f  q  = 0 t h i s  nethod is 

n o t  app l i cab l e .  I t  should a l s o  be  po in t ed  out  t h a t  a  d i s t i n c t i o n  

between Frank and Schockley loops is no t  p o s s i b l e  based on t h i s  t h e i r y  

alone.  Uaually,  however, on ly  one of t h e s e  is  expected,  depending on 

t h e  h i s t o r y  o f  t h e  t i p .  



* 
Table I.  Character iza t ion  of (111) f a u l t s  i n  f cc  metals 

Burgers vector  of 
leading p a r t i a l  a  * $1111 
d i s l o c a t i o n  

Side of (111) 
plane displaced +N -N 
t o  t h e  ou t s ide  
of t h e  t i p  

Ring conf igura t ion  Iq 1 

Pole of emergence 

001 

010 

100 

111 

iii 
110 

i i o  
11 3  - 
113 

13 3  

131 
o i 2  

021 

I 113 E I 113 E 

I 113 E E 213 I 

E 2 / 3  I I 113 E 

E 113 I E 113 I 

E 113 I I 213 E 

E 113 I E 113 I 

E l I I l E  

I 113 E I 113 E 

I 1 E - O -  

I 213 E I 2 / 3  E 

E 2 /3  I I 413 E 

I 113 E I 413 E 

E 1 . 3  I 1 5 1 3 E  

I :  i n t r i n s i c  f a u l t ;  E: e x t r i n s i c  f a u l t ;  N: p a r a l l e l  t o  [ I l l ]  

* 
Reference 12. 



I f  t h e  s t a c k i n g  f a u l t  runs a l l  through t h e  t i p  t h e  method 

desc r ibed  above i s  n o t  u s e f u l ,  s i n c e  t h e r e  a r e  no bounding p a r t i a l  

d i s l o c a t i o n  v i s i b l e  i n  the image. The fo l lowing  cons idera t ions  can 

be app l i ed  t o  determine t h e  n a t u r e  of t h e  s t a c k i n g  f a u l t 1 2 :  The s t e p  

he igh t  a t  t h e  f a u l t  i n  t he  (hkR) region is  determined by a  parameter 

q" ob ta ined  by adding an i n t e g e r  t o  q such t h a t  0 -  < q" < 1. The 

s t e p  he igh t  i s  e i t h e r  qtldhkk o r  (l-q")d,kk depending on which s i d e  

of t h e  f a u l t  i s  h igher .  During f i e l d  evapora t ion  these  two values 

alternate. Considering aga in  a  f a u l t  on (111) i n t e r s e c t i n g  (OOl), t h e  

12 
cases  ske tched  i n  Fig. 12 a r e  poss ib l e .  For an i n t r i n s i c  f a u l t  

-+ a --- 
q" = 113 (e.g. R = 7 11111) , which means t h a t  each (001) p lane  on the  

1 
positive s i d e  of (111) i s  7 dO02 above t h e  next  p lane  below, on t h e  

o t h e r  s i d e  of t h e  f a u l t .  For an e x t r i n s i c  f a u l t  t he  corresponding 

2 value is - d 
3 002' 

These d i f f e r e n c e s  i n  s t e p  he igh t  w i l l  a f f e c t  t h e  

s i z e  of t h e  h a l f  r i n g s .  F igures  12a and b show two s t a g e s  of f i e l d  

evapora t ion  through an i n t r i n s i c  s t a c k i n g  f a u l t  on (111). I n  each case 

t h e  s i z e  of  t he  top  p l ane ,  o r  sma l l e s t  r i n g ,  i s  t h e  same. A s  can be 

r e a d i l y  seen  i n  t h e  ske t ch ,  t h e  s i z e  of t h e  second ha l f - r ing  is  

l a r g e r  when t h i s  r i n g  i s  on t h e  p o s i t i v e  s i d e  of (111). For t he  

e x t r i n s i c  f a u l t  i n  Fig. 12c  and d the  s i t u a t i o n  is  reversed.  Hence 

t h i s  e f f e c t  can b e  used t o  determine t h e  n a t u r e  of t he  f a u l t  provided 

the  e f f e c t  i s  l a r g e  enough t o  be measured. An es t imat ion  of t he  

s i z e  of t h e  e f f e c t  can be made by cons ider ing  the  su r f ace  t o  be 

hemispherical .  It t u r n s  ou t  t h a t  t h e  size of t h e  second ha l f - r ing  

should change by about  10% when the  ha l f - r ing  moves from one s i d e  of 

t h e  f a u l t  t o  t he  o t h e r .  This is probably l a r g e  enough t o  be observed 



under favorable  circumstances.  It is  h igh ly  probable,  however, t h a t  

image d i s t o r t i o n s  w i l l  obscure t h i s  f i n e  d e t a i l .  

C. Computer S imula t ion  of F i e ld  Ion Images 

1. General Descr ip t ion  of Model 

A computer model f o r  t h e  s imula t ion  of f i e l d  i on  images can be 

cons t ruc t ed  on pure ly  geometr ical  grounds. A three-dimensional po in t  

l a t t i c e  i s  def ined  w i t h  r e spec t  t o  some coord ina te  system. This  l a t t i c e  

i s  i n t e r s e c t e d  by two concen t r i c  hemispher ica l  s u r f a c e s  s o  t h a t  a t h i n  

hemispher ica l  s h e l l  i s  enclosed.  A computer i s  i n s t r u c t e d  t o  f i n d  those 

l a t t i c e  p o i n t s  which l i e  w i t h i n  t h e  s h e l l ,  and t o  p l o t  t h e i r  coord ina tes  

i n  o r thograph ic  p r o j e c t i o n .  The r e s u l t i n g  p a t t e r n s  bea r  a s t r i k i n g  

resemblance t o  f i e l d  i o n  images. A n  example of one such p a t t e r n  from 

a f c c  c r y s t a l  is  shown i n  Fig. 13. 

This  model is c l e a r l y  a d i r e c t  a p p l i c a t i o n  of t h e  geometr ical  

image theory.  It is  known as t h e  s h e l l  model f o r  obvious reasons. 

Sanwald and ~ r e n l ~  have cons t ruc t ed  a d i f f e r e n t  computer model, i n  

which t h e  coord ina t ion  number of  t h e  atoms is  used as imaging c r i t e r i o n .  

This  model has  y i e l d e d  spo t  by s p o t  correspondence wi th  a micrograph 

of a p la t inum t i p ,  ove r  a l i m i t e d  reg ion  around (931). The model i s  

d i f f i c u l t  t o  apply,  and has no t  been used f o r  f a u l t e d  c r y s t a l s .  

Pe r ry  and I3rwdonl4 have c a l c u l a t e d  t h e  bond number of imaged 

atoms as def ined  by t h e  s h e l l  model f o r  t h e  bcc  c r y s t a l .  The ma jo r i t y  

of imaged a t o m  a r e  of  type 4.3,  which i n d i c a t e s  four  nea re s t  and t h r e e  

second n e a r e s t  neighbors  (kink s i t e ) .  The r e s t  a r e  mainly edge s i t e  

atoms (5 .3  o r  4 .4) ,  and only a s m a l l  f r a c t i o n  have h igher  coord ina t ion  

than  5.3. 



The c r i t i c a l  parameter  i n  t h e  s h e l l  model i s  t h e  s h e l l  t h i cknes s ,  

P ,  which r e p r e s e n t s  t h e  maximum d i s t a n c e  below t h e  s u r f a c e  a t  which 

atoms w i l l  c o n t r i b u t e  t o  t h e  image. P i s  s e l e c t e d  empi r i ca l l y  by 

comparing t h e  d e n s i t y  of image s p o t s  i n  a  s imu la t ed  and a  r e a l  image. 

Typ ica l ly  P i s  of  t h e  o r d e r  of one t e n t h  of t h e  l a t t i c e  cons tan t .  The 

va lue  o f  P dec reases  wi th  i n c r e a s i n g  r ad ius  of t h e  t i p .  This  is t o  

be  expected i n t u i t i v e l y ,  s i n c e  a  s m a l l e r  r a d i u s  of cu rva tu re  w i l l  in-  

c r e a s e  t h e  number o f  s t e p s  on t h e  s u r f a c e ,  t hus  a l lowing  atoms f a r t h e r  

below t h e  s u r f a c e  t o  c o n t r i b u t e  t o  t he  image. Moore and Brandon 15 

have i n v e s t i g a t e d  t h e  v a r i a t i o n  of s h e l l  t h i cknes s  w i th  t i p  rad ius  

i n  terms o f  t h e  bond number of imaged atoms. This  v a r i a t i o n  comes 

about  because t h e  t h i cknes s  o f  s h e l l  con ta in ing  atoms of a  c r i t i c a l  

16 
bond number depends on the  r ad ius .  Table I1 l ists  t h e  s h e l l  

t h i cknes s  f o r  va r ious  t i p  r a d i i .  The r a d i u s  i s  measured i n  l a t t i c e  

c o n s t a n t s  (a) and t h e  s h e l l  th ickness  i n  i n t e r a t o m i c  d i s t ances  

(a/&) f o r  f c c ,  and l a t t i c e  cons t an t s  for bcc. 

The s h e l l  model i s  s u c c e s s f u l  i n  t h e  s ense  t h a t  i t  c o r r e c t l y  

reproduces bo th  t h e  number o f  d i s c e r n i b l e  p lanes  a long  any one zone, 

and t h e  r e l a t i v e  prominence of t h e  p lanes .  
16 

The mst s p e c t a c u l a r  

d i f f e r e n c e  between computed and r e a l  images i s  t h e  i n a b i l i t y  of  a  

pu re ly  geomet r ica l  model t o  reproduce t h e  v a r i a t i o n s  i n  b r igh tnes s  

over  t h e  image. There is  a l s o  a  cons iderab le  d i f f e r e n c e  i n  t h e  

d i s t a n c e  between poles .  Some improvement i n  t h e  l a t t e r  respec t  could 

probably be  brought  about by choosing a  d i f f e r e n t  p ro j ec t i on .  

17 
Brandon has  shownby d i r e c t  measurement onmicrographs  of tungsten 

t i p s  t h a t  a  p r o j e c t i o n  of t h e  same family a s  t h e  s t e r o g r a p h i c  with 



Table  11. S h e l l  thickness (P )  f o r  
* 

di f f erent  sphere radius 

* 
Reference 16  



t h e  p r o j e c t i o n  p o i n t  moved one r ad ius  o u t s i d e  t h e  p r o j e c t i o n  sphere ,  

corresponds c l o s e l y  t o  t h e  a c t u a l  f i e l d  i o n  p ro j ec t i on .  The problem 

is ,  however, t h a t  no one s i n g l e  p r o j e c t i o n  can accu ra t e ly  reproduce the 

whole p a t t e r n  from a  t i p ,  because t h e  r a d i u s  of curva ture  may vary by 

as muck as a  f a c t o r  of two over  t h e  s u r f a c e  of a  normal t i p .  Hence 

a  d i f f e r e n t  p r o j e c t i o n  might be  used f o r  s e p a r a t e  regions of  t he  t i p .  

T rea t ed  t h i s  way, i t  t u r n s  o u t  t h a t  s e p a r a t e  regions a r e  i n d i v i d u a l l y  

c l o s e  t o  s t e r e o g r a p h i c  p ro j ec t i ons .  l8 Obviously each reg ion  w i l l  have a  

d i f f e r e n t  c e n t e r  of  p r o j e c t i o n .  

The s h e l l  model has  been app l i ed  mainly t o  two kinds o f  problems: 

images of s o l i d  s o l u t i o n s  and of  f a u l t e d  c r y s t a l s .  The former is  a  

n i c e  i l l u s t r a t i o n  o f  t h e  f l e x i b i l i t y  of t h e  model. In  t h e  s o l i d  

s o l u t i o n  t h e  s o l v e n t  and s o l u t e  atoms a r e  given d i f f e r e n t  f i e l d  evapora- 

t i o n  and imaging c r i t e r i a .  For i n s t a n c e ,  t h e  so lven t  atoms may be 

imaging when w i t h i n  t h e  d i s t a n c e  P  from t h e  s u r f a c e ,  whereas t h e  s o l u t e  

may f i e l d  evapora te  when c l o s e r  t o  t h e  s u r f a c e  than Q ' ,  and image 

when between Q '  and P' .  I n  t h i s  case  t h e  s o l u t e  would be  p r e f e r e n t i a l l y  

removed by f i e l d  evapora t ion .  P '  may, on t h e  o t h e r  hand, be  g r e a t e r  

t han  P ,  i.e. t h e  s o l u t e  atoms would image at g r e a t e r  depth t han  the  

s o l v e n t  atoms. By vary ing  t h e  va lues  o f  t h e  parameters P,  P '  and Q ' ,  

computed images t h a t  agree  wi th  images observed i n  t he  microscope may 

be  ob t a ined .  Some success  w i th  t h i s  method has  been repor ted  by 

16,19-22 
s e v e r a l  au thors .  

S imula t ion  of images s f  f a u l t e d  c r y s t a l s  is  t h e  s u b j e c t  of  t h e  

n e x t  s e c t i o n .  



2. S imula t ion  o f  D i s loca t ion  Contrast  

Images of f a u l t e d  c r y s t a l s  a r e  s imula ted  by f i r s t  i n t roduc ing  

t h e  f a u l t  i n t o  t h e  l a t t i c e  and then applying t h e  s h e l l  c r i t e r i o n .  For 

d i s l o c a t i o n s  t h e  procedure i s  t o  p o s i t i o n  t h e  d i s l o c a t i o n  l i n e  i n  t h e  

c r y s t a l ,  coxpute t h e  displacements  of l a t t i c e  atoms caused by t h e  

presence  of t h e  d i s l o c a t i o n ,  and then apply t h e  s h e l l  model t o  t he  

s t r a i n e d  c r y s t a l .  I n  t h i s  case  t h e  i n t e r e s t  is  focussed on some 

l i m i t e d  region o f  t h e  image, u sua l ly  t he  a r e a  surrounding some p a r t i c u l a r  

pole .  Hence t h e  problem of varying p r o j e c t i o n  does not  a r i s e .  The 

s h e l l  model has  been a p p l i e d  i n  t h i s  manner t o  s i n g l e  d i s l o c a t i o n  

23-25 
l i n e s ,  

and s t a c k i n g  

S i m i l a r  

c a r r i e d  ou t .  

11*25-27 d i s s o c i a t e d  d i s l o c a t i o n s ,  d i s l o c a t i o n  loops ,  2 8 

f a u l t s , 2 9  a l l  i n  cubic  c r y s t a l  

i n v e s t i g a t i o n s  f o r  t h e  hexagonal l a t t i c e  have a l s o  been 

Per ry  and I5randonD have extended t h e i r  models f o r  t h e  

cub ic  l a t t i c e  t o  d i s l o c a t i o n s ,  loops and d i p o l e s ,  s t a c k i n g  f a u l t s  and 

twinning i n  t h e  hcp l a t t i c e .  ~ a n g a n a t h a n ~ l  has  i n v e s t i g a t e d  t h e  

c o n s t r a s t  from t h e  va r ious  s t a c k i n g  f a u l t s  i n  hcp. These r e s u l t s  w i l l  

n o t  be  d iscussed  f u r t h e r  he re .  

2  9  
Ranganathan has  s imula ted  t h e  c o n t r a s t  of an i n t r i n s i c  and 

an e x t r i n s i c  s t a c k i n g  f a u l t  running through a  f c c  l a t t i c e .  He 

f i n d s  t h a t  t h e  e x t r a  l a y e r  i n  t h e  e x t r i n s i c  case  w i l l  be  reso lved .  

Hence a  d i s t i n c t i o n  between i n t r i n s i c  and e x t r i n s i c  f a u l t s  could be  

made by in spec t ion .  I t  i s  somewhat doub t fu l ,  however, whether t h i s  

f i n d  d e t a i l  would b e  r e so lvab le  i n  t he  microscope. 

Sanwald, Ranganathan and H'ren 23 were t h e  f i r s t  t o  apply the  

technique t o  d i s l o c a t i o n s .  They chose t h e  h igh ly  i d e a l i z e d  case of 



a  pure screw d i s l o c a t i o n  i n  f c c  emerging i n  t h e  c e n t e r  of t h r e e  (420) 

p lanes ,  t h e  (204) ,  (402) and (420). With a  Burgers vec to r  of a [I101 2 
-f -f 

t h e  g  . b c r i t e r i o n  p r e d i c t s  one, two, and t h r e e  leaved s p i r a l s  

r e s p e c t i v e l y  i n  t h e s e  cases ,  which was n i c e l y  demonstrated i n  t h e  

s imula ted  p a t t e r n s .  In  a  l a t e r  paper25 oo re  genera l  cases  were 

t r e a t e d .  The d i s l o c a t i o n  l i n e s  were made t o  i n t e r s e c t  a  set of plane 

edges r a t h e r  than  t h e  c e n t e r  of  a  plane.  In  t h i s  case t h e  s p i r a l  

s t r u c t u r e  of t h e  image was not  a s  immediately obvious a s  i n  t he  

previous case. It was shown t h a t  an edge d i s l o c a t i o n  and a screw 

d i s l o c a t i o n  wi th  t h e  same Burgers vec to r  emerging i n  t h e  same p l ace  

w i l l  cause v i r t u a l l y  i d e n t i c a l  c o n t r a s t .  This  is a  h ighly  a r t i f i c i a l  

s i t u a t i o n ,  s i n c e  i t  r equ i r e s  a t  l e a s t  one of t he  d i s l o c a t i o n s  t o  emerge 

a t  a  r a t h e r  sha l low angle  t o  t h e  su r f ace .  The s t r o n g  image fo rces  

i n  a f i e l d  i o n  t i p  a r e  expected t o  f o r c e  d i s l o c a t i o n s  t o  emerge 

normal t o  t h e  s u r f a c e .  The r e s u l t  d id ,  however, confirm t h e  i d e a  t h a t  

only t h e  normal component of t h e  Burgers vec tor  is important  i n  de te r -  

mining t h e  long  range c o n t r a s t  e f f e c t .  The model w a s  f i n a l l y  used 

i n  matching s imula ted  images t o  a c t u a l  experimental  images showing 

r a t h e r  complex c o n t r a s t  e f f e c t s  t h a t  were thought t o  poss ib ly  a r i s e  

from  dislocation^.^^ These c o n t r a s t  e f  f e e t s  were s u c c e s s f u l l y  

s imula ted  as r e s u l t i n g  from p a i r s  of d i s l o c a t i o n s  and d i s l o c a t i o n  

d ipo le s .  The l a t t e r  case  i s  i d e n t i c a l  t o  a  d i s l o c a t i o n  loop i n t e r -  

s e c t i n g  t h e  su r f ace .  It was not  p o s s i b l e  t o  uniquely determine the  

Burgers vec to r s  of t h e  d i s l o c a t i o n s ,  s i n c e  s e v e r a l  p a i r s  o f  Burgers 

vec to r s  would have given the  same c o n t r a s t .  I t  was f e l t ,  however, 

t h a t  a f i e l d  evapora t ion  sequence would have resolved t h a t  problem. 



Brandon and Per ry  have i n v e s t i g a t e d  a number of  d i s l o c a t i o n  con- 

f i g u r a t i o n s  i n  a  s e r i e s  of papers .  24*26-28 I n  t h e  f i r s t  paper24 they  

s imu la t ed  t h e  image of a  bcc c r y s t a l  con ta in ing  a  simple p e r f e c t  d i s -  

l o c a t i o n .  I n  t h e i r  model t he  d i s l o c a t i o n  l i n e  emerges normal t o  t h e  

s u r f a c e .  It i s ,  i n  f a c t ,  taken t o  pass  through t h e  c e n t e r  of t h e  

hemispher ica l  c r y s t a l .  The o r i e n t a t i o n  o f  t h e  d i s l o c a t i o n s  is  thus  

a 
gene ra l ly  mixed. P l o t s  of d i s l o c a t i o n s  w i t h  Burgers vec to r s  2 [ i l l ]  

and [ l i i ]  r e s p e c t i v e l y ,  emerging i n  t he  (123) p lane  were shown. 

With t h e  sma l l  t i p  r ad ius  used (80 l a t t i c e  cons t an t s )  t h e  (123) plane 

edges were n o t  reso lved ,  bu t  t h e  e f f e c t  o f  changing the  Burgers vec to r  

3 -+ 
w a s  c l e a r l y  v i s i b l e  i n  t h e  (011) p lane  r i n g s  ( f o r  (011) g-b equals  +1 

and -1 r e s p e c t i v e l y  f o r  t h e  two Burgers v e c t o r s ) .  The " e x t r a  h a l f  (011) 

plane" appeared on oppos i t e  s i d e s  o f  t h e  d i s l o c a t i o n  i n  t h e  two cases .  

The e f f e c t  of i n c r e a s i n g  t h e  t i p  s i z e  was i l l u s t r a t e d  by doubling t h e  

t i p  r ad ius .  I n  t h i s  case  t h e  t r i p l e  s p i r a l  on (123) was r e so lvab le  

1 - -t -+ -+ (f [ i l l ]  ,[I231 = 3 ) .  A case  w i t h  gob = 0 (b = ;[111]) was a l s o  

p l o t t e d .  A comparison of t h i s  p l o t  wi th  a p l o t  of a  p e r f e c t  c r y s t a l  

i n d i c a t e d  some d i f f e r e n c e s  i n  image p o i n t s  f a r  from t h e  po in t  of 

energence of t h e  d i s l o c a t i o n ,  b u t  no obvious c o n t r a s t  was v i s i b l e .  

3 -+ 
Hence t h e  cond i t i on  gob = 0  w a s  demonstrated t o  be a  t r u e  i n v i s i b i l i t y  

c r i t e r i o n .  

Th i s  work w a s  l a t e r  extended t o  f c c  and bcc c r y s t a l s  con ta in ing  

a s i n g l e  p e r f e c t  d i s l o c a t i o n  loop o r  d ipo le .  2 7  Both t h e  loop  and 

t h e  d i p o l e  were approximated by a  p a i r  of s t r a i g h t ,  p a r a l l e l  d i s l o c a t i o n s  

o f  oppos i t e  s i g n .  The a x i s  of symmetry of t h e  d ipo le  ( i . e .  t h e  l i n e  



p a r a l l e l  w i t h  t h e  d i s l o c a t i o n s  halfway between them) w a s  made t o  pass  

through t h e  c e n t e r  of  t h e  hemispher ica l  c r y s t a l ,  and the  cen te r  of a 

la t t ice  p l a n e  (hk!L). It follows t h a t  t h e  l i n e  of symmetry i s  normal 

t o  t h e  (WR) plane.  The sepa ra t ion  of t h e  two d i s l o c a t i o n s  was a l s o  

va r i ed .  This  corresponds t o  varying t h e  diameter of a  loop. Cases 

a  a  
considered w e r e  d i p o l e s  w i t h  Burgers vec to r s  -[011], Z [ l l i ]  and ;[I101 2  

i n  f c c  cen te red  on (I35), and a  d ipo le  w i t h  Burgers vec to r  : [ i l l ]  

cen tered  on (123) i n  bcc. The conclusions were t h a t  loops and d ipoles  

can be  i d e n t i f i e d  as s p i r a l s  of oppos i t e  s i g n  as long a s  t h e  two 

+ + 
d i s l o c a t i o n s  emerge i n  t h e  same pole  reg ion  (provided gab # 0 f o r  t h a t  

poIe) .  I f  t h e  d f s l o ~ a t i o n s  Pmerge i n  d i f f e r e n t  p lanes  t h i s  i d e n t i f i c a -  

-+ -+ 
t i o n  need n o t  be obvious,  and i s  impossible  i f  g - b  = 0 f o r  one dis-  

l oca t ion .  I f  t h e  spac ing  between t h e  d i s l o c a t i o n s  i s  smal l  t he  e f f e c t  

may be a d i s t o r t i o n  of t h e  

recognizable  s p i r a l s .  The 

l a t t i c e  cons tan ts .  One of  

(;[llI] i n  f c c ) ,  s i n c e  i t s  

Hence t h e  loop  w a s  f a u l t e d  

as a l i n e  of displacements  

image i n  t h e  surrounding region r a t h e r  than 

d i s l o c a t i o n  spac ings  used were 10 and 20 

the  loops considered w a s  a r t i f i c i a l  

Burgers vec to r  i s  not  a  l a t t i c e  vec to r .  

and i t  was noted t h a t  che f a u l t  was v i s i b l e  

of  l a t t i c e  p lanes  where these  c ros s  t he  

f a u l t .  These r e s u l t s  were e s s e n t i a l l y  v e r i f i c a t i o n s  of t h e  conclusions 

of t h e  i n t u i t i v e  theory .  

28  
I n  a  t h i r d  paper  s t a c k i n g  f a u l t  ribbons i n  a  f c c  c r y s t a l  were 

considered.  S t ack ing  f a u l t  ribbons a r i s e  from d i s s o c i a t i o n  of pe r f ec t  

d i s l o c a t i o n s  i n t o  two p a r t i a l  d i s l o c a t i o n s  b o w d i n g  a  s t a c k i n g  f a u l t .  

The p a r t i a l  d i s l o c a t i o n s  were taken t o  be p a r a l l e l  t o  each o t h e r  and 

t o  t h e  l i n e  of t he  p e r f e c t  d i s l o c a t i o n .  The l i n e  of symmetry emerged 



a t  the  c e n t e r  o f  a  plane.  In  t h i s  case t h e  d i s l o c a t i o n s  were not  

forced  t o  emerge normal t o  t h e  su r f ace .  Cases considered were: 

a )  ~ [ O I I ]  + 6[1211 + :(1121 emerging on (011) 

emerging on (135) 

c )  as b )  emerging on ( i l l )  p lane  edges (off cen te r ) .  

+ + + + + + 
In  a )  gob = 2 and gobl = gob2 = 1. This means t h a t  each p a r t i a l  should 

start a  s i n g l e  s p i r a l ,  whereas t h e  combined e f f e c t  should be  a double 

-f + 
s p i r a l .  S ince  g*b = 1 t h e r e  should b e  no t r a c e  of t h e  s t a c k i n g  f a u l t  

P  

ac ros s  t h e  (011) p l ane  edges. A l l  t he se  f e a t u r e s  wefe c l e a r l y  d i s -  

played i n  t h e  s imula ted  image. The s t a c k i n g  f a u l t  width was 20 l a t t i c e  

-f -t -t -t -+ -f 
cons tan ts .  I n  b) gab = 4 ,  gobl = 7 / 3 ,  and g-b2  = 5/3. This  is  a  very 

complicated conf igu ra t ion  w i t h  a four-leaved s p i r a l  expected and observed 

f o r  t h e  und i s soc i a t ed  d i s l o c a t i o n .  Even a  smal l  s p l i t t i n g  wi th  a  s tack-  

i n g  fault  width of  s i x  l a t t i c e  cons t an t s  obscured t h e  c o n t r a s t  consider-  

ab ly ,  and s p l i t t i n g  the  d i s l o c a t i o n  s t i l l  more (20a) concealed t h e  

f o u r f o l d  s p i r a l  completely. Actua l ly  t h e  f a u l t  w a s  hard ly  v i s i b l e  i n  

-f -f -+ + -b -+ 
t h e  la t te r  case.  In  c )  gOb  = 1, g-bl  = 213 and g-b2 = 113. The expected 

s p l i t t i n g  o f  t h e  (111) p l ane  edges was v e r i f i e d .  I t  was concluded, 

+ -+ 
however, t h a t  t h e  g-b r u l e  was of l i t t l e  h e l p  i n  determining t h e  p a r t i a l  

Burgers vec to r s .  The complicated conf igu ra t ion  (case b )  t r e a t e d  i n  t h i s  

paper  poin ted  c l e a r l y  t o  t he  l i m i t a t i o n s  of t he  i n t u i t i v e  approach t o  

ana lyz ing  images. There i s  l i t t l e  hope t h a t  t h e  breaking  up of t h e  four- 

f o l d  s p i r a l  by d i s s o c i a t i o n  of t h e  d i s l o c a t i o n  could be i n f e r r e d  from 

t h e  image by in spec t ion .  

Brandon and ~ e r r y ~ ~  f i n a l l y  app l i ed  t h e i r  model f o r  loops and 

d i p o l e s 2 7  t o  t h e  a n a l y s i s  of  an a c t u a l  image of an i r i d ium t i p  



con ta in ing  t h r e e  d e f e c t s  i n t u i t i v e l y  i d e n t i f i e d  as p e r f e c t  d i s l o c a t i o n  

loops .  The diameters  of t h e  loops had a l s o  been determined by measure- 

ment on t h e  micrograph. The procedure i n  s imu la t ing  t h e  images involved 

determining t h e  l o c a l  t i p  r ad ius  i n  t h e  region of a defec t  from the  

micrograph, and a l s o  t e n t a t i v e  values f o r  t h e  po in t  s f  emergence of 

t h e  c e n t e r  of t h e  d ipo le  as w e l l  a s  t h e  width of t h e  d ipo le .  The width 

of t h e  d i p o l e  w a s  then a d j u s t e d  u n t i l  a b e s t  f i t  wi th  t h e  a c t u a l  

image was obta ined .  

Exce l l en t  agreement between a c t u a l  and s imulated images was ob- 

t a i n e d  i n  t h i s  manner al though an unambiguous de termina t ion  of Burgers 

v e c t o r s  could n o t  b e  made s i n c e  s e v e r a l  a l t e r n a t i v e s  gave t h e  same 

con t r aa t .  

The i n t u i t i v e l y  p red ic t ed  loop s i z e  turned  out  t o  be c o n s i s t e n t l y  

overes t imated  by about 20%. The s i z e  of a loop i s  es t imated  by f ind ing  

t h e  p o i n t  of emergence of t h e  bounding d i s l o c a t i a n s .  This cannot always 

be done a c c u r a t e l y  s i n c e  a d i s l o c a t i o n  may emerge f a r  away from image 

p o i n t s ,  e.g.  between two plane edges, i n  which case  t h e  po in t  of 

emergence is  n o t  w e l l  def ined  i n  t h e  image. L a t t i c e  s t r a i n  surrounding 

the  p o i n t  of emergence may i n  a d d i t i o n  cause image d i s t o r t i o n s .  

25 
I n  t h i s  paper  and i n  the  paper by Sanwald and Hren, i t  was thus  

demonstrated convincingly t h a t  t h e  s h e l l  model can be app l i ed  t o  

26 
d i s l o c a t e d  c r y s t a l s .  Brandon and Per ry  a l s o  o u t l i n e d  a genera l  

procedure f o r  o b t a i n i n g  q u a n t i t a t i v e  d a t a  from f i e l d  ion  micrographs, 

nameiy t o  vary t h e  parameters of t he  model u n t i l  a s a t i s f a c t o r y  agree- 

ment w i th  t h e  a c t u a l  image t o  be s imula ted  i s  obta ined .  



Son and ~ r e n ' l  have p re sen ted  a  model f o r  t h e  s imu la t ion  of 

Frank loops  i n  t h e  f c c  l a t t i c e .  The e l a s t i c  displacements of the  loop 

a r e  de r ived  from a  pair of edge d i s l o c a t i o n s  wi th  Burgers vec to r  

a - [ I l l ] ,  us ing  s t anda rd  express ions  from t h e  d i s l o c a t i o n  theory.  The 3 

p o s i t i o n i n g  of t h e  loop  i n  t h e  l a t t i c e  is  not  c l e a r l y  i nd ica t ed .  Figure 

14a  is  a  ske t ch  of one of t h e  p l o t s  from Son and Hren which shows t h e  

s imu la t ed  c o n t r a s t  of a t i p  con ta in ing  an i n t r i n s i c  loop. 

The image plane i s  (220) and t he  p lane  of  t he  loop (111).  I t  

i s  po in t ed  out  t h a t  t h e  s m a l l e s t  h a l f - r i n g  must be missing i n  t h e  p l o t .  

This  i s  c l e a r l y  s o ,  s i n c e  t h e  b reak ing  of t h e  second r i n g  i n d i c a t e s  

t h a t  t h e  t o p  h a l f  w i l l  become t h e  b igge r  ha l f - r ing .  This  is  t h e  

29 
expec ted  c o n t r a s t  f o r  an i n t r i n s i c  s t a c k i n g  f a u l t .  The conf igu ra t ion  

i n  Fig. 14  cannot ,  however, apply t o  t h e  case  of a  loop on ( I l l ) ,  wi th  

a  Burgers v e c t o r  - [ I l l ] ,  i n t e r s e c t i n g  (220). This  case  would y i e l d  3 
+ + 
gobp = 4/3,  which i n d i c a t e s  t h a t  a  double s tepped  s p i r a l  should  develop 

accord ing  t o  t h e  i n t u i t i v e  theory desc r ibed  above. Although i t  is  

l i k e l y  t h a t  a  c l e a r  double s p i r a l  would n o t  develop i n  t h e  case  of a  

small loop  t h a t  e s s e n t i a l l y  i n t e r s e c t s  only one plane edge a t  a time, 

t h e  con f igu ra t ion  i n  Fig. 14a i s  n o t  poss ib l e .  The reg ions  marked 1 and 

2  on t h e  p l o t  a r e  on t h e  same p lane  on oppos i te  s i d e s  of t h e  f a u l t .  

Th i s  means t h a t  region 2 must be 4 / 3  p lane  spacings above reg ion  1. 

Region 3 is  only one plane spac ing  above region 1, being  the  next  

p l ane  on t h e  same s i d e  of  t h e  f a u l t .  Hence region 3 must be  below 

reg ion  2 .  A poss ib l e  image based on t h i s  reasoning i s  sketched i n  

Fig. 14b. Son and Hren then  use t h e i r  model t r y i n g  t o  match a c t u a l  

images of  a  t i p  of quenched and annealed p la t in ium,  which, due t o  



t h i s  t r ea tmen t ,  i s  expected t o  con ta in  vacancy c l u s t e r s .  A de fec t  on 

t h e  (011) p l ane  edges is  s imula ted  a s  an i n t r i n s i c ,  and an e x t r i n s i c  

Frank loop ,  and a  p r i sma t i c  ( p e r f e c t )  loop r e s p e c t i v e l y ,  t h e  loop plane 

be ing  (111) i n  a l l  cases .  The p l o t s  s imu la t ing  Frank loop c o n t r a s t  do 

n o t  d i s p l a y  t h e  f e a t u r e s  p red ic t ed  by t h e  geometr ical  theory,  i . e .  a  

s t e p p i n g  of (001) p lane  edges ac ros s  t h e  s t a c k i n g  f a u l t .  Rather t h e  

image r i n g s  break i n  i r r e g u l a r  p laces  and i t  i s  q u i t e  c l e a r  t h a t  t h e  

model of  Son and Hren is  i n  e r r o r  and does no t  reproduce Frank loops. 

D. Experimental Observat ions 

So far t h e  d i scuss ion  has d e a l t  exc lus ive ly  wi th  the development 

of a c o n t r a s t  theory f o r  f a u l t e d  c r y s t a l s ,  and i t s  subsequent confirma- 

t i o n  by computer s imu la t ion .  This s e c t i o n  i s  included t o  i n d i c a t e  t h a t  

t h e  b a s i c  i d e a s  of t h e  theory  a r e  s a t i s f a c t o r i l y  documented i n  exper i -  

mental observa t ions .  Indeed, as i s  usua l ly  t h e  case ,  t h e  theory d id  

n o t  develop out  of a  vacuum, b u t  r a t h e r  i n  conjunct ion with observa t ions  

o f  c o n t r a s t  e f f e c t s  suspec ted  of be ing  caused by d i s l o c a t i o n s .  Some 

e a r l y  obse rva t ions  were r epo r t ed  i n  t h e  l a t e  1950's ,  and e a r l y  19601s,  
32 

b u t  s y s t e m a t i c  i n v e s t i g a t i o n  of d i s l o c a t i o n  c o n t r a s t  d id  not  s t a r t  u n t i l  

5  
pash leyS6 and Rangmathan proposed t h e  formation of image s p i r a l s  i n  

1966. The bulk  of . d i s l o c a t i o n  observa t ions  has heen' repor ted  out  of t he  

Un ive r s i t y  of Cambridge. A summary of t h e  s i t u a t i o n  up t o  e a r l y  1970 

i s  inc luded  i n  re ference  9 .  

A one-leaved s p i r a l  on t h e  (111) p lane  of an i r i d ium specimen is  

r epor t ed  by Smith and ~ n r k e t t . ~  This corresponds t o  t he  emergence 

o f  a p e r f e c t  d i s l o c a t i o n  with Burgers v e c t o r  of the  type 5 ( 110)  . 
2 

Smith, Morgan, and ~ a l ~ h ~ ~  have observed a  double s p i r a l  i n  t h e  (110) 



p o l e  of  an i r o n  specimen. This  i s  deduced t o  be due t o  a  d i s l o c a t i o n  

w i t h  t h e  unusual  Burgers  v e c t o r  a [ l l O ] .  has  shown micrographs 

of  i r i d i u m  t i p s  d i s p l a y i n g  a  t h r e e  leaved s p i r a l  on t h e  (331) p lane ,  

which, aga in ,  corresponds t o  a p e r f e c t  d i s l o c a t i o n  w i t h  Burgers vec tor  

-b -P 

f [110] .  Thus t h e  g-b  c r i t e r i o n  seems t o  be  working e x c e l l e n t l y  f o r  

p e r f e c t  d i s l o c a t i o n s .  

Images w i t h  p e r f e c t  d i s l o c a t i o n  loop  c o n t r a s t  have been publ ished 

by For tes ,18  who observed  t h e s e  i n  i r id ium.  S i m i l a r  micrographs were 

publ i shed  by Brandon and per ryZ6 i n  t h e i r  computer s tudy  of loops i n  

i r id ium.  

The r epo r t ed  obse rva t ions  on f a u l t e d  loops  and s t a c k i n g  f a u l t s  a r e  

35 ,36  
few. F o r t e s  and Ralph c la im t o  have i d e n t i f i e d  d i s l o c a t i o n  loops of 

Shockley type  i n  i r i d i u m  specimens t h a t  had f r a c t u r e d  i n  t he  microscope 

du r ing  imaging. The observed c o n t r a s t  was of t h e  s tepped  s p i r a l  type as 

p r e d i c t e d  by t h e  theory .  As mentioned above, t h e  theory  cannot d i s -  

t i n g u i s h  between Frank loops  and Shockley loops .  I n  t h i s  case  Frank 

loops w s r e  counted o u t  s i n c e  they were cons idered  t o  form only a s  a  

r e s u l t  of p o i n t  d e f e c t  condensat ion and t h e  d e n s i t y  of  t h e  loops was 

s o  h igh  t h a t  f o r  them t o  be  of Frank type  would have r equ i r ed  unreason- 

a b l e  p o i n t  d e f e c t  concen t r a t i ons .  Shockley loops  have never  been 

observed i n  o t h e r  s i t u a t i o n s  than i n  t h e  f i e l d  i o n  microscope. They a r e  

thought  t o  have n u c l e a t e d  i n  a  f r a c t u r e  process  a t  t h e  t h e o r e t i c a l  

s t r e n g t h  o f  i r i d ium.  Images of p o s s i b l e  Frank loops  i n  p la t inum a r e  

shown by Son and 13ren1' i n  t h e i r  computer s imu la t i on  o f  Frank loop 

c o n t r a s t  . 



Dissoc ia ted  p e r f e c t  d i s l o c a t i o n s  have been observed i n  i r id ium.  

Smith, Page and ~ a l p h ~ ~  have publ ished micrographs of a  f i e l d  evaporat ion 

sequence showing t h e  fol lowing:  i n  t h e  f i r s t  micrograph a  continuous 

s p i r a l  starts a t  t h e  innermost image r i n g ,  i n d i c a t i n g  t h a t  t h e  r i n g  

enc loses  a  p e r f e c t  d i s l o c a t i o n .  Af t e r  some f i e l d  evapora t ion  t h e  

second r i n g  breaks i n t o  a  s t e p  a t  one p o i n t ,  i . e .  the  image conf igura t ion  

becomes t h e  s tepped  s p i r a l  o f  a d i s s o c i a t e d  d i s l o c a t i o n .  Af t e r  f u r t h e r  

f i e l d  evapora t ion  t h e  innermost r i n g  c l o s e s ,  i n d i c a t i n g  t h a t  i t  no 

l o n g e r  enc loses  t h e  d i s l o c a t i o n ,  whereas a  continuous s p i r a l  s t a r t s  with 

t h e  second r ing .  This  sequence i n d i c a t e s  t h a t  t he  width of t he  d i s s o c i a t e d  

d i s l o c a t i o n  is  s m a l l  enough f o r  t he  s t a c k i n g  f a u l t  ribbon t o  f i t  w i th in  

t h e  f i r s t  l edge  of  t h e  p o l e  i n  ques t ion .  Each time a  p lane  edge sweeps 

over  t h e  s t a c k i n g  f a u l t  r ibbon,  t h e  corresponding image r i n g  breaks i n t o  

a s t e p .  This  work has  been followed up by f u r t h e r  observa t ions  i n  

i r i d i u m  and i r i d i u m  based d i l u t e  a l l o y s .  Cases corresponding t o  var ious  

combinations of  p- and q-values (Eqs. 11-4 and 11-5) have been observed. 

In some i n s t a n c e s ,  t h e  kink t h a t  should form i n  a  plane edge, when i t  

c ros ses  a  s t a c k i n g  f a u l t  f o r  which q  = 1 (or  any i n t e g e r ) ,  was resolved.  

These i n v e s t i g a t i o n s  provide a  method f o r  measuring s t a c k i n g  f a u l t  

e n e r g i e s  by e s t i m a t i n g  the  width of t he  s t ack ing  f a u l t  ribbon. The 

la t ter  can be done by f a i r  accuracy by determining t h e  l o c a l  topography 

of  t h e  s u r f a c e ,  e s p e c i a l l y  t h e  ledge  width.  A f i n e  s c a l e  f i e l d  evapora- 

t i o n  sequence w i l l  r evea l  t h e  width of  t h e  s t ack ing  f a u l t  i n  r e l a t i o n  t o  

t h e  l edge  width.  The r a t i o  of s t a c k i n g  f a u l t  energy t o  s h e a r  m d u l u s  

is  r e l a t e d  t o  t h e  wid th  of t h e  s t a c k i n g  f a u l t .  



E. Summary 

Although a c t u a l  observa t ions  of d i s l o c a t i o n  c o n t r a s t  i n  t h e  f i e l d  

i on  microscope a r e  n o t  abundant, most of t he  f e a t u r e s  p red ic t ed  by t h e  

theory  have been documented, and i t  thus  appears  s a f e  t o  say t h a t  t h e  

theory  r e s t s  on sound ideas .  

A l l  examples used t o  i l l u s t r a t e  t h e  theory  a r e  obviously over- 

s i m p l i f i e d  i n  t h a t  d i s l o c a t i o n s  a r e  taken t o  emerge a t ,  o r  c l o s e  t o ,  

t h e  c e n t e r  of p o l e s ,  and s t a c k i n g  f a u l t s  t o  s t r a d d l e  poles .  This is  

done merely f o r  c l a r i t y ,  and does n o t  l i m i t  t h e  a p p l i c a b i l i t y  of  t h e  

p r i n c i p l e s  involved  t o  t hose  a reas  alone.  It t u r n s  o u t ,  however, t h a t  

most observa t ions  a r e  made c lose  t o  low-index poles  a s  we l l .  The 

reason f o r  t h i s  i s  simply t h a t  t h e  ledge  width of t h e  l a t t i c e  planes 

g e t s  s m a l l e r  away from t h e  pole ,  i .e .  t h e  r i n g  s t r u c t u r e  ge t s  denser .  

This  means t h a t  t h e  breaking ,  and e s p e c i a l l y  t h e  s tepping ,  of  t h e  r i n g s  

i s  ha rd  t o  d i s t i n g u i s h  from a r t e f a c t s  i n  h igh  index  regions.  

For f a u l t e d  loops  t h e  s i t u a t i o n  i s  n o t  very s a t i s f a c t o r y .  The 

r e p o r t  on observa t ion  of  Shockley loops  by For t e s  and ~ a l ~ h ~ ~  is  not 

e n t i r e l y  convincing. I f  t h e  loops a r e  homogeneously nuc lea t ed  by 

s h e a r  s t r e s s e s  i n  t h e  t i p ,  one would expect  them t o  cont inue t o  grow 

under t h e  a c t i o n  of t h e  s t r e s s e s  u n t i l  they a r e  e s s e n t i a l l y  s t a c k i n g  

f a u l t s  running through the  t i p .  The i n t e r p r e t a t i o n  of t he  c o n t r a s t  

a l s o  seems vague. Figure 3 of r e f e rence  35, f o r  i n s t a n c e ,  shows a  

c l e a r  case  of a s tepped  s p i r a l  w i th  I q l  < 1, and y e t  i t  is  i n t e r p r e t e d  

11 
a s  a  kinked s p i r a l  w i t h  ( q l  = 1. Son and Hren have presented  some 

micrographs o f  quenched plat inum claiming t h a t  t h e s e  d i sp l ay  image 

c o n t r a s t  o f  i n t r i n s i c  Frank loops.  Although t h i s  may be t h e  case ,  



t h i s  i n t e r p r e t a i o n  i s  not  convincingly backed up, even d i s r ega rd ing  the  

f a c t  t h a t  t h e i r  computer model is i n  e r r o r .  The images i n  ques t ion  

show no s y s t e m a t i c  f e a t u r e s  t h a t  could be  used t o  c h a r a c t e r i z e  o t h e r  

images. More s y s t e m a t i c  observa t ions  would be badly needed i n  t h i s  

a rea .  

Most p rev ious  computer s imu la t i ons  have n o t  r e a l l y  brought  out  

anyth ing  new, b u t  r a t h e r  v e r i f i e d  i n t u i t i v e l y  der ived  results. The 

except ion  would b e  some o f  t h e  work of  Brandon and Pe r ry ;  t o  w i t ,  t h e i r  

2 8 
t rea tment  of  a complex ca se  c l e a r l y  o u t s i d e  t h e  c a p a b i l i t y  of i n t u i t i o n ,  

and t h e i r  p o i n t i n g  t o  a  way o f  e x t r a c t i n g  q u a n t i t a t i v e  d a t a  from ion  

micrographs w i t h  t h e  a i d  of  t h e  computer. 
26 

The case  of ve ry  s m a l l  d i s l o c a t i o n  loops  has  n o t  been discussed 

s p e c i f i c a l l y  i n  t h e  l i t e r a t u r e .  This  i s  s u r p r i s i n g  s i n c e  t h e  observa- 

t i o n  o f  small la t t i ce  d e f e c t s  would appear  t o  be  an a p p l i c a t i o n  where 

t h e  unique c a p a b i l i t y  of t h e  i o n  microscope would most s t r o n g l y  come 

t o  its own. 



111. SIMULATION OF FRANK LOOP CONTRAST 

A. Model f o r  Computation 

1. Displacement F i e l d  of D i s loca t ion  Loops 

The displacements caused by a  c losed  d i s l o c a t i o n  loop i n  an 

i s o t r o p i c  e l a s t i c  continuum were f i r s t  der ived  by Burgers. The r e s u l t ,  

i n  v e c t o r  form, i s  given by H i r t h  and h t h e 8  i n  t h e  fo l lowing  no ta t ion :  

-+ -+ 
The coord ina t e  system i s  i l l u s t r a t e d  i n  Fig.  15. Here u ( r )  is  t h e  

+ 
displacement  of po in t  r caused by t h e  d i s l o c a t i o n  loop C. The d is loca-  

t i o n  loop is c rea t ed  by c u t t i n g  ove r  t h e  s u r f a c e  A and d i s p l a c i n g  the  

-+ 
n e g a t i v e  s i d e  of t h e  c u t  by b  r e l a t i v e  t o  t h e  p o s i t i v e  s i d e .  I n  t h i s  

+ +  
process  m a t e r i a l ,  i n  t h e  amount 6V = b  ' dA , w i l l  have t o  be  i n s e r t e d  

-+ 
o r  removed. I n  Eq. (111.1) b  is  t h e  Burgers vec to r ,  and dx' is t h e  

-& 

d i f f e r e n t i a l  l i n e  element a t  p o i n t  . The vec tor  R i s  de f ined  a s  

-+ -+ 
r - r .  A s e n s e  has  t o  b e  a s c r i b e d  t o  t h e  d i s l o c a t i o n  l i n e  i n  o r d e r  t o  

-+ -+ -+ 
d e f i n e  t h e  p o s i t i v e  sense  of dA and of b .  The p o s i t i v e  sense  of dA, 

which is t h e  p o s i t i v e  normal t o  t h e  s u r f a c e  element dA, is  def ined  by 

t h e  requirement t h a t  i f  C were t o  s h r i n k  cont inuously i n  A u n t i l  i t  

+ 
j u s t  bounded dA, i t  would e n c i r c l e  dA i n  t h e  p o s i t i v e  sense.  The 

+ 
Burgers v e c t o r  b  is  def ined  by a Burgers c i r c u i t  a s  fol lows:  Looking 

a long  t h e  p o s i t i v e  sense  of t h e  d i s l o c a t i o n  l i n e  a  clockwise Burgers 

c i r c u i t ,  enc los ing  t h e  d i s l o c a t i o n  l i n e ,  is  fbrmed i n  t he  c r y s t a l .  The 

same c i r c u i t  is  then formed i n  a  p e r f e c t  re ference  c r y s t a l .  The 

l a t t e r  c i r c u i t  w i l l  f a i l  t o  c l o s e ,  and the  vec to r  drawn from f i n i s h  (F) 



t o  start (S) of  t h i s  open c i r c u i t  i s  t h e  Burgers vec to r .  Since t he  

s ense  o f  t h e  Burgers c i r c u i t  i s  t h a t  o f  a  right-handed screw, t h i s  r u l e  

is  known a s  t h e  FS/RH convention. I f  t h e  d i s l o c a t i o n  loop i s  f a u l t e d  

t h e  Burgers c i r c u i t  must begin and end on t h e  s t a c k i n g  f a u l t .  

With t h e  use o f  t h e  gene ra l  exp re s s ion  i n  Eq.  (111.1) t h e  d i s -  

placements produced by an a r b i t r a r y  d i s l o c a t i o n  loop can be obtained 

by i n t e g r a t i o n  o v e r  t h e  loop. This  means t h a t  t h e  primed coord ina tes  

-+ 
are i n t e g r a t e d  ou t  and t h e  displacement  v e c t o r  u  remains a  func t ion  of  

-+ 
r as requi red .  

2. Geometry of  Frank Loops 

I n  t h i s  work t h e  shape of t h e  Loops is  taken t o  be a  r egu la r  hexagon 

i n  a l l  cases .  This  choice  is  based mainly on computational convenience. 

I t  i s  a p h y s i c a l l y  p i a k i b l e  cho ice ,  however, s i n c e  Frank loops  must be 

bounded by ( 110)  d i r e c t i o n s ,  of  which t h e r e  a r e  t h r e e  on each I1111 

p lane ,  120" a p a r t .  The coo rd ina t e  system used f o r  displacement ca lcu la -  

t i o n s  i s  i l l u s t r a t e d  i n  Fig.  16a. The o r i g i n  is  a t  t h e  c e n t e r  of t h e  

loop ,  and t h e  z-axis i s  [ I l l ] ,  t h e  x-axis [ l i ~ ] ,  and t h e  y-axis [ l l ? ] .  

The parameters  used t o  desc r ibe  t h e  loop a r e  shown i n  Fig. 16b. For 

t h e  r e g u l a r  hexagon x x2, and y2 a r e  r e l a t e d  s o  t h a t  p = 2x2 and 

2 
= fi x2. The s i z e  of  t h e  loop w i l l  be  r epo r t ed  as the  number of atoms . 

con ta ined  a long  i t s  diagonal .  The loop i l l u s t r a t e d  i n  Fig. 16b i s  a 

" f i v e  atom loop". 

For t h e  c o n f i g u r a t i o n  of  Fig.  16  t h e  l i n e  i n t e g r a l s  i n  E q .  (111.1) 

can be  so lved  a n a l y t i c a l l y  us ing  elementary func t ions  (square roo t  and 

loga r i t hm) .  The s u r f a c e  i n t e g r a l  can be  i n t e g r a t e d  only once i n  

c lo sed  form, however, over  e i t h e r  x '  o r  y ' .  For the  second i n t e g r a t i o n  



numerical  methods have t o  be employed. The in t eg rand  i s  a w e l l  behaved 

func t ion ,  s o  no s e r i o u s  problems were t o  be  expected.  I t  turned  o u t ,  

fur thermore,  t h a t  q u i t e  r a p i d  convergence was obta ined  using t h e  

Romberg d g o r i t h i m .  
39 

I n  f a c t ,  only a few i t e r a t i o n s  a r e  necessary  

t o  achieve an accuracy of  one p a r t  i n  1000, which is q u i t e  s a t i s f a c t o r y  

i n  t h i s  case .  Hence t h e  n e c e s s i t y  t o  r e s o r t  t o  numerical methods f o r  

one o f  t h e  i n t e g r a l s  i s  of l i t t l e  s i g n i f i c a n c e  f o r  t h e  computer program. 

The express ion  f o r  t h e  displacement of a l a t t i c e  p o i n t ,  can thus  be 

w r i t t e n  as a func t ion  of  t h e  coord ina tes  of t h e  po in t  (x ,  y ,  z )  and the  

s i z e  of t h e  loop (x2) .  The only informat ion  about t h e  loop t h a t  needs 

t o  be f e d  i n t o  t h e  computer is  t h e  p o s i t i o n  of  i ts  c e n t e r  ( x  O ,  Y O ,  ZO) 

i n  l a t t i c e  coord ina tes ,  and i t s  s i z e .  

3. L a t t i c e  Model 

For computer s imu la t ion  a f c c  p o i n t  l a t t i c e  i s  b u i l t  up by s t a c k i n g  

(111) p lanes  i n  proper  sequence. This choice of b a s i s  f o r  t h e  l a t t i c e  

m d e l  g r e a t l y  f a c i l i t a t e s  t h e  i n t r o d u c t i o n  of Frank loops.  The l a t t i c e  

coo rd ina t e  system i s  o r i n e t e d  a s  t h e  coord ina te  system used f o r  t h e  

loop  displacements (Fig. 1 6 a ) ,  i. e .  t h e  [ I l l ]  is  t h e  z-axis,  [1i0] t h e  

x-axis and [ l l Z ]  t h e  y-axis. Typica l ly  t h e  region surrounding some 

low index  pole  is  of i n t e r e s t .  The s imu la t ion  procedure begins by 

s e l e c t i n g  t h e  r ad ius  o f  t h e  t i p  and then determining t h e  approximate 

coo rd ina t e s  of t h e  c e n t e r  of t he  pole .  This  is  taken as t h e  c e n t e r  

o f  t h e  p l o t ,  and usua l ly  an a r e a  around t h e  c e n t e r  wi th  a r ad ius  of  

about  20 l a t t i c e  cons t an t s  is  p l o t t e d .  The coroputer scans l a t t i c e  

p o i n t s  i n  one (111) p l ane  a t  a t ime,  fo l lowing  the  t r a c e  of t h e  

s u r f a c e  i n  t h a t  plane.  For each po in t  t h e  displacement due t o  t h e  



d i s l o c a t i o n  loop  i s  determined f i r s t ,  and then t h e  d i s t ance  of t h e  

d i s p l a c e d  l a t t i c e  p o i n t  from t h e  o r i g i n  i s  computed. This d i s t a n c e  i s  

compared with t h e  s h e l l  radi i .  I f  i t  f a l l s  between them the  po in t  i s  

s t o r e d  as an image p o i n t ,  o therwise  the  po in t  i s  ignored. On the  

average somewhat less than t e n  l a t t i c e  p o i n t s  have t o  be scanned f o r  

every image p o i n t .  For a  vacancy loop t h e  l a t t i c e  po in t s  corresponding 

t o  t h e  vacancies  have t o  be skipped.  This  i s  e s p e c i a l l y  easy t o  

program i n  t h e  used geometry, s i n c e  these  l a t t i c e  po in t s  a r e  a l l  i n  one 

plane.  The f n t e r s t i t i a l s  i n  t h e  i n t e r s t i t i a l  loop have t o  be bod i ly  

i n t roduced  i n t o  t h e  l a t t i c e .  Since they i n  no way a f f e c t  t h e  c a l c u l a t i o n ,  

they  can be in t roduced  a t  t h e  end of t h e  program. It t u r n s  ou t  t h a t  

t h e  i n t e r s t i t i a l s  themselves seldom a r e  seen  as image po in t s .  What i s  

impor tan t  then ,  is  t h e  displacement f i e l d  and not  t h e  d i s c  of  i n t e r s t i t i a l s .  

4 .  Surf  ace  Relaxa t ion  

The e f f e c t  of  t h e  s u r f a c e  on t h e  displacement f i e l d  has always been 

ignored  i n  previous s imu la t ion  s t u d i e s .  This  h a s ,  undoubtedly, been 

due largely t o  t h e  complexity of t h e  problem. It i s  w e l l  recognized i n  

t h e  theory  of d i s l o c a t i o n s  t h a t  t h e  t rea tment  of t h e  su r f ace  image f o r c e  

is a complicated problem. The s imples t  case  is  a  screw d i s l o c a t i o n  l y i n g  

p a r a l l e l  t o  t h e  s u r f a c e ,  i n  which case t h e  boundary condi t ion  of  a  

s t r e s s  f r e e  s u r f a c e  i s  s a t i s f i e d  merely by superposing the  s t r a i n  f i e l d  

o f  a  screw d i s l o c a t i o n  of oppos i te  sense  l y i n g  i n  t h e  mir ror  p o s i t i o n  

o u t s i d e  t h e  s u r f a c e .  The s o l u t i o n  f o r  an edge d i s l o c a t i o n  i n  t he  same 

p o s i t i o n  a l r eady  r e q u i r e s  lengthy mathematics, s i n c e  the  simple i m g e  

cons t ruc t ion  a lone  i s  not  enough. The case  of a  s t r a i g h t  d i s l o c a t i o n  

i n c l i n e d  t o  t h e  s u r f a c e  has been t r e a t e d  bu t  is  exceedingly complicated,  



and t h e  s o l u t i o n  f o r  a  curved d i s l o c a t i o n  i s  i n t r a c t a b l e .  The recom- 

mended procedure,  i n  view o f  t h e s e  d i f f i c u l t i e s ,  i s  t o  use t h e  s imple 

image c o n s t r u c t i o n  as a f i r s t  approximation i n  a l l  cases .  
8 

I n  t h e  c a s e  o f  Frank loops  i t  i s  r a t h e r  obvious t h a t  s u r f a c e  

r e l a x a t i o n s  w i l l  p l a y  a s i g n i f i c a n t  r o l e  i n  determining t h e  d i sp l ace -  

ments,  e s p e c i a l l y  f o r  a loop i n c l i n e d  t o  t h e  s u r f a c e  a t  a  small angle .  

An a t tempt  was t h e r e f o r e  made t o  t a k e  t h i s  e f f e c t  i n t o  account by t h e  

s imple  procedure of  superpos ing  t h e  displacement  f i e l d  of  a  mi r ro r  loop 

of  t h e  oppos i t e  k ind  t o  t h e  a c t u a l  loop.  This  con f igu ra t i on  is il- 

l u s t r a t e d  i n  Fig.  1 7  f o r  a  vacancy loop  w i t h  an image loop of  i n t e r s t i t i a l  

type .  The mathematics involved is s t r a i g h t f o r w a r d .  The coo rd ina t e s  

of t h e  p o i n t  a t  which t h e  displacement  is  be ing  eva lua t ed  need only be 

r ede f ined  wi th  r e s p e c t  t o  a  new coord ina t e  system cen te red  a t  t h e  image 

loop. Once t h i s  i s  done, t h e  o r i g i n a l  exp re s s ions  apply unchanged f o r  t he  

displacement  due t o  t h e  image loop.  The procedure is a s  fol lows:  t h e  

+ 
displacement  u  o f  p o i n t  (x ,  y ,  z )  due t o  t h e  r e a l  loop is  computed f i r s t  1 

us ing  exp re s s ions  de r ived  from Eq. (111.1). Then t h e  p o s i t i o n  of  t h e  

p o i n t  r e l a t i v e  t o  t h e  coo rd ina t e  system c e n t e r e d  a t  t h e  image loop i s  

determined from t h e  equa t ions  

+ 
and t h e  displacement  u2 due t o  t h e  image loop  is computed us ing  these  

+ 
coord ina t e s  i n  t h e  same express ions .  F i n a l l y  u2 is tranformed back t o  

+ 
t h e  o r i g i n a l  coo rd ina t e  system, and added t o  u  t o  y i e l d  the  t o t a l  

1 



-+ 
displacement  u. D i s  t h e  d i s t a n c e  of  t h e  c e n t e r  o f  t h e  loop  from t h e  

s u r f a c e ,  and 4 t h e  ang le  between t h e  p lane  of t h e  loop and t h e  s u r f a c e  

(Fig.  17 ) .  

The displacement  f i e l d  surrounding a Frank loop i s  l a r g e l y  confined 

t o  a  c y l i n d e r  p laced  through t h e  loop  wi th  i t s  a x i s  a long  t h e  normal t o  

t h e  l oop  plane.  Within t h i s  c y l i n d e r  t h e  displacements  a r e  e s s e n t i a l l y  

i n  t h e  z -d i r ec t i on ,  a l though t h e r e  a r e  l a t e r a l  components, e s p e c i a l l y  

c l o s e  t o  t h e  p a r t i a l  d i s l o c a t i o n .  I t  is  t o  be  expected t h e r e f o r e  t h a t  

t h e  e f f e c t  of  t h e  s u r f a c e  on t h e  displacement  f i e l d  w i l l  depend g r e a t l y  

on t h e  ang le  between t h e  p l ane  of t h e  loop  and t h e  s u r f a c e  p l a n e  (41 

i n  Fig.  1 7 ) .  I f  4 is  small t h e  displacement  f i e l d  w i l l  e v i d e n t l y  reach 

t h e  s u r f a c e  wh i l e  t h e  loop is  s t i l l  some d i s t a n c e  below t h e  s u r f a c e ,  

whereas t h i s  i s  n o t  t h e  case  i f  4 is about 90". In spec t ion  of  Fig. 17 

a l s o  r e v e a l s  t h a t  i f  @ is  l a r g e r  t han  4 5 O  t h e  displacements  o f  t h e  image 

loop  would coun te rac t  t hose  of t h e  r e a l  loop f o r  a t o m  on t h e  s u r f a c e .  

The component of displacement  normal t o  t h e  s u r f  ace would, however, s t i l l  

enhance t h a t  of t h e  r e a l  loop ,  s o  t h e  simple image cons t ruc t ion  would 

probably be  u s e f u l  even i n  t h i s  case.  It  i s  a l s o  apparent  from Fig. 17  

t h a t  t h e  p a r t  of t h e  s u r f a c e  below t h e  loop w i l l  n o t  be much a f f e c t e d  

by t h e  presence  of t h e  loop ,  and hence i t  must no t  be much a f f e c t e d  by 

t h e  m i r r o r  loop ,  which i s  c l e a r l y  t h e  case  when @ i s  smal l .  

When t h e  loop breaks  through t h e  s u r f a c e  t h e  mir ror  loop w i l l  be 

r e f l e c t e d  i n t o  t h e  c r y s t a l  as i l l u s t r z t e d  i n  Fig. 18.  Although no 

a n a l y t i c a l  d i f f i c u l t i e s  w i l l  a r i s e  from t h i s  s i t u a t i o n ,  i t  does no t  

appear  s a t i s f a c t o r y  , mainly because i t  w i l l  r e s u l t  i n  s t r o n g  



displacements  of s u r f a c e  atoms below t h e  loop. The n a t u r a l  way around 

t h i s  problem would be t o  t r u n c a t e  t h e  loop ,  and hence a l s o  t h e  mi r ro r  

loop ,  a t  t h e  s u r f a c e ,  s imply because t h e r e  can be  no loop o u t s i d e  t h e  

s u r f a c e .  There i s ,  however, a problem c o r r e c t e d  w i t h  t h i s  procedure 

as w e l l .  Figure 19 is a view of  a ( i 10 )  p l ane  c u t t i n g  through a 

vacancy loop  on (111) under (110). A hexagonal loop  w i l l  emerge on 

(110) w i t h  one o f  i t s  l e g s  p a r a l l e l  t o  t h e  s u r f a c e .  When t h i s  l e g  i s  

s t i l l  beneath t h e  s u r f a c e  i t  c o n s t i t u t e s  a p a r t i a l  edge d i s l o c a t i o n  

p a r a l l e l  t o  t h e  s u r f a c e .  I f  t h e  loop is  c u t  o f f  a t  t h e  s u r f a c e ,  t h i s  

d i s l o c a t i o n  w i l l  remain i n  t h e  s u r f a c e  and thus  prevent  t h e  s u r f a c e  

atoms below t h e  loop from r e l a x i n g  upward. When t h e  s u r f a c e  sweeps 

p a s t  atom A i n  Fig. 19 t h e  lower p a r t  of t h e  c r y s t a l ,  c l o s e  t o  t h e  

s u r f a c e ,  would probably r e l a x  upward a l i t t l e  t o  make t h e  l a t t i c e  p lanes  

s t r a i g h t ,  s i n c e  t h e r e  no  longer  is an e x t r a  h a l f  p l ane  t o  bend them 

d w n .  This  would probably happen even b e f o r e  t h e  s u r f a c e  g e t s  p a s t  A. 

Leaving t h e  d i s l o c a t i o n  i n  t h e  s u r f a c e  w i l l ,  however, s imu la t e  t h e  

s i t u a t i o n  as i t  e x i s t e d  b e f o r e  t h e  s u r f a c e  swept i n t o  t h e  loop. The 

s i m p l e s t  way t o  ensu re  proper  r e l a x a t i o n  of t h e  lower p a r t  of t h e  l a t t i c e  

i s  t o  move t h e  p a r a l l e l  l e g  o f  t h e  loop some d i s t a n c e  o u t s i d e  t h e  su r -  

f a c e  as soon as t h e  loop  begins  t o  break  through. S imula t ing  Frank loops  

by a d i p o l e  p a i r  of  s t r a i g h t  d i s l o c a t i o n  corresponds t o  moving t h e  c l o s i n g  

l e g  of t he  loop t o  i n f i n i t y .  I n  a case  where t h e  s u r f a c e  has  c u t  w e l l  

i n t o  t h e  loop  t h i s  problem w i l l  b e  taken  c a r e  of  au toma t i ca l l y  i f  t he  

displacements  a r e  de r ived  by i n t e g r a t i n g  ove r  t h e  f u l l  loop even i f  

p a r t  of i t  is  o u t s i d e  t h e  c r y s t a l .  This  i s  a f o r t u n a t e  s i t u a t i o n  s i n c e  

i t  r e q u i r e s  no s p e c i a l  a c t i o n  whatever t o  be  taken i n  t h e  computation. 



A s i m i l a r  s i t u a t i o n  i s  a t  hand wi th  r e spec t  t o  t h e  mi r ro r  loop. 

I t  can be  t r e a t e d  i n  a  s i m i l a r  fash ion  by l e t t i n g  t h e  mir ror  loop extend 

i n t o  t h e  c r y s t a l .  To avoid t h e  s t r a n g e  displacements  of  t h e  lower p a r t  

of t h e  s u r f a c e  caused by t h i s  procedure ( s ee  Fig. l 8 ) ,  t h e  displacements 

o f  t h e  mi r ro r  loop should  be app l i ed  only t o  t h e  p a r t  of t h e  c r y s t a l  

above t h e  loop. 

The d i s c u s s i o n  of t h e  emergence of t he  loop a t  t h e  s u r f a c e  is 

probably academic i n  t h a t  t h e  d e t a i l s  o f  t h e  breaking  through t o  t h e  

s u r f a c e  would h a r d l y  be  observable  i n  t h e  microscope. The s u r f a c e  

r e l a x a t i o n  on t h e  o t h e r  hand is  c e r t a i n l y  s i g n i f i c a n t ,  e s p e c i a l l y  where 

i t  w i l l  cause d i sp lacements  normal t o  t h e  s u r f a c e ,  Ghich i t  i n  most 

cases w i l l .  The merit of t h e  s imple  approaches t o  t h e  problem sug- 

ges t ed  above can on ly  be t e s t e d  a g a i n s t  experimental  obse rva t ions  which 

are l a c k i n g  a t  p r e s e n t .  A comparison of t h e  d i f f e r e n t  s imu la t i on  models 

w i l l  be  made i n  t h e  nex t  s e c t i o n .  

5. F i e l d  Evaporat ion 

Many of  t h e  p l o t s  i n  t h e  next  s e c t i o n  w i l l  be  presen ted  a s  s imula ted  

f i e l d  evapora t ion  sequences.  I n  t h e  micros cope, f i e l d  evapora t ion  r e s u l t s  

an i n c r e a s e  of t h e  r a d i u s  of t h e  t i p ,  and i n  o rde r  for t h e  s u r f a c e  of 

t h e  t i p  t o  move i n t o  t h e  t i p  i n  t h i s  ca se ,  t h e  c e n t e r  of cu rva tu re  of 

t he  s u r f a c e  must be  moving down a long  t h e  t i p  a x i s .  The simplest way 

t o  s imu la t e  f i e l d  evapora t ion  i n  computer p l o t s  would be t o  reduce t h e  

r a d i u s  of t h e  t i p  between p l o t s ,  keeping the  c e n t e r  of  t he  s p h e r i c a l  

s h e l l  f i xed .  I f  t h e  amount of f i e l d  evapora t ion  i s  s m a l l ,  s ay  a  few 

pe rcen t  of t he  r a d i u s ,  t h e  i n c r e a s e  i n  curva ture  would h a r d l y  be 

n o t i c e a b l e .  With a t i p  r ad ius  o f  100 l a t t i c e  cons t an t s  t h e  



removal of t h r e e  (110) p lanes  would r e s u l t  i n  a one percent  reduc t ion  

o f  t h e  r ad ius .  

A more r e a l i s t i c  f i e l d  evapora t ion  sequence may be produced by in- 

c r e a s i n g  t h e  r a d i u s  by AR and moving t h e  c e n t e r  o f  t h e  s h e l l  down a long  

t h e  t i p  axis by an amount Az which i s  l a r g e r  than AR. I f  t h e  t i p  i s  

assumed t o  be a s p h e r i c a l  cap s i t t i n g  on t o p  of  a t runca t ed  cone of  h a l f  

a n g l e  a (Fig.  20a)' i t  i s  e a s i l y  shown t h a t  

The a n g l e  a i s  t y p i c a l l y  about 25O which 

2.5 AR. For a reg ion  a t  an a n g l e  8 from 

obvious ly  have 

(111.2) 

means t h a t  Az should be  about 

t h e  a x i s  (Fig.  20b) one must 

o the rwi se  t h e  s u r f a c e  i n  t h i s  reg ion  would a c t u a l l y  move outward when 

R i s  inc reased  by AR. As l ong  a s  0 i s  smaller than t h e  complement of a, 

Eqs. (111.2) and (111.3) a r e  c l e a r l y  c o n s i s t e n t ,  and i n  t h e  c o n i c a l  model 

(Fig. 20a) t h e  l a r g e s t  p o s s i b l e  va lue  of 0 i s ,  of course ,  90"-a. I f  t h e  

e x a c t  s i m u l a t i o n  o f  t h e  f i e l d  evapora t ion  o f  a p a r t i c u l a r  t i p  i s  s i g n i f -  

i c a n t  one should  measure Az/AR by c o n t r o l l e d  f i e l d  evaporat ion.  

The d i f f e r e n c e  between t h i s  procedure and simply sh r ink ing  the  

s u r f a c e  c o n c e n t r i c a l l y  cannot b e  d e t e c t e d  i n  t h e  p l o t s  of a small evap- 

o r a t i o n  sequence. For long  sequences ,  e s p e c i a l l y  i n  reg ions  f a r  from 

t h e  a x i s ,  t h e  d i f f e r e n c e  w i l l  c l e a r l y  be  s i g n i f i c a n t  however, and t h e  

more r e a l i s t i c  procedure of i n c r e a s i n g  t h e  r ad ius  has  u sua l ly  been used. 

When t h i s  procedure has  been used,  a s imu la t ed  f i e l d  evapora t ion  

sequence s t r i c t l y  corresponds t o  a [ I l l ]  o r i e n t e d  t i p .  
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B .  Resu l t s  

1. Check of  Model . - 

I n  t h i s  s e c t i o n  some s imple d e f e c t  con f igu ra t i ons  w i l l  be s imulated 

w i t h  t h e  model de sc r ibed  above, i n  o r d e r  t o  demonstrate t h a t  t he  model 

produces r e s u l t s  i n  agreement with t h e  image theory .  Computer simula- 

t i o n  using t h e  s h e l l  model should c l e a r l y  l e a d  t o  s i m i l a r  r e s u l t s  as  t h e  

i n t u i t i v e  approach. They a r e  a f t e r  a l l  only d i f f e r e n t  ways of applying 

t h e  same theo ry .  Comparing t h e  two can t h e r e f o r e  only v e r i f y  t h a t  t h e  

theory  h a s  been a p p l i e d  c o r r e c t l y  i n  bo th  c a s e s ,  and i n  no way does i t  

v e r i f y  t h e  t heo ry  i t s e l f .  The only test o f  t h e  theory  would, of course ,  

be  comparison w i t h  exper imenta l  observa t ions .  This s e c t i o n  i s  hence 

o f f e r e d  as proof  t h a t  t h e  computer program is c o r r e c t l y  w r i t t e n ,  t o  t he  

e x t e n t  t h a t  i t  does reproduce some gene ra l l y  agreed  upon r e s u l t s ,  t o  

w i t ,  t h e  case o f  a  s t a c k i n g  f a u l t  running through t h e  c r y s t a l ,  and 

t h e  c a s e  of a  s t a c k i n g  f a u l t  w i th  one p a r t i a l  emerging i n  t h e  cen t e r  

of a pole .  The former can be s imula ted ,  w i t h  t h e  p re sen t  model, by 

making the Frank loop  l a r g e  enough, and p o s i t i o n i n g  i t  s o  t h a t  i t  is  

c u t  by t h e  s u r f a c e .  I f  only a  l i m i t e d  reg ion  of  t h e  su r f ace  is  p l o t t e d  

it is enough t o  make t h e  loop  s o  l a r g e  t h a t  bo th  p a r t i a l s  emerge o u t s i d e  

t h e  p l o t .  The l a t t e r  case i s  produced by p o s i t i o n i n g  a  loop s o  t h a t  

one p a r t i a l  emerges i n  t h e  c e n t e r  of a  po l e  and t h e  o t h e r  again o u t s i d e  

t h e  p l o t .  The p r e d i c t e d  c o n t r a s t  i n  t h e s e  ca se s  was d i scussed  i n  

connect ion wi th  F igs .  5 ,  6 ,  7 and 12. 

F igure  21 shows f o u r  p l o t s  of t h e  reg ion  around t h e  [ T i l l  pole.  

I n  Fig.  21 ( a )  and (b) a Frank loop i n t e r s e c t s  t h e  s u r f a c e  from one 

s i d e  of t h e  po l e  t o  t h e  o t h e r ,  and i n  Fig. 2 1  ( c )  and (d )  one Frank 



p a r t i a l  emerges i n  t h e  c e n t e r  o f  t h e  po le  w i t h  t h e  loop  t o  t h e  l e f t  

of  t h e  po le .  The f a u l t s  a r e  a l l  on ( I l l ) ,  and t h e  p l o t s  a r e  o r i e n t e d  

s o  t h a t  t h e  [ I l l ]  po l e  i s  up, i . e .  t h e  (111) p lane  i s  s l a n t e d  down i n t o  

t h e  paper ,  away from t h e  viewer.  A l l  p l o t s  w i l l  be t h u s l y  o r i en t ed .  

The f a u l t s  i n  Fig. 2 1  ( a )  and ( c )  a r e  i n t r i n s i c ,  those  i n  Fig.  21 (b) 

and (d) a r e  e x t r i n s i c .  

The r u l e s  of t h e  geome t r i ca l  theory  a r e  c l e a r l y  d i sp layed  i n  t h e s e  

-+ -+ 
p l o t s .  I n  t h i s  c a s e  q (=gob) i s  113, which i n  Fig. 21a means t h a t  t h e  

upper p a r t  of t h e  c r y s t a l  shou ld  be  113 p lane  spac ing  below, o r  213 

above, t h e  lower p a r t .  F igure  21a looks  somewhat s t r a n g e  i n  t h a t  t h e  

t o p  r i n g  i s  c losed  below t h e  s t a c k i n g  f a u l t .  This  i s  a p e r f e c t l y  pos- 

s i b l e  s i t u a t i o n ,  however. The f a u l t  is  j u s t  c r o s s i n g  somewhat above 

t h e  center of t h e  po le .  I n  t h e  computer p l o t  i t  i s  c l e a r l y  p o s s i b l e  

t o  d i s t i n g u i s h  between a s t e p  s i z e  of  113 and 213. Thus i n  Fig.  21a 

t h e  t o p  h a l f - r i n g s  a r e  e i t h e r  113  l a r g e r  o r  213 s m a l l e r  than t h e  lower 

h a l f - r i n g s ,  whereas i n  Fig. 21b t h e  t op  h a l f - r i n g s  a r e  e i t h e r  213 l a r g e r  

o r  113  smaller than  t h e  l w e r  h a l f - r i n g s .  The two cases  a r e  hence 

oppos i t e ,  and i t  would b e  p o s s i b l e  t o  deduce t h e  n a t u r e  o f  t he  f a u l t  

merely by i n s p e c t i o n .  T h i s ,  however, is based on t h e  p o s s i b i l i t y  t o  

d i s t i n g u i s h  between a  s t e p  s i z e  of 113  and 213 of  t h e  ledge  width i n  

t h e s e  w e l l  r eso lved  computer p l o t s  which need n o t  be  t h e  case  i n  an 

a c t u a l  image. I n  Fig.  21  (c )  and (d)  t h e  oppos i t e  s ense  of t h e  s p i r a l s  

should  b e  noted.  These p l o t s  a l s o  v e r i f y  t h a t  t h e  computer program 

a c t u a l l y  reproduces t h e  c o r r e c t  l a t t i c e  s t r u c t u r e .  The atomic configura-  

t i o n  of  t h e  top  p lanes  is  c l e a r l y  t h a t  of a (111) p lane .  



F i g u r e  22 shows f o u r  c o r r e s p o n d i n g  p l o t s  f o r  t h e  (001) p lane .  I n  

t h i s  c a s e  t h e  v a l u e  o f  q  is  213, and t h e  expec ted  d i f f e r e n c e s  w i t h  

r e s p e c t  t o  Fig.  21  are c l e a r l y  d i s p l a y e d .  For  i n s t a n c e  f o r  t h e  i n t r i n s i c  

f a u l t  i n  Fig.  22a t h e  t o p  h a l f - r i n g s  a r e  e i t h e r  1 1 3  s m a l l e r  o r  213 l a r g e r  

t h a n  t h e  lower  h a l f - r i n g s ,  i . e .  p r e c i s e l y  o p p o s i t e  t o  t h e  c a s e  i n  Fig. 

21a. The a tomic c o n f i g u r a t i o n  on t h e  t o p  p l a n e  i s  s e e n  t o  b e  t h e  correct  

(001) c o n f i g u r a t i o n ,  and t h e  s e n s e s  of t h e  s p i r a l s  i n  F ig .  2 2 ( c )  and (d) 

are o p p o s i t e  as t h e y  shou ld  b e .  

I n  Fig.  23  f o u r  similar p l o t s  f o r  t h e  (113) p l a n e  a r e  d i s p l a y e d .  

T h i s  is  a case w i t h  q = 5 / 3 ,  which means t h a t  t h e  i n t e g r a l  r e s i d u e  of 

q ,  q ' ,  i s  2/3.  Hence t h e  s t a c k i n g  f a u l t  i n  t h i s  c a s e  s h o u l d  behave as 

t h a t  i n  F ig .  22. Comparison o f  F igs .  22a and 23a, f o r  example, shows 

t h a t  t h i s  i s  indeed  t h e  case. S i n c e  q i s  g r e a t e r  t h a n  one a  new element 

is  i n t r o d u c e d  i n t o  t h e  c a s e s  where one p a r t i a l  emerges w i t h i n  t h e  p l o t .  

It can b e  s e e n  t h a t  t h e  s p i r a l s  a r e  s t e p p e d  by more than  one l e d g e  w i d t h ,  

i . e .  t h e  s t a c k  of (113) p l a n e s  has e s s e n t i a l l y  become two i n t e r l e a v e d  

s t e p p e d  s p i r a l s .  Again t h e  a tomic  c o n f i g u r a t i o n  i s  c o r r e c t  and t h e  

s p i r a l s  i n  Fig .  23 ( a )  and (d) have o p p o s i t e  s e n s e s .  

I f  q i s  between two and t h r e e ,  t h e  s t e p  s i z e  shou ld  be between two 

and t h r e e  l e d g e  w i d t h s ,  and t h r e e  i n t e r l e a v e d ,  s t e p p e d  s p i r a l s  r e s u l t .  

Such a c a s e  i s  i l l u s t r a t e d  i n  Fig.  2 4  f o r  a F r a n k  loop i n t e r s e c t i n g  t h e  

[ I121  p o l e ,  i n  which c a s e  q = 813. Again q '  i s  213 and t h e  s t a c k i n g  

f a u l t  shows t h e  same c o n t r a s t  a s  i n  Fig .  2 2 ,  a l though  t h e  s m a l l e s t  h a l f -  

r i n g s  are on o p p o s i t e  s i d e s  o f  the f a u l t ,  which,  as d i s c u s s e d  p r e v i o u s l y ,  

is  ' p u r e l y  i n c i d e n t a l .  The s p i r a l  s t r u c t u r e s  i n  Fig .  24 ( c )  and (d)  a r e  

as e x p e c t e d ,  and t h e  s e n s e s  a r e  o p p o s i t e  i n  t h e  two c a s e s .  



The t i p  r a d i u s  i n  a l l  c a se s  was lOOa except  f o r  t h e  (112) p lane ,  

where i t  was doubled i n  o r d e r  t o  b e t t e r  r e so lve  t h e  (112) p lane  edges.  

I n  t h e  l a t t e r  c a s e  t h e  s h e l l  t h i cknes s  (P) was a l s o  somewhat g r e a t e r  

than t h e  i d e a l  va lue  f o r  t h e  same reason. The loop s i z e  was 201 atoms 

f o r  t h e  s t a c k i n g  f a u l t  s imu la t i on ,  wi th  t h e  l oop  cen te red  on t h e  po le ,  

and t h e  s u r f a c e  c u t t i n g  t h e  loop somewhat o u t s i d e  i t s  c e n t e r l i n e .  

This  p o s i t i o n e d  t h e  p a r t i a l  d i s l o c a t i o n s  w e l l  o u t s i d e  t h e  p l o t s  i n  a l l  

cases .  One can indeed  fol low t h e  s t a c k i n g  f a u l t  a l l  through t h e  p l o t ,  

a l though i t  i s  v i r t u a l l y  i n v i s i b l e  o u t s i d e  t h e  f o u r t h  o r  f i f t h  r i n g  on 

t h e  (112) plane.  For t h e  cases  where one p a r t i a l  emerges i n  t h e  c e n t e r  

a 8 1  atom loop was used,  cen te red  40 atoms t o  t h e  l e f t  of  t h e  po le .  This 

aga in  p o s i t i o n e d  t h e  l e f t  p a r t i a l  o u t s i d e  t h e  p l o t .  

Based on t h e s e  p l o t s  i t  seems s a f e  t o  say  t h a t  t h e  computer program 

is  c o r r e c t ,  and hence w i l l  produce t r u e  r e s u l t s  i n  terms of t h e  geo- 

m e t r i c a l  image theory.  A l l  p l o t s  i n  t h i s  s e c t i o n  were computed without  

use o f  a  mi r ro r  loop  f o r  t h e  displacement c a l c u l a t i o n s ,  i . e .  s u r f a c e  

r e l a x a t i o n  w a s  n o t  t aken  i n t o  account.  This  was done, of course,  i n  

o r d e r  t o  enab le  d i r e c t  comparison w i t h  t h e  i n t u i t i v e l y  der ived  results. 



2. E f f e c t  o f  Mir ror  Loop 

The e f f e c t  of s u r f a c e  r e l a x a t i o n  on t h e  image c o n t r a s t  w i l l  be 

examined by comparing p l o t s  of t h e  same con f igu ra t i on ,  made without  

and w i t h  t h e  m i r r o r  loop i n  t h e  d i f f e r e n t  ways descr ibed  i n  t h e  

preceeding  s e c t i o n .  The f i r s t  example i s  a  31 atom vacancy loop on 

(111) under (110) i n  a  t i p  w i t h  a  r ad ius  of 375 l a t t i c e  cons t an t s .  

F igu re s  25-28 show f o u r  ve r s ions  of a  s imula ted  f i e l d  evapora t ion  

sequence du r ing  which somewhat less than one (110) p lane  is removed 

from t h i s  t i p .  The sequence is  s imula ted  us ing  four  d i f f e r e n t  models 

i n  Figs .  25, 26, 27 and 28 r e s p e c t i v e l y .  I n  Fig.  25 t h e  displacement 

f i e l d  of  t h e  vacancy loop a lone  i s  used wi th  t h e  loop  ex tending  o u t s i d e  

t h e  s u r f a c e .  I n  Fig. 26 m i r r o r  loop displacements  were superposed 

t o  t h e  upper p a r t  o f  t h e  c r y s t a l ,  and i n  Fig. 2 7  t o  t h e  whole c r y s t a l .  

In  bo th  cases t h e  m i r r o r  loop  extended i n t o  t h e  c r y s t a l .  I n  Fig.  2 8  

b o t h  t h e  real loop and t h e  image loop were t runca t ed  a t  t h e  s u r f a c e .  

The p o s i t i o n s  o f  t h e  p a r t i a l  d i s l o c a t i o n s  a r e  marked by c ros se s .  

On t h e  l a b e l  above each p l o t  the d i s t a n c e  of  t h e  loop from t h e  

s u r f a c e  is given a s  D/y where D i s  t h e  d i s t a n c e  o f  t h e  c e n t e r  o f  
2 ' 

t h e  loop  from t h e  s u r f a c e  a s  i n d i c a t e d  i n  Fig.  17 ,  and y is the  
2 

"height"  of  t h e  loop as de f ined  i n  Fig.  16. Hence t h e  d i s t a n c e  is  

"one" when t h e  l ead ing  edge of t h e  hexagon is  i n  t h e  s u r f a c e ,  z e ro  

when t h e  c e n t e r  of t h e  loop  i s  i n  t h e  s u r f a c e ,  and nega t ive  when more 

than  h a l f  o f  t h e  loop is  o u t s i d e  t h e  su r f ace .  The l a s t  l i n e  on t h e  

l a b e l  g ives  t he  coo rd ina t e s  o f  t h e  c e n t e r  of  t h e  loop. KO, Lo and M 
0 

correspond t o x 
0 'Yo 

and z  r e s p e c t i v e l y .  K measures t he  d i s t a n c e  
0 0 

o f  t h e  center of t h e  loop  from t h e  c e n t e r  of t h e  p l o t t e d  p o l e  i n  u n i t s  
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of h a l f  t h e  in t e ra tomic  d i s t a n c e  along ( 1 1 0 )  . The u n i t  of Lo i s  t h a t  

of K d iv ided  by J? , and M is the  o r d i n a l  number of the  (111) plane 
0 0 

con ta in ing  t h e  loop counted from t h e  bottom of t h e  hemispherical  c r y s t a l  

( M  = 0 is  t h e  bottom plane) .  Since an i n t e r s t i t i a l  loop must l i e  between 

two o rd ina ry  l a t t i c e  p l anes ,  t h e  corresponding number f o r  t h e  i n t e r s t i t i a l  

loop i s  a  h a l f  i n t e g e r  des igna ted  HM. P is the  s h e l l  th ickness  i n  u n i t s  

of  t h e  i n t e r a t o m i c  d i s t a n c e  a long  ( 110) , i . e .  a / 6 .  The r e s t  of the 

l a b e l  is  se l f -explana tory .  

The d i f f e r e n c e  between t h e  models used i n  Figs.  25 and 26 is  t h a t  

t h e  s u r f a c e  region above t h e  vacancy loop i s  pushed f u r t h e r  i n t o  t h e  

t i p  by t h e  image loop i n  t h e  l a t t e r  case.  The e f f e c t  of t h i s  i s  most 

c l e a r l y  ev iden t  i n  Figs.  25d and 26d, where the  top  h a l f  p lane  below 

t h e  f a u l t  has  j u s t  been removed. I n  Fig. 26d an e x t r a  h a l f  p l ane  is  

r e t a i n e d  above t h e  f a u l t .  This is n o t  unreasonable s i n c e ,  i n  t h i s  

case ,  q = 4 / 3  which means t h a t  t h e  s m a l l e s t  h a l f  plane below t h e  f a u l t  

i n  Figs.  25c and 26c i s  a c t u a l l y  h ighe r  than  t h e  sma l l e s t  h a l f  plane 

above t h e  f a u l t ,  and hence should be  removed f i r s t .  Obviously t h i s  

a p p l i e s  only t o  t h a t  p a r t  of t h e  p lane  immediately below t h e  f a u l t ,  

s i n c e  t h e  p l ane  is s p i r a l l i n g  around t h e  p a r t i a l .  d i s l o c a t i o n  t o  t h e  

o t h e r  s i d e  of t h e  f a u l t .  One would t h e r e f o r e  expect  t he  edge of t h i s  

p l ane  t o  c i r c l e  around t h e  edge of t h e  loop when t h e  top h a l f  p lane  

above t h e  loop d isappears .  This  is  e s s e n t i a l l y  what happens i n  Figs.  

25c and 25d. It would n o t ,  however, t ake  much e x t r a  depression of 

t h e  s u r f a c e  above t h e  loop f o r  the s i t u a t i o n  i n  Fig. 26d t o  a r i s e ,  and 

hence i t  i s  f a r  from obvious t h a t  t h i s  s i t u a t i o n  is u n r e a l i s t i c .  In 

Figs.  25 and 26 t h e  p a r t s  of  t h e  p l o t s  t h a t  a r e  below t h e  f a u l t  should,  

of course,  be i d e n t i c a l ,  a s  they a re .  



I f  t h e  image loop  displacements  a r e  app l i ed  t o  the  lower p a r t  of  t he  

c r y s t a l  as w e l l ,  t h i s  p a r t  w i l l  b e  pushed toward t h e  s u r f a c e .  The r e s u l t  

o f  t h i s  is ev iden t  i n  Fig.  27 where t h e  top  h a l f  p lane  below t h e  loop i s  

seen t o  s h r i n k  away much f a s t e r  than i n  Fig.  26. The edge o f  t h e  fol lowing 

p l ane  i s  a l s o  beginning  t o  show a l r eady  i n  Fig. 27c j u s t  below t h e  

f a u l t .  This  behav io r ,  a s  w e l l  a s  t he  model i t s e l f ,  seems r a t h e r  un- 

reasonable  and t h e  model w i l l  no t  be f u r t h e r  used. 

The most d ramat ic  change i n  t h e  image is brought about by t runca t ing  

t h e  loop ,  and i ts  image loop ,  a t  t h e  su r f ace .  The p l o t s  i n  Fig.  28 bea r  

h a r d l y  any resemblance t o  those  i n  Figs .  25, 26 and 27. I n  t h i s  model 

t h e  s u r f a c e  reg ion  below t h e  loop w i l l  b e  l i t t l e  d i sp l aced  from the  

undis turbed  p o s i t i o n .  This i s  ev iden t  from Fig. 19. The p a r t  of t h e  

c r y s t a l  t o  t h e  r i g h t  of atom A is  h a r d l y  d i sp laced  a t  a l l ,  and t h i s  w i l l  

b e  t h e  p r e v a i l i n g  s i t u a t i o n  i f  t he  d i s l o c a t i o n  is  locked a t  t he  su r f ace .  

This  model w i l l  a l s o  be  d i s ca rded ,  both on t h e  b a s i s  of  Fig. 28, and 

due t o  i n t u i t i v e  o b j e c t i o n  t o  t h e  s u r f a c e  con f igu ra t i on  i t  c r e a t e s .  

The c o n f i g u r a t i o n  d i s cus sed  above was chosen t o  correspond t o  t h a t  

of SOP and ~ r e n , ~  i.e. a  Prank loop of about  50 11 diameter  i n  a 

p la t inum c i p  of 1500 A (" 375a) rad ius .  Actua l ly  a  31 atom loop has  

a  d iameter  of 21a which is  about 80 A i n  plat inum. It t u r n s  ou t  t h a t  

a  50 A loop  (19 atoms) tends  t o  break only  one r i n g  a t  a t ime ,  and 

measurement on t h e  p l o t  of Sm and ~ r e n l l  (Fig. 14) r e v e a l s  t h a t  t h e i r  

l oop  is  a l s o  c l o s e  t o  80 A .  Hence Fig. 25b should be  a  reproduct ion  

o f  Fig. 14a which c l e a r l y  is  n o t  t h e  case.  The c o n t r a s t  i n  t h e  p l o t  

of Son and Hren (Fig.  14a) corresponds t o  q < 1, whereas q i n  t h i s  

1 
case  is  4 /3  [$(11I.). $220) 1 . 



The e f f e c t  of t h e  mi r ro r  loop when t h e  ang le  between loop p l ane  

and s u r f a c e  i s  l a r g e  i s  i l l u s t r a t e d  i n  Fig.  29. The image c o n t r a s t  

a r i s i n g  from a 31 atom i n t e r s t i t i a l  loop on (111) under (11 i )  i s  

s imu la t ed  u s ing  two models: displacements  from t h e  i n t e r s t i t i a l  loop 

a lone  are used i n  F igs .  29a and b ,  and i n  Figs .  29c and d displacements  

from a mi r ro r  loop o f  vacancy type  a r e  superposed t o  t h e  upper p a r t  

o f  t h e  c r y s t a l .  The r e a l  loop  is  ex t end ing  o u t s i d e  t h e  c r y s t a l  and t h e  

m i r r o r  loop  i s  r e f l e c t e d  i n t o  t h e  c r y s t a l  as descr ibed  above. These 

a r e  t h e  same models as those  used i n  Figs .  25 and 26 r e s p e c t i v e l y .  l b o  

s t a g e s  of f i e l d  evapora t ion  a r e  shown. I n  Fig. 29c t h e  smallest t o p  

h a l f  plane e v i d e n t  i n  F ig .  29a has  d i sappeared  due t o  t h e  added d i s -  

placements o f  t h e  m i r r o r  loop ,  whereas t h e  lower p a r t s  of  t h e  two 

p l o t s  are i d e n t i c a l  a s  they should be.  A f t e r  some s imula ted  f i e l d  

evapora t ion  t h e  smallest top  h a l f  p lane  of F ig .  29a d i sappears  a s  w e l l ,  

and t h e  p l o t  o f  Figs .  29b r e s u l t s .  F igure  29d shows t h e  corresponding 

case us ing  t h e  image loop. The only d i f f e r e n c e  between t h e s e  two p l o t s  

i s  t h e  l a r g e r  s t e p  s i z e  of  t h e  broken s p i r a l  i n  Fig. 29d. This  is  

e a s i l y  m d e r s t a n d a b l e  i n  terms o f  t h e  added displacements  a long  t h e  

s u r f a c e  normal caused by t h e  image loop ,  whereas t h e  added d isp lace-  

ments a long  t h e  s u r f a c e  a r e  t oo  small t o  show. The s p i r a l  i n  F igs .  

29c and d might be  c h a r a c t e r i z e d  by an " e f f e c t i v e "  cl-value g r e a t e r  t han  

-+ -b 

113 which i s  t h e  va lue  of gab i n  t h i s  case .  

The conc lus ion  of  t h i s  s e c t i o n ,  t hen ,  is  t h a t  s u p e r p o s i t i o n  o f  t h e  

m i r r o r  loop  dispiacements  t o  t h e  p a r t  of t h e  c r y s t a l  above t h e  loop 

p l ane ,  l e a d s  t o  reasonable  and e a s i l y  unders tandable  c o n t r a s t  e f f e c t s ,  

which, i n  a  q u a l i t a t i v e  s ense ,  do no t  s i g n i f i c a n t l y  d i f f e r  from those  



a r r i v e d  at by us ing  the  loop displacements  alone.  I n  t h e  fol lowing,  

t h e r e f o r e ,  t h e  s imp les t  model, t h a t  without  a  mi r ro r  loop ,  w i l l  be 

mainly used, a l though some p lo t s  w i l l  b e  r e p l o t t e d  wi th  t h e  mir ror  loop 

inc luded  t o  ensure  t h a t  t h e  r e s u l t s  remain v a l i d  when s u r f a c e  r e l axa t ion  

is  talcen i n t o  account .  

3. Cont ras t  from Loops Wholly Beneath t h e  Surface 

I f  a d i s l o c a t i o n  loop is  completely i n s i d e  t h e  t i p  t h e r e  w i l l  be 

no  d i s l o c a t i o n s  i n t e r s e c t i n g  t h e  s u r f a c e ,  and hence t h i s  i s  a  s i t u a t i o n  

o u t s i d e  t h e  realm of t h e  e x i s t i n g  c o n t r a s t  theory.  In  t h e  case  of 

Franlc l oops ,  however, t h e i r  s t r o n g  t r ansve r se  s t r a i n  f i e l d  would be 

expected t o  cause s i g n i f i c a n t  s u r f  ace displacements be fo re  t he  su r f ace  

a c t u a l l y  reaches t h e  loop. Since t h e s e  displacements ,  i n  most cases ,  

w i l l  have apprec i ab le  components normal t o  t h e  s u r f a c e ,  image con t r a s t  

would b e  expected based on t h e  same geometr ical  .reasoning a s  i n  t he  

i n t u i t i v e  theory  of  d i s l o c a t i o n  c o n t r a s t .  Computer s imula t ion  shows 

t h i s  t o  b e  t h e  case  very c l e a r l y .  Only two cases  w i l l  be  considered 

he re :  loops  on (111) under (113) and (117) r e spec t ive ly .  I n  the  former 

case  t h e  angle  between t h e  p lane  of t h e  loop  i s  small (29.5") and i n  t he  

l a t t e r  l a r g e  (70.5O). For t he  purpose of  t h e  next  s e c t i o n  p l o t s  of 

bo th  vacancy and i n t e r s t i t i a l  loops w i l l  be presented.  

It may be h e l p f u l  t o  c l a r i f y  t h e  geometry of t h e  p l o t s  i n  t h i s  

s e c t i o n  b e f o r e  p r e s e n t i n g  them. Figure 30 i s  a ske tch  of a  loop on (111) 

under (113). The d i s t a n c e  D is  measured from t h e  c e n t e r  of  t h e  loop 

t o  t h e  s u r f a c e  a long  ( I l l ) ,  i n  u n i t s  of the r ad ius  of t h e  loop,  as 

mentioned above, and h i s  obviously equal  t o  D tan $I. I f  p i s  the  

number given on t h e  p l o t  l a b e l s  a s  "d is tance  from sur face"  and N the  



number of atoms conta ined  a long  t h e  loop d iagonal ,  then 

I n  t h i s  ca se  t a n 4  " 0.5 7 and hence 

For a  n i n e  atom loop w i t h  p = 2,h i s  about 5.5  d 
111' 

which means t h a t  

t h e  p o i n t  H i n  Fig. 30 would be  i n  t h e  f i f t h  (111) p lane  above t h e  

p l ane  of t h e  loop. Five p lanes  above t h e  loop displacements  a r e  s t i l l  

q u i t e  l a r g e  ( see  Fig.  19)  and image c o n t r a s t  would be  expected.  This  

c o n t r a s t  would then b e  v i s i b l e  some d i s t a n c e  above t h e  t r a c e  o f  t h e  

loop  p l ane  i n  t h e  s u r f a c e  (L i n  Fig.  30). As t h e  s u r f a c e  moves toward 

t h e  loop  dur ing  f i e l d  evapora t ion ,  p o i n t  H moves toward p o i n t  L, i . e .  

t h e  main c o n t r a s t  e f f e c t  w i l l  be  v i s i b l e  c l o s e r  t o  t h e  t r a c e  o f  t h e  

loop p l ane .  The main e f f e c t  on t h e  s u r f a c e  would, of course ,  occur  

somewhere between H and L ,  b u t  probably q u i t e  c lo se  t o  H. I f  t h e  ang le  

4 i s  l a r g e ,  however, h would be  l a r g e ,  and the  e f f e c t  on t h e  s u r f a c e ,  i f  

any, would be  much c l o s e r  t o  L than  t o  H. 

I n  Fig. 31 some s t a g e s  of  a s imula ted  f i e l d  evapora t ion  sequence 

a r e  shobn. The con f igu ra t i on  is  a n i n e  atom i n t e r s t i t i a l  loop under 

(113).  The t r a c e  of t h e  p l ane  o f  t h e  loop i n  t h e  s u r f a c e  i s  i n d i c a t e d  

by an L ,  and the  plane con ta in ing  t h e  p o i n t  H of Fig. 30 by an H. The 

p o s i t i o n  oi tile cen t e r  of t h e  l oop  i s  ind i ca t ed  b y  a v e r t i c a l  l i n e .  The 

presence  of t he  loop f i r s t  becomes n o t i c e a b l e  when i t s  d i s t a n c e  from 

t h e  s u r f a c e  is  about f i v e  loop r a d i i .  I n  Fig.  31a t h e  c e n t r a l  r i n g  



is  s l i g h t l y  asymmetric, and i n  Fig.  31b t h e  asymmetry i s  q u i t e  obvious,  

a l though s t i l l  very smal l .  A s  f i e l d  evapora t ion  progresses  t h e  asymmetry 

and displacement  o f f  c e n t e r  o f  t h e  c e n t r a l  r i n g  becomes l a r g e r  (Fig.  

31c, d  and e ) ,  and e v e n t u a l l y  t h e  r i n g  d i s p l a y s  a  c l e a r  kink a s  i n  

Fig.  31f.  F igures  31c and d  a r e  r e p l o t t e d  i n  Figs .  31g and h  respec- 

t i v e l y  u s ing  t h e  m i r r o r  loop model. The e f f e c t  of superposing t h e  

m i r r o r  loop  displacements  i s  c l e a r l y  an enhancement of t h e  c o n t r a s t ,  

i .e.  i n  t h i s  c a s e  o f  t h e  asymmtry  o f  t h e  c e n t r a l  r i ng .  

Figure 32 shows t h e  c o n t r a s t  of a  vacancy loop i n  t h e  same p o s i t i o n  

as t h e  i n t e r s t i t i a l  loop  i n  Fig.  31. A s  i n  t h e  previous case  t h e  

c o n t r a s t  becomes f a i n t l y  v i s i b l e  when t h e  d i s t a n c e  from t h e  s u r f a c e  is 

between f o u r  and f i v e  loop r a d i i  (Fig.  32a),  and g e t s  s t r o n g e r  a s  t h e  

s u r f a c e  approaches t h e  loop (Fig.  32b, c  and d ) .  The e f f e c t  is  aga in  

a  d i s t o r t i o n  of  t h e  c e n t r a l  r i n g  b u t  now i n  t h e  oppos i te  d i r e c t i o n  t o  

t h a t  i n  Fig.  31. I n  Figs .  32e and f  t h e  e f f e c t  of  t h e  mi r ro r  loop i s  

demonstrated t o  b e  an enhancement of t h e  c o n t r a s t .  The con f igu ra t i ons  

are e x a c t l y  t h e  same as i n  Fig. 32a and b  r e spec t ive ly .  The discrepancy 

i n  the d i s t a n c e  from t h e  s u r f a c e  comes about because i t  i s  computed 

d i f f e r e n t l y  i n  t h e  two programs. 

Under (111) t h e  loop has  t o  be  much c l o s e r  t o  t h e  s u r f a c e  t o  cause  

v i s i b l e  c o n t r a s t ,  a s  expected ($ - 70"). Once t h e  c o n t r a s t  becomes 

v i s i b l e ,  however, i t  i s  q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  d i scussed  above. 

Th i s  is  i l l u s t r a t e d  f o r  a  vacancy loop i n  Fig. 33. I n  Fig. 33a and b  

t h e  c e n t r a l  r i n g  i s  somewhat e longa ted  and s l i g h t l y  o f f  c e n t e r ,  a l though 

t h i s  would ha rd ly  be discovered by a  c a s u a l  observer .  Superposing 

m i r r o r  loop  displacements  has  l i t t l e  e f f e c t  i n  t h i s  case a s  i s  evident  



i n  Figs .  33c and d which r ep re sen t  t h e  same s i t u a t i o n  as Fig.  33b. 

The mi r ro r  loop d isp lacements  should i n  t h i s  ca se  b e  app l i ed  t o  t he  

whole c r y s t a l  and n o t  on ly  t o  t h e  p a r t  above t h e  loop.  The l a t t e r  

procedure w i l l  c r e a t e  an unna tu ra l  d i s c o n t i n u i t y  of  displacement a t  

t h e  p l ane  of  t h e  loop  which shows up a s  a  s t e p  o f  t h e  c e n t r a l  r i n g  i n  

F ig .  33c. I n  Fig.  33d t h e  mi r ro r  loop displacements  are superposed t o  

t h e  whole c r y s t a l  and t h e  s t e p  i n  t h e  r i n g  i s  gone. On t h e  (113) p lane  

t h i s  makes no d i f f e r e n c e  s i n c e  t h e  mir ror  l oop ,  when t h e  loop is  a l l  

i n s i d e  t h e  s u r f a c e ,  i s  t o o  f a r  from t h e  lower p a r t  of t h e  c r y s t a l  t o  

a f f e c t  i t  anyway ( see  Fig.  1 7 ) .  

A corresponding sequence of p l o t s  f o r  an i n t e r s t i t i a l  loop under 

(111) i s  shown i n  Fig.  34. A s  was t h e  c a s e  under (113) ,  t h e  c o n t r a s t  

i s  aga in  d i f f e r e n t  from t h a t  o f  t h e  vacancy loop. The e f f e c t  o f  t h e  

m i r r o r  loop  displacements  seems t o  be  a  l i t t l e  s t r o n g e r  i n  t h i s  case.  

F igure  34f is t h e  same as F ig .  34c and Fig.  34e t h e  same as Fig.  34b, 

on ly  with t h e  m i r r o r  l oop  added. I n  Fig. 34d t h e  m i r r o r  loop d i s -  

placements a r e  added o n l y  t o  t h e  upper p a r t  o f  t h e  c r y s t a l  and t h e  

r e s u l t i n g  s t e p  i n  t h e  c e n t r a l  r i n g  i s  ev iden t .  

The p o s i t i o n  of p o i n t  H o f  Fig. 30 i s  no t  marked on the  (111) 

p lane .  I n  Fig.  33a f o r  i n s t a n c e ,  H would be  34 (111) p lanes  above t h e  

loop.  Hence, b e s i d e s  b e i n g  o u t s i d e  t he  p l o t ,  i ts  p o s i t i o n  would be of  

no i n t e r e s t .  

The c o n t r a s t  e f f e c t  d i s cus sed  h e r e  i s ,  of course ,  no t  l i m i t e d  t o  

t h e  c e n t r a l  r i n g  o f  a  po le .  I t ,  as w e l l  a s  most o t h e r  c o n t r a s t  e f f e c t s ,  

is simply e a s i e s t  t o  observe  t h e r e .  Figure 35 shows t h e  r e s u l t i n g  

c o n t r a s t  when a  loop i s  p o s i t i o n e d  somewhat f a r t h e r  away from t h e  po le .  



I n  Fig. 35a and b  t h e  i n t e r s t i t i a l  loop  i s  bending t h e  t h i r d  and fou r th  

(113) r i n g s  inward, whereas a  vacancy loop  i n  t he  same p o s i t i o n  causes 

b u l g i n g  of  t h e  second and t h i r d  r i n g s  i n  Fig.  35c and of t h e  second,  

t h i r d  and fou r th  r i n g s  i n  Fig.  35d. Hence t h e  e f f e c t  i s  t h e  same a s  

on t h e  c e n t r a l  r i n g  i n  t h e  prev ious  p l o t s .  Figures  35a and b  a r e  

d i f f e r e n t  s t a g e s  o f  a  s imu la t ed  f i e l d  evapora t ion  sequence, a s  a r e  

F igs .  35c armd d. 

The c o n t r a s t  e f f e c t s  i n  many of  t h e  p l o t s  i n  t h i s  s e c t i o n  a r e  

admi t t ed ly  t oo  weak t o  b e  o f  p r a c t i c a l  importance, no t ab ly  t h e  p l o t s  i n  

Figs .  3 l a ,  32a, 33a-d and 34a and b. The o b j e c t  of t h i s  s e c t i o n  was t o  

i n d i c a t e  t h e  e x i s t e n c e  o f  c o n t r a s t  from loops  wholly i n s i d e  t h e  t i p .  

S i n c e  i t  would be  o f  i n t e r e s t  t o  know a t  what d i s t ance  between loop and 

s u r f a c e  t h e  c o n t r a s t  beg ins  t o  show, c a s e s  were d e l i b e r a t e l y  chosen 

where t h e  loop was a t  approximately t h i s  c r i t i c a l  d i s t ance  from t h e  sur -  

f a c e .  When t h e  loop approaches t h e  s u r f a c e s  t h e  e f f e c t  becomes c l e a r l y  

n o t i c e a b l e ,  as is e v i d e n t  f o r  loops under (113) i n  Figs.  31 and 32. For 

t h e  (111) plane  some p l o t s  w i l l  b e  shown later (Fig.  43) where t h e  loop 

is c l o s e r  t o  t h e  s u r f a c e ,  and t h e  e f f e c t  s t r o n g e r .  

Th i s  e f f e c t  i s ,  o f  cou r se ,  no t  r e s t r i c t e d  t o  t h e  (113) and (111) 

p lanes .  These were chosen because one makes a  small and the  o t h e r  a 

l a r g e  ang le  w i th  (111). The e f f e c t  of  t h e  angle  is n o t  of q u a l i t a t i v e  

s i g n i f i c a n c e  a s  f a r  a s  t h e  c o n t r a s t  i s  concerned. The a n t i c i p a t e d  r e s u l t  

t h a t  t h e  c o n t r a s t  shows up when t h e  loop is a t  a  g r e a t e r  depth beneath 

t h e  s u r f a c e  i f  t h e  a n g l e  i s  small, is c l e a r l y  a r r i v e d  a t .  This is  

somewhat mis lead ing ,  however, s i n c e  i t  depends on how t h e  d i s t a n c e  from 



t h e  s u r f a c e  i s  def ined .  Considering,  i n s t e a d  of D,  t h e  d i s t a n c e  of  t h e  

c e n t e r  of t h e  loop  from t h e  s u r f a c e  along t h e  s u r f a c e  normal (D s i n  @ ) ,  

would g ive  a  somewhat d i f f e r e n t  p i c t u r e ,  a l though t h e  r e s u l t  would s t i l l  

s t and .  

4. Di f fe rence  i n  Cont ras t  between Vacancy and I n t e r s t i t i a l  Loops 

To i n v e s t i g a t e  t h e  p o s s i b i l i t y  of  d i s t i n g u i s h i n g  between vacancy 

and i n t e r s t i t i a l  loops  by in spec t ion  of i o n  micrographs, both k inds  of 

loops  were p laced  i n  t h e  same p o s i t i o n  i n  a t i p  and t h e  con t r a s t  simula- 

ted .  Again only conf igu ra t ions  under t h e  (113) and ( l l i )  planes w i l l  be 

p re sen ted  f o r  t h e  same reason as be fo re ,  i . e .  t o  have one case where 

t h e  ang le  between loop  p lane  and s u r f a c e  is s m a l l  and one where i t  is  

l a r g e .  

Figures  36, 37 and 38 show t h e  c o n t r a s t  from loops beneath t h e  

lower s i d e  of  ( l l 3 ) ,  i . e .  t h e  s i d e  f u r t h e r  away from the  (111) pole .  

The c o n t r a s t  i s  f i r s t  seen  t o  be e s s e n t i a l l y  t h e  same whether t h e  loop 

is a l l  i n s i d e  t h e  t i p  (Fig.  36) ,  o r  i s  cut  by t h e  s u r f a c e  (Figs.  37 and 

38). The d i f f e r e n c e  between vacancy and i n t e r s t i t i a l  loops is  c l e a r .  

The vacancy loop tends  t o  e longa te  t h e  c e n t r a l  r i n g  towards t h e  loop,  

whereas t h e  e f f e c t  of t h e  i n t e r s t i t i a l  loop  is  a sh r ink ing  of t h e  

c e n t r a l  r i n g  away from t h e  loop. A s  po in t ed  out  i n  t h e  preceding s e c t i o n ,  

t h i s  d i f f e r e n c e  i s  p r e s e n t  as soon a s  t h e  loop  i s  c lose  enough t o  t he  

s u r f a c e  t o  show c o n t r a s t  a t  all. 

I n  a few s t a g e s  of f i e l d  evapora t ion  t h e  c o n t r a s t  may be cha rac t e r i zed  

as a s tepped  s p i r a l  as i s  evident  i n  Figs .  37c and d ,  38a and p o s s i b l y  

38b. I n  t h e s e  cases  t h e  sense  of t he  s p i r a l  i s  as i t  should b e ,  i. e .  

ant i -clockwise f o r  t h e  vacancy loop and clockwise f o r  t h e  i n t e r s  t i  t i a l  



loop.  It i s  n o t  p o s s i b l e ,  however, t o  i n f e r  t h e  va lue  of q from t h e  

s t epped  s p i r a l ,  s i n c e  t h e  loop i n t e r s e c t s  only one plane edge a t  a  time. 

+ + 
Hence t h i s  i s  a  case  where t h e  gab c r i t e r i o n  would be  u se l e s s .  

F igures  39 and 40 show t h a t  t h e  q u a l i t a t i v e  f e a t u r e s  of  t h e  con- 

trast remain t h e  same when t h e  loops a r e  moved t o  t h e  upper p a r t  of 

t h e  po le .  E s p e c i a l l y  t h e  d i f f e r e n c e  between vacancy and i n t e r s t i t i a l  

loops  is  s t i l l  e v i d e n t .  I n  Fig. 39 t h e  loops a r e  wholly i n s i d e  t h e  t i p ,  

and i n  Fig.  40 they are i n t e r s e c t e d  by t h e  s u r f a c e .  The s t r o n g  bending 

of t h e  seccnd  r i n g  i n  F igs .  40a and b  can be understood i f  one 

remembers t h a t  q is  513  i n  t h i s  case.  

The s i g n i f i c a n c e  of  t h e  f a c t  t h a t  t h e  c o n t r a s t  is  t h e  same f o r  loops 

on e i t h e r  s i d e  o f  t h e  po l e  is  most e a s i l y  r e a l i z e d  by cons ide r ing  loops 

under a p l ane ,  say  (110),  where t h e r e  a r e  two {111} p lanes  i n  equ iva l en t  

p o s i t i o n s ,  i .e .  (111) and (111) ( see  Fig.  41).  The o t h e r  two a r e  per- 

pend icu l a r  t o  (110). Because of t h e  symmetry of  t h i s  con f igu ra t i on  a  

loop  on (111) on one s i d e  of  t h e  po le  i s  equ iva l en t  t o  a  loop of  t h e  

same k ind  on (111) on t h e  o t h e r  s i d e  of t h e  pole .  According t o  t he  

preceding  paragraph,  however, a loop on (111) would cause t h e  same 

type  of  c o n t r a s t  on e i t h e r  s i d e  of t h e  pole .  Hence the  n a t u r e  of  t h e  

loop can be  i n f e r r e d  unambiguously from t h e  type  of c o n t r a s t  observed 

r e g a r d l e s s  of t h e  p l ane  of  t he  loop. It  w i l l  be  remembered t h a t  t h e  

i n t u i t i v e  theory  p r e d i c t s  t h e  same c o n t r a s t  from a  vacancy loop on (111) 

and an i n t e r s t i t i a l  loop on (111) under (110) ,  i . e .  a  de te rmina t ion  of  

t h e  p lane  o f  t h e  loop  must be  made b e f o r e  t h e  n a t u r e  of  t he  loop can be  

deduced. 
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Figures  42 and 4 3  i n d i c a t e  t h a t  t h e s e  r e s u l t s  a r e  equa l ly  v a l i d  

on t h e  (111) po le ,  i . e .  i n  a case  where t h e  angle  between loop plane and 

s u r f a c e  i s  l a r g e .  Figure 4 1  shows two s imula ted  f i e l d  evapora t ion  

sequences,  one through a vacancy loop ( a ,  c and e )  and the  o t h e r  through 

an i n t e r s t i t i a l  loop (b ,  d and f ) ,  w i t h  t h e  loops above t h e  pole .  I n  

Fig. 42 t h e  loops a r e  below t h e  pole  and a l l  i n s i d e  t h e  t i p .  The d i f -  

f e r e n t  c o n t r a s t  f o r  t h e  vacancy and i n t e r s t i t i a l  loop r e spec t ive ly  is  

aga in  ev iden t .  Hence t h i s  r e s u l t  is q u i t e  genera l  and does no t  depend, 

q u a l i t a t i v e l y  a t  l e a s t ,  on t h e  angle  between loop plane and su r f ace .  

I n  Fig. 44 two s t a g e s  of  f i e l d  evapora t ion  each f o r  an i n t e r s t i t i a l  

loop  (a and b)  and a vacancy loop  ( c  and d) a r e  shown. Here t h e  c o n t r a s t  

is  r a t h e r  s i m i l a r  i n  t h e  two cases  and an obvious determinat ion of t h e  

n a t u r e  of t h e  loops would n o t  be poss ib l e .  This  is  no reason f o r  con- 

cern ,  however. These p l o t s  a r e  inc luded  h e r e  simply t o  make t h e  po in t  

t h a t  conclus ions  about t h e  n a t u r e  of d e f e c t s  should not  be based on 

s i n g l e  micrographs, b u t  r a t h e r  on f i n e l y  s tepped  f i e l d  evapora t ion  

sequences. 

5. S i z e  of Loops 

Determination of t h e  s i z e  of d i s l o c a t i o n  loops is l i t t l e  d i scussed  

i n  t h e  l i t e r a t u r e .  The genera l  procedure seems t o  be t o  cons ider  t h e  

s t a r t i n g  and f i n i s h i n g  p o i n t s  of t h e  image s p i r a l  t he  p o i n t s  of 

emergence of t he  boundary d i s l o c a t i o n s .  The d i s t ance  between t h e s e  

p o i n t s  is then  taken as  an e s t i m a t e  o f  t h e  diameter o f  the loop. By 

computer s imu la t ing  t h e  c o n t r a s t  o f  t h r e e  previous ly  i n t u i t i v e l y  

2 6 
analyzed ldops  Brandon and Perry i n d i c a t e d  t h a t  t h e  i n t u i t i v e  method 



t ends  t o  ove re s t ima te  t h e  loop s i z e  by about 20%. The method of  Brandon 

and Perry c o n s i s t e d  o f  vary ing  t h e  parameters  of t h e  computer model, 

e s p e c i a l l y  t h e  loop  r a d i u s ,  u n t i l  s a t i s f a c t o r y  agreement between simu- 

l a t e d  and a c t u a l  c o n t r a s t  was ob ta ined .  As long a s  t h i s  method is based 

on a s i n g l e  micrograph of each de fec t  i t  i s  no t  quite s a t i s f a c t o r y .  One 

should ,  on t h e  o t h e r  hand, be  a b l e  t o  do r a t h e r  w e l l  us ing  only  micro- 

graphs,  i f  a f i n e  enough evapora t ion  sequence is obtained.  This  w i l l  

b e  i l l u s t r a t e d  below wi th  t h e  a i d  of computer p l o t s .  

Figure 45 shows f o u r  c l o s e  s t a g e s  o f  a s imula ted  f i e l d  evapora t ion  

sequence o f  a t i p  con ta in ing  an i n t e r s t i t i a l  loop under (110). The p l o t s  

+ 3 

d i s p l a y  t h e  c o r r e c t  s p i r a l  s t r u c t u r e  accord ing  t o  t h e  gab c r i t e r i o n  

(q = 413 i n  t h i s  c a s e ) ,  e s p e c i a l l y  Fig. 45a. I t  is  obvious t h a t  the  

c e n t r a l  r t n g  is sweeping ac ros s  t h e  r i g h t  edge of t h e  loop dur ing  t h i s  

sequence. I t  is c l e a r l y  open, o r  s p i r a l l i n g ,  i n  Fig.  45a and completely 

c lo sed  i n  Fig.  45d. The p o s i t i o n  of  t h e  r i g h t  s i d e  p a r t i a l  i s  determined 

from a comparison o f  F igs .  45b and c and marked wi th  an A. A s i m i l a r  

cons ide ra t i on  r e v e a l s  t h e  l e f t  edge o f  t h e  loop. There is  a weak 

i n d i c a t i o n  of  a b reak  i n  t h e  t h i r d  r i n g  i n  Fig. 45b, and i n  Figs .  45c 

and d t h i s  b reak  becomes apparen t .  Based on Figs .  45a and d t h e  p o s i t i o n  

o f  t h e  l e f t  p a r t i a l  i s  determined t o  be  as marked wi th  a B .  The p o s i t i o n s  

A and B have been t r a n s f e r r e d  t o  Fig. 45a by superpos ing  t h e  p l o t s ,  and 

marked as A' and B ' .  This  can,  i n  t h i s  c a s e ,  be done e x a c t l y  s i n c e  t h e  

evapora t ion  s t a g e s  a r e  s o  c l o s e  t h a t  many image po in t s  a r e  common t o  t h e  

p l o t s .  The  a c t u a l  p o s i t i o n  of  t h e  loop w a s  a f te rwards  marked onto  Fig. 

45b. I n  t h i s  ca se  t h e  de te rmina t ion  i s  almost exact  as a comparison of 

markings of Fig. 45a and b i n d i c a t e s .  



It should be po in ted  o u t  he re  t h a t  i f  Fig. 45d a l c n e  i s  chosen f o r  

a n a l y s i s  and t h e  s t a r t i n g  p o i n t  o f  t h e  s p i r a l ,  i .e.  t h e  upper end of  the  

second r i n g ,  i s  taken a s  t h e  p o s i t i o n  of t h e  r i g h t  p a r t i a l  d i s l o c a t i o n ,  

t h e  d iameter  of  t h e  loop would be  underest imated by about 40%. I f ,  on 

t h e  o t h e r  hand, f i e l d  evapora t ion  i s  cont inued beyond t h e  s t a g e  of  

Fig. 45d s o  t h a t  t h e  c e n t r a l  p lane  d i s appea r s ,  t h e r e  would be  no way of  

t e l l i n g  t h e  p o s i t i o n  of t h e  r i g h t  p a r t i a l .  Actual ly  t h i s  s i t u a t i o n  i s  

approximately a t  hand i n  Fig.  45a. The only t h i n g  obvious i n  Fig. 45a 

is t h a t  t h e r e  i s  a  s t a c k i n g  f a u l t  running from approximately B '  towards 

t h e  c e n t e r  of t h e  pole.  I t  could  n o t  go beyond B '  t o  t h e  l e f t  s i n c e  t h e  

t h i r d  r i n g  i s  n o t  s tepped  as t h e  i n n e r  two a r e .  There is  no c l u e  i n  

Fig.  45a, hawever, t h a t  t h e  s t a c k i n g  f a u l t  ends a t  A' .  Rather i t  would 

appear  t o  pass  under t h e  s t a r t i n g  p o i n t  o f  t h e  s p i r a l ,  and could run 

almost  over  t o  t h e  r i g h t  s i d e  o f  t h e  i n n e r m s t  r ing .  Hence t h e  loop 

d iameter  would be  unce r t a in  t o  about 50%. 

An otherwise  i d e n t i c a l  c a s e  w i t h  a smaller loop is  i l l u s t r a t e d  i n  

Fig.  46. Th i s  loop  i s  too  s m a l l  to cross more than  one p lane  edge a t  a  

t i m e  ( i n  t h i s  p o s i t i o n ) .  During t h e  evapora t ion  sequence of  Fig.  46 

one  p l a n e  edge,  t h e  second r i n g  i n  Fig.  46a, sweeps over t h e  loop. 

There i s  a k ink  i n  t h e  innermost r i n g  i n  Fig.  46a, marked wi th  an arrow 

and t h e  le t ter  A, and t h e r e  appears  t o  be  a  kink i n  t he  second r i n g  

a c r o s s  t h e  ledge from A. I n  Figs .  46b and c  t h e  second r i n g  is  b reak ing  

and t h e  l e f t  edge of t h e  loop is  marked w i t h  a  B based on t h i s .  F igure  

46d i s  inc luded  only t o  make t h e  sequence e a s i e r  t o  fol low i n d i c a t i n g  

how the c e n t r a l  r i n g  i s  sh r ink ing .  There is a l s o  a gap i n  t h e  second r i n g  



i n  t h i s  p l o t .  I n  F ig .  46e t h e  c e n t r a l  r i n g  has  disappeared,  whereas 

t h e  gap i n  what is  now t h e  f i r s t  r i n g  remains. I n  Fig.  46f t h e  f i r s t  

r i n g  is c l o s e d  and t a k i n g  t h i s  t o  i n d i c a t e  t h a t  t h i s  r i n g  has  passed 

t h e  r i g h t  edge of t h e  loop ,  t h e  p o s i t i o n  marked C i n  Fig. 46e results 

f o r  the r i g h t  p a r t i a l .  The po in t  C i s  i n d i c a t e d  i n  Fig.  46b as  C' and 

B of t h e  l a t t e r  f i g u r e  i s  i n d i c a t e d  i n  Fig.  46e a s  B '  . The a c t u a l  loop 

p o s i t i o n  is marked i n  Fig. 46 f ,  and i t  is obvious t h a t  t h e  e s t i m a t i o n  

i n  t h i s  c a s e  i s  about 20% too  l a r g e .  It  should be  pointed o u t  he re  

t h a t  t h e  procedure o u t l i n e d  above wi th  r e s p e c t  t o  Fig.  46 r e l i e s  s t r o n g l y  

upon t h e  knowledge t h a t  t h e  loop  is  t h e r e .  The c o n t r a s t  i n  F ig .  46 

due t o  t h e  loop i s  probably t o o  sma l l  t o  be  d i scovered  i n  p r a c t i c e .  I f ,  

however, t h e  b reak ing  o f  a  r i n g  as i t  sweeps over  a  loop i s  observable ,  

t h i s ,  of cou r se ,  i s  a  p o s s i b l e  method of measuring the  loop s i z e .  

It should  a l s o  be  no t i ced  t h a t  t h e  d i s t a n c e  o f  t h e  loop from t h e  

s u r f a c e  i s  0.539 i n  Fig .  46a and 0.064 i n  Fig. 46f. This means t h a t  

t h e  width of t h e  loop  a t  i t s  i n t e r s e c t i o n  wi th  t h e  s u r f a c e  has  increased  

from 4 atoms t o  5 atoms du r ing  t h e  s imu la t ed  f i e l d  evapora t ion  sequence. 

Although t h i s  i s  q u i t e  meaningless f o r  such a  sma l l  loop ,  i t  i s  i m -  

p o r t a n t  i n  p r i n c i p l e  and i s  c l e a r l y  an a spec t  au tomat ica l ly  neglec ted  

when loops a r e  s imu la t ed  a s  d ipo l e s .  



I V .  COMPARISON WITH EXPERIMENTAL OBSERVATIONS 

A. Experimental  F a c i l i t i e s  and Methods 

The i o n  microscopy was performed i n  an atom probe f i e l d  i o n  

microscope , 40*41 al though t h e  atom probe c a p a b i l i t y  w a s  n o t  used i n  

t h i s  s tudy .  The microscope u t i l i z e s  a  80 L/S ion  pump and a  t i t an ium 

g e t t e r  as i t s  main vacuum system. A l i q u i d  n i t r o g e n  t rapped  o i l  d i f -  

f u s i o n  pump was used t o  remove t h e  imaging gas.  A background vacuum of 

one t o  f i v e  nTorr  was u s u a l l y  ob t a ined  wi th  t h i s  pumping system. 

The specimen h o l d e r  i s  ske t ched  i n  F ig .  47. A hollow copper 

c y l i n d e r  a c t s  a s  a  c o l d  f i n g e r .  An alumina rod is  p r e c i s i o n  f i t t e d  

i n t o  t h e  c y l i n d e r  t o  a c t  as an e l e c t r i c a l  i n s u l a t o r .  The t i p  i s  spo t  

welded t o  a  tungs ten  h a i r p i n  which i s  mounted i n  a  small copper block 

c o l d  p re s sed  i n t o  t h e  alumina rod. The copper c y l i n d e r  was cooled by 

p a s s i n g  co ld  hel ium g a s ,  b o i l e d  o f f  a  l i q u i d  hel ium dewar, through i t .  

The temperature  of t h e  c y l i n d e r  was monitored dur ing  experiments  w i th  

an Au + 0.7% Fe versus chrome1 thermocouple. The specimen h o l d e r  is  

mounted on a  t i l t  s t a g e  which a l lows  i t  t o  b e  r o t a t e d  around two 

mutual ly  perpendicu la r  axes  p a s s i n g  through t h e  t i p .  The hel ium t r a n s f e r  

l i n e  ends i n  a  s t a i n l e s s  s teel  bel lows f o r  t h e  necessary  f l e x i b i l i t y .  

F i e l d  i o n  t i p s  of  i r i d i u m  were prepared  by e l e c t r o p o l i s h i n g  i n  an 

aqueous s o l u t i o n  o f  CaCl The s t a r t i n g  m a t e r i a l  had a  nominal p u r i t y  
2' 

o f  99.5% wi th  a  r e s i s t i v i t y  r a t i o  (R 
2 7 3 0 ~ ~ 4 . 2 0 )  of 2 .6 .  Af t e r  annea l ing  

t h e  wires f o r  15 hours  a t  1500°C i n  a vacuum of 10 nTorr t he  r e s i s t i v i t y  

r a t i o  i nc reased  t o  26 which s t i l l  i n d i c a t e s  an 0 .2  atomic percent  

impur i t y  l e v e l ,  us ing  t h e  r e s u l t s  of  S c h u l t ~ ~ ~  a s  a  rough guide. 



The i r i d i u m  t i p s  were bombarded i n  s i t u  wi th  30 kV argon ions  

from an i o n  gun assembled s p e c i f i c a l l y  f o r  t h i s  purpose. The d i r e c t i o n  

of  bombardment was a long  t h e  aAs of t h e  t i p ,  made poss ib l e  by t h e  

r o t a t a b l e  specimen ho lde r .  The ion  beam e n t e r s  t h e  microscope through 

a one Hleter long  tube  wi th  o r i f i c e s  of 2 mm a t  bo th  ends. The l a t t e r  

act both  a s  a beam co l l ima to r  and a s  crude d i f f e r e n t i a l  vacuum b a r r i e r s .  

Between experiments  t h e  tube  i s  s e a l e d  off from both t he  microscope and the  

i o n  gun w i t h  va lves  and evacuated by a 8 R/S i o n  pump. Ion bombard- 

ments were performed wi th  t h e  imaging v o l t a g e  switched o f f .  Typica l  

bombardment t i m e s  were about f i v e  seconds,  dur ing  which time t h e  

p r e s s u r e  i n  t h e  microscope chamber ro se  t o  about 15  nTorr.  Hence con- 

tamina t ion  o f  t h e  t i p  should have been minimal. The temperature  of  t he  

specimen h o l d e r  (copper  c y l i n d e r )  was maintained a t  1 0 - 1 2 ' ~  du r ing  

bombardment. The t i p  temperature  has  n o t  been measured bu t  is  expected 

t o  be  a few degrees  h i g h e r ,  due mainly t o  p o s s i b l e  bad thermal  con tac t  

between t h e  alumina rod and t h e  copper b lock  suppor t ing  t h e  t i p  (Fig.  

47). 

A f t e r  bombardment t h e  t i p s  were examined a t  about 15°K (copper 

b lock  temperature)  by pulsed  f i e l d  evapora t ion ;  i.e. f i e l d  evapora t ion  

was e f f e c t e d  by superpos ing  a high vo l t age  pu l se  on t h e  image vol tage .  

Evaporat ion sequences were recorded by t a k i n g  a p i c t u r e  between each 

p u l s e  u s ing  a 35 mm Nikon F2 camera w i th  motor d r i v e  and a 250 

exposure f i l m  c a s e t t e .  A channel  p l a t e  image i n ~ e n s i f i e r  was u s e d  

t o  permit  h igh  speed photography. The f i l m  was processed a t  f a c i l i t i e s  

w i t h i n  t h e  l a b o r a t o r y  which w e r e  developed t o  process  spark  chamber f i lm.  



For t h e  l a t te r  purpose t h e  process ing  w a s  designed t o  enhance the  

c o n t r a s t  of  t h e  f i l m  a s  much as poss ib l e ,  which i s  r a t h e r  cont ra ry  t o  

t h e  needs of  i o n  micrographs.  The q u a l i t y  o f  t h e  micrographs s u f f e r e d  

from t h i s  b u t  g r e a t  s av ings  i n  t i m e  and e s p e c i a l l y  c o s t  were achieved. 

B. Examples of  Poss ib l e  Frank Loop Cont ras t  

I n  t h i s  s e c t i o n  some micrographs,  ob t a ined  i n  t h e  manner descr ibed  

i n  t h e  preceding  s e c t i o n ,  w i l l  be  p re sen t ed  a s  examples of t h e  type 

of  c o n t r a s t  p r e d i c t e d  by t h e  computer s imu la t i ons .  Figures  48 and 49 

show a few frames o f  a r a t h e r  long  evapora t ion  sequence d i sp l ay ing  a 

f a u l t  under (113).  Th i s  i s  one o f  t h e  c l e a r  c a s e s  of  d i s l o c a t i o n  loop 

c o n t r a s t  r e f e r r e d  t o  i n  t h e  i n t roduc t ion .  The micrographs i n  Fig. 48 

show t h e  appearance of  t h e  f a u l t  j u s t  a f t e r  i t  became v i s i b l e .  The 

o f f - cen t e r  p o s i t i o n  o f  t h e  c e n t r a l  r i n g  i n  Fig. 48a, as w e l l  as  the  

k ink  i n  t h e  c e n t r a l  r i n g  i n  Fig.  48b, c and d a r e  a l l  c l e a r l y  s i m i l a r  

t o  t h e  f e a t u r e s  ob t a ined  f o r  i n t e r s t i t i a l  loop c o n t r a s t  by computer 

s imu la t i on .  F igure  49 shows a  l a t e r  s t a g e  of t h i s  evapora t ion  sequence 

du r ing  which t h e  c o n t r a s t  i n  one frame ( 4 9 g )  is  a complete s p i r a l .  

During removal of  each  o f  t h e  fo l lowing  t h r e e  p l anes  a f t e r  t h e  s t a g e  

i n  Fig.  49h a complete s p i r a l  r ecu r s .  The c o n t r a s t  i n  Fig. 49g 

+ -+ 
i n d i c a t e s  t h a t  g -b  = 1 f o r  t h i s  loop. I f  t h e  loop  i s  a  Frank loop i t  

would then  be  e i t h e r  1 o r  ( 1 1 .  The t r a c e  of  ( l i l )  on (113) 

i s  [12 i ]  and t h a t  of  ( l i l )  is  [21 i ] .  These a r e  marked with arrows 

i n  Fig. 49c. Determining t h e  t r a c e  o f  t h e  loop i s  not  q u i t e  s o  s imple 

as one might t h ink .  I f  t h e  s p i r a l  of the  c e n t r a l  r i n g  is taken t o  

begin  on t h e  s t a c k i n g  f a u l t  i n  Fig. 49c and f ,  however, t he  t r a c e  o f  t h e  



f a u l t  must be [ 1 2 i ]  r a t h e r  than [21 I ] .  This  conclusion i s  f u r t h e r  

suppor ted  by F igs .  49b and e i n  which t h e  second r i n g  i s  beginning  t o  

bend t o  t h e  l e f t  of  t he  p o l e  ( a t  the  arrows) .  The loop p l ane  is  

hence ( i l l )  which is s l a n t e d  down t o  t h e  l e f t  i n  t h e  micrographs. The 

r u l e s  of t h e  i n t u i t i v e  theory can now b e  app l i ed  t o  determine the  na tu re  

of t h e  loop. I t  is  c l e a r l y  an i n t e r s t i t i a l  loop s i n c e  t h e  s p i r a l  

s t r u c t u r e  i n d i c a t e s  t h a t  t h e  p a r t  t o  t he  l e f t  of t h e  f a u l t  ha s  been 

pushed out  of  t h e  c r y s t a l .  It should be  no t i ced  t h a t  t h i s  conclusion 

depends e n t i r e l y  on a  c o r r e c t  de te rmina t ion  of t h e  loop p lane  which 

appears  somewhat u n c e r t a i n ,  e s p e c i a l l y  i f  a  f i n e  enough evapora t ion  

sequence i s  no t  a v a i l a b l e .  I f  t he  loop plane were (111) t h e  loop would 

be  i n t r i n s i c .  Based on t h e  computer p l o t s  o f  p a r t  111, on t h e  o t h e r  

hand, t h e  n a t u r e  o f  t h e  loop is obvious a l r eady  i n  Fig.  48. 

The s i z e  of  t h e  loop can be es t imated  i n  Fig. 49 by t h e  method 

d i scus sed  i n  s e c t i o n  111.5 (Fig.  45).  I n  Fig.  49f t h e  second r i n g  is  

about  t o  break ,  and t h i s  r i n g  should then  be pass ing  j u s t  o u t s i d e  t h e  

loop. I n  Fig.  49g t h e  second r i n g  has  broken away and jo ined  the  f i r s t  

t o  form a cont inuous s p i r a l  i n d i c a t i n g  t h a t  t h e  second r i n g  of Fig.  49f 

h a s  swept ove r  t h e  bounding p a r t i a l  d i s l o c a t i o n  going from Fig .  49f t o  

g. Thus t h e  upper edge of t h e  loop can be  pinned down r a t h e r  accura te ly .  

The lower edge i s  n o t  q u i t e  c l e a r l y  def ined  i n  t h i s  sequence, however. 

The s p l i t t i n g  up of  t h e  s p i r a l  i n  Fig.  49h i s  somewhat s u r p r i s i n g .  I t  

may i n d i c a t e  t h a t  t h e  c e n t r a l  r i n g  i s  about t o  c lo se  below t h e  loop,  i n  

which case  t h e  loop would be  approximately a s  marked i n  Fig.  49h. The 

wid th  of the  f i r s t  r i n g  i n  Fig.  49e i s  roughly 14a ( t i p  r a d i u s  " 90a) and t h e  



loop ,  a s  marked i s  about h a l f  o f  t h a t ,  o r  7a. In  i r i d ium t h i s  would 

be about 28A. It should be no t i ced  t h a t  the end of the  s p i r a l  i n  

Fig.  49g i s  q u i t e  f a r  from t h e  p a r t i a l ,  and a l s o  t h a t  any one of t h e s e  

micrographs taken a lone  would be  q u i t e  u se l e s s .  In  f a c t  an even f i n e r  

evapora t ion  sequence would be d e s i r a b l e .  The loop was v i s i b l e  over  

11 (113) p lanes  which g ives  an upper l i m i t  t o  i t s  s i z e  i n  t h e  d i r e c t i o n  

i n t o  t h e  t i p ,  a long  ( i l l ) ,  of about 7a a l s o .  

Figure 50 shows an evapora t ion  sequence of a (113) pole  which dis-  

p l a y s  t h e  t y p i c a l  c o n t r a s t  of a small i n t e r s t i t i a l  loop ( see  Figs.  38 

and 39).  Between Figs. 50a and r e i g h t  (113) planes have been removed. 

Eight  (113) p lanes  correspond t o  about  10 A .  To deduce the  s i z e  of t h e  

loop  from t h i s  in format ion  one must know t h e  p lane  of t h e  loop. I f  i t  

is  (111) then  t h e  s i z e  of t h e  loop  i s ,  a t  most, 10 A / s i n  29.5" 2 20 A. 

The bending of t h e  f i r s t  o r  second r i n g ,  as w e l l  a s  t he  o f f  c e n t e r  

p o s i t i o n  of  t h e  f i r s t  r i n g ,  occur  c o n s i s t e n t l y  on each plane. This  

l oop  i s  t o o  sma l l  t o  i n t e r s e c t  more than  one r i n g  a t  a time which 

limits i t s  s i z e  t o  l e s s  than 2 0 A .  

A similar case  on a (110) p lane  i s  shown i n  Fig. 51. Here seven 

(110) p lanes  (- 7 A ,  o r  12 A a long (111)) have been removed dur ing  t h e  

evapora t ion  sequence. The c o n t r a s t  is  aga in  cons i s t en t  on each p lane  

and c l e a r l y  t h a t  of an i n t e r s t i t i a l  loop. 



V. DISCUSSION 

There should  be  l i t t l e  doubt about t h e  r e s u l t s  of t he  computer 

s imu la t i on  i n  t h i s  i n v e s t i g a t i o n .  Taking t h e  p l o t s  a t  face  va lue  a l l  

conc lus ions  drawn from them fol low c l e a r l y  and unambiguously. The 

i s s u e  i s  hence n o t  t h e  i n t e r p r e t a t i o n  of  t h e  p l o t s  but  r a t h e r  t he  

r e l i a b i l i t y  o f  t h e  model, o r  models, producing t h e  p l o t s .  

The s h e l l  model ha s  proven capable  o f  c o r r e c t l y  p r e d i c t i n g  t h e  

q u a l i t a t i v e  f e a t u r e s  of  t h e  images o f  f a u l t e d  c r y s t a l s .  As mentioned 

i n  P a r t  I1 t h e r e  a r e  enough experimental  obse rva t ions  of s i n g l e  d i s loca-  

t i o n  c o n t r a s t  t o  make t h i s  c la im undisputed.  The q u a l i t a t i v e  f e a t u r e s  

of  t h e  d i s l o c a t i o n  c o n t r a s t  depend on t h e  long  range s t r a i n  f i e l d  of  

d i s l o c a t i o n s  r a t h e r  t han  on t h e  atomic con f igu ra t i on  a t  t h e  d i s l o c a t i o n  

core.  The main conc lus ions  drawn h e r e ,  namely t h a t  Frank loops  cause 

c o n t r a s t  whi le  completely i n s i d e  t h e  t i p  and t h a t  vacancy and i n t e r -  

s t i t i a l  loops  d i s p l a y  q u a l i t a t i v e l y  d i f f e r e n t  c o n t r a s t ,  a l s o  depend 

on t h e  l ong  range s t r a i n  f i e l d  and i n  t h i s  r e s p e c t  t h e  r e s u l t s  seem t o  

be  on s o l i d  ground. Some problems wi th  t h e  s h e l l  model a r e  apparent  

i n  t h e  computer p l o t s ,  however. In some cases involving a vacmcy loop 

wholly beneath t h e  s u r f a c e  t h e  c e n t r a l  r i n g  d i s p l a y s  a  gap as i t  

s t r e t c h e s  around t h e  depress ion  i n  t h e  s u r f a c e  ( s ee  e .  g. Figs .  36b 

and 39d ) This  does no t  appear i n t u i t i v e l y  reasonable .  One would 

r a t h e r  expect  t h e  r i n g  t o  be  c lo sed ,  a l though poss ib ly  imaging a t  a  

lower i n t e n s i t y  where t h e  s imula ted  r i n g  i s  open. Another problem is 

t h e  f requent  occur rence  of  spur ious  image s p o t s  i n  t h e  p l o t s ,  e s p e c i a l l y  

c l o s e  t o  t h e  p o i n t  o f  emergence of d i s l o c a t i o n s  ( s ee  e .g .  Figs .  38c 



and 42c . Both problems have t h e  same o r i g i n ,  i . e .  t he  r i g i d i t y  of 

t h e  s h e l l .  L a t t i c e  p o i n t s  a r e  e i t h e r  w i t h i n  t h e  s h e l l  o r  n o t ,  and the  

environment o r  coo rd ina t ion  o f  t h e  corresponding atoms is n o t  considered. 

Espec ia l ly  some of t h e  spur ious  image s p o t s  might be e l imina ted  by using 

atomic coord ina t ion  as an a d d i t i o n a l  imaging c r i t e r i o n  . Besides t h e  

p r i n c i p a l  d i f f i c u l t y  of d e f i n i n g  coord ina t ion  i n  a  heav i ly  s t r a i n e d  p a r t  

of a c r y s t a l ,  t h i s  a d d i t i o n  would inc rease  the  computational l a b o r  

s i g n i f i c a n t l y .  I n  any event  i t  does not  appear  f r u i t f u l  t o  add 

s o p h i s t i c a t i o n  t o  t h e  model a t  p resent .  Rather t h e  e f f o r t  should be  on 

experimental  observa t ions  and only i f  t h e s e  show the  simple model t o  

be l ack ing  should improvements be contemplated. 

The displacement f i e l d  o f  Frank loops according t o  Eq. (111.1) is  

based on l i n e a r  i s o t r o p i c  e l a s t i c i t y  theory .  Sanwald and Hren 
25 

claim 

t o  have made some computer s imu la t ions  o f  d i s l o c a t i o n  c o n t r a s t  us ing  

a n i s o t r o p i c  e l a s t i c i t y  n o t i c i n g  no d i f f e r e n c e  from r e s u l t s  based on 

i s o t r o p i c  e l a s t i c i t y .  I f  t h i s  is t h e  case i t  i s  fo r tuna te  indeed s i n c e  

t h e  a n i s o t r o p i c  displacement equat ions  a r e  exceedingly complicated. 

Equation 611.l)is s t r i c t l y  n o t  v a l i d  c l o s e r  t o  t h e  d i s l o c a t i o n  l i n e  than 

about f i v e  atomic diameters .  Again i t  should be no t i ced  t h a t  t h e  main 

conclusions of t h i s  i n v e s t i g a t i o n  a r e  no t  based on displacements c l o s e  

t o  t h e  d i s l o c a t i o n s ,  and hence they  should be  va l id .  Some o t h e r  

a s p e c t s  of t h e  s imula ted  c o n t r a s t  may however be ques t ionable  because 

of t h i s .  The d iscuss ion  of loop s i z e  i n  connection wi th  Fig. 

f o r  i n s t a n c e  r e l i e s  h e a v i l y  upon t h e  breaking of  image r i n g s  c l o s e  t o  

t h e  d i s l o c a t i o n s .  Although t h e  theory  i s  n o t  s t r i c t l y  v a l i d  i n  t h i s  

reg ion  t h e  displacements given by Eq. (111.1) may s t i l l  be r a t h e r  



good approximations. Since no arguments have been based on a c t u a l  

atomic conf igu ra t ions  i n  t he  p l o t s  t h e  r e s t r i c t e d  v a l i d i t y  of Eq. (111.1) 

should n o t  be of g r e a t  s i g n i f i c a n c e  i n  t h i s  contex t .  

Taking s u r f  ace r e l a x a t i o n  i n t o  account by supe rpos i t i on  of mirror  

loop displacements  i s ,  as w a s  po in ted  o u t  prev ious ly ,  by no means 

a n a l y t i c a l l y  r igorous.  This  procedure is  be l i eved  t o  be r e a l i s  t i c ,  

however, a t  l e a s t  i n  t he  sense  t h a t  i ts  e f f e c t  i s  i n  t h e  r i g h t  d i r e c t i o n ,  

i. e. i t  enhances the  depression and bulg ing  of t h e  su r f ace  caused by 

vacancy and i n t e r s t i t i a l  loops r e spec t ive ly .  The r e s u l t s  of t h i s  in-  

v e s t i g a t i o n  a r e  no t  dependent on s u r f a c e  r e l a x a t i o n ,  i. e .  they a r e  

v a l i d  whether r e l a x a t i o n  i s  taken i n t o  account o r  no t .  It i s  e s p e c i a l l y  

r ea s su r ing ,  however, t h a t ,  f o r  i n s t a n c e ,  t h e  c o n t r a s t  from loops t o t a l l y  

i n s i d e  t h e  t i p  could be  demonstrated wi thout  t he  use of t he  mi r ro r  loop 

s i n c e  t h e  e f f e c t  of t h e  mir ror  loop was i n t u i t i v e l y  expected t o  enhance 

t h i s  c o n t r a s t  . 
The model then  appears  t o  be sound as f a r  a s  q u a l i t a t i v e  geometr ical  

f e a t u r e s  of t h e  image c o n t r a s t  a r e  concerned. The model is  furthermore 

simple and f l e x i b l e  enough t o  permit ref inements  when t h e  need a r i s e s  

i n  t h e  form of more and b e t t e r  observa t ions .  

Although the  computer s imula t ion  p r e d i c t s  a c l e a r  q u a l i t a t i v e  

d i f f e r e n c e  between t h e  c o n t r a s t  from vacancy and i n t e r s t i t i a l  loops 

t h e  s i t u a t i o n  i s  no t  n e a r l y  so favorable  a s  t h i s  f a c t  impl ies .  The 

f i r s t  p o i n t  t o  be made i n  t h i s  contex t  is  q u i t e  obvious b u t  i t  appears 

necessary  t o  s t a t e  i t  e x p l i c i t l y  n e v e r t h e l e s s :  Examining a  computer 

p l o t  f o r  t h e  c o n t r a s t  due t o  a  p r e c i s e l y  known de fec t  conf igura t ion  is 



a matter e n t i r e l y  d i f f e r e n t  from t r y i n g  t o  deduce the  defect  configura- 

t i o n  responsib le  f o r  an observed con t ras t  e f f e c t .  I n  the former case 

the re  is a clear one t o  one re l a t ionsh ip ;  changing the  defec t  configura- 

t i o n  w i l l  change t h e  simulated con t ras t  and the  change i n  con t ras t  can 

always be r e l a t e d  t o  the  change i n  configurat ion s i n c e  the  l a t t e r  is  

p rec i se ly  known. Examining a micrograph, however, one is faced with 

numerous . p o s s i b i l i t i e s .  For ins tance ,  before  a d i s t i n c t i o n  between a 

vacancy and an i n t e r s t i t i a l  loop becomes maningfu l  one needs t o  know 

whether a  p a r t i c u l a r  c o n t r a s t  e f f e c t  is  caused by a Frank loop a t  a l l .  

The c o n t r a s t  e f f e c t s  pecu l i a r  t o  Frank loops a r e  c l e a r l y  due t o  

t h e  s t r o n g  t r ansverse  s t r a i n  f i e l d  of  these  loops. It appears q u i t e  

obvious, however, t h a t  a l l  pr i smat ic  loops w i l l  cause s i m i l a r  con t ras t  . 
Hence a d i s t i n c t i o n  between p e r f e c t  pr ismat ic  loops and Frank loops 

3 3 

can only be made based on the  gob c r i t e r i o n  which is  of l imi ted  use- 

fu lness  f o r  small loops,  and not  always unambiguous. The con t ras t  of 

Fig. 49 is  a case i n  point .  It was discussed i n  terms of an ; [ i l l ]  

3 3 
Frank loop. Since gab  was found t o  be equal  t o  one, i . e .  i n t e g r a l ,  

In t h i s ,  case, t h e  c o n t r a s t  could be caused by a p e r f e c t  loop on (111) 

wi th  Burgers vector  t[I01]. A l l  g l i s s i l e  loops,  i n  the  case t h a t  they 

a r e  not  swept out  of t h e  t i p ,  by the  f i e l d  induced s t r e s s  would be ex- 

pected t o  cause r a t h e r  d i f f e r e n t  con t ras t  from psismatic loops. 

Considering small  Frank loops e s p e c i a l l y ,  t h e  f a c t  t h a t  t h e i r  

s t r a i n  f i e l d  causes t h e  con t ras t  leads  t o  some f u r t h e r  considerat ion.  

I n  the  limit of  very small loops the  s t r a i n  f i e l d  would be e s s e n t i a l l y  

r a d i a l ,  e s p e c i a l l y  a t  some d i s t ance  from t h e  loop. Hence one would 

expect t h e  trame type of con t ras t  from any defec t  c l u s t e r s  with s t r o n g  



s t r a i n  f i e l d ,  say  a  c l u s t e r  of i n t e r s t i t i a l s  no t  i n  t h e  shape of a  d i s c ,  

o r  a c l u s t e r  o f  impuri ty  atoms. While such a  c l u s t e r  i s  beneath t h e  

s u r f a c e  of  a  f i e l d  i on  t i p  i t  would cause the  same type of c o n t r a s t  a s  

a  loop  beneath t h e  su r f ace .  The d i f f e r e n c e  would, however, be expected 

t o  become apparent  when t h e  s u r f a c e  g e t s  c l o s e  t o  t he  c lus t e l ;  o r  i n t e r -  

s e c t s  i t ,  i n  which case  the  c l u s t e r  i t s e l f  would appear as a number of 

b r i g h t  s p o t s  o r  poss ib ly  one very l a r g e  b r i g h t  spo t .  

There i s  an i n t e r e s t i n g  d i f f e r e n c e  between vacancies  and i n t e r -  

s t i t i a l ~  i n  t h i s  respec t .  A small d i s c  of vacancies ,  say t h e  vacancies 

of a 5 atom loop as def ined  h e r e ,  need n o t  n e c e s s a r i l y  cause t h e  sur-  

rounding c r y s t a l  t o  co l l apse  thus  forming a  d i s l o c a t i o n  loop. I f  t he  

c r y s t a l  does no t  c o l l a p s e  t h e r e  w i l l  b e  no, o r  a  very weak, s t r a i n  

f i e l d ,  and t h e  conf igura t ion  would be  v i r t u a l l y  i n v i s i b l e  i n  the  ion  

microscope. This p o s s i b i l i t y  i s  a t  hand more s t r o n g l y  f o r  s p h e r i c a l  

vacancy c l u s t e r s .  I n t e r s  t i t i a l s ,  on the  o t h e r  hand, w i l l  cause st r a i n  

i n  any conf igura t ion .  This  d i f f e r e n c e ,  i n  f a c t ,  e x i s t s  a l r eady  f o r  

s i n g l e  i n t e r s t i t i a l s  and vacancies .  This  f e a t u r e  may e x p l a i n  t h e  f a c t  

t h a t  on ly  i n t e r s t i t i a l  type  c o n t r a s t  has  been observed s o  f a r  i n  t h e  

i o n  bombarded t i p s  r e f e r r e d  t o  i n  P a r t  I V .  There may i n  f a c t  be smal l  

vacancy c l u s t e r s  a s  w e l l ,  b u t  uncol lapsed,so t h a t  no s t r a i n  f i e l d  is  

c rea t ed .  

The s t r a i n  f i e l d  w i l l  obviously a l s o  a f f e c t  t h e  e s t ima t ion  of t he  

s i z e  of loops.  Since t h e  s t r a i n  f i e l d  w i l l  cause con t r a s t  be fo re  t h e  

loop  i n t e r s e c t s  t he  s u r f a c e  i t  i s  no t  c o r r e c t  t o  simply count t he  

number o f  p lanes  on which the  c o n t r a s t  is  v i s i b l e  and take t h e  th ickness  

o f  t h e  removed m a t e r i a l  as the  p r o j e c t i o n  of the  width of t he  loop on 



t h e  image p l ane  normal. The a c t u a l  breakthrough of  t h e  loop t o  t h e  

s u r f a c e  appears ,  u n f o r t u n a t e l y ,  n o t  t o  be  a  s p e c t a c u l a r  even t ,  i. e. 

t h e  c o n t r a s t  looks  much t h e  same be fo re  and a f t e r  t h e  s u r f a c e  c u t s  

i n t o  t h e  loop. I n  F igs .  50 and 5 1  f o r  i n s t a n c e  t h e  c o n t r a s t  does not  

change much du r ing  t h e  evapora t ion  sequence. I t  is doub t fu l  i f  t h e  

computer model can h e l p  much w i t h  t h i s  problem. The breaking  through 

of  t h e  loop  t o  t h e  s u r f a c e  was d i scussed  t o  some l e n g t h  i n  P a r t  I11 

i n  d e s c r i b i n g  t h e  model ( s ee  Fig. 19 ) .  I t  appears  t h a t  t h i s  i s  a  

s i t u a t i o n  where d i s t i n c t i o n s  need t o  be  based on a c t u a l  a tomic con- 

f i g u r a t i o n s  c l o s e  t o  a  d i s l o c a t i o n  which i s  o u t s i d e  t h e  c a p a b i l i t y  of 

t h e  computer model a t  p r e s e n t .  

The stress f i e l d  i n  t h e  t i p  due t o  t h e  e l e c t r i c a l  f i e l d  has  s o  

f a r  n o t  been mentioned a t  a l l .  A t  b e s t  imaging v o l t a g e  t h i s  stress 

i s  about  G I 1 0  35 where G is  t h e  s h e a r  modulus. This i s  c l o s e  t o  t h e  

t h e o r e t i c a l  s h e a r  stress. The h y d r o s t a t i c  component of t h e  stress 

cor responds  t o  a  3% expansion o f  t h e  l a t t i c e .  The stress d i s t r i b u t i o n  

i n  t h e  t i p  has  n o t  been determined, b u t  i t  i s  c l e a r  t h a t  r a t h e r  s t r o n g  

s h e a r  stresses must be  p re sen t  i n  reg ions  o f  t h e  t i p .  Shear stresses 

would, of  course ,  d i s t o r t  t h e  s t r a i n  f i e l d  o f  a  d i s l o c a t i o n  loop and 

hence i ts  image. The f a c t  t h a t  d i s l o c a t i o n  images i n  e x c e l l e n t  agree- 

ment w i t h  g e o m t r i c a l l y  p r e d i c t e d  ones have been observed seems t o  

i n d i c a t e ,  on t h e  o t h e r  hand, t h a t  t h e  s t r e s s  f i e l d  i n  some reg ions  of 

t h e  t i p  is e s s e n t i a l l y  h y d r o s t a t i c .  A h y d r o s t a t i c  stress f i e l d  would 

merely expand t h e  l a t t i c e  r a d i a l l y  and n o t  d i s t o r t  d i s l o c a t i o n  con- 

f i g u r a t i o n s .  The stress f i e l d  i s  probably c l o s e s t  t o  h y d r o s t a t i c  i n  

t h e  c e n t r a l  reg ions  of  t h e  t i p  which would be a  good reason t o  conf ine  

obse rva t ions  t o  t h e s e  reg ions .  



The need f o r  exper imenta l  work based on f i n e l y  s tepped  evaporat ion 

sequences should be emphasized again.  I d e a l l y  one would want t o  be 

a b l e  t o  i n t roduce  s p e c i f i c  de fec t  conf igura t ions  i n  w e l l  def ined  

p o s i t i o n s  i r i to  f i e l d  i o n  t i p s ,  as one can i n  t he  computer model. The 

b e s t  system a v a i l a b l e  f o r  s tudy  would probably be annealed and quenched 

specimens, which would b e  known t o  conta in  de fec t s  of  vacancy type. 

The micrographs p re sen ted  i n  Figs.  48-51 were obta ined  from t i p s  born- 

barded and examined a t  a  low temperature (< 20°K). Since t h e  formation 

of d i s l o c a t i o n  loops of e i t h e r  k ind  under t hese  condi t ions  i s  somewhat 

s u r p r i s i n g  these  micrographs a r e  presented here  merely t o  i n d i c a t e  the  

p l a u s i b i l i t y  of t h e  s imula ted  c o n t r a s t  e f f e c t s .  The s i m i l a r i t y  between 

t h e  c o n t r a s t  o f  t h e  micrographs and t h a t  of t h e  computer p l o t s  cannot 

b e  denied. 



V I .  SUMMARY AND CONCLUSIONS 

The c o n t r a s t  due t o  sma l l  Frank d i s l o c a t i o n  loops i n  f i e l d  i on  

t i p s  w a s  analyzed by computer s imu la t ion .  The s imula t ion  of  t h e  image 

w a s  based on t h e  s h e l l  model and t h e  displacement f i e l d  of t h e  d i s loca -  

t i o n  loops  was computed us ing  t h e  exac t  displacement equat ion f o r  a  

c lo sed  d i s l o c a t i o n  loop  i n  an i s o t r o p i c a l l y  e l a s t i c  continuum 

(Burgers '  formula).  A s imple  method f o r  t a k i n g  t h e  e f f e c t  of s u r f a c e  

r e l a x a t i o n  on t h e  displacement f i e l d  i n t o  account was introduced.  The 

method c o n s i s t s  of superposing t h e  displacement f i e l d  of an image loop 

l o c a t e d  i n  t h e  mir ror  p o s i t i o n  of t h e  r e a l  loop r e l a t i v e  t o  t he  su r f ace .  

Simulated f i e l d  evapora t ion  sequences were produced by e i t h e r  i n c r e a s i n g  

t h e  raditas of t h e  s imula ted  t i p  wh i l e  moving i t s  c e n t e r  of cu rva tu re  

i n t o  t h e  t i p  a long  i t s  axis, o r  by simply sh r ink ing  t h e  s imulated 

s u r f a c e  concen t r i ca l ly .  The fo l lowing  conclusions were drawn from 

t h i s  i n v e s t i g a t i o n :  

Frank loops  w i l l  cause image c o n t r a s t  no t  only when they i n t e r s e c t  

t h e  t i p  s u r f a c e  b u t  when they a r e  wholly i n s i d e  the  t i p  as w e l l .  

Frank loops of vacancy and i n t e r s t i t i a l  type  cause q u a l i t a t i v e  

d i f f e r e n t  c o n t r a s t ,  recognizable  on i n s p e c t i o n ,  and r a t h e r  in-  

dependent of loop p l ane  and p o s i t i o n .  

Taking s u r f a c e  r e l a x a t i o n  i n t o  account only enhances a l l  analyzed 

c o n t r a s t  e f f e c t s  b u t  does not a l t e r  them q u a l i t a t i v e l y .  

Analysis  of  l a t t i c e  d e f e c t s  by i o n  microscopy should be based on 

ex tens ive  and f i n e l y  s tepped  evapora t ion  sequences and abso lu t e ly  

no t  on s i n g l e  micrographs. This a p p l i e s  both t o  t h e  c h a r a c t e r i z a t i o n  

of t h e  n a t u r e  of a  de fec t  and t o  t h e  de te rmina t ion  of i t s  s i z e .  



5. Determining the s i z e  of a Frank loop from i t s  image contrast i s  

very d i f f i c u l t ,  even using an evaporation sequence, s ince  the 

contrast i s  caused by the s train f i e l d  of  the loop which i s  

larger than the loop. 

6 .  Comparison with experimental observations indicated the plausibi l i ty  

of the simulated contrast.  
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FIGURE CAPTIONS 

Fig. 1. Geometrical image formation of 

a )  and b )  p e r f e c t  t i p  

c )  and d) t i p  c o n t a i n i n g  p l ana r  f a u l t  

Fig.  2. Geometrical image formation of po le  i n t e r s e c t e d  by  a d i s l o c a t i o n  

l i n e .  (Af t e r  Ref. 4 ) .  

a )  p e r f e c t  s t a c k  o f  p l anes  

b)  s t a c k  of p lanes  i n t e r s e c t e d  b y  d i s l o c a t i o n  

c)  e f f e c t  o f  f i e l d  evapora t ion  

d) r e s u l t i n g  s p i r a l  i n  i on  image . 
Fig. 3. Geometrical image formation of po le  i n t e r s e c t e d  by d i s l o c a t i o n  

-f + 
l i n e  when gob = 3. (Af t e r  Ref. 4 ) .  

a )  s t a c k  of p lanes  i n t e r s e c t e d  by d i s l o c a t i o n  

b) e f f e c t  of f i e l d  evapora t ion  

c )  r e s u l t i n g  t r i p l e  s p i r a l  i n  i o n  image- 

Fig. 4. E f f e c t  of p e r f e c t  d i s l o c a t i o n  loop on s t a c k  of p l anes .  (Af te r  

Ref .  10). 

a) bo th  d i s l o c a t i o n s  emerging on same ledge 

b) d i s l o c a t i o n s  emerging on d i f f e r e n t  ledges.  

Fig. 5. Geometrical image formation of  po le  cu t  by s t ack ing  f a u l t .  

(Af te r  Ref. 11 ) .  

a )  i n t r i n s i c  f a u l t  

b )  e x t r i n s i c  f a u l t .  

Fig. 6. Geometrical image formation of po le  i n t e r s e c t e d  by p a r t i a l  d i s -  

l o c a t i o n  ( Iq l  c 1 ) .  (Af t e r  Ref. 4 ) .  
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Fig.  6 ( con t . )  a )  s t a c k  of p lanes  c u t  by d i s l o c a t i o n  

Fig.  7. 

Fig. 8. 

F ig .  9. 

Fig.  10 

Fig.  11 

Fig. 12. 

b)  r e s u l t i n g  image. 

Geometrical image formation of  po le  i n t e r s e c t e d  by p a r t i a l  

d i s l o c a t i o n  ( 1  < Iq l  < 2 ) .  (Af te r  Ref. 4 ) .  

a) s t a c k  of p l anes  c u t  by d i s l o c a t i o n  

b )  r e s u l t i n g  image. 

Geometrical image formation o f  f a u l t e d  d i s l o c a t i o n  loop  

emerging i n  one p o l e  ( I q  ( < 1 )  (Af t e r  Ref. 4 ) .  

a )  s t a c k  of p lanes  i n t e r s e c t e d  by loop 

b) r e s u l t i n g  image 

Geometrical image formation of d i s s o c i a t e d  p e r f e c t  d i s l o c a t i o n  

emerging i n  one pole .  (Af t e r  Ref. 4) .  

a )  s t a c k  of  p l anes  c u t  by d i s s o c i a t e d  d i s l o c a t i o n  

b) r e s u l t i n g  image 

a) Image o f  (001) p o l e  i n t e r s e c t e d  by a Frank d i s l o c a t i o n  loop. 

The l oop  i s  e i t h e r  a  vacancy loop on (111) o r  an i n t e r s t i t i a l  

loop  on (111). 

b )  Geometry o f  t h e  s i t u a t i o n  descr ibed  i n  a ) .  

a )  Sketch of t h e  (111) p lane  c r o s s i n g  t h e  (001) p l ane  w i th  

p o s s i b l e  Burgers v e c t o r s  o f  Shockley type i n d i c a t e d .  

b )  Re la t i onsh ip  between Shockley Burgers v e c t o r s  and atomic 

p o s i t i o n s  on t h e  (111) plane.  

I l l u s t r a t i o n  o f  how i n t r i n s i c  and e x t r i n s i c  s t a c k i n g  f a u l t s  can 

be d i s t i n g u i s h e d  by uieasuring t h e  s i z e  of  h a l f  r i n g s  (see Text) .  

(Af te r  Ref. 12 ) .  a)  i n t r i n s i c  f a u l t  

b )  e x t r i n s i c  f a u l t .  



Fig.  13. Computer s imu la t ed  i o n  image showing s t e r eog raph ic  t r i a n g l e  

o f  (001) o r i e n t e d  f c c  c r y s t a l .  

F ig ,  14  a )  Sketch of Fig. 4a from Ref. 11 showing s imula ted  c o n t r a s t  

of a  t i p  con ta in ing  a  Frank loop of vacancy type  under (022). 

b )  Correc ted  v e r s i o n  of  a ) .  

Fig. 15. I l l u s t r a t i o n  of  c lo sed  d i s l o c a t i o n  loop and coord ina te  system 

used t o  d e r i v e  t h e  displacement f i e l d  o f  t h e  loop. 

Fig.  16 a )  Coordinate  sys tem used t o  c a l c u l a t e  displacement f i e l d  of 

hexagonal loop.  

b )  I l l u s t r a t i o n  of  " f i ve  atom loop". 

Fig.  17. Sketch o f  image loop i n  m i r r o r  p o s i t i o n  of r e a l  loop r e l a t i v e  

t o  t i p  s u r f a c e ,  and coo rd ina t e  system used f o r  mi r ro r  loop 

displacements .  

Fig. 18.  Sketch o f  s i t u a t i o n  when t h e  r e a l  loop i n t e r s e c t s  t h e  s u r f a c e ;  

m i r r o r  loop  w i l l  be  r e f l e c t e d  i n t o  t h e  t i p .  

Fig.  19. View of a (1 i0)  p l ane  c u t t i n g  through a  vacancy loop  on (111) 

under (110). 

Fig.  20 a) Re la t i onsh ip  between change i n  t i p  r a d i u s  (AR)  and amount 

of  m a t e r i a l  removed a long  t i p  a x i s  ( A Z ) .  (Ref. 9 ) .  

b)  Same a s  a) f o r  reg ion  f a r  from t i p  a x i s .  

F ig .  21. Computer s imu la t ed  images of  s t a c k i n g  f a u l t s  c ros s ing  t h e  

(111) po le .  

a )  I n t r i n s i c  f a u l t  running through c r y s t a l  

b )  E x t r i n s i c  f a u l t  running through c r y s t a l  

c )  I n t r i n s i c  f a u l t  ending i n  c e n t e r  of t h e  po le  

d) E x t r i n s i c  f a u l t  ending i n  c e n t e r  of t h e  po le .  



Fig. 22. As Fig.  21 f o r  (002) pole .  

Fig. 23. A s  Fig.  21  f o r  (113) pole .  

Fig. 24. As F ig .  21 f o r  (224) po le .  

Fig. 25. Simulated evapora t ion  sequence of  a t i p  conta in ing  a vacancy 

loop under t h e  (110) po le .  Only r e a l  loop displacements  used. 

Fig.  26. As Fig.  25 w i t h  m i r r o r  loop displacements  app l i ed  t o  upper 

p a r t  of  c r y s t a l .  

Fig.  27. As Fig. 25 w i t h  mi r ro r  loop displacements  app l i ed  t o  t h e  whole 

c r y s t a l .  

Fig.  28. As Fig.  25 w i t h  real and m i r r o r  loop  t runca t ed  a t  su r f ace .  

Fig. 29. Shor t  s imu la t ed  evapora t ion  sequence o f  a t i p  con ta in ing  an 

i n t e r s t i t i a l  loop  under t h e  (11 i )  po le  us ing  two models. 

a)  and b )  on ly  r e a l  loop d isp lacements  

c)  and d) m i r r o r  loop  displacements  superposed t o  upper 

p a r t  o f  c r y s t a l .  

Fig. 30. D e f i n i t i o n  of  parameters  used t o  l o c a l i z e  loops wholly beneath 

t h e  s u r f a c e .  

Fig.  31. Simulated evapora t ion  sequence o f  t i p  con ta in ing  an i n t e r s t i t i a l  

l oop  under t h e  (113) po le .  Loop wholly beneath t he  s u r f a c e .  

a) - f) only  real loop displacements  

f )  iis c)  w i t h  mi r ro r  loop superposed 

h)  as d) w i th  mi r ro r  loop  supe rposed .  

F ig .  32. A s  Fig.  31  w i th  vacancy loop.  

a )  - d)  only r e a l  loop displacement  

e )  as a )  w i t h  mi r ro r  loop superposed 

f )  a s  b)  w i th  mir ror  loop superposed 



Fig. 33. Two s imu la t ed  images o f  t i p  con ta in ing  a  vacancy loop  under 

t h e  (111) po le .  Loop wholly beneath t h e  su r f ace .  

a )  and b)  only r e a l  loop  displacements  

c )  a s  b )  w i t h  mi r ro r  loop displacements  superposed t o  upper 

p a r t  of c r y s t a l  

d) a s  b )  w i t h  mi r ro r  loop displacements  superposed t o  whole 

c r y s t a l .  

F ig .  34 .  A s  Fig.  33 w i th  i n t e r s t i t i a l  loop. 

a) ,  b )  and c )  only r e a l  loop  displacements  

d) a s  b)  w i t h  mi r ro r  loop displacements  superposed t o  upper 

p a r t  of c r y s t a l  

e )  as b )  w i t h  mi r ro r  loop displacements  app l i ed  t o  whole c r y s t a l .  

f )  as c )  w i t h  mi r ro r  loop displacements  app l i ed  t o  whole c r y s t a l .  

Fig.  35. S imula t ion  o f  Frank loop c o n t r a s t  when t h e  loop i s  somewhat 

removed from a po le .  Loop wholly beneath t h e  su r f ace .  

a )  and b )  I n t e r s t i t i a l  loop n e a r  (113) p o l e  

c)  and d)  Vacancy loop n e a r  (113) pole. 

Fig.  36. a )  and b)  Simulated c o n t r a s t  of  a  vacancy loop  wholly beneath 

t h e  s u r f a c e  below t h e  (113) pole .  

c)  and d) as a )  and b) f o r  i n t e r s t i t i a l  loop. 

Fig. 37. Simulated evapora t ion  sequence o f  a  t i p  con ta in ing  a  vacancy 

loop i n t e r s e c t i n g  t h e  s u r f a c e  below t h e  (113) pole.  

Fig.  38. As Fig. 37 f o r  i n t e r s t i t i a l  loop. 

Fig. 39. a )  and b )  Simulated c o n t r a s t  of an i n t e r s t i t i a l  loop wholly 

beneath t h e  s u r f a c e  above the  (113) pole .  



Fig.  40. 

Fig.  41. 

Fig. 42. 

Fig. 43. 

Fig. 44. 

Fig.  45. 

Fig .  46. 

Fig. 47. 

Fig. 48. 

Fig.  49. 

Fig.  50. 

Fig .  51. 

As Fig.  39 w i t h  t h e  loops  i n t e r s e c t i n g  t h e  s u r f a c e .  

Sketch of two I111) p lanes  i n  equ iva l en t  p o s i t i o n  under (110). 

a )  , c) and e )  Simulated evapora t ion  sequence of a  t i p  con ta in ing  

a  vacancy loop  i n t e r s e c t i n g  t h e  s u r f a c e  above t h e  (111) po le  

b ) ,  d) and f) As  a ) ,  c)  and e )  f o r  i n t e r s t i t i a l  loop.  

a )  Simulated c o n t r a s t  of a  vacancy loop wholly beneath t h e  

s u r f a c e  below t h e  (111) po le .  

b )  As a )  f o r  an i n t e r s t i t i a l  loop.  

a )  and b )  Simulated c o n t r a s t  o f  i n t e r s t i t i a l  loop i n t e r s e c t i n g  

t h e  s u r f a c e  above t h e  (113) pole .  

c) and d) As a )  and b )  f o r  vacancy loop. 

Simulated evapora t ion  sequence o f  a  t i p  con ta in ing  a  t h i r t e e n  

atom i n t e r s t i t i a l  loop  i n t e r s e c t i n g  t h e  (110) po le .  The 

sequence i l l u s t r a t e s  t h e  de te rmina t ion  o f  t h e  s i z e  of  t h e  loop.  

As Fig. 45 f o r  a  f i v e  atom loop.  

Sketch of  f i e l d  i o n  t i p  h o l d e r .  

Evaporat ion sequence o f  (113) r eg ion  of an i r i d i u m  t i p  

showing p o s s i b l e  Frank loop  c o n t r a s t .  

Cont inuat ion of  Fig. 48 i l l u s t r a t i n g  t h e  de te rmina t ion  of  

loop p l ane  and s i z e .  

Evaporat ion sequence o f  (113) r eg ion  of an i r i d i u m  t i p  showing 

p o s s i b l e  Frank loop c o n t r a s t .  

A s  Fig.  50 f o r  (110) r eg ion .  
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UACFJNC* LOOP UACFJNCY LOOP 
110 PLFJNE I N  1 1 0  P R O J E C T I O N  110 PLFJNE I N  1 1 0  PROJECTION 
T I P  R R O I U S 1 3 7 4 . 1 3 7  LFJTT ICE CONSTRNTS T I P  R R O I U S a 3 7 4 . 2 5 0  LFJTTICE CONSTRNTS 

1 . 0 4 2  P  - . 0 4 2  
LOOP OIFJWTER - 3 1 . 0 0  RTOMS LOOP OIOMETER - 3 1 . 0 0  ATOMS 
D I S T R N C E  FROn SURFRCE = . 0 6 0  OISTRNCE FROM SURFRCE . 0 4 ?  
KO - 1 4 3  L 0 = 1 0 6 2 ,  no - S 2 0  KO 114, L O - 1 0 6 2 ,  MO 5 2 %  

UOCRNCY LOOP 
110 PLRNE I N  1 1 0  P R O J E C T I O N  
T I P  RFJOIUS=374 .42  L R T T I C E  CONSTRNTS 
P = . 0 4 2  
LOOP O I O n E T E R  1 3 1 . 0 0  RTOflS 
DISTFJHCE FROn SURFRCE = . 0 2 ?  
K O  1 1 4 .  L O = ~ O ~ Z ,  no - 6 2 8  

URCONCY LOOP 
110 P L m E  I n  110 PROJECTION 
T I P  RFJOIUS-374.53 LFJTTICE CONSTONTS 

Fig. 25 
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uacmcv LOOP UITH MIRROR I n n G E  
110 P L m E  IN 110 PROJECTION 
T I P  R R O I U S = 3 ? 4 . 1 4  L R T T I C E  CONSTRNTS 
P -  . 0 4 2  
LOOP OIRMETER-31.00 nrons 
O I S T I N C E  FROM SURFRCE - . 0 6 O  
u o = i 4 1  ~ o = i o 6 2 ,  no- sze 

URCRNCV LOOP U I T H  MIRROR IMRGE 
110 PLRNE I N  1 1 0  P R O J E C T I O N  
T I P  R Q O I U S = 3 ? 4 . 2 5  L R T T I C E  CONSTQNTS 
P =  . 0 4 2  
LOOP O I R M E T € R = 3 1 . 0 0  RTOMS 
OISTQNCE FROM SURFQCE = . 0 4 7  
KO-14.  L O - 1 0 6 2 1  MO- 528 

U A C I N C Y  LOOP U I T H  MIRROR I M R 6 E  
110 P L A N E  I N  110 P R O J E C T I O N  
T I P  R R O I U S = 3 7 4 . 4 2  L R T T I C E  CONSTQNTS 
P- - 0 4 2  
L O O ~ ~ O ~ R ~ E T E R - ~ ~  .OO FJTOns 
OXSTANCE FROM SURFRCE - . 0 2 7  
KO-14,  L O - 1 0 6 2 ,  no- S2B 

URCRWCY LOOP U I T H  MIRROR IMRGE 
110 PLQNE I N  110 P R O J E C T I O N  
T I P  R R O I U S = 3 7 4 . S 3  L R T T I C E  CONSTFJNTS 
P =  . 0 4 2  
LOOP O I R M E T E R - 3 1 . 0 0  ATOMS 
O I S T R N C E  FROM SURFRCE = .O13  
KO-148  L O = l O C Z ,  no- 6261 

d 
X B L  739-1216  
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U I C I N C Y  LOOP U I T H  MIRROR I M O 6 E  
110 r L m e  IN 110 PROJECTION 
T I P  R R O I U S = 3 7 4 . 1 *  L R T T I C E  CONSTONTS 

L O O P ~ O X R ~ E T E R = ~ ~ . ~ ~  @TOMS 
O I S T R N C E  FROM SURFOCE = . 0 6 0  
~ o - i 4 ,  L O = ~ O ~ Z ,  no- sze 

U a c a N c Y  LOOP UITH n I w m  IMOGE 
110 P L a N E  I N  1 1 0  P R O J E C T I O N  
T I P  R P O I U S = 3 7 4 . 4 2  L O T T I C E  CONSTQNTS 
P= n 4 7  
i . o o i - L i i ~ n ~ ~ ~ a - 3 i  .oo arons 
DISTONCE F P O n  SUPFQCE = . 0 2 7  
K 0 = 1 4 r  L O = 1 0 6 2 ,  5 2 0  

UFICRNCY LOOP U I T H  MIRROR IMFIGE 
1 1 0  PLFINE I N  1 1 0  P R O J E C T I O N  
T I P  RGOIUS=374 .2S  L f l T T I C E  CONSTONTS 

.P* - 0 4 2  
~ L O O P - O ~ ~ ~ E T E R - ~ ~  .oo arons 
DIST6 lNCE FROn SURFRCE = . 0 4 7  
KO*14n L O = 1 0 6 2 r  MO- SZE 

UPCRNCY LOOP U I T H  n I P R O R  IMOGE 
1 1 0  PLf lNE I N  1 1 0  P R O J E C T I O N  
T I P  R O O I U S = 3 7 4 . 6 3  L O T T I C E  CONSTRNTS 
P m  . n 4 7  
L ~ O P - ~ ~ ~ ~ E ~ E R - J I  .oo arons 
D I S T O N C E  FROM SURFQCE . O l J  
K 0 = 1 4 r  L 0 = 1 0 6 2 ,  n o =  5 2 8  

X B L  7 3 9 - 1 2 1 4  

Fig. 2 7  



URCPNCY LOOP UITH MIRROR I n a m  
110 PLRNE I N  1 1 0  P R O J E C T I O N  
T I P  R R O I U S = 3 7 4 . 1 4  L R T T I C E  CONSTRNTS 
P =  . 0 4 2  
LOOP O I R M E T E R = 3 1 . 0 0  RTOMS 
OISTRNCE FROM SURFRCE = . 0 6 6  
KO-14,  L O - 1 0 6 2 .  MO= 5 2 8  

U ICRNCY LOOP U I T H  n I R R D H  I n R G E  
110 PLRNE I N  1 1 0  P R O J E C T I O N  
T I P  R A O I U S = 3 7 4 . 4 2  L R T T I C E  CONSTRNTS 

~ ~ o P - D ~ R ~ ~ E T E R = ~ ~  .OO ATOMS 
OISTRNCE FROM SURFRCE = - 0 3 3  
KO-14,  L O = 1 0 6 2 .  MO- 526 

URCRNCY LOOP U I T H  MIRROR IMRGE 
110 PLRNE I N  110 P R O J E C T I O N  
T I P  R R O I U S = 3 7 4 . 2 5  L Q T T I C E  CONSTRNTS 
P= . 0 4 2  
LOOP OIR~ETER=JI.OO a T o n s  
O I S T R N C E  FROM SURFRCE = . 0 5 3  
U O - f 4 .  L 0 = 1 0 6 2 .  n o =  5 2 0  

U I X R N C Y  LOOP U I T H  MIRROR I n R G E  
1 1 0  PLRVE I N  1 1 0  P R O J E C T I O N  
T I P  R R O I U S = 3 7 4 . 5 3  L R T T I C E  CONSTRNTS 

LDOP-D~RMETER=~I .OO RTOMS 
O I S T R N C E  F P O n  SURFRCE = . 0 1 9  
K O ~ 1 4 s  L O - 1 0 6 2 .  n o =  5 2 8  

d 
X B L  7 3 9 - 1 2 1 3  
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I N T E R S T I T I R L  LOOP 
11I PLRHE I N  ill P R O J E C T I O N  
T I P  R R O I U S  = 9 9 . 6 0  L R T T I C E  CONSTRNTS 
P r .n7R 
~ O O P - ~ I ~ T E R  5 3 1  .oo R T o n s  
OISTRNCE F R O n  SURFRCE = . 2 2 2  
KO = i 4 .  L O  - 4 4 8 .  H n  = 5 9 . 5  

I N T E R S T I T I R L  LOOP U I T H  n1RROR IMRGE 
111 PLRNE I N  111 P R O J E C T I O N  
T I P  R R O I U S =  9 9 . 6 0  L R T T I C E  CONSTRNTS 
P=  -078 
LOOP D I R M E T E R = 3 1 . 0 0  R T O n S  
D I S T R N C E  F R O n  SURFRCE= - 2 2 2  

TRNTS 

L O O P ~ O I R ~ E T E R = ~ ~  .OO RTOnS 
OISTRNCE FROM SURFACE= . I 9 7  
KO=I~, LO= 4 4 8 ,  Hn=  59.5 
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I N T E R S T J I I R L  L O O P  
113 P L Q N E  I N  111 P R O J E C T I O N  
T I P  R Q O I U S  = 9 6 . 0 2  L U T T I C E  CCNSTPWTS 
P . . O ? R  

I N T E R S T I T I O L  L O O P  
1 1 3  P L R N E  I N  ill P R O J E C T I O N  
T I P  R F ) O I U S  = 9 8 . 5 1  L Q T T I C E  C O N S T R N T S  
P r .n7R 
~ O O P ' ~ I & E T E R  = 9 . 0 0  R T O n S  
O I S T R N C E  F R O n  SURFRCE = 3 . 9 2 6  
KO -10, L O  1 2 1 8 .  Hf l  1 4 6 . 5  

I N T E P S T I l I P L  L O O P  
1 1 3  P L P N E  I N  I 1 1  P W O J E C T I O N  
TIP P n u l r s  = 9 6 . 3 9  L U T T I C E  C O N S ~ R N T S  
P = . G i R  
L~~OP~OIP I~ETEP = 9 . 3 0  n ~ o n s  
D I S T a N C E  FRO11 L U H F P C E  = 4 . C 4 3  
uo = ~ C I  L O  = z i 8 .  tin = i o c . 5  

I N T E R S T I T I P L  LOOP 
1 1 3  P L Q N E  I N  Ill P R O J E C T I O N  
T I P  R R O I U S  = 9 8 . 6 0  L P T T I C E  C O N S T P N T S  
P  = . 0 7 8  
L O O P  O I R r l E T E R  = 9 . 0 0  a T o n s  
O I S T P N C E  F R O n  SURFRCE = 3 . 8 ! 3 4  
K O  = l o .  L O  = 2 1 0 .  H l l  = 1 4 6 . 5  

d 
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I r r T E R 6 7 I T f n r .  LUGP 
1 1 3  P L P N t  I N  ill P R O J E T T I C N  
T I P  R P D I L I S  99 .70  LaTTICE C D h S l U N T S  
P r  0 7 R  

I N T E R S T I T I F I L  LOOP 
1 1 3  P L n N E  I N  111 P R O J E C T I O N  
T I P  RFIOIUS = 1 0 1 . 2 7  LF ITT ICE  CONSTaNTS 

I N T E R S T I T I F I L  LOOP U I T N  n I R R O R  InF IGE 
1 1 3  PLFINE I N  111 P R O J E C T I O N  
T I P  RFIOIUS= 9 8 . 6 0  L O T T I C E  CONSTFINTS 

h 
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UPCPWCV L O O P  
113 P L P N E  I N  111 P Y O J E C T I O W  
T I P  R P O I U S =  9 8 . 2 6 0  L P l T I C E  C O N S T P N T S  
P  = . 0 ? 8  
LOOP O I R n E T E R  = 9.00 P 1 0 M  
O I S l F I N C E  F R O M  S U R F P S E  = 4 . 0 4 C  
K O  110, L O =  2 1 6 ,  nLJ = 1 4 7  

UFICPNCV L O O P  
1 1 3  PLFINE I N  111 P R O J E C T I O N  
T I P  R I ~ O I U S *  9 8 . 5 3 9  L P T l l C E  C O N S T P N T S  
P  = . 0 7 8  
L O O R  D I P P E T E R  = 9 . 0 0  @TOMS 
O I S T P N C E  F R O n  SURFFICE s 3 . 8 7 0  
K O  = l o ,  L O =  2 1 6 ,  MO = 1 4 7  

URCONCY L O O P  
113 P L R N E  I N  111 P R O J E C T I O N  
T I P  R P O I U S = 1 0 0 . 5 7 9  L Q T T I C E  CONSTFINTS 
P - . 0 7 8  
LOOP O I F I n E T E R  = 9 - 0 0  a T o n s  
O I S T F I N C E  FROM SURFOCE - 2 . 7 9 3  
K O  -10. LO= 7 1 6 .  no = 147 

X B L  7 3 9 - i 2 i i  
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UPCPNCY LOOP U I T H  VlRROR I f lPGE 
1 1 3  PLPNE I N  Ill P ~ ~ O J E C T I O N  
T I P  RCIOIUS* 9 8 . 2 6  LPTTICE cONSTRNTS 
P I  .O?B 
LOOP DIPI?ETER= 9 . 0 0  PTOVS 
OISTPNCE FROn SURFPCE ' 4 . 1 1 1  
KO-10, LO= 216.  fl0= 1 4 7  

URCPNCV LOOP U I T H  IlIRROR I n R 6 E  
1 1 3  PLFINE I N  Ill PROJECTION 
T I P  RFIOIUS= 9 8 . 6 8  LPTTICE CONSTANTS 
P= .078  
LOOP OIFInETER= 9 . 0 0  PTOVS 
OISTPNCE FROn SURFPCE z 3 . 8 9 8  
60-10, LO= 216, no= 137 

f 
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URCaNCY LOOP 
11% PLPNE I N  1 1 %  P R O J E C T I O N  
T I P  R Q O I U S - 1 0 4 . 6 5  L R T T I C E  CONSTRNTS 

UDCPNCY LOOP 
111 PLRNE I N  l1i P R O J E C T I O N  
T I P  R D O I U S - 1 0 3 . 4 9  L A T T I C E  CONSTPNTS 
P - -  . 0 7 8  

OOP DIDMETER = l l . O O  DTOnS 
I S T n N C E  FROM SURFRCE ' 1 . 8 4 8  

KO - 1 2 ,  L O  - 450.  no - 60 

P - .O?B 
LOOP O I R n E T E R  = 1 1 . 0 0  RTOMS 
O I 6 T a N C E  F R O n  SURFRCE - 2 . 2 1 6  
KO - 1 2 .  LO - 450 .  no - 6 0  

URCRNCY LOOP U I T H  MIRROR I n a 6 E  
111 PLQNE I N  111 P R O J E C T I O N  
T I P  R P O I U S - 1 0 3 . 4 3  L R T T I C E  CONSTDNTS 
P -  . 0 7 8  
LOOP O I R n E T E R = 1 1 . 0 0  DTOnS 
O I S T P N C E  F R O n  SURFRCE - 1 . 8 4 8  
KO-12.  L O -  4 5 0 s  I lO*  6 0  

UDCDNCY LOOP U I T H  RIRROR I n R G E  
111 PLANE I N  111 PROJECTION 
T I P  R D O I U S = 1 0 3 . 4 9  L R T T I C E  CONSTANTS 
P =  . 078  
LOOP O I R n E T E R = 1 1 . 0 0  DTOnS 
OISTRNCE FROn SURFACE - 1 . 6 4 8  
K 0 = 1 2 ,  LO= 4 5 0 ,  n o =  60 
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I N T E R S T I T I R L  LOOP 
l i T  P L A N E  I N  t l T  P R O J E C T I O N  
T I P  R Q O I U O  * 1 0 3 . 4 9  L R T T I C E  CONSTQNTS 

I N T E R S T I T I R L  LOOP 
1 1 T  PLPNE I N  111 P R O J E C T I O N  
T I P  R Q O I U S  ' 1 0 3 . 7 0  L R T T I C E  CONSTRNTS 

I N T E R S q I T I P L  L a D P  U I T H  n I R R D R  I N P G E  
L I T  PLQNE I N  111 P R a J E C T I r n  
T I P  R a O I U S = l O 3 . ? 0  L R V I C E  CONSTQNTS 
P -  .O?B 
LMP O I R ~ E T E R - ~ ~  .oo mans 
D I S T R N C E  FRON S u R F O C E = 2 . 0 8 8  
K O - 1 2 1  LO=  4 4 0 ,  HN=  59 .5  

XBL 739-1200 
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I N T E R S T I T I A L  L O O P  U I T H  M I R R O R  I M R G E  
ill P L n N E  I N  111 P R O J E C T I O P  
T I P  R R D I U S = l O 3 . 7 0  L I I T T I C E  C O N S T R N T S  

I N T E R S T I T I A L  L O O P  U I T H  M I R R O R  I n a G E  
111 P L A N E  I N  111 P R O J E C T I O N  
T I P  R t 3 O I U S = 1 0 3 . 4 9  L f i T T I C E  C O H S T Q N T S  
P =  . 078  
LOOP O I O f l E T E R = l l  .CO R T O M S  
O I S T A h C E  F R O M  S U R F R C E = Z . O I S  
K 0 = 1 ? 1  LO-  4 4 8 1  HM= 5 9 . 5  

f 
XBL 739-1195 
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l N T E R S T I T I @ L  LOOP 
113 PLONE I N  111 PROJECTION 
TIP R~OI~JS - 9 9 . 0 7  L R T T I C E  CONSTaNT6 
P  - . 0 7 0  
LOOP O I a n E T E R  = 9 . 0 0   tons 
O I S T a N C E  FROn SURFRCE -2.543 
Y O  -20. LO - Z O ~ ,  nn = 1 4 9 . 5  

I N T E R S T I T I ~ L  LOOP 
1 1 3  P L n N E  I N  ill PROJECTION 
T I P  R W l I U S  1 9 9 . 3 6  L R T T I C E  CONSTaNTS 

UQCPNCV LOOP 
113 PLONE I N  111 P P O J E C r I O N  
T I P  l P @ l U S =  9 9 . 7 8 7  L P T T X C E  CONSTPNTS 

bUCRNC'r LOOP 
1 1 3  PLOW€ I N  11% PPOJECTIOH 
TIP PPUIUS= 9 9 . 9 5 7  LGTTICE C o N s T n w r s  

d 
X B L  7 3 9 - i L z O  
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U Q C e N C V  L O O P  
1 1 3  P L R N E  I N  111 P R O J E C T I O N  
T I P  R Q O I U S =  9 9 . 7 0 7  L R T T I C E  CONSTONTS 
P = . 0 7 8  
L O O P  O I Q n E l E R  = 9 . 0 0  Q T 0 n 5  
O I S l Q N C E  F R O V  SURFQCE - 1 . 2 5 8  
K O  = lo ,  LO= 2 4 0 ,  no = 1 4 7  

UI2CRNCY L O O P  
1 1 3  P L Q N E  I N  ill P R O J E C T I O N  
T I P  R a O I u S =  9 9 . 8 7 2  L R T T I C E  CONSTQNTS 

I W T E R S T I T I Q L  L O O P  
113 P L w e  IN 1x1 PROJECTION 
TIP RROIUS = 9 9 . 7 3  LQTTICE CONSTONTS 
P - - 0 7 8  
L O O P  O I Q n E T E R  = 9 . 0 0  Q T O V S  
O I S T A N C E  FROM SURFQCE = 1 . 2 8 3  
KO -10, LO = 2 4 2 .  nn = 1 4 6 . 5  

I N T E R S T I T I A L  L O O P  
1 1 3  P L Q N E  I N  111 P R O J E C T I O N  
T I P  R Q O I U S  = 9 9 . 8 7  L R T T I C E  C O N S T R N T S  
P r - 0 7 R  
L O O P - ~ I X ~ V E T E R  = 9 . 0 0  R T o n S  
O I S T Q N C E  F R O n  S W F Q C E  = I  . 2 3 7  
K O  0100, L O  = 2 4 2 ,  nn = 1 4 6 . 5  

Fig. 36 



U R C R N C Y  L O O P  
113 P L R N E  I N  Ill P R O J E C T I O N  
TIP RPoIus=~OO.O~I L P T T I C E  COWSTGNTS 

U P C P N C *  L O O P  
113 P L P N E  IN Ill P R O J E C T I O N  
T T P  a a o I u s = 1 0 0 . 1 2 6  L P T T I C E  CONSTFINTS 

P - . 0 7 8  
L D O P  D I G P E T E R  = 3.00 F l T O n S  
D I S T G N C E  F R O n  SURFFICE = . 6 2 0  
KO -10. LO= 2 4 6 .  no = 1 4 7  

URCONCV L D O P  
113 P L R N E  I N  111 P R O J E C T I ~ N  
T I P  9 O 0 1 ~ S ~ 1 0 0 . 2 1 1  L R T T I C E  C O N S T P N T S  
P = . 0 7 8  
LOOP o I a n E T E u  = 9 . 0 0  R T O ~ S  
O I S T O N C E  F R O n  S U R F G C E  * . 5 2 5  
K O  - 1 0 ~  L O =  2 4 6 .  n O  2 1 4 7  

U R C R N C Y  L O O P  
113 PLPNE I N  111 P R O J E C T I O N  
TIP R a o I u s = i 0 0 . 2 9 6  L A T T I C E  C O N S T P N T S  
P = . 0 7 8  
LOOP OIP~ETER = 9.00 R T o n s  
O I S T P n C E  F R O n  SURFGCE = . 4 7 7  
LO -10, L O -  2 4 6 ,  no = 1 4 7  

. . : . . . . .  . . . . . .  * .  . . . . . . -  . . . . . . .  . . . . 
. . . . . .  . . . . . .  . .  . . . . . . . . . . . . . . : . .  . . . .  . . .  . . . . . .  . . . .  . . . .  . . . . . . .  . . . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . . .  . . .... . . . . . ... . . . . . . . .  - .  . . . . . . .  . . . . . I I . . . .  . - . . . . . . .  . . . .  
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I N T E R S T I T I R L  LOOP 
1 1 3  PLDNE I N  111 P R O J E C T I O N  
I I p  RDOICS - 1 0 0 . 0 s  L Q T T I C E  CONSTDNTJ 
P = . 0 7 8  
LOOP O I R n E T E R  = 9 . 0 0  RTOnS 
OISTCINCE F R O n  SUHFQCE = . 6 4 7  
KO -10, L O  = 2 4 8 ,  N n  = 1 4 6 . 5  

I N T E R S T I T I R L  LOOP 
113 PLRNE I N  Ill P R O J E C T I O N  
T I P  Rl3OIUS P 1 0 0 . 2 1  L D T T I C E  CONSTRNTS 
P  = . 0 7 8  
LOOP OIRMETER = 9.00 CITOMS 
o ISTRNCE F R o n  SUPFQCE = - 5 5 3  
KO =lo, L O  = 2 4 8 ,  Hn - 1 4 6 . 5  

I N T E R S T I T I P L  LOOP 
1 1 3  PLDNE I N  Ill PROJECTION 
T I P  RQOIUS = 1 0 0 . 1 3  L Q T T I C E  CONSTQNTS 

I N T E R S T I T I a L  LOOP 
1 1 3  PLGNE I N  111 PROJECTION 
T I P  RDOIUS = 1 0 0 . 3 0  L U T T I C E  CONS TDNTS 

d 
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INTELSTITIAL LOOP I N T E R S T I T I R L  LOOP 
1 1 3  P L I N E  I N  Ill P R O J E C T I O N  1 1 3  P L I M E  I N  111 PROJECTION 
T I P  R O D I U S  a 9 8 . 4 6  L A T T I C E  CONSTANTS T I P  R A D I U S  = 3 8 - 5 4  L G T T I C E  CONSTRNTS 

P  - .O?@ P = .078 
LOOP O I R n E T E R  5 9 . 0 0  RTOMS LOOP OIRMETER = 9 . 0 0  RTOMS 
O I S T I N C E  F R O n  SURFACE ~ 1 . 6 6 2  O I S T A N C E  FROn SURFRCE '1 .610  
KO -10, L O  2 1 8 1  Hfl = 1 6 2 . 5  KO -101 L O  = Z l 8 r  H n  = 1S2 .S  

URCANCV LOOP 
1 1 3  PLANE I N  ill PROJECTION 
T I P  RROIUS-  9 8 . 4 5 8  L Q T T I C E  CONSTRNTS 
6- . 0 7 8  
LOOP o I a n E T E R  9.00 R T o n s  
OISTANCE FROM SURFGCE 1 1 . 6 1 9  
KO -10. LO. 2 1 6 ,  no - I S 3  

URCRNCY LOOP 
l l J  PLANE I N  Ill PROJECTION 
T I P  RQOIUS-  9 8 . 6 2 7  L R T T I C E  CONSTAMTS 
P a n 7 R  . - 
LOOP O I A n E T E R  = 9..00 RTOMS 
O I S l R N C E  FPOn SURFQCE - 1 . 5 1 4  
KO -10, LO= 2 1 6 .  nu = i s 3  

d 
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URCONCY L O O P  
I N T E R S T I T I R L  LOOP 

111 P L R N E  I N  Ill P R O J E C T I O N  
111 P L R N E  I N  111 P R O J E C T I O N  

TIP R~JIIJS= 9 9 . 4 9  L O T T I C E  C O N S T Q N T S  TIP RROIUS = 9 9 . 4 9  L R T T I C E  C O N S T ~ N T S  

P = . 0 7 8  
P = . 0 7 8  

LOOP O I R n E T E R  = 1 1 . 0 0  R T O M S  
L O O P  O I R n E T E R  =11.00 ATOMS 

O I S T R N C E  FROM S U R F R C E  = 1 . 2 0 7  
D I S T R N C E  F R O n  S U R F R C E  z 1 . 3 6 8  

K O  -12. L O  = 450, no = 4 8  
KO = 1 2 .  1-0 = 4 4 8 ,  HM = 4 7 . 5  

. . . . . , .... . . '  . . .  . . . :  . . .......: . . . . .  . . .  . ' : ' I  . . . . ...... . . . . ...... . . 
. . . . . . : . .  ,' . . '. . . . . .  ... ... . . . . .  *.I... ......... . . .  ... . . . . .  . . . . . . . .  , , '. : . ,  . . . . . . . . . . . . . . 
' I  
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I N T E R S T I T  I R L  L O g P  
1 1 3  PLRNE I N  111 PROJECTION 
T I P  R R O I U S  = 1 0 0 . 7 5  L R T T I C E  CONSTRNTS 
P  = . 0 7 8  
LOOP O I R t l E T E R  = 9 . 0 0  f lTOt lS 
D I S T A N C E  FROt l  SURFPCE = . I 4 8  
KO = 1 0 .  L O  = 2 1 8 .  H t l  = 1 5 2 . 5  

IWERSTITIAL L o a P  
113 PLANE I N  111 PROJECTIOY 
T I P  QQCIIUS - 1 0 0 . 8 3  L R T T I C E  CONSTRNTS 
P - . 0 7 8  
LOOP aZRnETER = 9.01) RTOnS 
DISTGNCE FROfl SIJRFQCE = , 0 8 6  
KO -109  L O  = 2 1 8 ,  H t l  = 1 5 2 . 5  

UOCONCV LOOP UPCANCV LOOP 
1 1 3  PLQNE I N  111 P R O J E C T I O N  1 1 3  PLGNE I N  Ill PROJECTION 
T I P  R f l D I U S = 1 0 0 . 7 4 9  L R T T I C E  CDNSTPWTS T I P  R P O I U S - 1 0 0 . 8 3 3  L M T T I C t  CONSTPNTS 
P = . 0 7 8  P  = . 0 7 8  
LOOP D I P n E T E R  = 3 . 0 0  RTOnS LOOP OIRPETER 9 . 0 0  QTOnS 
DISTANCE F R D ~  SURFOCE = .076 DISTANCE  FRO^ SURFRCE = , 0 1 4  
KO - 1 0 ,  L O =  2 1 6 ,  no = 1 5 3  KO = l o ,  L O -  216; no = 1 5 3  

Fig .  44 
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INT~RSTITIFL LOOP 
1 1 0  P L R N E  I N  1 1 0  P R O J E C T I O N  
T I P  R R D I U S  = 9 9 . 3 7  L R T T I C E  C O N S T R N T S  

I N T E R S T I T I R L  LOOP 
1 1 0  P L R N E  I P  1 1 0  P R O J E C T I O N  
T I P  R D O I U S  = 9 9 . 3 5  L R T T I C E  C O N S T R N T S  
P = . 0 7 8  
L O O P  O I R r l E T E R  = 5 . 0 0  A T O n S  
O I S T U N C E  F R O n  SURFQCE = . 5 3 9  
K O  = z o o  L O  = 2 6 8 ,  nn = 1 4 3 . 5  

I N T E R S T I T I R L  L O O P  
I 10  P L R N E  I N  110 P R O J E C T I O N  
T I P  R G O I U S  5 9 9 . 5 1  L R T T I C E  C O N S T R N T S  
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1 N T E R S T I T I Q L  LOOP 
1 1 0  PLi2NE I N  1 1 0  P R O J E C T I O N  
r I P  R a o I u s  = 9 3 - 4 5  L Q T ~ I C E  c o N s T Q r T s  

I N T E R S T I T I R L  LOOP 
110 PLANE I N  110 P R O J E C T I O N  
T I P  ROOIUS - 3 9 . 5 3  L A T T I C E  CONSTFINTS 
P = . 078  
LOOP O I a n E T E e  = i 3 . 0 0  Q T o n s  
OISTANCE FROn SURFQCE = . I 3 7  
KO - 2 0 .  L O  = 2 6 8 ,  tin 1 4 3 . 5  

I N T E R S T I T I Q L  LOOP 
110 PLFINE I N  1 1 0  PROJECTION 
r x p  RDOIUS = 99 .49  LUTTICE CONSTQNTS 
Q = , 0 7 8  
LOOP OIFInETER - 1 3 . 0 0  FITOnS 
OISTQNCE FROn SURFFICE = . I 4 8  
KO -20 .  L O  = 268, HI7 = 1 4 3 . 5  

I N T E R S T I T I F I L  LOOP 
1 1 0  PLFINE I N  1 1 0  PFOJCCTION 
T I P  RFIOIUS = 99.50 L U I T J C E  CONSTPNTS 

Fig. 45 



I N T E R S I I T I P L  L O O P  
110 P L P N E  I N  1 1 0  F R O J E C T I O N  
TIP R R O I U S  = 9 9 . 0 3  L P T T I C E  C O N S T R N T S  
P  = . 0 7 B  
L O O P  O I F I n E T E R  = 5 . 0 0  B T O D S  
D I S T P N C E  F R O n  S U f i F R C E  . I 2 3  
K O  = Z O .  L O  = 2 6 8 ,  nn = 1 4 3 . 5  

I N T E R S T I T I O L  L O O P  
1 1 0  P L P N E  I N  1 1 0  P R O J E C T I O N  
T I P  R F I O I U S  = 99.89  L O T T I C E  C O N S T R N T S  
0 = n7R 

~ O O P ' ~ ~ ~ ~ ~ E T E R  = 5 . 0 0  O T O n S  
O I S T R N C E  F R O n  S U R F O C E  = , 0 6 4  
KO = Z O ,  L O  = 2 6 8 ,  H n  = 1 4 3 . 5  

f 
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Fig.  48 
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Fig .  49 
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Fig. 49 (cont.) 
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Fig. 50  
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Fig. 50 (cont .) 
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Fig. 51 (cont.) 



XBB 739-5498 

Fig. 51 (cont . )  




