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INTERSTITIAL-IMPURITY INTERACTIONS 
I N  COPPER-SILVER AND ALUMINUM-MAGNESIUM ALLOYS 
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Humphrey Pan Wong, Ph.D- 
Department of Physics 

. . 
Univers i ty  of 1 l l i n o i s . a t  Urbana-Champaign, 1982 

Our purpose has been t o  determine t h e  conf igura t ions  and dynamical 

p roper t i e s  of complexes formed between i n t e r s t i t i a l 3  and oversized 

impur i t i e s  i n  e l ec t ron- i r r ad ia ted  aluminum and copper. Measurements 

w e r e  taken of the  u l t r a s o n i c  a t t e n u a t i o n  ( a t  10 and 30 MHz) and 

resonant  frequency ( a t  10 MHz) i n  s i n g l e  c r y s t a l  samples of Cu-Ag and 

Al-Mg. 

A v a r i e t y  of peaks appeared i n  both m a t e r i a l s  i n  p l o t s  of t h e  . 

logar i thmic  decrement versus temperature. The simultaneous presence of 

mul t ip le  d e f e c t s  was es tab l i shed  by t h e  d i f f e r e n t  anneal ing  behavior 

shown by each peak. It w a s  found t h a t  i n t e r s t i t i a l  t r app ing  i n  our  

oversized systems was genera l ly  weaker than i n  previously s tud ied  

undersized sys  t e m s  . 
The pr inc ipal  f e a t u r e s  i n  Cu-Ag t h a t  must be accounted f o r  by a 

model. inc lude  the  following: 1 ) Three low-temperature peaks ( inc luding 

t h e  main one at  16 K, peak 1) were seen having t r i g o n a l  symmetry. 2) 

Peak 1 annealed away a t  110 K uncorre la ted  with any r e s i s t i v i t y  

recovery- 3) Peak 1 grew a t  60 K, c o r r e l a t e d  wi th  a r e s i s t i v i t y  

dscrecwe . 
For A1-Mg, t h e  p r inc ipa l  f e a t u r e s  a s soc ia ted  wi th  t h e  main peak 

(peak 6) include: 1) Peak 6 was seen a t  a high temperature (>I35 R) 



h a v i n g  t r i g o n a l  symmetry. 2 )  It a n n e a l e d  away a t  127 K and seemed t o  

c o r r e l a t e  w i t h  a  r e s i s t i v i t y  d e c r e a s e .  3 )  The r e m a i n i n g  peaks (1-5) 

grew w h i l e  peak 6 a n n e a l e d  away. 

The i m p l i c a t i o n s  of  an  e x i s t i n g  model were developed.  T h i s  model 

was based on t h e  predominant i n f l u e n c e  of  s i z e  e f f e c t s  i n  d e t e r m i n i n g  

i m p u r i t y - i n t e r s t i t i a l  i n t e r a c t i o n s .  P r e d i c t i o n s  were compared w i t h  t h e  

e x p e r i m e n t a l  r e s u l t s  . No e v i d e n c e  was found f o r  t h e  deep ly - t rapped  

< 1 lo>-or thorhombic  d e f e c t  p r e d i c t e d  by t h e  e x i s t i n g  model. T h e r e f o r e ,  

two a 1  t e r n a t i v e  models were deve loped .  

Model A u s e s  a  "can ted  dumbbellf t  a t  t h e  n e x t - n e a r e s t  n e i g h b o r  

p o s i t i o n  t o  e x p i a i n  t h e  results. Model B u s e s  a p o i n t  i n t e r s t i t i a l  a t  

a n  o c t a h e d r a l  p o s i t i o n .  A d i s t i n c t i o n  between t h e  two which is s u b j e c t  

t o  e x p e r i m e n t a l  check i s  t h a t  model A p r e d i c t s  t h a t  i n t e r s t i t i a l  

m i g r a t i o n  between d i f f e r e n t  i m p u r i t y  a toms o c c u r s  n e a r  127 K i n  Cu-Ag 

w h i l e  model B p r e d i c t s  a  m i g r a t i o n  t e m p e r a t u r e  n e a r  60 K .  
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octahedral  s i t e .  
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CHAPTER 1 

INTRODUCTION 

Our purpose has been to determine the configurations and dynamical 

properties of complexes formed between interstitial3 and oversized 

impurities in electron-irradiated aluminum and copper. Ultrasonic 

measurements offer symmetry information about defects and provide an 

excellent way of identifying their configuration. Previous ultrasonic 

studies have been conducted by Johnson( 1978) ' and Hultman( 1979) on 

aluminum alloys containing undersized impurities. However, only 

limited agreement was found between those studies and a model developed 

by Dederichs,et a1. (1976) in which the size effect plays a dominant - - .  

role. Closer agreement is expected in the oversized case where the 

predicted perturbations near the oversized. atom are smaller, leading to 

better justification for the model's use. Two oversized systems, A1-Mg 

and Cu-Ag, were chosen for this investigation. A1-Mg provides a 

natural extension to 'the oversized case of ultrasonic measurements 

.already performed for several undersized aluminum alloys. Cu-Ag was 

selected because it had earlier been the subject of an extensive 

resistivity study by Cannon and Sosin( 1975). The results we obtained 

do not agree with the predictions made by Dederichs,et al., nor are 

they entirely consistent with the interpretation by Cannon and Sosin of 

their annealing results. Two models are proposed which can account for 

our princ ipal  results as well a3 the resistivity results obtained by 



Cannon and Sosin. 

The s tudy  of  defec t - impur i ty  i n t e r a c t i o n s  has  both s c i e n t i f i c  

and t echno log ica l  s i g n i f i c a n c e  and has been undertaken wi th  a v a r i e t y  

o f  techniques  i n  metals. These inc lude  measurements of  r e s i s t i v i t y ,  

channel ing,  i n t e r n a l  f r i c t i o n ,  Mossbauer, and Perturbed Angular 

C o r r e l a t i o n  (PAC). The la t te r  two are made only  i n  s p e c i a l  systems f o r  

which a s u i t a b l e  impur i ty  is a v a i l a b l e  and w i l l  no t  be d iscussed  i n  

f u r t h e r  d e t a i l  here.  

R e s i s t i v i t y  recovery measurements d e t e c t  t h e  changes i n  t h e  

e l e c t r i c a l  r e s i s t i v i t y  caused by radiat ion-induced d e f e c t s  and t h e i r  

annea l ing  a t  succes s ive ly  h ighe r  temperatures .  I n t e r s t i t i a l  

concen t r a t ions ,  as w e l l  as migra t ion  and b inding  ene rg i e s ,  can be 

obta ined ,  but  no symmetry informat ion  is a v a i l a b l e  from r e s i s t i v i t y  

s t u d i e s .  

Channeling measurements use backsca t te red  i o n s  from o r i e n t e d  and 

irrad.i.ated c r y s t a l s  t o  o b t a i n  t h e  "apparent  f r a c t i o n n  o f  s o l u t e  atoms 

d i sp l aced  by t rapped  d e f e c t s  i n t o  normally clear c h a ~ e l s  i n  t h e  

c r y s t a l  s t r u c t u r e .  According t o  Swanson and  ~ a u r ~ ( 1 9 7 5 ) '  t h i s  

technique  can be used t o  determine t h e  c o n f i g u r a t i o n s  of  

defec t - impur i ty  p a i r s  by s imply '  comparing t h e  displacements  i n t o  

d i f f e r e n t  channels.  Hawever, l a r g e  d e f e c t  concen t r a t ions  of  g r e a t e r  

than  100 ppm are requi red ,  and i n  prac t ice . ,  concen t r a t ions  of  about  

1000 ppm are normally used. The h igh  concen t r a t ions  l e a d  t o  i nc reased  

i n t e r a c t i o n s  between d e f e c t s  s o  t h a t  conclus ions  from t h i s  d a t a  about  

t h e  n a t u r e  of  i s o l a t e d  d e f e c t s  should be made wi th  some caut ion .  Also, 



s i n c e  t h e  "apparent  f r a c t i o n "  of  s o l u t e  atoms. d i s p l a c e d  r e p r e s e n t s  an 

average  over  t h e  d i sp lacements  caused by a l l  t h e  d e f e c t s  i n  ' t h e  

c r y s t a l ,  it is on ly  with  some d i f f i c u l t y  t h a t  t h e  channe l ing  technique  

can  d i s t i n g u i s h  between d e f e c t s  o f  d i f f e r i n g  c o n f i g u r a t i o n s  which might 

be p r e sen t  i n  t h e  sample s imul taneous ly .  S e v e r a l  d i f f e r e n t  d e f e c t  

t ypes  have been found a t  d e f e c t  c o n c e n t r a t i o n s  a s  low a s  100 ppm wi th  

t h e  use of i n t e r n a l  f r i c t i o n  measurements i n  e l e c t r o n - i r r a d i a t e d  

samples (Rehn, Robrock, and Jacques ,  1978). Using u l t r a s o n i c s ,  

~ u l t m a n (  197912 has  a l s o  d e t e c t e d  t h e  presence of  s e v e r a l  d e f e c t  t ypes  

i n  samples i r r a d i a t e d  t o  Frenke l  p a i r  c o n c e n t r a t i o n s  of on ly  10 ppm. 

Rehn, Robrock , and ~ a c ~ u e s ~  f u r t h e r  sugges t  t h a t  a t  t h e  d e f e c t  

c o n c e n t r a t i o n s  used i n  channe l ing  exper iments ,  d e f e c t  c l u s t e r i n g  

probably occu r s ,  r e s u l t i n g  i n  d i sp lacements  q u i t e  d i f f e r e n t  from t h o s e  

caused by s i n g l e  defec t - impur i ty  complexes. Therefore ,  whi le  some 

symmetry i n fo rma t ion  is a v a i l a b l e  from t h e  channe l ing  measurements, 

p r e c i s e  . i n t e r p r e t a t i o n s  i n  terms of  s imple  de fec t - impur i t y  

c o n f i g u r a t i o n s  remain i n  doubt i n  many cases .  

To r s iona l  pendulum experiments  ( a t  o s c i l l a t i o n  f r e q u e n c i e s  on t h e  

o r d e r  of 100 Hz) have been performed t o  d e t e c t  t h e  r e l a x a t i o n s  of 

d e f e c t s  formed i n  i r r a d i a t e d  me ta l s  (Rehn, Robrock, and Jacques,1978) .  6 

The r e l a x a t i o n s  appear  a3 peaks i n  a p l o t  o f  t h e  l o g a r i t h m i c  decrement 

(which is a measure of i n t e r n a l  f r i c t i o n )  v e r s u s  tempera ture  and, f o r  

s i n g l e  c r y s t a l s ,  con t a in  i n fo rma t ion  about  t h e  symmetry of  t h e  d e f e c t .  

Fur thermore,  t h e s e  measurements a r e  s e n s i t i v e  t o  t h e  presence of on ly  a 

few ppm of  d e f e c t s .  However, l ook ing  f o r  d i f f e r e n t  symmetries r e q u i r e s  



t h e  p repa ra t ion  of d i f f e r e n t  samples,  a procedure which is both 

time-consuming and d i f f i c u l t .  

Our measurements have been of  i n t e r n a l  f r i c t i o n  and e l a s t i c  

cons t an t  changes a t  u l t r a s o n i c  f r equenc ie s  (10 and 30 MHz) i n  

i r r a d i a t e d  s i n g l e  c r y s t a l s .  U l t r a s o n i c  s t u d i e s ,  un l ike  those  o f  t h e  

r e s i s t i v i t y ,  o f f e r  symmetry informat ion  about  t h e  d e f e c t s  observed and, 

i n  c o n t r a s t  t o  channel ing measurements, are a b l e  t o  d i f f e r e n t i a t e  

between t h e  con f igu ra t ions  and r e o r i e n t a t i o n  e n e r g i e s  of d i f f e r e n t  

d e f e c t s  p re sen t  i n  t h e  sample a t  t h e  same t i m e .  Also, t h e  r equ i r ed  

concen t r a t ions  are only  a f e w  p a r t s  per  m i l l i o n  which dec reases  t h e  

i n t e r a c t i o n s  between induced d e f e c t s  and permi ts  t h e  s t u d y  of d e f e c t s  

which'  a r e  more n e a r l y  i s o l a t e d  from each o the r .  Unlike i n t e r n a l  

f r i c t i o n  experiments a t  low f r equenc ie s ,  use of u l t r a s o n i c s  a l l ows  t h e  

moni tor ing  of each o f  t h e  independent e l a s t i c  c o n s t a n t s  by merely 

changing t h e  p o l a r i z a t i o n  o r  d i r e c t i o n  of  propagat ion of t h e  sound 

wave. Only a  s i n g l e  sample is necessary,  Furthermore, h igher  

f r equenc ie s  a l l ow t h e  obse rva t ion  o f  processes  (such as those  invo lv ing  

quantum e f f e c t s )  a t  h igher ,  more a c c e s s i b l e  temperatures .  A r e s u l t i n g  

drawback however is t h a t  some r e l a x a t i o n  peaks are pushed t o  a  

temperature h ighe r  than  t h e i r  annea l ing  tempera ture  and a r e  

consequent ly e i t h e r  no t  observed o r  are observed i n  t h e  midst  of  

anneal ing.  A f i n a l  u s e f u l  f e a t u r e  of u l t r a s o n i c s  makes 11.sa of  t h e  

p r o p o r t i o n a l i t y  between one component of t h e  a t t e n u a t i o n  and t h e  

e l e c t r i c a l  conduc t iv i ty  a t  tempera tures  below about  100 K which causes 

t h e  a t t e n u a t i o n  t o  ~ i s e  t o  a p l a t eau  a t  about 5 K, The p l a t eau  is 



, produced by t h e  r e s i d u a l  r e s i s t i v i t y  o f  t h e  sample  which changes  w i t h  

i m p u r i t y  and F r e n k e l  p a i r  c o n c e n t r a t i o n .  Thus, a measurement o f  t h e  

p l a t e a u ' s  h e i g h t  p e r m i t s  a c a l c u l a t i o n  o f  t h e  number o f  d e f e c t s  

i n t r o d u c e d  by t h e  i r r a d i a t i o n  ( s e e  ~ u l t m a n ~  1. 

H i s t o r i c a l l y ,  r e s i s t i v i t y  measurements have played a l a r g e  r o l e  

i n  u n d e r s t a n d i n g  some of t h e  fundamental  a s p e c t s  o f  r a d i a t i o n  damage i n  

m e t a l s .  I r r a d i a t i o n  d i s p l a c e s  atoms from the5-r normal sites and 

c r e a t e s  F r e n k e l  p a i r s  which s c a t t e r  c o n d u c t i o n  e l e c t r o n s  and change t h e  

r e s i d u a l  r e s i s t i v i t y .  Th i s  change g r a d u a l l y  d i s a p p e a r s  as t h e r m a l l y  

a c t i v a t e d  p r o c e s s e s  a t  h i g h e r  and h i g h e r  t e m p e r a t u r e s  c a u s e  t r a p p e d  

d e f e c t s  t o  e s c a p e  and migrate th rough  t h e  metal u n t i l  t h e y  f i n d  

a n n i h i l a t o r y  s i n k s .  These p r o c e s s e s  a r e  grouped i n  d i s t i n c t  s t a g e s  and 

s u b s t a g e s  which can be found i n  most i r r a d i a t e d  metals ( S c h i l l i n g ,  & 

a17.) There  are t h r e e  main s t a g e s  of i n t e r e s t  here :  S t a g e  I which - 

t a k e s  p l a c e  i n  aluminum and copper  between 15 and 60 K ,  S t a g e  I1 

between 60 and 200 K ,  and Stage I11 between 200 and 300 K. 

S t a g e  I r e s u l t s  from i n t e r s t i t i a l  m i g r a t i o n  t o  vacanc ies .  . There  

are s e v e r a l  s u b s t a g e s ,  l a b e l e d  A-E. S t a g e s  IA-ID are c o n c e n t r a t i o n  

independen t ,  w h i l e  IE s h i f t s  t o  lower  t e m p e r a t u r e s  w i t h  i n c r e a s i n g  

dose ,  and is a b s e n t  i n  impure o r  cold-worked specimens.  S t a g e s  IA-ID 

were d i s c o v e r e d  by Magnuson, Palmer,  and ~ o e h l e r '  and supposed by them 

t o  r e s u l t  from a n n i h i l a t i o n  o f  i n t e r s t i t i a l - v a c a n c y  p a i r s  c l o s e  enough 

s o  t h a t  t h e i r  s t r a i n - f i e l d  i n t e r a c t i o n  reduced t h e  a c t i v a t i o n  energy  

f o r  a n n i h i l a t i o n .  S t a g e  IE was found by C o r b e t t ,  Smith ,  and w a l k e r s  t o  

have t h e  same a c t i v a t i o n  energy  a s  ID t o  w i t h i n  e x p e r i m e n t a l  e r r o r ,  and 



t hey  proposed t h a t  Ie corresponded t o  long-range mig ra t ion  of t h e  

. i n t e r s t i t i a l  t o  a vacancy s i n k ,  whi le  ID corresponded t o  shor t - range  

c o r r e l a t e d  migra t ion  of an i n t e r s t i t i a l  t o  its own vacancy. Crana to  

and ~ i l a n "  found s u b s t r u c t u r e  i n  ID and supposed it t o  be p a r t l y  due 

a . t o  weakly i n t e r a c t i n g  c lose -pa i r s  and p a r t l y  t o  c o r r e l a t e d  recovery.  

S tage  I11 is g e n e r a l l y  thought  t o  correspond t o  recovery  caused by 

t h e  recombination of mig ra t ing  vacancies  wi th  i n t e r s t i t i a l s  t rapped  by 

i m p u r i t i e s  o r  o t h e r  i n t e r s t i t i a l s .  

Stage I1 i n  very pure materials c o n s i s t s  of a small and n e a r l y  

s t r u c t u r e l e s s  recovery. It is wi th  t h e  i n t r o d u c t i o n  of  i m p u r i t i e s  t h a t  

t h e  amount of  recovery  becomes l a r g e  and marked by d i s t i n c t  subs t ages  

whose exac t  number, s i z e ,  and l o c a t i o n  depend upon t h e  amount and type  

- of  impur i ty  p r e ~ e n t . " , ' ~ , ' ~ ~ ~ ~  The impur i ty  atoms . t r a p  mig ra t ing  

i n t e r s t i t i a l s  and hold them u n t i l  h igher  tempera tures  r e s u l t  i n  e i t h e r  

release from t h e  t r a p ,  r econf igu ra t ion ,  o r  a n n i h i l a t i o n  by . a  vacancy 

mig ra t ing  i n  s t a g e  III' 9 14.  

A t rea tment  by Eshelby( 1955) ' of  t h e  elastic. i n t e r a c t i o n s  between 

p o i n t  d e f e c t s  l e d  t o  ~ a s i ~ u t i ' s ' ~  sugges t ion  i n  1960 t h a t  t h e  volume ' 

change caused by an  impur i ty  atom i n  a cub ic  c r y s t a l  helped determine 

t h e  s t r e n g t h  and na tu re  of its t r a p p i n g  a b i l i t y .  H e  o f f e r e d  t h e  

sugges t ion  t h a t  s t r o n g l y  undersized s o l u t e  atoms would produce a s i n g l e  

deep t r a p  whi le  overs ized  atoms were capable  of  s e v e r a l  sha l low t r a p s .  

I n  f a c t ,  a s i m i l a r  p r e d i c t i o n  was made by D e d e r i c h s ( l 9 7 6 ) , g  g. 3 

fo l lowing  an a t o m i s t i c  c a l c u l a t i o n  us ing  e i t h e r  a Morse, a Modified 

Morse, o r  a Born-Mayer p o t e n t i a l  t o  c a l c u l a t e  p o s s i b l e  s t a b l e  p o s i t i o n s  



f o r  t h e  i n t e r s t i t i a l .  

U n t i l  r e c e n t  yea r s ,  t h e  a c t u a l  geometry of  an  i s o l a t e d  

- i n t e r s t i t i a l  was i n  doubt.  Has igu t i (  1960)16 assumed a  po in t  

i n t e r s t i t i a l  f o r  h i s  c a l c u l a t i o n s .  H e  a l s o  supposed t h a t  i t  r e t a i n e d  

i ts i d e n t i t y  a s  a  po in t  i n t e r s t i t i a l  wi thout  r a d i c a l l y  a f f e c t i n g  t h e  

p o s i t i o n s  of t h e  atoms around i t  when it became t rapped  by an impuri ty .  

Sos in (  19671, l 7  while  us ing  H a s i g u t i t s  b a s i c  approach, proposed t h a t  t h e  

p r e f e r r e d  t r a p p i n g  c o n f i g u r a t i o n  might i n s t e a d  c o n s i s t  of  a < loo>  

s e l f - i n t e r s t i t i a l  dumbbell t rapped a t  one of s e v e r a l  p o s s i b l e  s i t e s  

around t h e  impur i t y  atom. S o s i n ' s  model was based on e a r l i e r  

c a l c u l a t i o n s  by Gibson, -- e t  a1. ( 1960) l e  and Johnson( 1966) ' which showed 

t h e  < loo> s p l i t  dumbbell t o  be t h e  most s t a b l e  form of  t h e  

s e l f - i n t e ' r s t i t i a l  i n  pure f c c  metals .  This  dumbbell c o n s i s t s  of two 

h o s t  atoms whose a x i s  is o r i e n t e d  i n  t h e  <100> d i r e c t i o n  and cen te red  

on a  normal l a t t i c e  s i te .  Sos in  a l s o  used t h i s  model (w i th  its s e v e r a l  

t r a p p i n g  l o c a t i o n s )  t o  e x p l a i n  t h e  number of  subs t ages  observed i n  

copper a l l o y s .  

I n  pure meta l s ,  exper imenta l  evidence f o r  t h e  <100> s p l i t  dumbbell 

c o n f i g u r a t i o n  was first obta ined  us ing  e l a s t i c  cons t an t  measurements i n  

copper by Holder,  Granato,  and ~ e h n ,  who found a l a r g e  d i a e l a s t i c  

r educ t ion  i n  C44, a s  p red i c t ed  by Dederichs,  Lehmann, and ~ c h o l z . ~  

  here is now s t r o n g  experimental  evidence f o r  t h i s  c o n f i g u r a t i o n  f o r  

both Cu and A 1  from e l a s t i c  cons t an t  m e a s ~ r e r n e n t s ~ ~  and from d i f f u s e  

x-ray s c a t t e r i n g  measurements. 2 3 

A aimpbe theoret ical  t rea tment  comes from Dederichs,  - e t  



al.(1976) .3 - Dederichs, & &. concluded t h a t  f o r  f c c  metals, 

undersized s o l u t e  atoms would t r a p  i n t e r s i t i t a l s  deeply, forming < 100> 

' "mixed dumbbellsn with t h e  trapped i n t e r s t i t i a l  i f  t he  s i z e  d i f fe rence  

betwccn s o l u t e  and hos t  were not t an  great. Oversized s o l u t e  atoms on 

t h e  o the r  hand would form shallow t r a p s ,  t r app ing  t h e  s e l f - i n t e r s t i t i a l  

dumbbell nearby but  without forming a mixed dumbbell. 

Thus, a model e x i s t s  r e l a t i n g  poss ib le  t r app ing  conf igura t ions  i n  

a d i l u t e  a l l o y  t o  a s i n g l e  parameter: namely, t h e  s i z e  d i f fe rence  

between impuri ty and host .  Figure 1 i l l u s t r a t e s  t h e  favored t r app ing  

conf igura t ions  f o r  both the- undersized and t h e  oversized ' case. Figure 

1A shows t h e  <loo> mixed dumbbell which is believed t o  form f o r  

undersized impur i t ies .  The impuri ty is shown jumping between two 

equivalent  s i t e s  wi th in  a "cagen formed by t h e  host  atoms. Figure  1B 

shows t h e  deepest t r app ing  conf igura t ions  f o r  a dumbbell near  an 

oversized impurity. The dumbbell is shown jumping between two of the  

equivalent  sites. (The remainder are depic ted  by t h e  darkened 

e l l ipoc3 .  ) 

Experimentally, evidence f o r  a <100> mixed dumbbell i n  undersized 

m a t e r i a l s  has come from severa l  sources.  Swanson, e t  al .24 f i r s t  

suggested t h e  ex i s t ence  of t h e  <100> mixed dumbbell i n  1973 t o  account 

f o r  his channeling r e s u l t s  i n  A1-Mn. They a l s o  proposed mixed dumbbell 

formation i n  aluminum a l l o y s  cont;aining Fe, Zn, and ~ ~ ( 1 9 7 6 ) ~ '  

(although Ag, i n  f a c t ,  is very s l i g h t l y  oversized.)  Vogl and 

Manse1 ( 1976lZ6 conducted Pfbssbauer measurements fo l lowing i r r a d i a t i o n  

of  ~1" C O ( ' ~  Fe) and detec ted  motion of t h e  impur i ty  atom wi th in  a 



F i g u r e  1. A )  The.<100> mixed dymbbell ,  c o n s i s t i n g  of a n  i n t e r s t i t i a l  
and an  unders ized  i m p u r i t y  atom (shown a s  t h e  smaller, 
darkened c i r c l e ) .  The i m p u r i t y  is shown jumping between 

two o f  its 6 e q u i v a l e n t  p o s i t i o n s ' w i t h i n  a "cagell o f  
h o s t  atoms. 

B) The t r a p p e d  <100> dumbbell i n  t h e  d e e p e s t  t r a p  pre- 
d i c t e d  by Deder ichs ,  e t  a1.3 f o r  a n  o v e r s i z e d  i m p u r i t y .  
It is shown jumping between two of  i ts  12 e q u i v a l e n t  
p o s i t i o n s .  The o t h e r  p o s i t i o n s  are i n d i c a t e d  by t h e  
darkened e l l i p s e s .  



A. Undersized Impurity - 
(100) Mixed Dumbbell 

impurity 

B. Oversized Impurity - 
Trapped (100) Self - Interstitial Dumbbell 
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jump 
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"cage1' of hos t  atoms ( p o s s i b l y  t h e  r e o r i e n t a t i o n  of 'a mixed dumbbell) .  

U l t r a s o n i c  measurements by Hultman( 1 9 7 9 ) ~  provide evidence t h a t  < 100> 

mixed dumbbells a r e  formed i n  i r r a d i a t e d  Al-Zn. However, measurements 

i n  A I - F ~  and i n  A1-~n(~ohnson , '  1978) sugges t  t h e  importance of 

f a c t o r s  o t h e r  than s i z e  e f f e c t  i n  de te rmin ing  t h e  i m p u r i t y - i n t e r s t i t i a l  

complex. Both Fe and Mn are s i m i l a r l y  undersized i n  aluminum y e t  both 

a l l o y s  produced q u i t e  d i f f e r e n t  r e l a x a t i o n  s p e c t r a .  Furthermore t h e  

obse rva t ions  cannot be expla ined  by t h e  s imple  < loo>  mixed dumbbells of 

Deder ichs ,  e t  al.ts model. So, f o r  t h e  case of unders ized  i m p u r i t i e s ,  

t h e r e  remains s u b s t a n t i a l  disagreement between experiment and theo ry .  

I n  t h e  c a s e  of ove r s i zed  i m p u r i t i e s ,  channel i n g  

' measurements(~wanson,  & 5&.25 , 1976) i n  aluminum a l l o y s  w i th  Mg, Ga, 

and Sn and copper a l l o y s  wi th  Ag, Au, and Sb i n d i c a t e  weak t r a p p i n g  by 

t h e  s o l u t e  atoms, i .e.  o n l y  s l i g h t  displacements  of t h e  s o l u t e  atoms 

f r o m ' t h e i r  l a t t i c e  s i t e s  were deduced, c o n s i s t e n t  w i t h  t h e  presence 

nearby of a  t rapped  s e l f - i n t e r s  t i  t i a l  dumbbell a s  de sc r ibed  by 

3 Deder ichs ,  e t  a l .  However, t h e  s i z e  of t h e  apparen t  d i sp lacements  a s  

w e l l  a s  t h e  l a r g e  d e f e c t  concen t r a t i ons  r e q u i r e d  f o r  t h e  channel ing  

measurement makes any d t a i l  ed i n t e r p r e t a t i o n  d i f f i c u l t  . 
Very l i t t l e  d a t a  is  a v a i l a b l e  on t h e  symmetry of p o s s i b l e  

impuri  t y - i n t e r s t i  t i a l  c o n f i g u r a t i o n s  i n  ove r s i zed  m a t e r i a l s .  I n t e r n a l  

f r i c t i o n  measurements of Cu-In and A1-Mg by K o l l e r s ,  Jacques ,  Robrock, 

and ~ e h n (  1981 )27 i n d i c a t e d  t h e  presence of r e l a x a t i o n  processes ,  but  

s i n c e  they  were conducted i n  p o l y c r y s t a l l i n e  samples t h e  symmetry of 

t hose  processes  is  unknown. O u r  p r e sen t  i n v e s t i g a t i o n  of s i n g l e  



c r y s t a l s  is  capable of ga in ing symmetry information about the  

r e l axa t ions  and t h e r e f o r e  of decid ing whether they are c o n s i s t e n t  with 

t h e  t rapping conf igura t ion  ( f i g u r e  18) suggested by Dederichs, -- e t  

and by Cannon and ~ ~ s i n :  

R e s i s t i v i t y  s t u d i e s  have been made on both A1-Mg and Cu-Ag s o  t h a t  

t h e  temperatures of the  r e s i s t i v i t y  recovery s t a g e s  i n  each material 

a r e  known. Since i t  is poss ib le  i n  c e r t a i n  cased 8 t o  i d e n t i f y  

i n t e r n a l  f r i c t i o n  peaks with some of the  radiation-induced d e f e c t s  

which anneal away dur ing t h e s e  recovery s t a g e s ,  knowledge of the  

r e s i s t i v i t y  recovery s p e c t r a  is ext remely .  useful  i n  planning t h e  

i r r a d i a t i o n  temperature and t h e  anneal ing  program f o r  our  own 

experiment. Cu-Ag has been s tud ied  i n  p a r t i c u l a r  d e t a i l  by Cannon and 

Sosin(1975)' , who developed a s imple model f o r  t h e  a ~ e a l i n g  and t h e  

geometry of t h e  trapped i n t e r s  ti t ial  . Their  experiment s t u d i e d  t h e  ' 

r e s i s t i v i t y  recovery fo l lowing 1.5 Mev e l e c t r o n  i r r a d i a t i o n  of d i l u t e  

copper a l l o y s  of gold and of s i l v e r  i n  varying concentra t ions .  Both 

Cu-Ag and Cu-Au displayed s i m i l a r  annealing behavior. They observed 

f o u r  substages i n  s t a g e  1 ,  but  only t h r e e  were l a r g e  enough t o  be 

considered s i g n i f i c a n t  f o r  our results. These were, f o r  Cu-Ag, IIb a t  

60 K ,  11, a t  130 K ,  and IId a t  195 K. 

IIb was believed t o  be caused pr imar i ly  by t h e  migra t ion  of 

i n t e r s t i t i a l s  from shallow t r a p s  t o  deep t r a p s  a t  the  same impurity. 

(See f i g u r e  2A.l This was based on t h e  f a c t  t h a t  t h e  f r a c t i o n a l  amount 

of recovery seen d id  not change with inc reas ing  impuri ty concentrat ion.  

I f ,  i n s t e a d  of t h i s  reconf igura t ion ,  migration away from t h e  impurity 



F i g u r e  2. A )  Cannon and S o s i n 1 s  model'  f o r . e x p l a i n i n g  r e s i s t i v i -  
t y  s u b s t a g e  IIb a t  60 K i n  Cu-Ag. The dumbbell is 
shown jumping from t h e  s h a l l o w  t r a p  t o  t h e  deep  t r a p .  

B) Deder ichs ,  -- e t  a 1 . I ~  r e s u l t s 3  f o r  t h e  b i n d i n g  
energy  o f  t h e  d e f e c t  complex c o n s i s t i n g  o f  a <100> 
dumbbell  t r a p p e d  by a n  o v e r s i z e d  i m p u r i t y  l o c a t e d  a t  
t h e  s i tes  shown. Each s i t e  is l a b e l e d  by i t s  b i n d i n g  
energy  . The energy  is i n  u n i t s  o f  t h e  b i n d i n g  energy  
of t h e  mixed dumbbell. P o s i t i v e  e n e r g i e s  are b ind ing .  



Binding energies 



had t aken  p lace ,  some c o r r e l a t e d  r ecove ry  (caused by a n n i h i l a t i o n  w i t h  

t h e  i n t e r s t i t i a l ' s  own vacancy) would have occur red .  T h i s  would have 

r e s u l t e d  i n  enhancement of t h e  r ecove ry  s u b s t a g e  w i t h  i n c r e a s i n g  

i m p u r i t y  con t en t  because a g r e a t e r  f r a c t i o n  of t h e  i n t e r s t i t i a l s  would 

have been t r apped  a t  i m p u r i t i e s  c l o s e  t o  t h e i r  own vacanc ies .  Th i s  

enhancement d i d  no t  t a k e  p l ace ,  a cco rd ing  t o  Cannon and Sos in .  

The re fo re ,  r e c o n f i g u r a t i o n  of t h e  i n t e r s t i t i a l  a t  t h e  same i m p u r i t y  was 

concluded t o  have occur red  r a t h e r  t han  t h e  r e l e a s e  of t h e  i n t e r s t i t i a l  

from t h e  impur i ty .  It should be noted', however, t h a t  o t h e r  s t ud i e s1 '  

have i n d i c a t e d  t h a t  r e c o n f i g u r a t i o n  should  no t  change t h e  r e s i s t i v i t y .  

F u r t h e r  d i s c u s s i o n  of t h i s  po in t  w i l l  appear  i n  chap t e r  4. 

R e s i s t i v i t y  subs t age  IIc, a t  130 K , d i s p l a y e d  behavior  c o n s i s t e n t  

w i th  i n t e r s t i t i a l s  be ing  r e l e a s e d  from t h e  Ag impur i t y .  Upon r e l e a s e ,  

t h e  i n t e r s t i t i a l s  perform a random walk away from t h e  i m p u r i t y  atoms; 

some w i l l  run i n t o  t h e i r  own c o r r e l a t e d  vacanc ies  nearby. Others  w i l l  

move away from t h e i r  own vacanc ies  and encounte r  o t h e r  i m p u r i t y  atoms 

from which t hey  escape  aga in .  Even tua l l y ,  t h e s e  f r e e l y  m i g r a t i n g  

i n t e r s t i t i a l s  f i n d  e i t h e r  a very  deep t r a p  and are bound, o r  a f o r e i g n  

u n c o r r e l a t e d  vacancy and a r e  a n n i h i l a t e d .  The r e s u l t i n g  u n c o r r e l a t e d  

recovery  ( a t  about  130 K )  t a k e s  p lace  a t  a somewhat h ighe r  t empera ture  

t han  t h e  c o r r e l a t e d  recovery  ( a t  about  120 K) because of t h e  a d d i t i o n a l  

t ime  s p e n t  escap ing  impur i t y  atoms. S ince ,  a s  a rgued  e a r l i e r ,  

i n c r e a s i n g  impur i t y  con t en t  should  result i n  a g r e a t e r  f r a c t i o n  of 

c o r r e l a t e d  recovery  o c c u r r i n g ,  one would expec t  a change i n  ' t h e  shape 

of  subs t age  11, w i t h  i n c r e a s i n g  Ag c o n c e n t r a t i o n  a s  t h e  lower  
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atom l o c a t e d  a t  t h e  si tes i n d i c a t e d .  The e n e r g i e s  a r e  i n  u n i t s  of t h e  

b ind ing  energy of t h e  mixed dumbbell. Values f o r ' t h e s e  e n e r g i e s  i n  eV 

can be found i n  Table  V I . 1 .  The deepes t  t r a p  i s  marked .21. Note t h a t  

t h e  dumbbell moves and t h e  impur i t y  does no t .  Only i t s  r e l a t i v e  

p o s i t i o n  changes. 

R e s i s t i v i t y  s t u d i e s  by Garr and s o s i n (  1967)" on A1-Mg were not  

n e a r i y  a s  complete a s  t hose  performed on Cu-Ag. However, t h e  presence 

of  a  major subs t age  a t  127 K guided ou r  a t t e n t i o n  t o  p o s s i b l e  changes 

i n  t h e  u l t r a s o n i c  a t t e n u a t i o n  o c c u r r i n g  i n  this annea l ing  r eg ion .  

S ince  Mg i s  ove r s i zed  i n  A 1  by about  t h e  same amount as Ag is i n  Cu, 

Dederichs , e t  a1 . ' s model p r e d i c t s  t h a t  t h e  t r a p p i n g  c o n f i g u r a t i o n s  and 

ene rg i e s  should a l s o  be very s i m i l a r .  That i s ,  t h e  deep t r a p  expected 

i n  Cu-Ag should a l s o  be found i n  A1-Mg. 

Our experiment can d e t e c t  r e l a x a t i o n s  of t h e  e l a s t i c  cons t an t  t h a t  

a r e  r e l a t e d  t o  t h e  r e o r i e n t a t i o n  of a d e f e c t  between e q u i v a l e n t  sites. 

' . We use pure s h e a r  modes of e l a s t i c  waves propaga t ing  i n  t h e  11 101 

d i r e c t i o n  and o r i e n t e d  i n  e i t h e r  t h e  [001] d i r e c t i o n  ( f o r  d e t e c t i n g  

r e l a x a t i o n s  of t h e  e l a s t i c  cons t an t  C44) o r  t h e  [1?0] d i r e c t i o n  ( f o r  

r e l a x a t i o n s  of t h e  e l a s t i c  cons t an t  C t ) .  The cor responding  a p p l i e d  

s t r e s s e s  ( f o r  cub ic  c r y s t a l s )  possess  symmetries which a r e  given by t h e  

group t h e o r e t i c a l  de s igna t ions  T ( f o r  obse rv ing  C44 r e l a x a t i o n s )  and E 

( f o r  observ ing  C t  r e l a x a t i o n s ) .  The C44 and C t  r e l a x a t i o n s  can a l s o  be 

observed us ing  l o n g i t u d i n a l  waves propaga t ing  i n  t h e  < 1 1 1 > and < 100> 

d i r e c t i o n s  r e s p e c t i v e l y  ( s e e  Nowick and n err^'^ 1. 

'I'he r e l a x a t i o n s  whLch occur  under a  p a r t i c u l a r  stress a r e  



determined by the  symmetries of the  de fec t ,  t h e  c r y s t a l ,  and t h e  s t r e s s  

appl ied .  A d e f e c t  possessing symmetry lower than t h a t  'of t h e  c r y s t a l  

can occupy one of seve ra l  equivalent  s i t e s  i n  t h e  l a t t i c e .  Applying 

t h e  proper s t r e s s  removes t h e  degeneracy and makes some of t h e  s i t e s  

favored over o thers .  The r e s u l t i n g  nstress-induced ordering1' produces . 

a r e l a x a t i o n  which is v i s i b l e  i n  measurements of t h e  i n t e r n a l  f r i c t i o n .  

For example, a  de fec t  with t r i g o n a l  symmetry i n  a  cubic  c r y s t a l  w i l l  

r e l a x  under a T symmetry stress ( i f  it re laxes  a t  a l l )  b u t  w i l l  not 

r e l a x  under an E symmetry stress. This means t h a t  a  t r i g o n a l  de fec t  

could produce a C44 r e l a x a t i o n  but  not a  C' r e l axa t ion .  Other examples 

a r e  given by Nowick and n err^^^ i n  a  t a b l e  r e l a t i n g  t h e  symmetries of 

t h e  de fec t ,  t h e  c r y s t a l ,  and t h e  appl ied  stress t o  t h e  poss ib le  

r e l axa t ions  of the  e l a s t i c  cons tants .  

The deep t r app ing  conf igura t ion  (marked by .21 i n  f i g u r e  2B) 

proposed by Dederichs, &.3 and by Cannon and sosin'  possesses 

<llO>-orthorhombic symmetry and, according t o  Nowick and Berry, would 

r e l a x  under both E and T symmetry stresses i f  it re laxed a t  a l l ;  t h a t  

is, both C '  and C44 r e l axa t ions  should be expected. Figure 3A shows 

t h e  twelve equivalent  pos i t ions  of t h e  trapped dumbbell around its 

impurity. An elementary jump performed between two of t h e  pos i t ions  is 

shown. Figure 3B shows t h e  equivalent  sites as squares before  

s t r e s s  is applied.  Note t h a t  t h e  degeneracy of  t h e  equivalent  

pos i t ions  is removed by e i t h e r  a  <loo>- o r  a <I l l>-propagat ing  

long i tud ina l  wave, which a c t s  l i k e  a un iax ia l  stress i n  those  

d i rec t ions .  Sites of d i f f e r e n t  energy are now d i s t ingu i shed  by 



Figure  3. A )  The twelve equ iva l en t  p o s i t i o n s  f o r  a dumbbell i n  
t h e  deepes t  t r a p  around an ove r s i zed  impur i t y ,  
accord ing  t o  Dederichs,  e t  a l .  An elementary 
jump is shown, wi th  t h e  i n i t i a l  and f i n a l  p o s i t i o n s  of 
t h e  dumbbell atoms a l l  i n  t h e  same (100) plane. 

B) The twelve equ iva l en t  sites a r e  marked by squa re s  
before  a stress is a p p l i e d .  Un iax i a l  stresses may 
be a p p l i e d  i n  t h e  form of l o n g i t u d i n a l  waves, a s  
shown. The degeneracy is removed, producing sites 
o f  d i f f e r e n t  ene rg i e s  shown a s  t r i a n g l e s  and squares .  
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t r i a n g l e s  and squares .  

We made 10 and 30 MHz measurements o f  t h e  u l t r a s o n i c  a t t e n u a t i o n  

and t h e  r e sonan t  f requency i n  s i n g l e  c r y s t a l s  of our  d i l u t e  a l l o y s .  

Both t h e  T symmetry mode ( e l a s t i c  c o n s t a n t  C44) and t h e  E symmetry mode 

( e l a s t i c  c o n s t a n t  C t )  were examined f o r  i n t e r n a l  f r i c t i o n  peaks.  Only 

C44 r e l a x a t i o n s  were p r e s e n t ;  no peaks were seen  i n  t h e  E symmetry 

( C ' )  mode. T h i s  r e s u l t  is i n c o n s i s t e n t  w i th  t h e  r e l a x a t i o n  of a  <110> 

or thorhombic d e f e c t  ( l i k e  t h a t  shown i n  f i g u r e  3 ) .  Peaks i n  bo th  modes 

were found i n  Al-Mg, bu t  t h e  annea l i ng  behav io r .  r u l e d  o u t  . t h e  

or thorhombic c o n f i g u r a t i o n  p r ed i c t ed .  The re fo re ,  two modif ied v e r s i o n s  

of t h e  p r e d i c t e d  geomet r ies  were developed and w i l l  be p r e sen t ed  later 

i n  t h i s  t h e s i s .  



CHAPTER 2 

EXPERIMENT 

We give a  b r i e f  overview of the  experiment f i r s t ,  followed by a  

more de ta i l ed  desor ip t ion  of the  apparatus &d procedure used. 

Ul t rasonic  pulses are s e n t  i n t o  one s i d e  of a  sample v i a  a quar t z  

t ransducer.  The pulses a r e  r e f l e c t e d  from t h e  opposi te  p a r a l l e l  

su r face  and r e t u r n  t o  the  t ransducer  producing an echo v i s i b l e  on an 

osci l lo3copc.  The r e t u r n i n g  pulse bounces back and f o r t h  between the  

f a c e s  and forms the  pa t t e rn  shown i n  f i g u r e  4. 

Due t o '  r e l a x a t i o n  mechanisms wi th in  t h e  c r y s t a l ,  energy is  

absorbed from the  u l t r a s o n i c  pulse with each passage through t h e  sample 

causing a t t enua t ion  of the  echoes. This a t t enua t ion  is measured a t  10 

and 30 MHz a s  a funct ion  of temperature before i r r a d i a t i o n  (producing 

t h e  nbackgroundw curve shown schematically i n  f i g u r e  51, a f t e r  

i r r a d i a t i o n ,  and during t h e  annealing program. I r r a d i a t i o n  is by 2.5 

Mev e l e c t r o n s  a t  a  f ixed  temperature which is above t h e  end of Stage  I 

s o  t h a t  i n t e r s t i t i a l s  which are formed f r e e l y  migra te  u n t i l  they  a r e  

trapped. These trapped i n t e r s t i t i a l s  provide new r e l a x a t i o n  mechanisms 

t h a t  change the  temperature dependence of t h e  a t t e n u a t i o n  from the  

background curve, sometimes producing peaks caused by r e l a x a t i o n  

processes a s  shown i n  f i g u r e  5. I n  f a c t ,  we can ob ta in  t h e  number of 

de fec t s  introduced t o  the  sample by monitoring t h e  changes i n  the  

a t t enua t ion  ~ ~ l ~ s e d  by the  increased e l e c t r i c a l  r e s i s t i v i t y .  By r a i s i n g  



F i g u r e  4. Sample w i t h  u l t r a s o n i c  q u a r t z  t r a n s d u c e r  bonded i n  p l a c e  
w i t h  Nonaq s t o p c o c k  g r e a s e .  P u l s e s  r e f l e c t  between oppo- 
s i t e  p a r a l l e l  s u r f a c e s ,  producing echoes  shown on 
o s c i l l o s c o p e  s c r e e n .  E l e c t r o n s  s t r i k e  t h e  sample oppo- 
s i t e  from t h e  t r a n s d u c e r .  
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F i g u r e  5. A schemat io  r e p r e s e n t a t i o n  o f  t h e  u l t r a s o n i c  a t t e n u a t i o n  
as a  f u n c t i o n  o f  t e m p e r a t u r e  between 5 and 200 K. Three 
s t a g e s  of t h e  e x p e r i m e n t a l  measurements are shorn .  
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t h e  temperature  t o  s u c c e s s i v e l y  h ighe r  tempera tures  fol lowed by a  

r e t u r n  t o  l i q u i d  helium tempera tures ,  one can observe t h e  gradua l  

annea l ing  away and/or  growth of t h e  rad ia t ion- induced  a t t e n u a t i o n  

changes. Measurements are a l s o  made of t h e  changes i n  t h e  sample ' s  

resonant  f requency which a r e  p ropor t i ona l  t o  changes i n  , t h e  e l a s t i c  

cons t an t  . By changing t h e  p o l a r i z a t i o n  of t h e  u l t r a sound  and .  observ ing  

t h e  r e s u l t i n g  d i f f e r e n c e s ,  we o b t a i n  in format ion  about  t h e  symmetry of 

t h e  d e f e c t .  The annea l ing  d a t a  g ives  us s t a b i l i t y  i n fo rma t ion ,  wh i l e  

measuring t h e  r e l a x a t i o n  peaks a t  two d i f f e r e n t  f r e q u e n c i e s  provides  us 

w i th  t h e  a c t i v a t i o n  energy f o r  t h e  r e l a x a t i o n  process .  

A. Sample P repa ra t i on  - 

S i n g l e  c r y s t a l  boules  of Cu-Ag and A 1 - M g  were grown by 

Monocrystals Company of Cleveland Ohio. The boules  were roughly 

o r i e n t e d  u s ing  Laue x-ray b a c k s c a t t e r i n g  photographs.  U l t r a s o n i c  
t 

samples were then c u t  from t h e  o r i e n t e d  boules  wi th  a  wire a c i d  saw. 3 0 

The c u t t i n g  s o l u t i o n  used f o r  A 1 - M g  was 50% water and 50% 

concen t r a t ed  hydrochlor ic  a c i d ,  wh i l e  a  concen t r a t ed  n i t r i c  ac id  

s o l u t i o n  was used f o r  Cu-Ag. The samples were then  remounted on a  

goniorneter30 and f i n a l l y  o r i e n t e d  t o  an accuracy  of +1/2 degrees  u s ing  

t h e  Ochs technique . 3  Excess m a t e r i a l  was removed wi th  t h e  a c i d  saw 

be fo re  mounting t h e  goniometer-wi th-sample d i r e c t l y  o n t o  t h e  

c r y s t a l - f a c i n g  device.  This  d i r e c t  mounting preserves  t h e  o r i e n t a t i o n  

of t he  sample. Care was taken  through use of t h e s e  methods t o  avoid 

t h e  i n t r o d u c t i o n  of d i s l o c a t i o n s  t o  t h e  sample; d i s l o c a t i o n  e f f e c t s  



a r e  undes i rab le  s i n c e  they  tend  t o  swamp t h e  effects a t t r i b u t a b l e  t o  

poin t  de fec t s .  

The sample r o t a t e s  about  t h e  a x i s  of o r i e n t a t i o n  whi le  be ing  

pressed very  l i g h t l y  a g a i n s t  a 100% p o l y e s t e r  c loth-covered wheel which 

r o t a t e s  i n  t h e  oppos i t e  d i r e c t i o n .  The wheel p icks  up a s o l u t i o n  which 

a t t a c k s  t h e  sample chemical ly and a l lows  c u r r e n t  t o  f low from t h e  

sample t o  t h e  wheel; thus t h e  sample s u r f a c e  is e l ec t rochemica l ly  

pol i shed  t o  a n e a r l y  o p t i c a l  f i n i s h  al though an "orange-peel effectw 

remains t o  mar its o v e r a l l  f l a t n e s s .  

A t  one t ime,  t h e  samples were approximately cubes wi th  t h r e e  pairs 

of  parallel f a c e s  ( ~ u l t m a n '  ) . However, s a t i s f a c t o r y  r e s u l t s  have been 

obta ined  f o r  Cu-Ag and A1-Mg w i t h  j u s t  two pairs of faces:  t h e  

"ul t r a s o n i c n  and t h e  thermal1* faces. 

The u l t r a s o n i c  faces are used f o r  t h e  bonding o f .  t h e  t r ansduce r  

and f o r  t h e  r e f l e c t i o n  back and f o r t h  of t h e  u l t r a s o n i c  pulses .  The 

f a c e  oppos i t e  t h e  t r ansduce r  is d i r e c t l y  exposed t o  t h e  e l e c t r o n  beam. 

The thermal faces are he ld  a g a i n s t  t h e  sample holder  w i th  Apiezon 

grease and are pol ished t o  i n s u r e  good thermal  c o n t a c t  w i t h  t h e  holder .  

These faces are o r i e n t e d  as a c c u r a t e l y  as t h e  u l t r a s o n i c  faces s i n c e  

they  are a l s o  used as a guide f o r  p o s i t i o n i n g  t h e  t r ansduce r .  To 

i n d i c a t e  t h e i r  p o l a r i z a t i o n ,  t h e  s h e a r  t r ansduce r s  have f l a t  po r t ions  

c u t  from them. The "flatn is then  l i n e d  up t o  be e i t h e r  parallel o r  

perpendicular  t o  t h e  edge of t h e  thermal face, depending on t h e  mode 

des i r ed .  

The po l i sh ing  technique  used a Model 451 c r y s t a l  f a c i n g  ins t rument  



by South Bay Technology. The p o l i s h i n g  s o l u t i o n s ,  t empera tu re s ,  and 

vo l t ages  a r e  l i s t e d  i n  t a b l e  I. The wheel r o t a t i o n  was set  a t  about  21 

rpn whi le  t h e  sample r o t a t i o n  was about  20 rpm. 

TABLE I. P o l i s h i n g  Parameters  
-- - -  

Mate r i a l  S o l u t i o n  Temperature Voltage 

Cu-Ag 800 m l  phosphoric a c i d  25' c 5 V 
800 m l  a c e t i c  a c i d  
400 m l  n i t r i c  a c i d  

A1-Mg 1600 m l  phosphoric  a c i d  85O C 7.5 V 
250 ml a c e t i c  a c i d  
150 m l  n i t r i c  a c i d  
8.31 gm Cu(N03I2 

One' should no t  expect  p e r f e c t  r e s u l t s  wi th  t h e s e  parameters;  t hey  

should  s e r v e  on ly  a s  s t a r t i n g  va lues  which can be v a r i e d  t o  g ive  t h e  

d e s i r e d  po l i sh .  I n  our  case ,  t h i s  was one which would accomodate a 

q u a r t z  t r ansduce r  bonded t o  t h e  s u r f a c e  w i th  a v e r y ' s m a l l  q u a n t i t y  of 

Nonaq s topcock  g rease  ( F i s h e r  S c i e n t i f i c  Co.).  The bond had t o  permit 

a "clean" p a t t e r n  of echoes a t  f r equenc i e s  a s  high a s  90 MHz a t  room 

tempera ture  and s u r v i v e  thermal c y c l i n g  between 2 K and 170 K .  A c l e a n  

p a t t e r n  is  one i n  which each echo rises from a f l a t  b a s e l i n e  

undis turbed  by t h e  presence of "ringing1'  phenomena caused by an 

unbonded s e c t i o n  of t h e  t r ansduce r  ( a  problem which becomes more 

pronounced with i n c r e a s i n g  f requency . )  With very  few excep t ions ,  i f  t h e  

bond surv ived  t h e  f i rs t  excurs ion  down from room tempera ture  t o  4.2 K 

at, I I</minutc without  major changco i n  t h c  n t t c n u a t i o n  p a t t o r n ,  t h a n  i t  
' _- - 



l a s t e d  throughout t h e  i r r a d i a t i o n  and annea l ing  program. 

I n  appearance, t h e  pol i shed  s u r f a c e  of aluminum w a s  m i r r o r l i k e  

w i t h  a f i n e  "orange-peelw t e x t u r e  which is a common result of chemical 

po l i sh ing .  The f l a t n e s s  was judged first by observ ing  t h e  r e f l e c t i o n  

of overhead l i g h t s  fFom t h e  pol i shed  ' face while ho ld ing  t h e  sample a t  

haif-armt s length .  With Do-A11 o p t i c a l  f la t s ,  t h e  f l a t n e s s  w a s  

es t imated  t o  be t y p i c a l l y  6 microns. 

10 MHz, quar te r - inch  q u a r t z  t r a n s d u c e r s  were purchased from 

Valpey-Fisher (Hopkinton, MA). They were of t h e  over tone  type ,  

unpla ted  wi th  no l e a d s ,  w i t h  both  s i d e s  pol i shed  p a r a l l e l  and o p t i c a l l y  

f la t .  For examining t h e  E and T symmetry modes, w e  used s h e a r  type  

AC-cut t ransducers .  

The bonding procedure is a c r i t i c a l  s t e p  i n  t h e  experiment s i n c e  a 

bond breaking  a t  an inopportune moment results i n  much wasted t i m e  and 

money. Both t h e  sample and t h e  t r ansduce r  are c a r e f u l l y  c leaned  wi th  

ace tone  ( r eagen t  grade seems t o  be b e s t )  and wiped wi th  t i s s u e .  

Kleenexes worked w e l l  f o r  aluminum s i n c e  they  were s o f t  enough t o  

s c r a t c h  t h e  metal s u r f a c e  only  s l i g h t l y .  The sample was cleaned f i r s t  

and heated t o  about ~ O * C  by be ing  placed on a ho t  aluminum blo.ck. A 

c leaned  t r ansduce r  was heated on t h e  sample s u r f a c e  as w e l l  as a minute 

d rop  (about  .5 mm wide) of  Nonaq grease .  The Nonaq had been heated t o  

about  50°c and outgassed i n  a rough vacuum. The t r ansduce r  w a s  then 

placed a t o p  t h e  grease d r o p l e t  and p re s su re  app l i ed  t o  squeeze t h e  

grease i n t o  a t h i n ,  uniform l a y e r .  The t r ansduce r  is then  wrung down 

a g a i n s t  t he  sample wi th  a combination of l i g h t  p re s su re  downward and a 



r o t a r y  motion a l t e r n a t i n g  between clockwise and counterc lockwise  

d i r e c t i o n s .  Light  p r e s su re  is  used t o  avoid s c r a t c h i n g  t h e  s u r f a c e  and 

a l s o  t o  produce a  more uniform bonding l a y e r .  The f i n a l  wringing down 

i s  accompanied by a  gradual  i n c r e a s e  of p r e s su re  up t o  t h e  d e s i r e d  

o r i e n t a t i o n  of t h e  t r ansduce r .  Heat ing t h e  sample lowered t h e  

v i s c o s i t y  of t h e  Nonaq and enabled t h e  t h i n n e s t  bonds t o  be made; on 

t h e  o t h e r  hand, excess  h e a t i n g  was found t o  degrade t h e  Nonaq and 

r e s u l t e d  i n  poor bonds. The bond could be i n s p e c t e d  v i s u a l l y  through 

t h e  unpla ted  t r ansduce r  and examined w i t h  a  Spe r ry  a t t e n u a t i o n  

comparator a t  d i f f e r e n t  f r equenc i e s  u s ing  t h e  c r i t e r i a  s t a t e d  e a r l i e r  

f o r  a  "c leann  p a t t e r n .  

B. Apparatus - 

The prepared sample is mounted i n  t h e  sample ho lde r  a s  shown i n  

f i g u r e  6, and t h e  ho lder  is placed i n t o  t h e  sample chamber of our 

c r y o s t a t . '  F igure  7 ( a f t e r  ~ o h n s o n ' )  d i s p l a y s  t h e  phys ica l  arrangement 

of t h e  sample and t h e  beam i n t e r f a c e  tube .  A 2.5 Mev e l e c t r o n  beam i s  

provided by t h e  Van de Graaf f a c i l i t y  of t h e  M a t e r i a l s  Research 

Laboratory.  The beam s t r i k e s  a t h i n  aluminum s c a t t e r i n g  f o i l  C and 

passes  through t h e  water  cooled c o l l i m a t o r s  D and E. About 10% of  t h e  

i n c i d e n t  beam reaches  t h e  sample a f t e r  c o l l i m a t i o n .  Beam c u r r e n t s  

g e n e r a l l y  run  from 2 t o  9 microamps depending on t h e  ho ld ing  

tempera ture  and t h e  coo l ing  power. The coo l ing  power is  a v a i l a b l e  i n  

t h e  form of l i q u i d  helium brought through t h e  c a p i l l a r y  t ube  M and 

vaporized d i r e c t l y  beneath t h e  sample ho lde r .  The beam was a l i g n e d  by 



F i g u r e  6. Three  views of t h e  sample h o l d e r .  

( 1 )  Plunger  p r e s s i n g  a g a i n s t  t h e  q u a r t z  t r a n s d u c e r  and 
f e e d i n g  r.f. p u l s e s  i n t o  i t .  

(2)  Block c o n t a i n i n g  t h e  p la t inum,  ca rbon ,  and s i l i c o n  
thermometers.  

( 3 )  U l t r a s o n i c  sample.  

( 4 )  r e s i s t i v i t y  sample.  

(5) Hole c u t  i n  t h e  h o l d e r  t o  a l l o w  e l e c t r o n s  t o  s t r i k e  
t h e  u l t r a s o n i c  sample.  
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Figu-e 7. Cross-section of Cryostat, sample holder, and electron 
beam interface. 
( A )  e- beam entry port 
(B) Be0 disc, beam alignment flap 
(C) scattering foil 
(Dl first aperture 
(E) second aperture 
(F) current monitor flap 
(GI gate valve 
(HI LN2 shield 
(I) sample chamber window 
(J) cooling coils 
(K) bypass valve 
(L) viewing port 
(M) liquid He capillary tube and vaporizer 
[ ~ f  ter ~ohnson' 1 





maximizing the  cu r ren t  f a l l i n g  on t h e  cu r ren t  f l a p  F a f t e r  t h e  

col l imators ;  t h i s  is a s i m p l i f i c a t i o n  of t h e  o r i g i n a l  technique i n  

which a Be0 d i s c  (which f luoresced under e l e c t r o n  impact) was used i n  

conjunction with a T.V.. camera t o  l i n e  up t h e  beam.' The cur ren t  f l a p  
. . 

was lowered pe r iod ica l ly  t o  he lp  estimate t h e  t o t a l  dose, but  t h i s  has 

been found t o  g ive  incons i s t en t  results. Methods are now being 

developed t o  measure the  t o t a l  e l e c t r o n  f l w  more r e l i a b l y  by us ing a 

combination of continuous c u r r e n t  measurement and more meticulous 

alignment of the  sample holder  i t s e l f .  

We measured t h e  temperature of t h e  sample with t h r e e  thermometers. 

Platinum and carbon thermometers w e r e  used i n  a system described by 

~ohnson '  and ~ u l t m a n ~  and depicted i n  figure 8 ( a f t e r  Hultman). The 

platinum sensor was used f o r  temperatures above 25 K, while  t h e  carbon 

sensor  was used t o  record temperatures below 25 K. This  manual system 

w a s  used i n t e r m i t t e n t l y  during our  experiments and usua l ly  only  f o r  

measurements, of t h e  resonant  frequency. A new . computer-based 

temperature control/measurement system centered  around an LSI-11 is 

being developed ( f i g u r e  9). The manual system now s e r v e s  mainly a s  a 

back-up temperature c o n t r o l l e r  i n  case t h e  computer system fails. 

Details w i l l  be presented in another  t h e s i s .  

During our  experiments, t h e  computer used a s i l i c o n  thermometer 

from Lake Shore Cryotronics.  This  thermometer became uncal ibra ted  upon 

exposure t o  t h e  gamma r a d i a t i o n  a r i s i n g  from t h e  2.5 Mev e l e c t r o n  . 

bombardment. It was r e c a l i b r a t e d  aga ins t  t h e  platinum thermometer and . 

w a s  found t o  be i n  e r r o r  by iis much as +1.5 K near  60 K; bu t  below 30 



.gure 8. Manual platinum temperature control system 
A(top): control loop schematic 
B(1ower l e f t ) :  platinum thermometer bridge schematic 
C(1ower r ight ) :  integrating/differentiating controller 
schematic 

[After ~ u l  tman2 I 
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F i g u r e  9. Hybrid LSI-Manual Temperature  c o n t r o l  s c h e m a t i c  
A(top) :  LSI-11 and p e r i p h e r a l  equipment 
B ( 1 e f t ) :  sample h o l d e r  and thermometry 
C ( r i g h t 1 :  i n t e r f a c e  between computer and t e m p e r a t u r e  
c o n t r o l l e r  
D(bottom): manual p la t inum t e m p e r a t u r e  c o n t r o l  
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K it  was i n c o r r e c t  by only .2 K ,  and above 110 K t h e  s i l i c o n  

thermometer was wi th in  . I  K of its o r i g i n a l  c a l i b r a t i o n .  These e r r o r s  

were not important i n  the  temperature ranges of i n t e r e s t .  

Simultaneous measurements were made of the  u l t r a s o n i c  a t t e n u a t i o n  

a t  both 10 and 30 MHz using equipment purchased from Matec, Inc. 

(Warwick, R . I . )  The advantages of such a system over the  method used by 

Johnson are discussed by Hultman. They inc lude  savings i n  both time 

and helium use as  w e l l  a s  al lowing more accura te  observat ion  of t h e  

r e l a t i v e  behavior of the 10 and 30 MHz a t t enua t ion .  A schematic 

diagram of the  system is shown i n  f i g u r e  10 ( a f t e r  Hultman). 

Two pulse-echo'and a t t enua t ion  recorder packages from Matec (one 

f o r  10 and t h e  o the r  f o r  30 MHz) were e x t e r n a l l y  t r i g g e r e d  on a l t e r n a t e  

phases of a 200 Hz square  wave. The r.f. s i g n a l s  from each package 

were l e d  i n t o  separa te  impedance-matching networks which both f e d  i n t o  

t h e  quar t z  t ransducer bonded t o  t h e  sample. There was cons iderable  

i n t e r a c t i o n  between t h e  networks which a f f e c t e d  t h e  amount of energy 

actmJ.1.y. coupled i n t o  - the sample; however, it was assumed t h a t  t h e r e  

. was no corresponding e f f e c t  upon t h e  radiation-induced changes i n  t h e  

a t t enua t ion .  I n  any case,  both impedance-matching networks were tuned 

t o  maximize t h e  10 and 30 MHz pulse-echo pat terns .  We could d i sce rn  

changes i n  the  a t t enua t ion  as s m a l l  as -02 dB ou t  of 10 dB. 

The resonant frequency ( o r  v e l o c i t y )  measurements were taken with 

t h e  set-up shown i n  f i g u r e  11 ( a f t e r  Hultman). A sampled-continuous 

wave technique was used as described by Johnson. The e x c i t a t i o n  

frequency is modulated a t  about 16 Hz around an odd harmonic of the  



Figure 10. Attenuation system schematic [After ~ u l t m a n ~ l  
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Figure 1 1. Velocity system schematic [After ~ u l t m a n ~  1 
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' resonant frequency of the  sample. These harmonics a r e  approximately 

100 KHz a p a r t  and a r e  e a s y  t o  f i n d  near the  10 MHz resonant  frequency 

. of the  transducer.  Pe r iod ica l ly ,  t h e  s i g n a l  t o  t h e  power ampl i f i e r  is 

gited-off  and the  decay of the  s t and ing  wave's s t r a i n  amplitude i n  t h e  

sample is observed. This s t r a i n  is measured after a set  delay  time 

( t h a t  fol lows t h e  gating-off of t h e  inpu t  s i g n a l )  and is processed ' 

synchronously with t h e  modulation frequency. A feedback s i g n a l  is  

derived from t h i s  which determines the  c e n t r a l  frequency about which 

t h e  e x c i t a t i o n  frequency is varied.  It is assumed t h a t  t h e  s t r a i n  

amplitude as a funct ion  of frequency is f a i r l y  symmetric about odd 

harmonics of the  resonant frequency and is maximized the re .  The 

frequency of the  chosen harmonic is then read from t h e  digital counter.  

A t  temperatures below 40 K ,  our  r e s o l u t i o n  is b e t t e r  than 10 Hz out  of 

10 MHz o r  one par t  i n  a mi l l ion .  

The resonant frequency f is r e l a t e d  t o  t h e ' e l a s t i c  cons tant  C and 

t h e  sound ve loc i ty  v i n  t h e  sample by t h e  equations,  

( 1 )  f = n v / 2 ~  and v= /up 

where n is an odd i n t e g e r ,  L is t h e  sample l eng th ,  and p is t h e  sainple 

dens i ty .  This  l eads  t o  the  expression,  

(2)  a f / f  = AC/C + AL/L 

Thus, t h e  r e l a t i v e  modulus change AC/C is twice the r e l a t i v e  



47 

frequency change, s i n c e  l e n g t h  changes can be neg lec t ed  here .  1 ' 2  

R e s i s t i v i t y  measurements were made wi th  t h e  4- terminal  AC c u r r e n t  

b r idge  descr ibed  by ~ o h n s o n . '  The sample was .a t h i n  wire spark-cu t  from 

a s i i c e  of t h e  s i n g l e  c r y s t a l  boule  t h a t  had been e l e c t r o c h e m i c a l l y  

po l i shed  t o  a t h i cknes s  of about  10 m i l s .  The r a t i o  of t h e  room 

telnperature  r e s i s t i v i t y  t o  t h e  res i 'dua l  r e s i s t i v i t y  a t  4.2 K was used 

i n  conjunc t ion  w i t h  t h e  change i n  t h e  e l e c t r o n i c  component of t h e  

u l t r a s o n i c  a t t e n u a t i o n  t o  determine t h e  number of d e f e c t s  c r e a t e d  i n  

t.he sample . 

C. Procedure 

The c o n t r i b u t i o n s  of va r ious  mechanisms t o  t h e  t o t a l  a t t e n u a t i o n  

a r e  assumed t o  be l i n e a r  i n  na tu re .  Therefore ,  t h e  changes 

a t t r i b u t a b l e  t o  t h e  rad ia t ion- induced  d e f e c t s  can be found by 

' s u b t r a c t i o n  of t h e  background ( p r e - i r r a d i a t i o n )  a t t e n u a t i o n  curve a s  a 

f u n c t i o n  of temperature  from t h e  p o s t - i r r a d i a t i o n  curve. The 

background a t t e n u a t i o n  was measured wh i l e  l i n e a r l y  ramping t h e  sample ' s  

t empera ture  down from about 180 K t o  2 K a t  1 K/min.(see f i g u r e  5) The 

a t t e n u a t i o n  was high i n  t h e  tempera ture  r eg ion  above 240 K probably 

because t he  Nonaq g rease  bond between t r ansduce r  and sample had not  

f rozen  y e t .  Around 240 K , t h e  bond f r o z e  f o r  t h e  first time and t h e  

a t t e n u a t i o n  became f a i r l y  f l a t ,  though i t  s t i l l  tended t o  dec rease  

u n t i l  about 190 K .  From 190 K t o  100 K ,  t h e  a t t e n u a t i o n  was f l a t  

,except f o r  occas iona l  small  jumps which may have been caused by t h e  

bond r e a d j u s t i n g  i t s e l f  t o  t h e  first thermal  s t r e s s e s  i t  had ever  



encountered i n  its frozen s t a t e .  From 100 K t o  15 K,  t h e  a t t enua t ion  

r o s e  again  because of an e l e c t r o n i c  con t r ibu t ion  proport ional  t o  the  

. . ' i nc rease  of e l e c t r i c a l  conduct iv i ty  i n  this temperature range. This 

r i s e  i n  t h e  a t t enua t ion  a t  low temperatures was first observed by 

 el^^ and has been discussed by Hultman a s  w e l l  a s  by 

o the r s .  3 3  9 34 9 The change i n  t h e  r e s i d u a l  r e s i s t i v i t y ( p o  ) can be 

ca lcu la ted  from t h e  decrease fol lowing irradiat ion(AAU) i n  t h e  

a t t e n u a t i o n  r ise(Au),  by using equation 3: 

We can then ob ta in  t h e  number of d e f e c t s  induced i n  our sample by using 

published values of t h e  change i n  r e s i s t i v i t y  per u n i t  concentra t ion  of 

Frenkel pa i r .  

From 15 K t o  2 K, t h e  a t t e n u a t i o n  f l a t t e n s  ou t  again  due t o  t h e  

slow temperature dependence of t h e  conductivi ty.  The 2 K point  was 

reached by first f looding t h e  sample chamber with l i q u i d  helium and . 

then  pumping on t h e  sample chamber t o  reduce t h e  temperature. 10 and 

30 MHz backgrounds were similar except f o r  t h e  larger e l e c t r o n i c  

con t r ibu t ion  which was expected f o r  t h e  higher frequency. After the  

first ramp downward was completed, t h e  sample k s  heated t o  about 180 K 

and cooled o f f  again  t o  ob ta in  a f i n a l  background t h a t  was usual ly  

fr'eer of t h e  jumps which appeared i n  t h e  first background. 

The resonant  frequency was a l s o  measured before  i r r a d i a t i o n  i n  the  

range from 40 K t o  5 K using t h e  manual platinum temperature 



c o n t r o l l e r .  Below 20 K ,  t h e  background is f a i r l y  f l a t ,  whi le  above 35 

K t h e  s t r o n g  temperature  dependence of t h e  elast ic modulus causes  t h e  

frequency t o  drop  o f f  s h a r p l y ,  roughly a s  T ~ .  R e s i s t i v i t y  measurements 

were a l s o  made be fo re  i r r a d i a t i o n  a t  5 ,10 and sometimes 4.2 K. 

I r r a d i a t i o n  tempera tures  f o r  A1-Mg were set  a t  50 K ,  b u t  t h e  

a c t u a l  sample temperature  was h ighe r  due t o  a thermal  g r a d i e n t  between 

t h e  p lace  where t h e  beam s t r u c k  t h e  sample and t h e  thermometer. 

A new method f o r  monitor ing t h e  i r r a d i a t i o n  tempera ture  was used 

f o r  t h e  l a t e r  Cu-Ag runs  and a l l  of t h e  fo l l owing  runs.  Th i s  method 

u t i l i z e d  t h e  s t r o n g  monotonic tempera ture  dependence of t h e  resonant  

f requency above 35 K ( abou t  1000 H z / K  compared t o  a f requency 

r e s o l u t i o n  i n  t h i s  reg ion  of 100 H z  o u t  of 10 MHz). A background 

measurement of t h e  resonant  f requency was taken  a t  t empera tures  i n  t h e  

. r eg ion  of  t h e  d e s i r e d  i r r a d i a t i o n  temperature .  The v e l o c i t y  system was 

t hen  used t o  cont inuous ly  monitor t h e  resonant  f requency  du r ing  t h e  

i r r a d i a t i o n .  I n  t h i s  manner, t h e  tempera ture  of t h e  sample is d i r e c t l y  

measured, e l i m i n a t i n g  t h e  problem of  thermal  l a g s  o r  g r a d i e n t s .  It was 

found t h a t  t h e  sample temperature  could be as much.as 30 K h ighe r  t han  

t h e  temperature  set  with t h e  c o n t r o l  system; t h i s  d i f f e r e n t i a l  

depended upon t h e  tempera ture ,  t h e  beam c u r r e n t ,  and t h e  helium f low 

r a t e .  

For Cu-Ag, t h e  des i r ed  i r r a d i a t i o n  tempera ture  f o r  most of t h e  

runs  was 50 K o r  lower. Th i s  was r e q u i r e d  i n  o r d e r  t o  s tudy  t h e  n a t u r e  

of  t h e  r e s i s t i v i t y  annea l ing  subs t age  a t  60 K observed by Cannon and 

s o s i n 4 .  The l a t e r  runs  used t h e  frequency measurement a s  a tempera ture  



gauge during i r r a d i a t i o n  and we performed i r r a d i a t i o n s  a s  low 'as 40 K 

with annealing s t e p s  t o  80 K followed by 80 K i r r a d i a t i o n s  with 

annealing s t e p s  t o  240 K. 

The i r r a d i a t i o n s  with 2.5 Mev e l e c t r o n  l a s t e d  f o r  s e v e r a l  days 

using beam c u r r e n t s  ranging from 4 microamps a t  40 K t o  9 microamps a t  

80 K. S ince  a l l  t h e  e l e c t r o n s  are stopped a f e w  m i l l i m e t e r s  deep i n  

t h e  samples, t h e  a t t enua t ion  effects seen are r e p r e s e n t a t i v e  of a . 

volume averaged de fec t  concentrat ion.  These volume ' averaged 

concentra t ions  were t y p i c a l l y  around 9 ppm, bu t  f o r  two Cu-Ag runs ,  t h e  

concentra t ions  became as high as 18 ppm. Using a procedure ou t l ined  by 

~ o h n s o n ,  ' t h e  l o c a l  d e f e c t  concentra t ions  can be ca lcu la ted .  For 

Cu-Ag, t h e s e  l o c a l  concentra t ions  ranged from about 70 ppm t o  170 ppm. 

For A1-Mg, t h e s e  l o c a l  concentra t ions  were less than about 35 ppm. 

The i sochronal  annealing program was intended t o  crudely 

approximate t h e  use of a constant  heat ing  rate as an annealing 

technique. The sample is heated so as t o  produce a temperature ramp 

which is l i n e a r  with r e spec t  t o  time. The sample is "ramped" up t o  an 

' anneal ing  temperature where it is held f o r  a f ixed  time before  it is 

ramped back down t o  helium temperature. The a t t e n u a t i o n  measurement is 

made continuously during t h e  upward and downward ramps as w e l l  as 

@ during t h e  anneal i t s e l f ,  and is in te r rup ted  only i n  o rde r  t o  perform 

t h e  frequency measurement a t  low temperatures. This  process is 

repeated f o r  each annealing point.  

The ramps upward were usual ly  conducted at a rate of 2 K/minute t o  

a temperature 10 K below the  anneal  point .  We then continued t o  t h e  



annea l ing  t e m p e r a t u r e . a t  1 K/min., he ld  a t  t h e  annea l ing  tempera ture  

f o r  10 minutes ,  and then  ramped down a t  1 K/min. t o  10 K below t h e  

annea l  po in t .  From t h e r e ,  w e  would ramp down t o  around 60 K a t  e i t h e r  

2 K/min. o r  1  K/min. The 1 K/min. r a t e  was used whenever a  more 

p r e c i s e  temperature  measurement was des i r ed :  f o r  example, whenever 

t h e r e  was t h e  p o s s i b i l i t y  of  a  r e l a x a t i o n  peak between 60 K and t h e  

annea l  temperature .  From 60 K down t o  helium tempera tures ,  t h e  1 

K/min. coo l ing  r a t e  was used. 

The annea l ing  po in t s  were i n i t i a l l y  s e l e c t e d  on t h e  b a s i s  of  known 

r e s i s t i v i t y  subs t ages  i n  A1-Mg and Cu-Ag b u t  were ' u l t i m a t e l y  determined 

by t h e  growth o r  d i sappearance  of  t h e  r e l a x a t i o n  peaks observed. I n  

r eg ions  where annea l ing  of  t h e  r e l a x a t i o n  peaks t a k e s  p l ace ,  t h e  

annea l ing  temperatures  were 5 K a p a r t  below 160 K and 10K a p a r t  above 

160 K. This  d i s t i n c t i o n  was j u s t i f i e d  because annea l ing  t a k e s  p l ace  

over  a  wider temperature  range wi th  i n c r e a s i n g  tempera ture  ( ~ r a n a  t o  and 

~ i l a n '  1. I n  between t h e s e  annea l ing  r eg ions ,  annea l ing  p o i n t s  were 

chosen t o  be a s  much a s  40 K a p a r t  a l though a  20 K s e p a r a t i o n  was more 

l i k e l y  when t h e  annea l ing  behavior  was n o t  well-known. Annealing 

cont inued u n t i l  240 K where bond changes s t a r t e d  t o  make our  f requency  

measurements l e s s  r e l i a b l e .  It was found t h a t  very  l i t t l e  remained of 

any r e l a x a t i o n  peak a f t e r  an annea l  t o  240 K and t h a t  most peaks 

d i sappeared  before  t h i s  f i n a l  annea l .  



CHAPTER 3 

EXPERIMENTAL RESULTS 

A. .Scope of the  measurements - 
The u l t r a s o n i c  a t t enua t ion  and resonant  frequency were measured i n  

samples of A1-Mg and Cu-Ag, before  and a f t e r  i r r a d i a t i o n .  

Three d i s t i n c t  e f f e c t s  were observed: 1)  t h e  conduct iv i ty- re la ted  

r i s e  i n  t h e  a t t enua t ion  below 100 K ( see  f o r  example t h e  nbackgroundw 

curve i n  f i g u r e  51, 2) changes i n  t h e  frequency caused by d i a e l a s t i c  

e f f e c t s ,  and 3) r e l a x a t i o n  peaks i n  t h e  a t t enua t ion  ( s e e  t h e  " a f t e r  

i r r a d i a t i o n v  curve i n  f i g u r e  5) and r e l a t e d  changes i n .  t h e  frequency 

caused by p a r a e l a s t i c  e f f e c t s .  
I 

The rise i n  t h e  a t t enua t ion  below 100 K is caused by t h e  

i n t e r a c t i o n  of the  sound wave with t h e  conduction e l e c t r o n s  and is 

propor t ional  t o  t h e  e l e c t r i c a l  conductivi ty.  The shea r  wave' 

a t t enua t ion  &(Np/cm) is given i n  t h e  low frequency l i m i t  ( e l e c t r o n  

mean free path << u l t r a s o n i c  wavelengllr) by2 

where f is the  frequency of t h e  sound wave, p is t h e  sample dens i ty ,  v  

is t h e  sound v e l o c i t y ,  N is t h e  number of e l e c t r o n s  of charge e per 

u n i t  volume, and a is the  e l e c t r i c a l  conduct iv i ty  ( a l l  i n  Gaussian 

u n i t s  1. However, both   ax'^ and ~ u l t m a n ~  have observed a  discrepancy 



between t h e  c a l c u l a t e d  and t h e  experimental  va lues  f o r  t h e  a t t e n u a t i o n .  

. This  d i sc repancy  may be caused by t h e  assumption2 t h a t  t h e  mean f r e e  

path is  t h e  same f o r  both a c o u s t i c  and e l e c t r o n i c  processes ,  o r  by a 

f a i l u r e  of t h e  f r e e  e l e c t r o n  approximation upon which equa t ion  4  is  

based. Our own r e s u l t s  appear  i n  t a b l e  11. 

T"i'BLE 11. Condudtivi ty-Related A t t enua t ion  

Run S m p l  e  Mode A,(N p/ cm [ c a l  c  I A,[ c a l c l  /A,[exptll 

I V Cu-Ag C '  -3432 1.51 
V CU-Ag . C44 ,0604 ' 1.03 

V I Cu-Ag C44 .0604 1.09 
V I I  Cu-Ag . C44 .0604 1.17 

VIII Cu-Ag C' .3432 1.24 

D i a e l a s t i c  and p a r a e l a s t i c  e f f e c t s  a r e  d e s c r i p t i v e  terms analogous 

t o  those  given t o  r e l a t e d  magnet ic  e f f e c t s .  They both  i nvo lve  t h e  

response of a  d e f e c t  possess ing  an ' e l a s t i c  d i p o l e  moment i n  an  

e x t e r n a l l y  app l i ed  s t r a i n  f i e l d .  

The d i a e l a s t i c  e f f e c t  is  caused by a  l e a n i n g  (w i thou t  

r e o r i e n t a t i o n  o r  d i f f u s i o n  between s i t e s )  of d i p o l a r  d e f e c t 8  i n  

response t o  an u l t r a s o n i c  s t r a i n .  The s t r a i n  induces  a  d i p o l e  moment 

p ropor t i ona l  t o  t h e  s t r a i n .  This  e f f e c t  is measurable i n  our  

experiment a s '  a r e l a t i v e l y  l a r g e  decrease  i n  t h e  r e sonan t  f requency  

from t h e  background va lue .  This  d i a e l a s t i c  e f f e c t  can be expressed  a s  



a r e l a t i v e  frequency change which is independent of temperature and 

. frequency i n  t h e  range of our  measurements. It is t h e  e f f e c t  t h a t  

. . provided t h e  first experimental  evidence f o r  <100> s p l i t  i n t e r s t i t i a l 3  

i n  pure Cu. 

The p a r a e l a s t i c  e f f e c t s  are caused by t h e  s t ress - induced  o r d e r i n g  

and r e l a x a t i o n  of pre-ex is t ing  elastic d i p o l e s  between o r i e n t a t i o n s  

which were equ iva l en t  before a p p l i c a t i o n  of t h e  u l t r a s o n i c  s t r a i n .  

Unlike t h e  c a s e  of t h e  d i a e l a s t i c  effect, a c t u a l  d i f f u s i o n  of t h e  

d e f e c t s  t akes  place from'one s i t e  t o  another .  I n  a c r y s t a l  con ta in ing  

many d e f e c t s ,  t h i s  process  a g a i n  l e a d s  t o  a r educ t ion  of t h e  e l a s t i c  

cons t an t s .  It a l s o  produces an  a t t e n u a t i o n  e f f e c t .  A d i f f e r e n t  

process  occurs  f o r  each d e f e c t  type  t h a t  undergoes r e l a x a t i o n .  The 

tempera ture  and frequency dependence of t h e  a t t e n u a t i o n  and modulus . 

changes caused by a s i n g l e  d e f e c t  t ype  are .given by the. well-known 

Debye equat ions  : 

where AC/C i e  t h e  r e l a t i v e  modulus change, A is  t h e  loga r i thmic  

decrement, R/a is t h e  r e l a x a t i o n  s t r e n g t h ,  w is t h e  frequency,  and T i s  

t h e  r e l a x a t i o n  time cons tan t .  The decrement A is r e l a t e d  t o  ou r  

measured a t t e n u a t i o n  a(dB/psec)  by 



A ,  = . I 1 5  a/f(MHz) 

For a c l a s s i c a l  t h e r m a l l y  a c t i v a t e d  r e l a x a t i o n ,  T is  g i v e n  by t h e  

Ar rhen ius  e x p r e s s i o n  

where vo is a f r e q u e n c y  f a c t o r  Bnd H is  t h e  a c t i v a t i o n  e n t h a l p y  f o r  . the  

r e l a x a t i o n  ( r e o r i e n t a t i o n  p rocess .  The r e l a x a t i o n  s t r e n g t h  is g iven  

where 6 is a numerical  f a c t o r  of t h e  o r d e r  o f  u n i t y ,  c is t h e  a t o m i c  

f r a c t i o n  o f  d e f e c t s  p r e s e n t  f o r  . t h e  d e f e c t  t y p e  undergo ing  r e l a x a t i o n ,  

C is t h e  e ' l a s t i c  c o n s t a n t  a p p r o p r i a t e  t o  t h e  mode b e i n g  examined,. vo is 

t h e  . a tomic  volume, and 6X is t h e  s h a p e  f a c t o r ;  o f  t h e  def .ec t  d e r i v e d  

from d i f f e r e n c e s  between the p r i i l c i p a l  v a l u e s  of bhe  A-terlvorv. (The 

A-tensor d e s c r i b e s  t h e  s t r a i n  produced i n  t h e  c r y s t a l  p e r  u n i t  

c o n c e n t r a t i o n  o f  t h e  d e f e c t . )  T h e r e f o r e ,  p a r a l e a s t i c  e f f e c t s  g i v e  r i s e  

t o  peaks i n  t h e  a t t e n u a t i o n  a s  a f u n c t i o n  o f  t e m p e r a t u r e  and t o  

d i s p e r s i o n s  i n  t h e  modulus as a f u n c t i o n  o f  t e m p e r a t u r e .  D i a e l a s t i c  

e f f e c t s  a l s o  produce changes  i n  t h e  m o d u l u s , ' b u t  t h e y  are d i s t i n g u i s h e d  

from t h e  p a r a e l a s t i c  changes  by t h e i r  independence of t e m p e r a t u r e  and 

f r e q u e n c y  i n  t h e  t e m p e r a t u r e  range  s t u d i e d .  
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Nowick and n ell er3 have d iscussed  t h e  r e l a x a t i o n  e f f e c t s  expected 

f o r  var ious  d e f e c t  con f igu ra t ions ,  wh i l e  t h e  p o s s i b l e  d i a e l a s t i c  

9 .  e f f e c t s  due t o  s p l i t  i n t e r s t i t i a l s  have been t r e a t e d  by Dederichs,  et 

Tables  I11 and V provide summaries of some b a s i c  d a t a  f o r  t h e  

A1-Mg and Cu-Ag runs  i n  t h e  o r d e r  i n  which they  were performed. 

TABLE 111. Summary of A1-Mg Runs 

Date Mode I r r a d  Se lec t ed  Echoes Time Thickness  Volume 
Temp 1OMHz/30MHz Between (mm) Averaged 
(K) Echoes Dose 

(us  (ppm,F.P. 

R u n 1  Nov C1 55 2nd+8th/2nd+4th 54/18 13-9  5- 8 
1978 

. R I ~  I1 Feb 4 50 2nd+l4th/2nd+Qth 94/15.5 13.16 4.3 
1979 

R u r i  I11 Jun C44 60 2nd+12th/2nd+6th 70/28 11.73 4- 5 
1980 

Dose . f igu res  are given i n  terms of t.he induced Frenkel  p a i r  

concent ra t ion .  Equation 3 g ives  t h e  rad ia t ion- induced  change i n  t h e  

bulk  r e s i s t i v i t y  cor responding  t o  t h e  observed changes i n  t h e  

conduc t iv i ty - r e l a t ed  rise i n  t h e  a t t e n u a t i o n .  'I'he Frenkei  paiP 

concen t r a t ion  is then  obta ined  by us ing  publ ished va lues  of t h e  

r e s i s t i v i t y  change per a tomic % of  Frenkel  p a i r s  present :  2s -cm/a t .$  

f o r  copper3' and 4pQ-m/at .% f o r  aluminum39. However, t h e  a b s o l u t e  

va lues  of t h e  concen t r a t ions  obta ined  i n  t h i s  f a s h i o n  wore found t o  be 



l e s s  p r e c i s e l y  known t h a n  t h e  r e l a t i v e  h e i g h t s  of t h e  a t t e n u a t i o n  peaks 

between d i f f e r e n t  runs .  From e q u a t i o n  9 (which g i v e s  t h e  

p r o p o r t i o n a l i t y  between t h e  r e l a x a t i o n  s t r e n g t h  and t h e  d e f e c t .  

c o n c e n t r a t i o n ) ,  we know t h a t  t h e  r e l a t i v e  h e i g h t s  of t h e  p e a k s . s h o u l d  

a l s o  g i v e  t h e  r e l a t i v e  d e f e c t  c o n c e n t r a t i o n s  from r u n  t o  run .  For  

; example,  i n  o r d e r  . t o  r e a c h  t h e  . f i n a l  t a b u l a t e d  v a l u e s  f o r  Cu-Ag (C44 

mode), we assumed t h a t  t h e  c a l c u l a t e d . d e f e c t  c o n c e n t r a t i o n  f o r  r u n  5 

was t h e  most a c c u r a t e  and t h e n  used t h e  r e l a t i v e  h e i g h t s  of peak 1  ( s e e  

, f i g u r e  19)  t o  e s t a b l i s h  t h e  F r e n k e l  d e f e c t  c o n c e n t r a t i o n s  i n  t h e  o t h e r  

r u n s .  A similar procedure  was fo l lowed  f o r  t h e  r e m a i n i n g  r u n s .  

P r e - i r r a d i a t i o n  r e s i s t i v i t y  measurements were t a k e n  o f  b o t h  A1-Mg 

and Cu-Ag. The r e s i d u a l  r e s i s t i v i t y  measured i n  each  case was compared 

w i t h  t h e  known r e s i s t i v i t y  c o n t r i b u t i o n  per  a t o m i c  % o f  Mg i n  A 1  ( - 4 6  

p ~ 1 - c m ) ~ ~  and of Ag i n  Cu ('. 14 ~ - c m ) ~ ~  i n  o r d e r  t o  0bta i .n  t h e  i m p u r i t y  

c o n c e n t r a t i o n s .  Those c o n c e n t r a t i o n s  were 893 a t .  ppm of Mg i n  A 1  and 

1370 a t .  ppm of Ag i n  Cu. 

B. A1-Mg r e s u l t s  -- 
The 10 MHz u l t r a s o n i c  a t t e n u a t i o n  i n  t h e  C44 mode as a f u n c t i o n  of 

t e m p e r a t u r e  is  shown i n  f i g u r e  12 f o r  Al-Mg(run 111). T h i s  a t t e n u a t i o n  

was measured u s i n g  t h e  2nd and 1 2 t h  echoes  ( 7 0  p s e c  s e p a r a t i o n )  and is  

g i v e n  i n  u n i t s  of dB. The c o n d u c t i v i t y - r e l a t e d  rise i n  t h e  a t t e n u a t i o n  

which o c c u r s  between 100 K and 10 K is e v i d e n t  i n  t h e  . f i g u r e .  

T y p i c a l l y ,  t h e  p o s t - i r r a d i a t i o n  v a l u e  o f  t h i s  rise ( a t  our  d o s e s )  was 

5- 10% lower  t h a n  t h e  v a l u e  b e f o r e  . i r r a d i a t i o n .  



F i g u r e  12. The a t t e n u a t i o n  i n  A1-Mg a t  10 MHz is s h o w  as a f u n c t i o n  
of  t h e  o b s e r v a t i o n  t e m p e r a t u r e  i n  the :  C44 mode. T h r e e  
d i f f e r e n t  10 m i n u t e  a n n e a l s  between 125 and 145 K are 
d i s p l a y e d .  (Da ta  from r u n  111.) 
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Figure  12 d i s p l a y s  t h e  results of f o u r  d i f f e r e n t  annea l s  i n  t h e  

r eg ion  around 130 K and shows how the .ma in  peak nea r  135 K ,  peak number 

6,  d i sappeared  while  t h e  t h r e e  lower tempera ture  peaks ( a t  8, 20, and 

44 K) grew. An i n t e r p r e t a t i o n  of this  behavior  w i l l  appear  later i n  

chap te r  4. 

Measurements i n  t h e  C '  mode were performed i n  run  I, b u t  while two 

s m a l l  peaks ( a t  14 and 19 K) were present  after i r r a d i a t i o n  and 

annea l ing ,  no peak as l a r g e  as peak number 6 w a s  observed. 

F igu re  13  shows t h e  l o g a r i t h m i c  decrement i n  C' and C44 modes 

( p l o t t e d  w3th s o l i d  and dashed l i n e s ,  r e s p e c t i v e l y )  as a f u n c t i o n  of 

tempera ture  wi th  t h e  background va lues  sub t r ac t ed .  S i x  decrement peaks 

are shown a t  t h r e e  d i f f e r e n t  p o i n t s  i n  t h e  annea l ing  program. Peaks 1 

a n d ' 2  were seen  i n  C1(run  I ) ,  and peaks 3, 4, 5, and 6 were s e e n  i n  

~ 4 4 ( . r u n  111) .  A seven th  peak, i n  t h e  C44 mode, appeared a t  33 K 

(du r ing  run  1 1 )  after a 50 K i r r a d i a t i o n  b u t  d i sappeared  after t h e  

first anneal  ( t o  85 K )  w a s  performed. The C4& run  shown i n  f i g u r e  13 

w a s  performed a t  a h igher  i r r a d i a t i o n  temperature,  and t h i s  seventh  

peak was not seen, 

Peak 6 was t h e  l a r g e s t  peak, and its disappearance  after t h e  145 K 

anneal  co inc ides  w i th  t h e  growth of t h e  remaining peaks i n  both  modes. 

It was d i f f i c u l t  t o  determine t h e  exac t  shape of peak 6 s i n c e  t h e  a 
d e f e c t  r e spons ib l e  f o r  it annea l s  away i n  t h e  r eg ion  where t h e  peak is 

s e e n  ( f i g u r e  12) .  I n  f a c t ,  t h e  po r t ion  of ' t h e  peak t h a t  we were 

observ ing  dwindled v i s i b l y  wh i l e  w e  were ho ld ing  t h e  sample a t  t h e  

annea l ing  temperature,  a l l owing  us t o  measure t h e  annea l ing  as a 



F i g u r e  13. The l o g a r i t h m i c  decrement  i n  A1-Mg a t  10 MHz a s  
a funct : ion  o f  o b s e r v a t i o n  t e m p e r a t u r e  i n  C' (run I,  s o l i d  . 
c u r v e )  and Cq4(run 111, dahed c u r v e ) .  T h r e e  d i f f e r e n t  
a n n e a l s  a r e  shown. 
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function of time. Figure 14 shows the height of the  peak a t  130 K and 

135 K (background subtracted) plotted semilogarithmically against  the 

. time held a t  each temperature. The results of both C44 runs a r e  shown. 

The s t r a igh t  l i n e  fit  shows tha t  the  annealing process is exponential 

i n  time. Since the peak height is proportional t o  the  defect  

concentration, the  concentration may be expressed as 

where co is the concentration a t  the  start of the  anneal, f 0 is the 

frequency fac tor ,  U is the ac t iva t ion  energy f o r  annealing, and A t  is 
. . 

the  t i m e  a f t e r  the s tar t .  of the  anneal. The ac t iva t ion  energy U may be 

obtained by first plot t ing the slopes of the  l i n e s  i n  f i gu re  14 

semifogarithmically against  1000/T. The ac t iva t ion  energy may be 

obtained from the slope of the r e su l t i ng  l i ne ;  T h i s  p lo t  is shown i n  

f i gu re  15 using the data from both C44 runs. In. our &se, U = .326+.05 - 

. e V .  This compares well with the ac t iva t ion  energy of -33 e V  found by 

Garr and Sosin20 f o r  the r e s i s t i v i t y  substage at 127 K i n  A1-Mg. This 

value can be compared wi'th t ha t  obtained for a set of in te rna l  f r i c t i o n  

peaks found by Rollers,  Jacques, Rehn, and ~ o b r o c k ~ ~  i n  polycrystall ing 

Al-Mg. W e  estimated an ac t iva t ion  energy of -4 ev f o r  those peaks by 

first assuming a heating rate of 1 K/min t o  be equivalent t o  t h e i r  set 

of 10 minute isochronal anneals at  10 K in te rva ls .  H e  then applied 

Granato and ~ i l a n ' s "  r e l a t i on  between ac t iva t ion  energy, heating r a t e ,  

-and temperature of maximum annealing. The discrepancy between t h e i r  



F i g u r e  14. The l o g a r i t h m i c  dec remen t  a t  10 MHz of peak  6 a t  130 and 
135 K p l o t t e d  s e m i l o g a r i t h m i c a l l y  a g a i n s t  t h e  time 
h e l d  a t  t h a t  t e m p e r a t u r e .  



A Run I1 
Run III 



Figu re .15 .  T h e  .s lopes of t h e  l i n e s  from f i g u r e  1Q p l o t t e d  semi- 
1ogar i thmi .aa l ly  a g a i n s t  1000/T t o  o b t a i n  t h e  a c t i v a t i o n  
energy fo r  anneal ing.  





a c t i v a t i o n  energy  and t h e  e n e r g y .  o b t a i n e d  f o r  o u r  peak 6 remains  

unexp la ined .  

K o l l e r s ,  Jacques ,  Rehn, and ~ o b r o c k ' ~  observed  f i v e  i n t e r n a l  

f r i c t i o n  peaks u s i n g  a t o r s i o n a l  pendulum ( a t  f r e q u e n c i e s  o f  20-70 Hz) 

t h a t  had been i r r a d i a t e d  w i t h  3 M e V  e l e c t r o n s .  Of a l l  o u r  peaks (and 

d e s p i t e  t h e  d i s c r e p a n c y  n o t e d  above) ,  o n l y  peak 6 h a s  a n  a n n e a l i n g  

b e h a v i o r  similar t o  t h a t  observed by K o l l e r s ,  et a1.27 f o r  t h e  se t  of 

peaks 11, 111,' and IV. The remain ing  two peaks ,  I and V ,  annea led  away 

n e a r  150-160 K and d i d  n o t  cor respond  t o  any peaks  observed  by us. A t  

o u r  f r e q u e n c i e s  o f  10 and 30 MHz, peak I V  (and V as w e l l )  would o n l y  

have been v i s i b l e  a t  a t e m p e r a t u r e  h i g h e r  t h a n  t h e  a n n e a l i n g  

t e m p e r a t u r e .  We t h e r e f o r e  t e n t a t i v e l y  i d e n t i f y  our  peak 6 i n  t h e  C 4 4  

mode w i t h  peaks I1 and I11 s e e n  by K o l l e r s ,  e t  a l .  S i n c e  t h e  s h a p e  of 

o u r  peak is a l t e r e d  by t h e  a n n e a l i n g  which t a k e s  p l a c e  d u r i n g  t h e  

.measurement, i t  is p o s s i b l e  f o r  peak I1 t o  o v e r l a p  w i t h  peak 111, and be  

i n d i s t i n g u i s h a b l e  as a s e p a r a t e  peak i n  o u r  measurements. Using 

f r e q u e n c i e s  o f  20-70 Hz would push t h e  o b s e r v a t i o n ,  t e m p e r a t u r e s  of our  

low t e m p e r a t u r e  peaks t o  even lower  v a l u e s ;  n e v e r t h e l e s s ,  some of  our  

peaks ,  p a r t i c u l a r l y  1 ,  3, and 5 ,  s h o u l d  s t i l l  have been v i s i b l e  i n  

K o l l e r s ,  & a l . ' s  measurements. T h e i r  a b s e n c e  w i l l  b e  e x p l a i n e d  i n  

c h a p t e r  4 ,  b u t  t h e  absence  i n  o u r  measurements o f  any peaks 

a 
c o r r e s p o n d i n g  t o  t h e i r  peak 1 remains  unexp la ined .  

The maximum peak h e i g h t  f o r  each  o f  t h e  peaks ( e x c e p t  as n o t e d  f o r  

peak 6 where t h e  h e i g h t  a t  120 K was used)  is e x p r e s s e d  i n  terms o f  t h e  

l o g a r i t h m i c  decrement (background s u b t r a c t e d )  and p l o t t e d  a g a i n s t  t h e  



annea l ing  temperature i n  f i g u r e s  16 and 17. F igu re  16 shows t h e  d a t a  

from t h e  first C44 measurements ( r u n  111, fo l lowing  i r r a d i a t i o n  t o  a 

Frenkel  p a i r  concen t r a t ion  of  4.3 ppm. Peak 3(20 K) and a peak a t  33 K 

were seen  immediately after i r r a d i a t i o n ,  b u t  t h e  33 K peak disappeared 

a f t e r  t h e  first anneal  t o  8 5  K. Peak 4 (8  K) appeared a t  t h i s  po in t .  

The next  major f e a t u r e  is t h e  d isappearance  of peak 6 accompanied by . a  

growth i n  peaks 3 ,  4, and 5(which first became d i s t i n g u i s h a b l e  a f t e r .  

t h e  125 K annea l ) .  Th i s  a c t i v i t y  co inc ided  wi th  a' r e s i s t i v i t y .  subs t age  

s e e n  a t  127 K by Garr and Sos in  a f t e r  e l e c t r o n  i r r a d i a t i o n Z e  and by 

Dlmitrov, e t  a l .  fo l lowing  neut ron  i r r a d i a t i o n 4 '  o f  A1-Mg. No po in t s  

were taken i n  run I1 between t h e  145 and 180 K annea l s ,  b u t  e v i d e n t l y  

t h e  t h r e e  remaining peaks experienced growth i n  t h i s  region.  The 

d a s h e d - l i n e s  i n  f i g u r e  16 connect ing  t h e  190 K annea l  p o i n t s  t o  t h e  210 

K anneal  p o i n t s  i n d i c a t e  t h a t  t h e  210 K annea l  was f o r  20 minutes 

i n s t e a d  of t h e  10 minutes used f o r  t h e  o t h e r  annea ls .  

This  l a c k  of d e t a i l  i n  two annea l ing  r eg ions  of i n t e r e s t  ( 145- 180 

K ,  and 190-210 K )  l e d  t o  a second examination of C44 ( r u n  111)  shown i n  

dashed l i n e s  i n  f i g u r e  17.' The growth of  peaks 3,  4, and 5 between 145 

and 180 K is seen  t o  be  f a i r l y  gradual .  Between 190 and 210 K ,  peak 3 

grew, peak 4 disappeared,  and peak 5 became sma l l e r .  ~ b o v e  220 .K,  

vacancy migra t ion  begins and peaks 3 and 5 f i n a l l y  diappear .  

A p l o t  of t h e  C' r e s u l t s ( r u n  I )  is shown i n  f i g u r e  17 as a s o l i d  

curve. Peak 1(1Y K) , was presen t  immediately a f t e r  i r r a d i a t i o n  and 

remained unchanged unt i l '  t h e  125 K anneal .  Peak 2(14 K) first appeared 

af ter  t h e  120 K anneal .  Growth of t h e s e  two peaks a l s o  accompanied t h e  



F i g u r e  16. The maximum peak h e i g h t  f o r  t h e  C44 peaks a t  10 MHz 
( i n  l o g  decrement)  p l o t t e d  a g a i n s t  a n n e a l i n g  t e m p e r a t u r e .  
( r u n  - 11 d a t a )  
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F i g u r e  17.  to^): Maximum peak h e i g h t s  ( i n  l o g  decrement)  f o r  
C 1  ( r u n  I) and C 4 4  ( r u n  111) a t  10 MHz, 
p l o t t e d  a g a i n s t  a n n e a l i n g  t empera tu re .  C t  is 
shown w i t h  a . s o l i d  curve ,  C 4 4  w i t h  a dashed curve .  

B(bottom): The r e l a t i v e  modulus change,  a f t e r  . 
i r r a d i a t k o n ,  p l o t t e d  a g a i n s t  t h e  a n n e a l i n g  t empera tu re .  
C 1  is t h e  s o l i d  curve ,  C 4 4  t h e  dashed. The d o t t e d  
p o r t i o n  i n .  t h e  lower  C44 c u r v e  r e p r e s e n t s  u n c e r t a i n t y  
abou t  t h e  d a t a  p o i n t .  The . f requency  used f o r  C 1  was 
11.04' MHz:For C  4 it was 10.16 MHz. 

(Da ta  froin r u n  1 4 C 1  and run  111. (Cq4) .  ) 





disappearance  of peak 6 i n  t h e  C44 mode; however, very  l i t t l e  change 

was seen  a f te rward  u n t i l  peak 2 s t a r t e d  t o  s h r i n k  f o l l o w i n g  t h e  195 K 

annea l .  Peak 1 remained u n t i l  t h e  onse t  of vacancy m i g r a t i o n  i n  s t a g e  

111, when i t  a l s o  vanished. 

One of t h e  conc lus ions  t h a t  can be made from t h e s e  p l o t s  is t h a t  

s i n c e  no peak d i sp l ayed  an annea l ing  behavior  which was i d e n t i c a l  t o  

t h e '  behavior  of any o t h e r  peak, each peak must correspond t o  a  

d i f f e r e n t  d e f e c t  type.  For example, a l t hough  peaks 1 and 3 ( i n  t h e  C '  

and C44 modes r e s p e c t i v e l y )  occur red  a t  n e a r l y  t h e  same tempera ture ,  

t h e y  behaved q u i t e  d i f f e r e n t l y  i n  t h e  annea l ing  r e g i o n  between 180 and 

200 K: peak 1 changed ha rd ly  a t  all, wh i l e  peak 3 grew s i g n i f i c a n t l y .  

I n  t h i s  same r e g i o n ,  peaks 2 ( a t  14 K) and 4 ( a t  8 K) both  annealed 

away; however, peak 2 first appeared after t h e  120 K annea l  whereas 

peak 4 was p re sen t  immediately a f t e r  i r r a d i a t i o n .  Peak 5 ( a t  45 K ,  C44 

mode) seemed to  p a r t i a l l j r  annea l  away around 190 K bu t  d i d .  no t  e n t i r e l y  

van i sh  u n t i l  t h e  onse t  of s t a g e  111 (240 K) when vacancy mig ra t i on  

t a k e s  p lace .  Peak 6 d i sappeared  near  127 K u n l i k e  any of t h e  o t h e r  

peaks. 

The l.ower po r t i on  of f i g u r e  17 shows t h e  annea l ing  behavior  of t h e  

d i a e l a s t i c  e f f e c t  f o r  C' ( r u n  I) and C44(run 111)  ( s o l i d  and dashed 

l i n e s ,  r e s p e c t i v e l y )  p l o t t e d  as t h e  temperature- independent  p a r t  of t h e  

r e l a t i v e  modulus change, AC/C(at 5 K) ve r sus  t h e  annea l ing  t empera twe .  

A 3  mentioned prev ious ly ,  t h i s  change is equal  t o  2Af/f ,  twice t h e  

r e l a t i v e  change i n  t h e  resonant  f requency ,  where A f  is t h e  d i f f e r e n c e  

between t h e  frequency measured a t  5 K after  i r r a d i a t i o n  and t h e  



frequency a t  5 K before i r r a d i a t i o n .  The resonant  f r e q u e n c y i s  

decreased after t h e  c r y s t a l  is sof tened by t h e  in t roduc t ion  of 

r a d i a t i o n  damage, and this decrease appears as a negative d i a e l a s t i c  

effect ;  . 
A s  t h e  annealing program proceeded, t h e  C1 d i a e l a s t i c .  e f f e c t  

decreased s l i g h t l y  a f t e r  t h e  85 K anneal and then almost completely 

disappeared around t h e  130 K anneal. The d i a e l a s t i c  e f f e c t  i n  t h e  C44 

mode a l s o  decreased after t h e  85 K anneal,  but  showed l i t t l e  change 

near 130 K ,  although a s m a l l  amount of annealing would have been hidden 

i n  t h e  noise.  Not u n t i l  t h e  200-240 K anneals  d i d  t h e  C44 diaelastic 

effect disappear. 

P lo t t ed  i n  f i g u r e  18 is t h e  r e l a t i v e  modulus change at  5 K as a 

function' of t h e  annealing temperature f o r  t h e  C44 mode, run 11. The 

sample w a s  i r r a d i a t e d  ti a Frenkel p a i r  concentra t ion of 4.3 ppm. The 

C44 d i a e l a s t i c  effect again displayed a decrease after t h e  85 K anneal. 

Wear 130 K ,  t h e  noise  l e v e l  was lower than i n  t h e  o the r  C44 run and a 

definite ' decrease i n  t h e  diaelastic e f f e c t  occurred. The CQ4 effect 

remained unchanged u n t i l  the  o n s e t a t  210 K of vacancy migrat ion,  a f t e r  

which t h e  ' d i a e l a s t i c  e f f e c t  annealed away. The dashed por t ion of t h e  

curve s i e i f i e s  t h a t  t h e  210 K anneal was 20 minutes long  i n s t e a d  of 

t h e  usual 10 minutes. 

Two i n t e r e s t i n g  f e a t u r e s  appeared i n  these  annealing curves which 

may be r e l a t e d  t o  t h e  annealing of decrement peak 6: 1) A s m a l l  

decrease i n  t h e  C44 d i a e l a s t i c  e f f e c t  occurred near 130 K ,  as shown i n  

f i g u r e  18, and 2) near ly  complete recovery of t h e  C9 diaelastic effect 



Figure 18. The r e l a t i v e  modulus change f o r  C44 (measured a t  
5 K), p l o t t e d  a g a i n s t  annea l ing  temperature.  The 
frequency was 11.04 MHz. The dashed po r t i on  i n d i c a t e s  
t h a t  t h e  210 anneal  l a s t e d  f o r  20 minutes i n s t e a d  of 
t h e  usual  10 minutes. 
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occur red  near  130 K ,  a s  shown i n  f i g u r e  17. The smal l  dec rease  s e e n  i n  

f i g u r e  18 seems t o  be a  real e f f e c t  and is  not  caused by t h e  presence 

a t  8  K of a  r e l a x a t i o n  peak; first of a l l ,  t h e  magnitude of an e f f e c t  

caused by t h e  r e l a x a t i o n  a t  8 K would be no more t han  .5 x10-5 which is 

on ly  about 20% of  t h e  r e l a t i v e  change a c t u a l l y  observed i n  t h e  modulus. 

Secondly, one would expec t  t h e  d i s p e r s i o n  caused by a r e l a x a t i o n  t o  

cause an apparent  i n c r e a s e L i n  t,he d i a e l a s t i c  e f f e o t ,  i . e .  a change t o  

more negati.ve numbers. 

The d i a e l a s t i c  e f f e c t  i s  s t i l l  not  well understood t h e o r e t i c a l l y  

' s o  t h a t  an i n t e r p r e t a t i o n  of t h e s e  results i n  terms of p o s s i b l e  d e f e c t  

c o n f i g u r a t i o n s  w i l l  no t  be a t tempted  here .  

TABLE I V .  C h a r a c t e r i s t i c s  of A t t enua t ion  Peaks i n  A1-Mg . l %  

Peak .  Mode Tm(K H(meV) v o ( l / s e c )  Am/c RTm/c 
10MHz / 30MHz (K 

Table  I V  summarizes t h e  major c h a r a c t e r i s t i c s  of t h e  r e l a x a t i o n  

peaks observed i n  A1-Mg. 

Tm is  t h e  tempera ture  of t h e  peak maximum, and va lues  a r e  given 



f o r  both 10 and 30 MHz. From the  Debye equations,  t h e  decrement peaks 

. occur f o r  w ~ = l  which, when combined with t h e  Arrhenius expression f o r  r 

given i n  equation 6, implies t h a t  t h e  use of two d i f f e r e n t  frequencies,  

f l  and f2 ,  causes t h e  peak temperatures t o  s h i f t  accordingly from T1 t o  

T2: One can use this shift t o  ob ta in  H, t h e  a c t i v a t i o n  enthalpy f o r  

t h e  relaxation:  

uo, t h e  frequency f a c t o r ,  is then e a s i l y  ca lcu la ted  from equation 6. 

One f o r  obta in ing t h e  peak shift is t o  p lo t  t h e  decrement 

peaks f o r  10 and 30 MHz. as shown i n  f i g u r e  19. , The background was 

"subtracted and each point on t h e  curve mul t ip l i ed  by its corresponding 

temperature i n  order  t o  eliminate t h e  inverse  T dependence of the  

r e l a x a t i o n  s t r e n g t h  (see  equation 9). The r e s u l t  was normalized and 

then p lo t t ed  a g a i n s t  100/T. Since Debye peaks are normally symmetric 

about wf = 1 when plot ted  versus I n  w-t, t h e  exponential dependence of T 

upon the  inverse  temperature means t h a t  r ep lac ing  I n  WT with 1 0 0 / ~  ( f o r  

a given frequency) w i l l  preserve t h e  symmetry of the  peaks. The 

results f o r  peak 3 (C44 mode) after t h e  190 K anneal are shown i n  

f i g u r e  19. 

The shift of t h e  e n t i r e  peak ( r a t h e r  than j u s t  t h a t  of the 

m a x i m u m )  is used f o r  t h e  evaluat ion of H using equation 11. T, was 

obtained by t a k i n g  an average of t h e  absc i s sa  values a t  the  

half-maximum points  on t h e  curves. ( I n  some cases where t h e  peak was 



F i g u r e  19. The decrement v a l u e s  f o r  peak 3 i n  A1-Mg, m u l t i p l i e d  
by t e m p e r a t u r e  and normal ized ,  p l o t t e d  as a f u n c t i o n  
o f  100/T f o r  10 and 30 MHz, s i d e  by s i d e .  The 
peak s h i f t  w i t h  f r e q u e n c y  was used t o  c a l c u l a t e  t h e  
a c t i v a t i o n  energy  f o r  r e l a x a t i o n  o f  t h e  peak 3 d e f e c t .  
A peak h a v i n g  t h e  c l a s s i c a l  Debye s h a p e  was c a l c u l a t e d  
and is shown a s  t h e  dashed curve .  





s l i g h t l y  asymmetric, t h e  nine-tenths-maximum p o i n t s  were a l s o  used. ) 

The l a s t  two columns i n  t a b l e  I V  a r e  concerned w i t h  t h e  s i z e  of t h e  

r e l a x a t i o n  peaks. h / c  i s  t h e  maximum decrement s e e n  f o r  each peak 

du r ing  t h e  annea l ing  program d iv ided  by t h e  Frenke l  d e f e c t  

. concen t r a t i on  a f t e r  i r r a d i a t i o n  ( a s  l i s t e d  i n  t a b l e  111) .  RTm/c i s  t h e  

temperature-compensated r e l a x a t i o n  s t r e n g t h  f o r  each peak per u n i t  

concen t r a t i on  of Frenkel  d e f e c t  after  i r r a d i a t i o n ,  again f o r  t h e  

maximum value observed. 

From t h e .  c h a r a c t e r i s t i c s  l i s t e d  i n  t a b l e  I V  and t h e  Debye 

equa t ions ,  t h e  shapes of Debye peaks can be c a l c u l a t e d  and compared 

w i t h  t h e  experimental  peaks. For example, t h e  curve drawn wi th  dashed 

l i n e s  i n  f i g u r e  '19 has  t h e  c l a s s i c a l  Debye shape and ag rees  w e l l  wi th  

peak 3. A l l  t h e  peaks i n  A1-Mg have shapes which are approximately 

Debye i n  n a t u r e  except  pos s ib ly  peak 6 . (which annea l s  d u r i n g  our 

A obse rva t ion  of i t . )  

C.  Cu-A& r e s u l t s  - 
Measurements were taken of t h e  u l t r a s o n i c  a t t e n u a t i o n  ( a t  10 and 

30 MHz) and . resonant  f requency ( a t  10 MHz) i n  bo th  C '  and C44 modes. A 

summary of some b a s i c  d a t a  f o r  t h e  Cu-Ag runs  is  given i n  t a b l e  V. No 

r e l a x a t i o n s  were v i s i b l e  i n  t h e  C '  mode, bu t  s e v e r a l  peaks were s e e n  i n  

t h e  C44 mode. ' The e x i s t e n c e  of s e v e r a l  pea& was deduced o n l y  af eer 

obse rva t ion  of ' the annea l ing  behavior  of t h e  a t t e n u a t i o n .  T h i s  pI 'UC8YS 

; of deduct ion  w i l l  be o u t l i n e d  l a t e r  i n  t h i s  s e c t i o n  and invo lves  a 

combination of t h e  d a t a  shown i n  f i g u r e s  20 and 21. F igu re  20 shows 



Figure  20. The l o g  decrement i n  Cu-Ag a t  10 MHz, p l o t t e d  as 
a f u n c t i o n  of obse rva t ion  tempera ture  f o r  C44. 
Three d i f f e r e n t  annea l s  a r e  shown. (data from run V) 
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Figure 2 1 ,  A(top): The maximum peak height f o r  the C44 peaks 
i n  run V ( i n  l o g  decrement) plotted against  annealing 
temperature ( i n  K). 

B( bottom) : The r e l a t i v e  modulus change f o r  C' ( s o l i d  
curve),  run I V  and C44 (dashed curve),  run V ,  
p lot ted  against  annealing temperature ( i n  K). The fie- 
quency used for C' was 10.52 MHz. For C44, it was 
11.17 MHz. 
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t h e  10 MHz l o g a r i t h m i c  decrement after background s u b t r a c t i o n  p l o t t e d  

a s  a f u n c t i o n  of t empera ture  between 0  and 30 K a t  t h r e e  d i f f e r e n t  

p o i n t s  i n  t h e  annea l ing  program. The results are from run  V .  The t o p  

p o r t i o n  of f i g u r e  21 d i s p l a y s  t h e  annea l ing  behavior  

TABLE V. Summary of Cu-Ag Runs 

Date  Mode I r r a d  S e l e c t e d  Echoes Time Thickness  Volume 
Temp lOMHz/ 30MHz Between (mm) Averaged 
(K Echoes Dose 

(US (ppm,F.P.) 

Run I V  Jul C t  50 I s t+4 th / l s t+2nd  30.9/10.3 8.48 3.6 
1980 

V I I  Mar C44 40 l s t + l O t h / l s t + 5 t h  49/22 8.18 4.0 
1981 80 18.7 

V I I I  Apr C 1  40 l s t + 9 t h / l s t + 3 r d  7 7 . 9 1 9 . 3  8.18 1.8 
1981 80 15.4 

a t  10 MHz i n  terms of t h e  maximum peak he igh t  i n  l o g a r i t h m i c  decrement 

ve r sus  t h e  annea l ing  tempera ture ,  a g a i n  f o r  run  V. Run V s e rved  as a  

pre l iminary  i n v e s t i g a t i o n  of t h e  C44 mode. 

Immediately a f t e r  i r r a d i a t i o n  a t  50 K t o  a Frenke l  d e f e c t  

c o n c e n t r a t i o n  of 9.3 ppm, o n l y  peak 1 ( a t  16 K) was v i s i b l e .  The 75 K 

annea l  produced a  two-fold i n c r e a s e  i n  peak he igh t .  Th i s  sugges ted  an 

a s s o c i a t i o n  wi th  t h e  r e s i s t i v i t y  subs t age  IIb observed by Cannon and 



s o s i n 4  a t  60 K .  The next  subs t age  observed by them w a s  named 11, and 

occurred  between 120 and 140 K; t h e r e f o r e ,  o u r  next  anneal  was t o  120 

K. Of g r e a t  i n t e r e s t  was t h e  f a c t  t h a t  peak 1 was a l r e a d y  gone a f t e r  

t h i s  annea l ,  wel l  be fo re  t h e  bulk of t h e  r e s i s t i v i t y  annea l ing  i n  this 

reg ion  had taken  place. Only a s m a l l ,  poorly-defined peak s t r u c t u r e  

w a s  l e f t  i n  i ts  p lace  wi th  a shoulder  between 9, and 12 K and a maximm 

cen te red  a t  15 K r a t h e r  than  16 K. One of t h e  most i n t r i g u i n g  f e a t u r e s  

about  t h e  Cu-Ag system is t h a t  this peak s t r u c t u r e  cont inued t o  

i n c r e a s e  du r ing  t h e  125-145 K annea l s ,  w e l l  a f t e r  peak 1 had 

disappeared.  I f ,  as Cannon and Sos in  supposed, ' Ag i m p u r i t i e s  r e l e a s e d  

t rapped  i n t e r s t i t i a l 3  i n  t h i s  v i c i n i t y ,  t h e  growth of t h i s  s t r u c t u r e  
. . 

can be explained.  However, what annea l ing  mechanism would then  account 

f o r  t h e  e a r l y  disappearance of peak 11 

Figure  21 shows t h e  growth i n  both t h e  he igh t  of t h e  shoulder  and 

t h e  maximum height  a t  15 K. I n  f i g u r e  20, t h e  s t r u c t u r e  present  a f t e r  

t h e  145 K &meal is shown, and t h e  maximum is l a b e l e d  peak 2 w h i l e  t h e  

shoulder  near  1 1 K is l a b e l e d  peak 3. Peak 2, even though o c c u r r i n g  a t  

n e a r l y  t h e  same temperature as peak 1, was be l i eved  t o  be a d i s t i n c t  . 

peak caused by a d i f f e r e n t  d e f e c t  o r  set of d e f e c t s  and not  s imply a 

diminished vers ion  of peak 1. It was assumed t h a t  . once t h e  d e f e c t  

r e s p o n s i b l e  f o r  peak 1 s t a r t e d  t o  annea l ,  as evidenced by t h e  d r a s t i c  

r educ t ion  i n  peak h e i g h t ,  t h e  d e f e c t  'would cont inue  t o  anneal  away 

u n t i l  peak 1 was e n t i r e l y  gone. Also, t h e  maximum he igh t  of t h e  "peakw 

d e f i n i t e l y  s h i f t e d  from 16 K t o  15 K du r ing  t h e  75-145K annea ls .  The 

e x i s t e n c e  of t h e  shoulder  was v e r i f i e d  when, upon subsequent  annea l ing  



t o  160 K ,  t h e  peak he igh t  between 9 and 12 K decreased no t i ceab ly .  

Peak 2 remained u n t i l  t h e  200 K anneal  where i t  f i n a l l y  annealed away. 
I 

Th i s  behavior  c o r r e l a t e s  w i th  t h e  r e s i s t i v i t y  subs tage  IId s e e n  by 

Cannon and Sos in  a t  about 190 K .  

A second run was performed i n  t h e  C44 mode ( run  V I ,  Frenkel  p a i r  

concen t r a t ion  of 5 ppm) i n  o rde r  t o  o b t a i n  d e t a i l s  about  t h e  behavior  

of peak 1 n e a r  60 K(stage I I b ) ,  and about  t h e  tempera ture  s e p a r a t i o n  

between t h e  annea l ing  of peak 1 and t h e  growth of peaks 2 and 3; The 

observed annea l ing  behavior  is  shown i n  f i g u r e  22 p l o t t e d  as t h e  

maximum peak he igh t  i n  decrement (background s u b t r a c t e d )  versus  t h e  

annea l ing  temperature.  Unlike t h e  behavior  i n  run V ,  peak 1 d i d  not  

grow a f t e r  annea l ing  t o  80 K .  Apparently,  t h e  i r r a d i a t i o n  tempera ture  

was too  c l o s e  t o  60 K s o  t h a t  a l l  of t h e  I I b  annea l ing  took  p l ace  

du r ing  t h e  i r r a d i a t i o n .  However, we were still a b l e  t o  check on t h e  

. annea l ing  reg ion  between 95 and 145 K .  The d i f f e r e n c e  between t h e  

tempera ture  where peak 1 d i sappeared  and t h a t  where peaks 2 and 3 grew 

i s  c l e a r l y  shown i n  f i g u r e  22. Maximum annea l ing  of peak 1 took  p lace  

near  . 110 K ,  we l l  be fo re  s t a g e  11, ( a s  s e e n  by Cannon and S o s i n ) ,  wh i l e  

maximum growth f o r  peaks 2 and 3 took p lace  nea r  127 K. Peak 3 a g a i n  

disappeared near  150 K (which d id  n o t  correspond t o  any r e s i s t i v i t y  

change observed)  wh i l e  peak 2 annealed ou t  i n  t h e  same tempera ture  

range as s t a g e  IId (,I90 K). 

To determine whether o r  no t  peak 1 ' s  growth corresponded t o  t h e  

r e s i s t i v i t y  s t a g e  IIb (60 K ) ,  we performed a t h i r d  C44 run  (VI I )  w i t h  

p a r t i c u l a r  emphasis on a low tempera ture  i r r a d i a t i o n  fol lowed by a n  



Figure  22. The maximum peak h e i g h t s  f o r  t h e  C44 peaks ( i n  log 
decrement) i n  run V I ,  p l o t t e d  a g a i n s t  t h e  annea l ing  
temperature. 
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annealing program centered on 60 K .  .We i r r a d i a t e d  our sample f o r  

seve ra l  days a t  40 K t o  a Frenkel p a i r  concendration of about 4 ppm. 

To insure  the  proper i r r a d i a t i o n  temperature, we monitored t h e  resonant  

frequency continuously during i r r a d i a t i o n  and made use of the  s t r o n g  

s e n s i t i v i t y  of the  frequency t o  temperature changes. The r e s u l t s  of 

t h e  i r r a d i a t i o n  and annealing f o r  30 MHz a r e  shown i n  f i g u r e  23. Shown 

i n  s o l i d  l i n e s  a r e  the  annealing curves (maximum peak height  i n  

decrement vs. annealing temperature) f o r  the  30 MHz a t t e n u a t i o n  peaks 

1 and 2 ( read  from the  lef t-hand s c a l e ) .  Peak 3 was ignored f o r  this 

run. The boxed port ions represent  t h e  growth of t h e  peak fo l lowing 

i r r a d i a t i o n  a t  the  temperature spec i f i ed .  The dash-and-dotted curve 

g ives  the. Cannon and Sosin da ta  f o r  t h e  amount of induced r e s i s t i v i t y  
0 . : .  

change remaining i n  Cu-Ag(500 ppm) a s  a func t ion  of annealing 

temperature. The r e s i s t i v i t y  points  a r e  normalized t o  t h e  value a f t e r  

t h e  40 K anneal ,  and t h e i r  values a r e  read from the  right-hand sca le .  

They a r e  unconnected with t h e  80 K i r r a d i a t i o n ,  a s  ind ica ted  by t h e  

. , dashed l i n e .  
. . 

Aftcr the  40 K i r radhat ion ,  we proceeded t o  anneal t h e  sample 

upward i n  4 o r  5 K s t eps  t o  79 K. The p o w t h  of peak 1 c o r r e l a t e d  very 

w e l l  w i t h  t h e  recovery s t a g e  IIb which was bel ieved by Cannon and 

~ o s i n '  t o  be due t o  a reconf igura t ion  of the  i n t e r s t i t i a l  i n t o  a deeper 

t r app ing  pos i t ion  a t  the  same impurity. 

The annealing program was followed by another  i r r a d i a t i o n ,  ' this  

t ime a t  80 K t o  a f i n a l  Frenkel p a i r  concentra t ion  of 18.7 ppm. This  

higher i r r a d i a t i o n  temperature increased our e f f e c t i v e  cool ing  power 



Figure  23. The r e s u l t s  of run V I I  f o r  t h e  C44 mode: 
A: Boxed po r t i ons  show t h e  maximum he ight  of  peak 1 
i n  Cu-Ag ( a t  30 MHz) a s  a func t ion  of t h e  t o t a l  induced 
Frenkel p a i r  concent ra t ion ,  measured a f t e r  each day 
of  i r r a d i a t i o n .  

B: Outs ide t h e  boxed por t ions ,  maximum peak he igh t s  ( a t  
. 30 MHz) a r e  p l o t t e d  a g a i n s t  annea l ing  temperature ,  shown 

by s o l i d  curves.  

C: For comparison, t h e  r e s i d u a l  r e s i s t i v i t y  change 
measured i n  Cu-Ag(500 ppm) as a func t ion  of annea l ing  
temperature  by Cannon and sosin'  is a l s o  shown 
(by t h e  broken, dash-and-dotted l i n e ) .  The va lues  
were normalized t o  t h e  40 K anneal.  
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and allowed us t o  use higher beam currents. Peak 1 grew by a f ac to r  of 

4. We annealed between 95 and 145 K, and after comparing our annealing 

data  f o r  peak 1 with Cannon and Sosin's r e s i s t i v i t y  data ,  we saw no 

d i s t i n c t  r e s i s t i v i t y  change associated with the  disappearance of peak -1 

a t  110 K. Resis t iv i ty  measurements performed by us on samples made 

from our own boule of Cu-Ag confinned this fac t .  

. . We a130 ver i f ied  the growth t h a t  took place i n  peak 2 between .I20 

and 145 K, s ign i f i can t ly  separated from the disappearance of peak 1 

between 95 and 115 K. From f igure  23, one can see  a s t rong cor re la t ion  

between the growth of peak 2 and the  r e s i s t i v i t y  recovery (s tage 11,) 

observed by Cannon and Sosin. Our i n t e rp re t a t i on  of these results w i l l  

. . appear i n  chapter 4. 
a .  

The annealing continued through 210 K with the  disappearance of 

peak . 2  taking place between 170 and 210 K, j u s t  where s tage IId i n  the  

r e s i s t i v i t y  w a s  observed. The dotted l i n e  between 160 and 190 K i n  t he  

- peak 2 annealing-curve indicates  t ha t  no annealing points were taken i n  

t h a t  region. ' 

Me~urements  of the d i a e l a s t i c  effect i n  terms of the  

temperature-independent part  of the  r e l a t i v e  modulus change (AC/C) were 

a l s o  performed a t  10 MHz i n  our samples. The lower portion of f i gu re  

- 21 shows a plot  of the r e l a t i ve  modulus change versus the annealing 

temperature f o r  C' (run I V ,  Frenkel pa i r  concentration of 3.6 ppm) and 

C44 (run V, 9.3 ppm Frenkel pairs)  indicated by the  s o l i d  and dashed 

l i n e s ,  respectively.  

The annealing curve f o r  the C 9  d i a e l a s t i c  effect is ra the r  f l a t ,  . 



showing very  l i t t l e  change even i n  t h e  annea l ing  r eg ions  where t h e  

a t t e n u a t i o n  peaks were undergoing growth o r  shr inkage .  The annea l ing  

curve  f o r  t h e  4  d i a e l a s t i c  effect shows a s l i g h t  decrease  of t h e  

e f f e c t  ( t o  less nega t ive  va lues )  a f t e r  t h e  75 K annea l ,  and then  s t a y s  

f a i r l y  P l a t  u n t i l  about 180 K. Above 180 K ,  t h e  d i a e l a s t i c  e f f e c t  ' 

g r a d u a l l y  i n c r e a s e s  ( t o  more nega t ive  va lues ) .  

F igu re  24 shows t h e  annea l ing  results f o r  t h e  C t  ( r u n  V I I I )  and 

C44 r u n  VII )  d i a e l a s t i c  e f f e c t s  ( s o l i d  and dashed l i n e s ,  

r e s p e c t i v e l y ) .  Both of t h e s e  runs  s t a r t e d  w i t h  a 40 K i r r a d i a t i o n  ( t o  

'1.8 ppm Frenkel  p a i r s  f o r  C t  ,and t o  4 ppp f o r  Cq4) fol lowed by 

annea l ing  up t o  74 K f o r  C t  and 79 K f o r  C44. The Ct diaelastic effect 

appeared t o  i n c r e a s e  s l i g h t l y  i n  t h i s  annea l ing  reg ion .  However, t h e r e  

was a  d e f i n i t e  decrease  i n  t h e  C44 d i a e l a s t i c  effect t h a t  c o r r e l a t e s  

w e l l  wi th  t h e  r e s i s t i v i t y  subs t age  -IIb (60 K). 

. An 80 K i r r a d i a t i o n  was then  performed ( t o  a f i n a l  Frenke l  p a i r  

-. concen t r a t i on  of 15.4 ppm f o r  C t  and 18.7 ppm f o r  ~ 4 ~ )  fo l lowed by t h e  

annea l ing  program descr ibed  e a r l i e r  f o r  t h e  a t t e n u a t i o n  measurements. 

The a r~ i i ea l i ng  po in t s  were taken  from 80 t o  200 K. 
. . 

I n  t h e  C t  mode, t h e  d i a e l a s t i c  e f f e c t  decreased throughout  this 

reg ion  f a i r l y  smoothly except  near  110 K and 130 K.(where peak 1  

d i sappeared  and peak 2 grew i n  t h e  C44 mode). The s i z e  of t h e s e  

d e v i a t i o n s  from smoothness was s m a l l ,  nea r  t h e  n o i s e  i e v e l  of t h e  

system, and no conc lus ions  a r e  made about  t h e i r  p o s s i b l e  o r i g l n .  The 

d i a e l a s t i c  e f f e c t  i n  C44 showed no major changes between 80 and 160 K. 
. . 

After 160 K ,  t h e  effect g r a d u a l l y  i n c r e a s e d  as it d i d  i n  run  V ( f i g u r e  



F i g u r e  24. Annealing behavior  of t h e  r e l a t i v e  modulus change f o r  
C '  ( s o l i d )  and C44 (dashed) :  f irst,  f o l l o w i n g  
i r r a d i a t i o n  at 40 K ,  and t h e n  f o l l o w i n g  i r r a d i a t i o n  
a t  80 K. Data a r e  from r u n s  VII(C44) and VIII(Cf ). 
Measurements were a t  5 K ;  t h e  f requency  f o r  C 1  was 
10.48 MHz. For C44, i t  was 10.3 MHz. 
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Figure 25 shows a plot  of the  d i a e l a s t i c  e f f e c t  as a function of 

the  Frenkel pair  concentration f o r  C1 ( run VIII)  and C44 (run VII) 

shown with s o l i d  and dashed l i n e s ,  respectively.  As discussed 

previously, i r r a d i a t i o n  took place a t  40 and 80 K. After each day of 

i r r ad i a t i on ,  t h e  sample was ramped down t o  helium temperatures and the  

d i a e l a s t i c  measurement taken. The C1 e f f e c t  ( a f t e r  about 1.8 ppm of 

Frenkel pairs  were introduced a t  40 K) w a s  very s m a l l .  After annealing 

t o  74 K ,  t he  e f f ec t  was only s l i g h t l y  l a rge r ,  as indicated i n  f i gu re  

25. I r rad ia t ion  a t  80 K seemed t o  produce a much l a r g e r  e f f e c t  per ppm 

Frenkel pair  as evidenced by the  s teeper  s lope of the  l i n e  drawn 

between the  80 K points, compared t o  the  s lope f o r  t h e  40 K 

i r rad ia t ion .  However, only one point was taken after t h e  40 K 

i r r ad i a t i on ,  and s ince  t he  i n i t i a l  pinning of dis locat ions  might 

decrease t he  d i a e l a s t i c  e f f e c t  i n  the  e a r l y  s tages  of i r r ad i a t i on ,  i t  

is possible t h a t  the  s lope of the  l i n e  drawn through . t h e  40 K 

i r r a d i a t i o n  points l a t e r  i n  t he  i r r a d i a t i o n  program could have been as 

l a rge  as the  slope of the  80 K l ine .  

I n  C44, t he  d i a e l a s t i c  e f f e c t  after 40 K i r r a d i a t i o n  was larger 

than i n  C' f o r  t he  same dose. The annealing up t o  79 K produced a 

dearease i n  t he  e f f ec t ,  as ghown i n  f i p e  25. One would expect from 

t h i s  decrease after annealing t h a t  t h e  d i a e l a s t i c  e f f e c t  per ppm 

Frenkel pa i r  a f t e r  i r r ad i a t i on  at 80 K would be less than t h a t  f o r  

i r r a d i a t i o n  a t  40 K. This conclusion is supported by a comparison of 

the  slopes of the  l i n e s  drawn through the  80 K and 40 K points. 



F i g u r e  25. The r e l a t i v e  modulus change f o r  C t ( s o l i d )  and C44 
. (dashed)  as a f u n c t i o n  of t o t a l  r a d i a t i o n - i n d u c e d  

Frenke l  p a i r s  a t  40 and 80 K i r r a d i a t i o n  t e m p e r a t u r e s .  
Data were t a k e n  a t  5 K f o l l o w i n g  each day o f  i r r a d i a t i o n .  
The r e s o n a n t  f requency  f o r  C v  was 10.48 MHz. For  C44, 
i t  was 10.3 MHz. 
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However, because the d i ae l a s t i c  effect is still not su f f i c i en t ly  

well-understood, the  significance of these r e s u l t s  t o  the  possible 

defect  configurations remains unclear. 

Table V I  lists the charac te r i s t ics  of the peaks i n  Cu-Ag which 

were obtained i n  the  manner discussed previously. An accurate 

determination of the charac te r i s t ics  f o r  peak 3 w a s  precluded by its 

s m a l l  s i z e  and its proximity t o  peak 2. The nunbers given f o r  peak 2 

a r e  intended as estimates only; peak 2 was too wide t o  be accounted 

f o r  by a s ing le  rel-axation process. Figure 26 shows a plot  of the 

normalized, temperature-compensated decrement a t  10 and 30 MHz versus 

100/T f o r  peak 1 a f t e r  the  95 K anneal. The dashed l i n e  is a 

calculated Debye peak, and i t  agrees w e l l  with the  experimental peak 

observed. 

\ 
TABLE V I .  Character is t ics  of Attenuation peaks i n  C w A g  -1% 

Peak 'Mode Tm(K) H(meV) . vo ( l / sec)  &/c RTm/c 
1oNIlz / 3 M z  (9 



F i g u r e  25. Peak 1 i n  Cu-Ag, decrement v a l u e s  m u l t i p l i e d  by 
t e m p e r a t u r e  and normal ized,  p l o t t e d  as a f u n c t i o n  of 
100/T f o r  10 and 30 MHz, s i d e  by s i d e .  A peak hav ing  
t h e  c l a s s i c a l  Debye shape  was c a l c u l a t e d  and is shown 
as t h e  dashed curve .  





CHAPTER 4 

Discussion 

We have found t h a t  e l ec t ron- i r rad ia t ion  of A1-Mg and Cu-Ag ' 

introduces defects  which cause a v a r i e t y  of peaks i n  t h e  u l t r a s o n i c  

a t tenuat ion.  A1-Mg displayed 6 peaks which were v i s i b l e  i n  both t h e  C'  

and C44 acous t i c  modes, w h i l e  Cu-Ag displayed 3 peaks only i n  t h e  C44 

acous t i c  mode. 

Each of the' r e l axa t ion  peaks i n  81-Mg showed an annealing behavior 

d i f f e r e n t  from t h a t  of every o the r  peak. The same is t r u e  of t h e  three 

@ peaks i n  Cu-Ag: that is, peak 1 disappeared a t  110 K ,  peaks 2 and 3 

. grew a t  about 125 K, peak 3 disappeared near 150 K ,  and peak 2 

. . disappeared near 190 K. It is reasonable t o  conclude from t h e  

annealing . behavior observed ' that each peak i n  A1-Mg and Cu-Ag 

'corresponds t o  a d i f f e r e n t  defect  type. 

. 81-Mg and Cu-Ag represent  two systems i n  which t h e  impuri ty atom 

is s t rong ly  uveibsized within t h e  ,hos t  lcl t t ioea AW/V is 448 f o r  ~g~~ i n  

A 1  and 36% f o r  A ~ ' '  i n  Cu. I n  these  oversized systems, all of t h e  

a t t enua t ion  peaks (except possibly peak 6 i n  A1-Wg) underwent growth 

dur ing some part  of t h e  s t a g e  I1 annealing program. The main peaks 

(peak 1 i n  Cu-Ag and peak 6 i n  Al-Mg) annealed away i n  t h e  middle of 

s t a g e  I1 (110 K f o r  CpAg, 130 K f o r  A1-Mg). This  is i n  sha rp  c o n t r a s t  

with t h e  behavior found i n  t h e  undersized systems s tud ied  s o  far: 

A1-Mn (~ohnson ' )  as w e l l  as Al-Zn and A1-Fe ( ~ u l t m a n ~ ) .  I n  t h e  



undersized case ,  a lmost  a l l  of t h e  peaks reached t h e i r  maximum he igh t s  

immediately a f t e r  i r r a d i a t i o n  and remained unchanged u n t i l  they  f i n a l l y  

8 annealed away. For t h e  s t r o n g l y  undersized m a t e r i a l s  A1-Mn and A1-Fe 

(where AV/V is about -30%) , 3 9  t h e  main peaks d id  no t  d i sappear  u n t i l  

t h e  onse t  of vacancy migra t ion  i n  s t a g e  I11 (210-240 K). 

These d i f f e r e n c e s  i n  t h e  annea l ing  behavior  sugges t  t h a t  t h e  

i n t e r s t i t i a l  t r a p s  near  overs ized  i m p u r i t i e s  tend  t o  be sha l lower  than  

t h e  t r a p s  near  ' overs ized  i m p u r i t i e s .  This  behavior  is roughly . 

c o n s i s t e n t  wi th  t h e  r e s u l t s  of c a l c u l a t i o n s  performed by Dederichs,  et 

a1. F igure  2 B  shows t h e  b inding  e n e r g i e s  f o r  t h e  complexes c o n s i s t i n g  - 
of a s e l f - i n t e r s t i  t i a l  ,dumbbell and an ove r s i zed  impur i ty  l o c a t e d  a t  

0 t h e  s i t e s  i nd ica t ed .  (Reca l l  t h a t  t h e  impur i ty  does not  move between 

t h e s e  s i t e s .  Rather ,  t h e  dumbbell jumps s o  t h a t  t h e  r e l a t i v e  p o s i t i o n  

of  t h e  impur i ty  i s  what changes. Also, t h e  ene rg i e s  are given i n  u n i t s  

of t h e  b inding  energy f o r  ' the mixed dumbbell, which forms only  i n .  t h e  

c a s e  of t h e  undersized impuri ty .  P o s i t i v e  va lues  are considered t o  be 

. binding.)  Reversing t h e  s i g n s  g ives  t h e  r e s u l t s  f o r  an undersized 

• impur i ty .  The b inding  ene rg i e s  one therl o b t a l m  f o r  t h e  undersi.zed 

complexes r ep re sen t  s t r o n g e r  b inding  o v e r a l l  than  one f i n d s  i n  t h e  case  
.:.. . 

of t he  overs ized  impurity: t h e s e  e n e r g i e s  are 1 .O, .40, .13, and .04 
. . 

f o r  t h e  1.1ndersized impur i ty ,  and .21, .09,. and .O1 f o r  t h e  overs ized  

impur i ty .  Tab l e  V I I  g ives  t h e  predic ted  b inding  e n e r g i e s ,  Eb ( i n  eV) , 
and t h e  approximate expected tempera tures  of annea l ing ,  TA, f o r  t h e s e  

con f igu ra t ions  i n  Cu-Ag and A1-Mg. The results f o r  two models (models 

A and B) a r e  l i s t e d .  These models w i l l  be d iscussed  i n  d e t a i l  later i n  



TABLE VII. Binding Energies and Annealing Temperatures f o r  Impurity 
Traps i n  Cu-Ag and A1-Hg 

Cu-Ag Al-Mg 
Trap .01 .09 .21 -01 09 -21 

.. . MODEL A , . 

this chapter. The binding energy of a mixed dumbbell as a function of 
. . 

s i z e  mismatch (Av/V) is given by Dederichs, e t  al.' and is used t o  

obtain Eb, t h e  binding energy of the  complex. We assume the ac t iva t ion  

energy t'oP aursealf ng, U ,  i s gLven by %+Em, where E, is the  f r e e  

migration energy of the i n t e r s t i t i a l  which is taken here t o  be -115 e V  

f o r  A 1  and .I17 eV f o r  C U . ' ~  This value f o r  U should be regarded as an 

upper l i m i t  i n  t he  case of a defect  moving frcm a shallow t r a p  t o  a 

deeper one. This is because t he  energy ba r r i e r  separat ing a shallow . 

t r a p  from a '  deep one is l i k e l y  t o  be loner  than t he  normal migration 

energy i n  the  rest of the  cryata l .  

The annealing temperature is calculated by first considering 

equation 10 again. ( Impl iui t ly ,  t o  obtain equation 10, we assumed t h a t  



t h e  defec ts  need t o  perform only a s i n g l e  jump ' t o  produce annealing 

behavior i n  our a t t enua t ion  peaks.) We rewr i t e  equation 10 as:  

(12) c = co e x p ( - t / r )  where 

3 ' For. a t i m e  of measurement, T, of about 10 seconds (about 16 minutes)  

and a value f o r  fo  of 1013 sec- ' ,  w e  ob ta in  t h e  fo l lowing l i n e a r  

r e l a t i o n s h i p  between U and TA: 

(14) TA(K)  = 320 U(eV) 

The t r a p  marked .O1 was used by Cannon and Sosin  i n  t h e i r  

i n t e r p r e t a t i o n  of the  r e s i s t i v i t y  substage IIb a t  60 K ( see  f i g u r e  2A). 

It was bel ieved t o  be the  shallow t r a p  t h a t  f e d  i n t o  the  deepest  t r a p  

marked. .21 i n  f i g u r e  2 ~ .  However, Table V I I  shows t h a t  t h i s  process 

should occur a t  47 K ( a s  an upper l i m i t )  s o  t h a t  t h i s  conf igura t ion  

probably cannot account f o r  the  60 K substage'. Also, this t r a p  i s  

probably unimportant f o r  i r r a d i a t i o n  temperatures between 40 and 80 K .  
. . 

Therefore, we can . s impl i fy  our d iscuss ion by dea l ing  only wi th  t h e  

~~e~i la in ing  a t a b l e  sit.es marked .21 and .09. We w i l l  use t h e  numbers 

shown i n  f i a ~ r e  2B for i . den t i f i ca t ion  of the  d i f f e r e n t  defec t  complexes 

t r e a t e d  i n  the  fol lowing discussion.  



A. Predictions of the  Dederichs, e t  al. model - 
Dederichs , e t  al. used simple po ten t ia l s  ( t he  Born-Mayer, Morse, 

and .Modified Morse). t o  describe t he  in te rac t ions  b.etween the  

a . i n t e r s t i t i a l  and the  impurity atom. These po ten t ia l s  would be expected 

t o  give good results fo r  Cu and Ag which have hard core closed e lectron 

she l l s .  Also, these potent ia ls  have given a good quant i t a t ive  account 
I 

o f .  the  i n t e r s t i t i a l  and vacanoy properties i n  pure copper. Therefore, 

. - i t  is expected t ha t  the calculat ions  by Dederichs, et dl. should apply 

bes t  t o  Cu-Ag among a l l  of t he  in te rs t i t i a l - impur i ty  systems 

invest igated t o  date. 

To see  the  implications of these calculat ions  f o r  t he  present 

measurements, w e  first take note of the  f a c t  t h a t  there  exist several  

independent "tracksn f o r  the  motion of the  i n t e r s t i t i a l ,  s o  - t h a t  not 

every configuration is ava i lab le  t o  a given i n t e r s t i t i a l  a t  a given 

. . impurity atom. . This has ce r t a in  consequences upon the  annealing 

behavior which w i l l  be discussed below. The concept of t he  t racks  

a r i s e s  from consideration of the  s t a b l e  defect  configurations indicated 

i n  f i gu re  28 with' the  binding energies .21 and -09. I f  the  dumbbell 

can only migrate v ia  the  elementary jump shown i n  f i gu re  1B (i.e.,  t he  

i n i t i a l  and f i n a l  posit ions of the  dumbbell atoms all l i e  i n  a (100) 

plane), then the  s i t e  marked -21 is inaccessible  t o  the  s i te marked 

-09- I n  f ac t ,  if the system is allouod t o  change only via the  

elementary jump specif ied,  then at a given impuri.ty, t h e  migration 

paths o r  "tracksn including the  sites marked -09, 0.0, -.04, -.'13, and 

-.4 a r e  completely inaccessible  t o  the  path t h a t  includes the  sites -01 



and -21. 

These t racks  are drawn i n  f i gu re  27. The impurity atom is 

:- s ta t ionary,  w h i l e  the  dumbbell can migrate between the  posit ions and 

. or ien ta t ions  shown f o r  each track. Two types of t racks  are shown, 

. t rack A (containing the s t ab l e  s i te marked -21) and t rack B (containing 

the  s t ab l e  s i te marked -09). "Track Bn ac tua l ly  consis ts  of three 

independent tracks; For example, each posit ion marked .09 f o r  one 

or ien ta t ion  of the dumbbell is marked 0.0 f o r  the  other  two . 

orientat ions .  Dederichs, -- et ale3 have shown t h a t  a simple ro ta t ion  of 

t he  d*bbell a t  the same site requires an .energy greater than the  

migration energy, s o  t h a t  the  dumbbell cannot ge t  from 0.0 t o  -09 a t  

the  same site by simply rotating.  Therefore, the  three tracks passing 

through the posit ion mkked -09 are' independent. A similar s i tua t ion  

-exists f o r  every position shown i n  the  figure, so tet a t o t a l  of four 
. . 

independent tracks exist f o r  each impurity atom i n  the  c rys ta l  

(although tracks B1-B3 are re la ted  by 90° ro ta t ions  around a <loo>-axis 

passing through the impurity). . 

After i r r ad i a t ion  at low temperatures, 25% of the  induced 'defects  

8 . -are i n  t rack A, trapped at  the  sites marked -21. 75% of the  defect5 

a r e  divided among t racks B1-83, trapped at  the  sites marked .09. As 

t he  annealing program reaches about 120 K ( i n  Cu-Ag o r  Al-a, s e e  table 

VII.1, the  s i t e o  marked .09 release t h e i r  trapped dumbbells and t racks  

. . B1-B3 bec01n8 depopal-ated. The t rack B i n t e r s t i t i a l s  migrate away from 

t h e i r  own impurities, en t e r  t rack A a t  other  impurit ies,  and are deeply 

trapped i n  t he  sites marked -21. I n  the  process of changing tracks,  



Figu re  27. Four independent  t r a c k s  a r e  shown f o r  each impur i ty .  
Only t h e  s i t e s  on a s i n g l e  t r a c k  a r e  mutua l ly  
a c c e s s i b l e .  Most of t h e  s i tes  a r e  marked by t h e i r  
binding energy a s  c a l c u l a t e d  by Dedericha,  e t  a l .  3 -- 
i n  u n i t s  o f  t h e  mixed dumbbell b ind ing  energy. P o s i t i v e  
va lues  a r e  binding.  Note t h a t  t h e  deepes t  t r a p  
(marked .21) l i e s  i n  t r a c k  A, whi l e  t h e  .09 t r a p  l ies  
on t r a c k s  B1 through B3.  
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some of the  i n t e r s t i t i a l s  recombine with nearby c o r r e l a t e d  vacancies 

and produce r e s i s t i v i t y  recovery. After the  230 K anneal ( s e e  t a b l e  

, V I I ) ,  t h e  s i t e s  marked .21 d e t r a p  and f i n a l l y  r e l e a s e  t h e i r  

i n t e r s t i t i a l s .  Both cor re la t ed  and uncorrelated r e s i s t i v i t y  recovery 

should occur a t  t h i s  time. 

Dederichs, e t  a1.3 chose the  deepest t r a p  (.21) i n  t r a c k  A t o  

i l l u s t r a t e  a .possible r e o r i e n t a t i o n  process i n  oversized mater ia ls .  

The re l axa t ion  is between the  equivalent  s i t e s  shown i n  f i g u r e  3A. The 

r e l a x i n g  de fec t  complex possesses <IlO>-orthorhombic symmetry and 

should produce an a t t enua t ion  peak v i s i b l e  i n  'both t h e  Ct and C44 

a c o u s t i c  modes3' ( s e e  . f i g u r e  3B). S i n c e .  the  C1 r e l a x a t i o n  requ i res  t h e  

same elementary jump of the  dumbbell t h a t  is required f o r  t h e  C44 

r e l axa t ion ,  w e  expect t h e  frequency f a c t o r  and t h e  a c t i v a t i o n  energy 

f o r  the  r e l axa t ion  t o  be t h e  same i n  both modes. The r e l a x a t i o n  peak 

should the re fo re  appear a t  the  same temperature i n  both Ct and C44 

modes. Because t h e  r e o r i e n t a t i o n  jump is s i m i l a r  t o  t h e  motion of the  

: i n t e r s t i t i a l  when f r e e l y  migrat ing though t h e  c r y s t a l ,  t h e  

r e o r i e n t a t i o n  energy should be on t h e  order  of t h e  migrat ion energy: 

about .1 eV i n  copper. This results i n  a peak temperature of 108 K or  

poss ib ly  higher a t  10 MHz. Fina l ly ,  s i n c e  a si ngle de fec t  type is 

,causing the  peak i n  both modes, t h e  peak should d i sp lay  i d e n t i c a l  

annealing bet~avl  or i n  both modes. 

The de fec t  trapped i n  t h e  s i t e  marked ,09 does not appear t o  

r e l ax .  On a given t r ack ,  t h e r e  a r e  only two equivalent  pos i t ions  

located  on opposi te  s i d e s  of the  impurity. Neither  a <100> nor a < I l l >  



u n i a x i a l  stress removes t h e  degeneracy of t h e s e  two sites. Therefore ,  

no a t t e n u a t i o n  peak i s  expected f o r  t h i s  t r a p p i n g  pos i t i on .  

We summarize t h e ' p r e d i c t i o n s  of Bederichs,  & & . I s  model.  a s  

fol lows:  

1 )  Following i r r a d i a t i o n ,  25% o f  t h e  induced d e f e c t s  shoiild be i n  . 

t h e  'deepest  t r a p ,  marked .21 i n  t r a c k  A. Re laxa t ion  of t h e  t rapped  

dumbbell should be v i s i b l e  as an a t t e n u a t i o n  peak l o c a t e d  a t  about  100 

K '  i n  both t h e  C t  and C44' modes. 

2 )  A t  t h e  same time, 75% of  t h e  induced d e f e c t s  should be t rapped  

a t  t h e  s i tes  marked .09 i n  t r a c k s  B1-B3, No r e l a x a t i o n  due t o  t h e s e  

d e f e c t s  is expected. 

3 )  ,After t h e  100 K annea l ,  t h e  It .09" d e f e c t s  (w i th  ' a b ind ing  

energy of on ly  .25 eV, s e e  t a b l e  V I I )  d i s s o c i a t e .  The sha l low t rapped  

i n t e r s t i t i a l s  l e a v e  t h e i r  i m p u r i t i e s  and f i n d  t h e  deepes t  t r a p  (.21) i n  

t r a c k  A o r  recombine wi th  c o r r e l a t e d  vacancies .  Th i s  causes  t h e  h igh  

' >  ' 

t empera ture  a t t e n u a t i o n  peak i n  bo th  modes t o  grow by a t  most a f a c t o r  

of  4,  decreased  by t h e  c o r r e l a t e d  recovery  which occurs .  

4 )  The a t t e n u a t i o n  peak(a t  about  100 K )  should  remain W t i l  t h e  

230 K anneal .  The b inding  energy of t h e  .21 t r a p  (which causes  t h e  

peak) is  about  .6 eV s o  t h a t  a t  230 K ,  t h e s e  t r a p s  f i n a l l y  r e l e a s e  

t h e i r  i n t e r s t i . t i a l s  caus ing  t h e  a t t e n u a t i o n  peak t o  d i sappear .  Long 

range  mig ra t i on  o f  t h e  i ' n t e r s t i t i a l s  t a k e s  p lace ,  r e s u l t i n g  i n  bo th  

. c o r r e l a t e d  and unco r r e l a t ed  recovery.  



B. Cu-Ag discussion - 
The principal  results which need t o  be accounted f o r  by a model 

can be summarized as the  following: 

. 

1 ) Three peaks were seen, including the  main one (peak 1 , all 

' 

with t r igonal  symmetry ( t ha t  is, a l l  i n  t he  C44 acous t ic  mode). 

2) Peak 1 was seen a t  16 K, s o  t h a t  the  defect  responsible 

requires  a low ac t iva t ion  energy of about -014 eV f o r  relaxation.  

3) Peak 1 anneals away without an accompanying r e s i s t i v i t y  

substage a t  '110 'K ,  a t  a temperature c lose  t o  but d i s t i n c t  from.the 

r e s i s t i v i t y  substage 11, seen by Cannon and Sosin' a t  127 K. 

4) Peak 1 grows a t  60 K,  corresponding with t h e  r e s i s t i v i t y  

substage IIb seen by cannon and Sosin. 

5) The smaller peaks 2 and 3 grow at  about 127 K. Their growth 

corresponds with the  r e s i s t i v i t y  substage 11,. 

None of the  peaks observed i n  Cu-Ag can be iden t i f i ed  with the  . 

< 1 lo>-orthorhombic defect  predicted by Dederichs, e t  al . ' Point 1 of 

t h e  summarized r e s u l t s  indicates  t h a t  only peaks of t r igonal  symmetry 

were seen. None of them possessed a counterpart i n  C1,  which would be 

required f o r  the  predicted relaxation.  W e  examined the  C1 mode 

e carefu l ly  f o r  a peak t h a t  might be associated d i r e c t l y  with peak 1, our 

main p a k ' i n  C44. The re laxat ion strength of such a 'peak would have t o  

be more than 30 times less than the  re laxat ion s t rength  found f o r  peak 

1. This i n  turn would require  a condition on the  principal  values of 



t h e  A-tensor ( s e e  equat ion  '9) t h a t  we b e l i e v e  t o  be improbably 

r e s t r i c t i v e .  Furthermore, po in t  2 of our  summarized results s t a t e s  

t h a t  t h e  temperature of peak 1 was only  16 K ,  much lower than  t h e  

p red ic t ed  peak temperature (100 K )  f o r  t h e  <IlO>-orthorhombic d e f e c t .  

We conclude t h a t  peak 1 is not  due t o  t h e  deep-trapped d e f e c t  pred ic ted  

i n  Dederichs,  e t  al.'s model. The remaining peaks 2 and 3 are a l s o  a t  

low temperature . (15 and 10 K) and possess  t r i g o n a l  symmetry. We 

t h e r e f o r e  conclude t h a t  none of t h e  peaks a r e  caused .by  t h e  predic ted  

. d e f e c t .  

The annea l ing  behavior  pred ic ted  by Dederichs,  e t  a l . ' s  t rea tment  

does not fit t h e  annea l ing  behavior  o u t l i n e d  i n  po in t s  3,  4 ,  and 5. 

The annea l ing  of peak 1 near  110 K without  any d i s t i n c t  r e s i t i v i t y  

subs tage  occu r r ing  cannot be expla ined  by t h e  emptying o u t  near  100 K 

of t h e  .09 sites i n t o  t h e  deep .21 s i t e s .  This  emptying o u t  mus t .  be 

accompanied by c o r r e l a t e d  r e s i s t i v i t y  recovery which, i n  t h i s  ca se ,  is  

no t  seen. The growth of peak 1 a t  60 K (mentioned i n  poin t  4) does not  

correspond with any annea l ing  a t  60 K p red ic t ed  by t h e  model un le s s  one 

makes a major modi f ica t ion  i n  t h e  c a l c u l a t e d  numbers. The model a s  it  

s tands , '  however, does not p r e d i c t  any annea l ing  a t  60 K. F i n a l l y ,  the 

behavior  descr ibed  i n  poin t  5 might be expla ined  by mig ra t ing  

i n t e r s t i t i a l s  encounter ing deep t r a p s  a t  t r a c e  i m p u r i t i e s  o r  Ag 

double ts .  Such t r a w  may produce r e l a x a t i o n  peaks and would grow due 

t o  l ong  range i n t e r ~ t a t i a l  migra t ion  fo l lowing  f i n a l  'de t rapping  a t  

s i n g l e  Ag atoms. However, f i n a l  de t r app ing  i n  t h e  model does no t  t a k e  

p lace  u n t i l  about  235 K when t h e  deep t r a p s  marked .21 f i n a l l y  r e l e a s e  



t h e i r  i n t e r s t i t i a l s .  

To summarize, t h e  symmetry and temperature of our main Cu-Ag peak 

. do not match with those predicted f o r  the  most deeply trapped defect. 

, I n ' f a c t ,  no evidence f o r  the  predicted defect  symmetry is found i n  our 

. measurements. The annealing behavior observed by us is a l s o  not well 

explained by the model without major modification of the  results 

. calculated by Dederichs, & &. O u r  r e s u l t s  force  us , to suggest 

c e r t a in  extensions of and changes t o  the  model by Dederichs, et g., 
. . 

r e su l t i ng  i n  two new models t h a t  can b e t t e r  explain t he  pr incipal  

fea tures  seen i n  our measurements. These models a r e  out l ined i n  the  

-. next section. 

C. Two possible models f o r  Cu-Ag -- 
Since the  model by Dederichs, e t  al. should apply bes t  f o r  Cu-Ag 

as noted . ea r l i e r ,  it is surpr i s ing  t h a t '  there  exists such a discrepancy 

between.the predictions and the  resu l t s .  Nevertheless, w e  would first 

l i k e  t o  make the  smallest  possible changes t o  t he  model t h a t  are 

necessary i n  t ry ing  t o  account fo r  our resu l t s .  We. assume t h a t  the  

binding energies f o r  the  l imited number of configurations considered 

a r e  correct ,  but t h a t  other s t a b l e  configurations have not yet  been 

t rea ted  and tha t  some of the  equilibrium configurations proposed may 

be, in f a c t ,   addle point configurations. Therefore, our i n i t i a l  

suggestions are i n  the  nature of extensions ra ther  than correct ions  t o  

t he  model. 



1. Model A: F i r s t ,  i n  expla in ing points  1  and 2 of  our Cu-Ag - -- 
summary of r e s u l t s ,  we requ i re  a  de fec t  wi th  a  low energy of 

r e l axa t ion ,  a  t r igona l  symmetry which produces only a  C44 peak, and a  

binding energy t h a t  causes the  peak t o  disappear a t  110 K. The only 

d e f e c t  i n  the  bas ic  model which has the  proper binding ,energy is a  

dumbbell loca ted  a t  s i t e  .09 which has a  ca lcu la ted  annealing 

temperature ( t a b l e  VII) of 122 K i n  Cu-Ag. The .09 conf igura t ion  Por 

which the  binding energy was ca lcu la ted  is an equil ibrium conf igura t ion  

by symmetry, but  the  equil ibrium of the  <loo> o r i e n t a t i o n  could be 

unstable.  Therefore, i n  order  t o  ob ta in  a  low temperature C44 

r e l axa t ion ,  we pos tu la te  t h a t  the  dumbbell be ' t i l t e d  s l i g h t l y  away from 

t h e  <100> a x i s  and int'o , the (1  10) plane, a s  shown i n  f i g u r e  28. Such a  

tilt is reasonable when one assumes a s t r o n g  repuls ion  ' of the  bottom 

atom of the  dumbbell both from the  overqized impuri ty and from the  

face-centered host  atoms. This dumbbell can occupy one of , t h e  

equivalent  pos i t ions  A-D shown i n  f i g u r e  28. 'The d i s t ance  between 

equivalent  s i t e s  is s h o r t  and no motion of t h e  cen te r  .of mass is 

required.  This means t h a t  t h e  a c t i v a t i o n  energy f o r  r e l a x a t i o n  and 

the re fo re  t h e  peak temperature can be q u i t e  low. This  s a t i s f i e s  point  

2 of our Cu-Ag r e s u l t s .  By applying a  <100> un iax ia l  s t r e s s ,  t h e  
. . 

degeneracy of pos i t ions  A-.D is l e f t  unchanged: no C t  r e l a x a t i o n  t akes  

place.  A < I l l >  un iax ia l  otrens does remove t.he degeneracy s o  t h a t  

r-elaxation oceurs between the  pos i t ions  shown, producing a  peak i n  t h e  

C44 mode. This s a t i s f i e s  point  1  of  our main results i n  Cu-Ag. Thus, 

t h e  canted dumbbell can expla in  two of the  p r inc ipa l  f e a t u r e s  observed 



Figu re  28. The .09 s i t e  occupied by a can ted  dumbbell. Equiva len t  
p o s i t i o n s  a r e  l a b e l e d  A through D. The ove r s i zed  
impur i t y  l i e s  a t  t h e  bottom of t h e  face-oen te red  cube. 
Open c i r c l e s  r e p r e s e n t  host- type atoms. 





i n  Cu-Ag: 1)  a peak i n  the  C44 mode only, and 2)  a low ac t iva t ion  

" . energy f o r  relaxation.  

.We note here t h a t  up t o  now, not very much a t t en t ion  i n  t he  

t heo re t i ca l  models has f a l l e n  on the  i n t e r s t i t i a l  t r aps  marked -09 i n  

t racks  B1-B3. This is a l i t t l e  surpr i s ing  considering t h a t  the  t rack  

model predicts  t h a t  three  times the  number.of defects  i n i t i a l l y  en te r  

t rack  B a s  enter  t rack  A. Calculations i n  the  v i c in i t y  of the  -09 s i t e  

should be extended t o  - t e s t  f o r  t he  pos s ib i l i t y  of the  proposed canted 

dumbbell. 

Our second suggestion is directed a t  an explanation f o r  t he  

disappearance of peak 1 at 110 K without an associated r e s i s t i v i t y  

substage. .This behavior can be explained i f  t he  defect  causing peak 1 

( t he  canted dumbbell i n  our new model) d i ssoc ia tes  and is trapped again 

a t  the  same impurity so  t h a t  no recovery with nearby o r  d i s t a n t  

vacancies has a chance t o  occur. We require  t h i s  new t r a p  t o  be only 
. . 

• somewhat deeper than the  .09 si te s o  t h a t  it may release i n t e r s t i t i a l s  

a t  127 K i n  s tage  11, ( t h i s  corresponds t o  a binding energy of -095 

compared t o  .09 f o r  the  canted dumbbell.) Also, t h i s  t r a p  must l i e  on 

t rack  B s o  t h a t  it is accessible  t o  the  detrapped dumbbell from the -09 

s i t e .  Examining the  avai lable  sites on t rack  B ( f i gu re  271, we see  

t h a t  none of the other sites which have been t r ea t ed  by Dederichs, et 

a l .  have posi t ive  binding energies. However, t h e  s i t e  marked Y was - 
apparently not considered f o r  calculat ion s o  t h a t  t he  binding energy 

f o r  t h i s  posit ion is unknown. I f  one groups the  known s t a b l e  sites 

together (-21, -09, and -01) they a l l  l i e  on the  same (110) plane t h a t  



includes s i t e  Y. Therefore, our second suggested extension of the  

model is t h a t  site Y may be a s t a b l e  trapping site f o r  a dumbbell. 

- After 110 K,  t h e  dumbbell leaves the  -09 si te and can migrate t o  s i te Y 

without encountering a vacancy. The result is tha t  peak 1 disappears 

a t  110 K without producing a r e s i s t i v i t y  substage and thus  accounts f o r  

point 3 of our main results. This is in contras t  to Cannon and Sosin 's  
e. 

in te rpre ta t ion4  of an e a r l i e r  r e s i s t i v i t y  substage IIb (60 K )  as being 

caused by the  same s o r t  of process: a reconfiguration of the  

i n t e r s t i t i a l  from a shallow t r a p  to a deeper one. It is possible t h a t  

not al l  reconfigurations produce r e s i s t i v i t y  changes. It is a l so  ' 

possible t h a t  the in te rpre ta t ion  of IIb i n  terms of deeper trapping was 

incorrect .  More w i l l  appear on t h i s  point l a t e r  i n  t he  discussion. 

A dumbbell trapped a t  s i te  Y may be capable of producing a 

re laxat ion peak i n  C44, but the  required reor ien ta t ion  energy would be 

on the  order of the  migration energy ( -1  e V ) ,  and the  r e su l t i ng  peak 
0" . 

temperature uould be .high (about 100 K a t  10 MHz). Therefore, this 

. stte is not itself a A d i d a t e  f o r  t he  low temperature C44 peaks 

observed. The observation temperature of the  peak a t  10 MHz may be 

higher than the  annealing temperature and might be missed f o r  t h i s  

reason- 

Thus, we of fe r  two suggestions f o r  possible extensions of the  

m d e l  by Dedcrichs, so3 to form what we call model A: 1) The 

d~nnhhel!. tmpped at the .09 site is canted away from the  impurity atom 

and i n t o  the  (110) plane. This can produce a low temperature, C44 

re laxat ion which accounts f o r  points 1 and 2 of t he  main r e s u l t s  



observed i n  Cu-Ag. 2) S i t e  Y is a deeper  t r a p  t han  t h e  .09 t r a p  (wi th  

a b ind ing  energy i n  t h e s e  u n i t s  of about  .095). Thi s  accounts  f o r  t h e  

e a r l y  disappearance of  peak 1 without  an accompanying r e s i s t i v i t y  

s u b s t a g e  a t  110 K ( p o i n t  3 of  our  main r e s u l t s  i n  Cu-Ag). 

I n  summary, Model A makes t h e  fo l l owing  p red i c t i ons :  

.I) Af te r  i r r a d i a t i o n ,  a low tempera ture  a t t e n u a t i o n  peak appears  

.. i n  t h e  C44 mode which is caused by t h e  can ted  dumbbell. 75% of t h e  

induced d e f e c t s  are d iv ided  among t h e  can ted  dumbbell s i t e s  (b ind ing  

energy ,091 and t h e  deeper t r a p s  marked Y on t r a c k  B (b ind ing  energy 

.095). Si te  Y may a l s o  produce an a t t e n u a t i o n  peak i n  t h e  4 4  mode 

whose obse rva t ion  . t empera ture  may be , h i g h e r  than its annea l ing  

tempera ture  (127'K). The remaining 25% of  t h e  induced d e f e c t s  l i e  i n  

t h e  'deepest  t r a p s  marked .21 i n  t r a c k  'A. These produce a h igh  ' 

t empera ture  a t t e n u a t i o n  peak i n  both C' and C44 modes. 

2) A t  110 K, t h e  low tempera ture  peak annea l s  away as t h e  can ted .  

:dumbbell l e a v e s  t h e  .09 s i t e  and migrates t o  s i t e  Y a t  t h e  same 

impur i ty  atom. Very Little r e s i s t i v i t y  recovery  occu r s  because t h e  

i n t e r s t i t i a l s  do no t  l e a v e  t h e  impur i ty  atom, and recovery  wi th  nearby 

c o r r e l a t e d  vacanc ies  does n o t  t a k e  place.  I f  an a t t e n u a t i o n  peak is 

a s s o c i a t e d  wi th  s i t e  Y ,  it grows whi le  t h e  peak a s s o c i a t e d  w i th  t h e  .21 

s i t e  remains ~ c h a n g e d .  

3) A t  about  127 K ,  s i t e  Y f i n a l l y  d e t r a p s ,  and t h e  i n t e r s t i t i a l s  

l e a v e  ' t h e  impur i t y  atoms t o  migra te  f r e e l y  through t h e  c r y s t a l .  Some 

c o r r e l a t e d  recovery  t akes  p l ace ,  bu t  most of  t h e  i n t e r s t i t i a l s  e n t e r  



t r a c k  A and a r e  deeply t rapped .  Almost all of t h e  induced d e f e c t s  now 

r e s i d e  i n  t h e  deepes t  t r a p  and t h e  high t empera ture  peak grows by a t  

most a . f a c t o r  of  4, decreased  by t h e  c o r r e l a t e d  recovery  t h a t  occurs .  

4) F i n a l l y ,  a t  about  235 K ,  t h e  deepes t  traps ( a t  t h e  .21 s i t e s )  

r e l e a s e  t h e i r  i n t e r a t i t i a l s  and t h e  high t empera ture  peak d i sappea r s  i n  

bo th  modes s imultaneously.  

We s e e  t h a t  i n  model A ,  ' t h e  growth of peak 1 a t  60 K ( p o i n t  4 of  

our  main 'results) i s  s t i l l  unexplained,  a l t hough  t h e  can ted  dumbbell 

accounts  f o r  t h e  peak i tself .  We can e x p l a i n  its growth by us ing  

Cannon and S o s i n f s  gene ra l  view of r e s i s t i v i t y  subs t age  11, a t  60 K as 

be ing  caused by a r e c o n f i g u r a t i o n  of d e f e c t s  from sha l low t r a p s  i n t o  

deeper  ones. The shallow, and deep t r a p s  involved ,  however, are 

d i f f e r e n t  from t h e  ones chosen by Cannon and Sos in  ( s e e  f i g u r e  2A). I n  

ou r  model A ,  t h e  deep t r a p  a t  60 K can be e i t h e r  t h e  s i te  marked .09 

( t h e  canted dumbbell) o r  t h e  s i t e  marked Y. The l o c a t i o n  . o f  t h e  

s h a l l o w .  t r a p s  remains unknown. Cannon and '  S o s i n  be l i eved  such a 

r e c o n f i g u r a t i o n  could cause t h e  r e s i s t i v i t y  change they  observed, '  b u t  
, . 
Lennartz  , Dworschak, and ~ o l l e n h ~ r g e r '  concluded o the rwi se  after 

performing damage rate measurements i n  copper a l l o y s .  They found t h a t  

deeper  t r a p p i n g  a t  an impur i t y  d i d  no t  seem t o  change t h e  r e s i s t i v i t y  

aontr i .but ion of t h e  i n t e r s t i t i a l  compared t o  no t r a p p i n g  a t  a l l .  Later 

i n  t h i s  chap te r ,  w e  p resen t  an a l t e r n a t i v e  explana1;ion f o r  t.he 

r e s i s t i v i t y  subs t age  t h a t  is more c o n s i s t e n t  w i t h  t h e  r e s u l t s  of 

Lennar tz ,  Dworschak, and Wollenberger.  

' The g r e a t e s t  d i f f i c u l t y  w i th  t h i s  ' s t r i c t  adherence t o  t h e  



c a l c u l a t e d  b inding energ ies  of Dederichs, e t  al. a r i s e s  i n  accounting 

, f o r  t h e  r ec ip roca l  damage r a t e  measurements of Dworschak, Lennartz,  and 

~ o l l e n b e r g e r . ' ~  They showed t h a t  i n  d i l u t e  copper a l l o y s  with Au, Ge, 

N i ,  Pd, Sb, and Zn, f i n a l  de t rapping by the  impuri ty atoms occurs 

around 110 K. Only t h e  undersized i n p u r i t y  Be displayed evidence of 

t r app ing  t o  higher temperatures. Cannon and Sosin  observed t h a t  Au and 

Ag displayed similar p roper t i e s  i n  t h e i r  r e s i s t i v i t y  measurements$, 

and, c i t i n g  Dworschak, Lennartz, and Wollenbergerls results, concluded 

t h a t  t h e  substage 11, a t  127 K i n  Cu-Ag was due t o  the  f i n a l  de t rapping 

of  i n t e r s t i t i a l s  from s i n g l e  Ag atoms. This  d i r e c t l y  c o n t r a d i c t s  t h e  

p red ic t ion  t h a t  t h e  deepest t r app ing  s i t e  marked .21 is s t a b l e  t o  235 K 

and f o r c e s  a  major modif ica t ion  of the  model. Recognizing t h a t  t h i s  

r ep resen t s  a depar ture  from our e a r l i e r  a t t e m p t ' t o  make only small  

extens ions  of t h e  model, l e t  us examine some of the  consequences of 

r e v i s i n g  t h e  b inding energy of t h e  .21 si te .  

I f  t h e  de fec t  conf igura t ion  assoc ia ted  with t h e  .21 s i t e  e x i s t s  a t  

a l l ,  it must d e t r a p  by 127 K ,  and i ts  binding energy must t h e r e f o r e  be 

reduced by a f a c t o r  of 2 o r  mnre. ( I n  Cu-Ag, this represen t s  a change 

from .62 eV t o  .28 e V . )  The annealing temperature may then become lower 

than t h e  observat ion  temperature of t h e  predicted a t t e n u a t i o n  peak i n  

C' and C44, t h u s  accounting f o r  t h e  absence of the  peak i n  our 

measurements. If we assume t h a t  t h e  .21 s i t e  de t raps  a t  127 K ,  then 

point  5 of our r e s u l t s  ( t h e  growth of peaks 2 and 3 near  127 K )  may be 

explained by t h e  l o n g  range migrat ion of i n t e r s t i t i a l s  r e s u l t i n g  from 

t h e  f i n a l  r e l e a s e  of de fec t s  from t h e  impurity. 



This  a l s o  r a i s e s  t h e  p o s s i b i l i t y  t h a t  t h e  r e v i s e d  .21 s i t e  is t h e  

deep t r a p  i n t o  which t h e  canted dumbbell d i s appea r s  ( a t  110 K )  i n s t e a d  

of our proposed s i t e  Y. Otherwise,  one has t h e  awkward s i t u a t i o n  of 

t h r e e  s e p a r a t e  s i t e s  (.09, Y ,  and t h e  r e v i s e d  .21) a l l  de t r app ing  

' ' between 100 and 130 K wi th  s i t e  Y and t h e  r e v i s e d  .2,1 s i t e  de t r app ing  

a t  almost t h e  same temperature .  The can ted  dumbbell cannot  reach  t h e  

.21 s i t e  v i a  t h e  usual  e lementary jump, bu t  t h i s  c p n s t r a i n t  on i t s  

motion may be l i f t e d  due t o  t h e  p re -ex i s t i ng  tilt of t h e  dumbbell i n t o  

t h e  (110) plane. The canted dumbbell might t hen  be a b l e  t o  . reach  t h e  

.21 s i t e  d i r e c t l y  v i a  a  jump w i t h i n  t h e  ( 1  10) plane. On t h e  o t h e r  

hand, i t  is  j u s t  a s  l i k e l y  t h a t  t h e  .21 s i t e  does no t  bind a t  all and 

t h a t  s i t e  Y is t h e  proper choice  f o r  t h e  deep t r a p  i n t o  which t h e  

c. canted  dumbbell d i sappears .  Based on t h e  a v a i l a b l e  evidence,  w e  a r e  

unable  t o  f avo r  one over  t h e  o the r .  

Thus, we have found t h a t  whi le  model A can e x p l a i n  p o i n t s  1, 2, 

and 3 f r o m .  our  summary of main results i n  Cu-Ag, i t  fa i l s  t o  f u l l y  

account  f o r  t h e  growth of peak 1 a t  60 K and t h e  growth of peaks 2 and 

3 a t  127 K .  I n  f a c t ,  s t r i c t  adherVe1lce t o  t h c  oa lou la t sd  va lues  f o r  t h e  

b ind ing  ene rg i e s  l e a d s  t o  a  s t r o n g l y  bound d e f e c t  c o n f i g u r a t i o n  t h a t  

c o n t r a d i c t s  t h e  obse rva t ion  t h a t  t h e r e  is no f u r t h e r  t r a p p i n g  by s i n g l e  

Ag atoms above 127 K."" This  f o r c e s  a major d e p a r t u r e  from our  e a r l i e r  

a t tempt  t o  merely extend t h e  model of Dederichs,  e t  al. i n s t e a d  of 

r e v i s i n g  it.  To conform wi th  t h e  experimenkal obse rva t ions  

r epo r t ed , "  9"' t h e  b ind ing  energy of t h e  s i t e  .21 must be reduced 

d r a s t i c a l l y  while  l e a v i n g  t h e  b ind ing  e n e r g i e s  of t h e  o t h e r  s i tes  



unchanged. With t h i s  drastic change of t h e  est imated binding energy of 

. t h e  .21 configurat ion,  model A remains a poss ib le  model, but  it can no 

' longer be considered' t o  be a simple extension of t h e  model by 
. . 

a .  Dederichs,et al.  This l eads  us t o  consider an a l t e r n a t i v e  model, model -- 

\ 

2. Model B: To expla in  the  observation by Dworschak, et sob4 - -- 
t h a t  f. inal detrapping by most impur i t i e s  i n  copper takes  place near 110 

- . .  . K ,  w e  r equ i re  t h e  binding energy of t h e  deepest t r a p  (marked .21) t o  be 

decreased by about a f a c t o r  of 2. I n  t h e  case of.Cu-Ag, t h e  f i n a l  
. . 

. - detrapping is believed4 t o  take  place near 127 K ,  corresponding t o  t h e  

r e p i s t i v i t y  substage 11, seen by Cannon and Sosin. This  is a l s o  t h e  . 

' . a n n e a l i n g  region where t h e  a t t enua t ion  peaks 2 and 3 were seen t o  grow 

i n  our measurements, behavior which is cons i s t en t  with t h e  long  range 

migrat ion of i n t e r s t i t i a l s .  We wish t o  fo rce  t h e  deepest  t r a p  t o  

- - r e l e a s e  its defec t s  near 127 K, s o  we change t h e  binding energy of the  

.21 s i t e  from .62 e V  t o  .28 e V  ( s2e  table VII) .  It is reasonable t o  

expect  t h a t  eveti i f  the  abso lu te  values of t h e  ca lcu la ted  binding 

energies  a r e  wrong, t h e  r a t i o  of t h e i r  values might still be cor rec t  s o  
, . 

t h a t  t h e  annealing temperature of t h e  .09 s i t e  is a l s o  sca led  down by 

- about the  same f a c t o r  t o  76 K. The new binding energies  and annealing 

temperatures f o r  model B are l i s t e d  i n  t a b l e  V I I .  

The defect  responsible  f o r  peak 1 I n  Cu-Ag must still s a t i s f y  t h e  

requirements ou t l ined  e a r l i e r ,  I n  model B, t h e  only de fec t  which 

anneals  near . l l 0  K is trapped i n  t h e  .21 site. We r e q u i r e  a simple 



modi f i ca t i on  of t h e  dumbbell t rapped a t  t h e  .21 s i t e  t h a t  can meet t h e  

requirements  f o r  peak I. one such c o n f i g u r a t i o n  is shown i n  f i g u r e  29. 

The f i g u r e  shows t h e  motion of a  s i n g l e  po in t  i n t e r s t i t i a l  atom from ~ 

one oc tahedra l  s i t e  t o  ano the r ,  w i th  t h e  t rapped  dumbbell a t  t h e  .21 

s i t e  a c t i n g  a s  t h e  saddle-poin t  c o n f i g u r a t i o n  between t h e  two s t a b l e  

, o c t a h e d r a l  con f igu ra t i ons .  We r e q u i r e  t h e  oc t ahed ra l  s i tes  t o  be on ly  

s l i g h t l y .  more b ind ing  than  t h e  .21 s i t e  s o  as no t  t o  d e v i a t e  t o o  f a r  

from the  o r i g i n a l  assignment of t h e  .21 si tes  as be ing  t h e  most b ind ing  

p o s i t i o n .  This  r e s u l t s  i n  a  low a c t i v a t i o n  energy f o r  r e l a x a t i o n ,  

s a t i s f y i n g  t h e  requirement f o r  a low tempera ture  a t t e n u a t i o n  peak. 

There are e i g h t  equ iva l en t  oc t ahed ra l  sites l o c a t e d  a t  t h e  co rne r s  of 

t h e  cube shown i n  f i g u r e  29 whose degeneracy is removed by a < I l l >  

u n i a x i a l  s t r e s s  b u t  no t  by a  <loo> u n i a x i a l  stress. Th i s  produces a  

peak ' i n  C44 b u t  no t  i n  C t  . Therefore ,  t h e  oc t ahed ra l  d e f e c t  can 

account f o r  t h e  symmetry and t h e  tempera ture  of t h e  main a t t e n u a t i o n  

peak observed i n  Cu-Ag ( p o i n t s  1 and 2 of  t h e  Cu-Ag r e s u l t s ) .  I n  f a c t ,  

t h e  oc t ahed ra l  p o s i t i o n  l i e s  a t  t h e  body c e n t e r  of t h e  face-cente red  

cube where an e x t r a  atom is e a s i l y  accomodated. ~ a s i ~ u t i  ( I 960) 6 ,  

a f t e r  performing a  s imple e l a s t i c i t y  c a l c u l a t i o n ,  sugges ted  t h a t  t h i s  

p a r t i c u l a r  c o n f i g u r a t i o n  was t h e  deepes t  t r a p  nea r  an ove r s i zed  

impur i ty  i n  i r r a d i a t e d  copper. Our i n t r o d u c t i o n  of t h i s  c o n f i g u r a t i o n  

i3 t h e ~ e f o r e  not  new. 

The b inding  energy of  t h e  .09 s i t e  is g iven  i n  t a b l e  V I I  as .I2 

eV, which corresponds t o  anannea l ing  tempera ture  of about  76 K .  A 

d e f e c t  t rapped  a t  t h e  sha l low .09 s i t e  w i l l  be r e l e a s e d  nea r  76 K ,  



Figure  29. A(top): 'A po in t  i n t e r s t i t i a l  is l o c a t e d  a t  t h e  oc ta -  
hed ra l  s i t e  i n  a  < I l l >  d i r e c t i o n  from t h e  over- 
s i z e d  impuri ty .  . . 

B(midd1e): A s  movement proceeds from one equ iva l en t  
s i t e  t o  another ,  a  dumbbell forms a s  a s a d d l e  config-  
u r a t i o n ,  pushing t h e  normal atom from its s i te .  

C(bottom): Normal atom becomes t h e  i n t e r s t i t i a l  a t  
oc t ahed ra l  s i te .  





migrate away from the  impurity and t r a c k  B, and e i t h e r  recombine with a 

c o r r e l a t e d  vacancy o r  be deeply trapped a t  t h e  (new) octahedra l  s i t e  i n  

t r a c k  A,  causing an inc rease  i n  t h e  he ight  of the  low temperature 

a t t e n u a t i o n  peak. This  gives an account of the  growth o f  peak 1 a t  60 

K (which is cons i s t en t  with an es t imate  of 76 K when one r e c a l l s  t h a t '  

. 76 K should .be considered an upper l i m i t )  and may exp la in  t h e  

r e s i s b i v i t y  change observed by Cannon and s o s i n .  However, t h e  process 

described here is  q u i t e  d i f f e r e n t  from t h e  one used by Cannon and 

Sosin. This point w i l l  be discussed below i n  more d e t a i l .  

Thus, model B c o n s i s t s  of t h r e e  main parts :  

1 )  The .21 site. must have a binding energy cons i s t en t  wi th  t h e  

f i n a l  , detrapping of i n t e r s t i t i a l s  a t  127 K i n  Cu-Ag;  this energy can 

be no g rea te r  than about .28 eV. 

2) The trapped dumbbell a t  the  .21 s i t e  is a c t u a l l y  t h e  

saddle-point  conf igura t ion  and t h e  s t a b l e  pos i t ion  f o r  t h e  i n t e r s t i t i a l  ' 

atom i s  t h e  octahedral  s i t e  a t  t h e  cen te r  of t h e  face-centered cube. 

T h i s  conf igura t ion  can produce a r e l a x a t i o n  a t  low temperatures i n  t h e  

C44 mode, s a t i s f y i n g  points  1 and 2 of our main C u - A g  r e s u l t s .  

3)  Even though the  magnitudes of t h e  ca lcu la ted  binding energies  

a r e  wrong, t h e  r a t i o s  between them should still be r e l i a b l e .  We f i n d  

t h e r e f o r e  t h a t  the  .09 s i t e  can a c t  as a shal low t r a p  which empties 

near  76 K and causes t h e  low temperature C44 peak t o  grow. T h i s  

accounts f o r  point 4 of our main r e s u l t s .  

I n  summary, model B makes the  fo l lowing predict ions:  

1) After  i r r a d i a t i o n ,  a low temperature peak i n  C44 is immediately 



vis ib le ,  due t o  o n e f o u r t h  of the  induced defects  being trapped a t  the  

octahedral site. The remaining three-fourths of the  defects  are 

located a t  s i te  -09 and do not produce an a t tenuat ion peak. 

2) A t  60 K ,  t h e  -09 s i te  detraps. The migrating i n t e r s t i t i a l s  

f i n d  e i t h e r  corre la ted vacancies o r  deep t r aps  i n  t rack  A at  the  

octahedral sites. The a t tenuat ion peak grows by a t  most a f ac to r  of 4, . . 

decreased by the  correla ted recovery that occurs. The correla ted 

recovery appears as a r e s i s t i v i t y  substage. 

3) N e a r  127 K, t h e  octahedral site f i n a l l y  detraps and re leases  

i n t e r s t i t i a l s  i n t o  t he  c r y s t a l .  Long range migration occurs, r e su l t i ng  

i n  correla ted and uncorrelated recovery and a r e s i s t i v i t y  substage. 

The major problem with model B is that it does not explain t he  

e a r l y  disappearance of peak 1 a t  110 K without an accompanying 

res i s ' t iv i ty  substage'. This result was explained i n  model A by the  

presence of a deeper t r a p  at  s i te  Y t h a t  would r e t a i n  t he  de t~apped  

defec t s  at the  same impurity and prevent corre la ted recovery from 

taking place. While it is required that there  exists i n  model B a t r a p  

deeper than the  t r a p  which gives rise t o  peak 1, its loca t ion  is not 

i den t i f i ed  i n  the  model. Therefore, we ac tua l ly  expect t h a t  the  

octahedral s i te  w i l l  de t rap  a t  1 10 K (with a new binding energy of .23) . 

feeding the  unidentif ied deeper trap.  This deeper t r a p  releas- the  

i n t e r s t i t i a l  a t  127 K. If we reca lcu la te  the  energy f o r  the  -09 site 

using this new binding energy f o r  t he  -21 t r ap ,  we obtain  a new 

~MeaLbng temperature of 69 E. This brings the  predicted temperature 



c l o s e r  t o  the  experimentally observed annealing, temperature of 60 K. 

Another poss ib le  d i f f i c u l t y  is model B 1 s  account of t h e  

r e s i s t i v i t y  substage IIb a t  60 K. I n  t h i s  model, t h e  .09 s i t e  de t raps  

a t  60 K and i n t e r s t i t i a l s  a r e  then f r e e  t o  leave  t r a c k  B. This  r e s u l t s  

i n  some c o r r e l a t e d  recovery and a d i s t i n c t  substage. Mainly, t h e  

i n t e r s t i t i a l s  a r e  trapped a t  oc tahedra l  sites a t  o the r  impur i t i e s ,  

whiah r e s u l t s  i n  the  growth of peak 1. Cannon and sos in4  d iscuss  the  

p o s s i b i l i t y  of c o r r e l a t e d  recovery i n  expla in ing t h e  r e s i s t i v i t y  

substage a t  60 K ,  but they discount it i n  favor of reconf igura t ion  i n t o  

deeper t r a p s  a t  the  same impurity. They based t h e i r  conclusion i n  p a r t  

.upon a ca lcu la ted  dependence of the  c o r r e l a t e d  recovery on impurity 

content .  However, i t  is not c l e a r  t h a t  t h e i r  measurements a r e  accura te  

enough, t o  r u l e  out  co r re la t ed  recovery a s  a mechanism f o r  expla in ing 

t h e i r  r e s u l t s .  For example, Lennartz, & g. '' found t h a t  the  

r e s i s t i v i t y  con t r ibu t ion  of a t rapped i n t e r s t i t i a l  i n  Cu i s  equal t o  

. t h e  con t r ibu t ion  from one which is i so la ted .  This  ques t ion  could be 

s e t t l e d  by an experiment which could a l s o  be used t o  help s e l e a t  

between Model A and model B. This  w i l l  be discussed i n  more d e t a i l  

below. 

Peaks 2 and 3 a r e  not s p e c i f i c a l l y  explained by model B, but  t h e i r  

behavior i.s cons i s t en t  with one of model B ' s  main assumptions: t h a t  

t h e  deepest t rapping s i t e s  f i n a l l y  r e l e a s e  t h e i r  i n t e r s t i t i a l s  near  127 

K.  Long range migration fol lows t h i s  detrapping. Trace impur i t i e s  o r  

Ag doublets may be present  which a r e  still a b l e  t o  t r a p  i n t e r s t i t i a l s .  

I f  those t r a p s  have r e l a x a t i o n  peaks as soc ia ted  with t h e  r e s u l t i n g  



. . defect  complexes, then those peaks should increase,  j u s t  as peaks 2 and 

3 do. We do not know the o r ig in  of peak 3. However, because peak 2 

disappears during the  r e s i s t i v i t y  substage IId, we make the  same 

. i den t i f i ca t i on  t h a t  Cannon and Sosin make: peak 2 may be due t o  the  

re laxat ion of a defect  trapped at  a Qg doublet. The defect  

configuration seems t o  possess t r igona l  symmetry, but beyond this 

comment, no more w i l l  be s a id  about the  o r ig in  of peak 2. 

To summarize, model B is able  t o  account f o r  the  symmetry and the  

temperature of peak 1 a s  well a s  its growth a t  60 K. It accomplishes 

t h i s  by changing the  magnitudes of the  binding energies calculated by 

Dederichs, et dl. but without changing the  r a t i o s  between them. Model 

B is dist inguished from model A by its predict ion t h a t  i n t e r s t i t i a l s ,  

change from t rack  B t o  t rack  A near 60 K, causing some cor re la ted  

r e s i s t i v i t y  recovery t o  take place. The main problem is t h a t  model B 

d0e.s not iden t i fy  the  deep t r a p  i n t o  which the  peak 1 defect  disappears 

a t  110 K,  though such a t r a p  is still required t o  e x i s t  by our 

experimental results (see  point 3 o f  our summary of r e s u l t s ) .  

D. Concluding remarks on Cu-A& - 
1) The model by Dederichs, -- e t  al. ' fai ls  t o  predict  t he  appearance 

of peak 1 i n .  the C44 mode o r  t he  annealing behavior of peak 1. 

Furthermore, no evidence is found for  the  existence of the  predicted 

<llO>-orthorhombic defect. 

2) Model A. We introduce small extensions to the o r ig ina l  model: 

a )  We assume t h a t  the  dumbbell trapped at site .09 i n  t rack  B is 



canted. b )  We assume a  pos i t ive  binding energy f o r  s i t e  Y which has 

previously escaped considerat ion.  

3) Model A expla ins  the  low temperature of peak 1  a s  well as its 

symmetry and anneal ing  behavior. It does not  expla in  peaks 2 and 3, 

and i t  does not i d e n t i f y  the  shallow t r a p  which feeds  the  .09 s i t e  a t  

60 K. Furthermore, t o  account f o r  t h e  evidence of f i n a l  de t rapping a t  

127 K, i t  is necessary t o  suppose t h a t  the  computed binding energy f o r  

s i t e  .21 i s  g r e a t l y  overestimated s o  t h a t  t h e  r a t i o s  of the  f i n a l  s e t  

of binding energies  a r e  changed from the  o r i g i n a l .  

4) Model -- B: We take  as a  s t a r t i n g  point t h a t  f i n a l  detrapping 

occurs a t  127 K i n  Cu-Ag. The r e s u l t i n g  model has t h r e e  parts: a )  The 

binding energy f o r  the  .21 s i t e  is  no g rea te r  than .28 e V  t o  account 

f o r  t h e  f i n a l  detrapping observed a t  127 K .  b )  The trapped dumbbell a t  

t h e  .21 s i t e  is  a  saddle  point conf igura t ion  between t h e  s t a b l e  

octahedral  s i t e s .  c ) '  The r a t i o s  between t h e  binding energies  are as 

' .previously computed, s o  t h a t  t h e  .09 s i t e  becomes the  shallow t r a p  that 

empt ies ,  near 60 K .  

5) Model B can expla in  t h e  low temperature of peak ' 1, its 

symmetry, and i ts growth a t  60 K .  The growth of peaks 2 and 3  a t  127 K 

i s  accounted f o r  by model B while preserving t h e  r a t i o s  of the  e a r l i e r  

computed binding energies.  T h i s  is something t h a t  model A f a i l s  t o  do. 

However, model B ' Y  explanation f o r  the  r e s i s t i v i t y  substage a t  60 K 

c o n f l i c t s  with Cannon and Sos in ' s  i n t e r p r e t a t i o n .  Furthermore, t h e  

model does 'not  give a  good account of peak 1 ' s  e a r l y  disappearance a t  

110 K without an accompanfing r e s i s t i v i t y  substage; i.e., a  deeper 



t r a p  a t  the  same impuri ty is sti l l  required t o  expla in  this f e a t u r e ,  

but  it is not i d e n t i f i e d  i n  th i s  model. 

6)  One experimentally t e s t a b l e  f e a t u r e  d i s t ingu i sh ing  model A from 

model B i s  the  predic t ion  of the  annealing temperature a t  which an 

i n t e r s t i t i a l  first leaves  the  impur i ty  a t  which i t  is trapped. I n  

, model A,  t h i a  occurs near 127 K ,  when e i t h e r  s i t e  Y or  t h e  revised  .21 

a i t e  de t raps .  I n  model 'B, t h i a  takes  place near  60 K when the  -09 s i t e  

de t raps ,  al lowing t h e  i n t e r s t i t i a l  t o  switch t o  t r a c k  A a t  ano.ther 

impurity. We propose here an experiment which may provide add i t iona l  

evidence i n  support of one model o r  the  o ther .  The experiment r equ i res  ' 

t h e  exis tence  of an impuri ty which, when present  i n  i r r a d i a t e d  copper, 

g ives  r i s e  t o  a t t enua t ion  peaks which are d i s t ingu i shab le  from those  

caused by Ag. This  impuri ty can be used a s  a  probe i n  Cu-Ag t o  

determine when i n t e r s t i t i a l s  move from one impuri ty t o  another .  The 

peaks caused by the  *probett impuri ty need t o  be s t a b l e  above 60 K .  

T h i s  hypothetical  impurity could be introduced i n  concentra t ions  such 

t h a t  its own a t t enua t ion  peaks as w e l l  a s  the  peaks caused by Ag were 

l a r g e  enough t o  be accura te ly  measured. A n  example of this is 

presented i n  the  A1-Mg discuss ion f o r  the  case of Fe as a  probe f o r  

i n t e r s t i t i a l  motion between Mg atoms. Af ter  i r r a d i a t i o n  a t  40 K ,  an  

annealing program centered on 60 K could be performed. I f  the  Non-Ag 

peaks @yew a t  60 K ,  then this would mean t h a t  i n t e r s t i t i a l s  had l e f t  

t h e  Ag impur i t i e s  a t  which they were i n i t i a l l y  trapped. T h i s  would 

support  model B. It would a l s o  mean t h a t  Cannon and Sosin ' s  

i n t e r p r e t a t i o n  of the  r e s i s t i v i t y  substage I I b  ( i n  terms of 



reconf igura t ion  a t  the  same impuri ty)  was wrong. On t h e  o the r  hand, i f  4 
n 

t h e  Mon-Ag peaks grew near 127 K ,  then  both model A and Cannon and 

Sos in ' s  i n t e r p r e t a t i o n  would be given f u r t h e r  support .  Of course,  

f u r t h e r  in te rn& f r i c t i o n  s t u d i e s  of d i f f e r e n t  a l l o y s  need t o  be done 

i n  order  t o  f i n d  an impuri ty which can be used i n  this fashion.  

0. ' . 

E. Al-Mc'; d i scuss ion 

A s  i n  Cu-Ag, none of the  peaks seen were cons i s t en t  with the  

r e l a x a t i o n  of . a  <llO>-orthorhombic de fec t .  T h i s  was decided on t h e  

b a s i s  of the  symmetries displayed and by t h e  d i f f e r e n t  annealing 

behav io r  shown by each peak. I n  this discuss ion,  w e  w i l l  focus f i r s t  

on peak 6 i n  the  C44 mode because 1)  i t  was t h e  l a r g e s t  peak seen,  and 

2) i t  apparent ly  was a l s o  seen by Kol le r s ,  Jacques, Rehn, and ~ o b r o c k ~ '  

i n  an i n t e r n a l  f r i c t i o n  s tudy a t  low f requencies  (20-70 Hz). T h i s  

suggests  t h a t  peak 6 r ep resen t s  the  pr inc ipal  i n t r i n s i c  de fec t  i n  t h e  

system. 

J u s t  as f o r  peak 1 i n  Cu-Ag, peak 6 had no counterpar t  i n  t h e  ' C t  

mode (an upper l i m i t  being es tab l i shed  f o r  the  C t  r e l a x a t i o n  s t r e n g t h  

which, again ,  was about a f a c t o r  of 30 times less than t h e  C44 

r e l a x a t i o n  s t r e n g t h  observed f o r  peak 6) . Theref o re ,  we concluded t h a t  

peak 6 was not caused by t h e  predicted <IlO>-orthorhombic defec t .  

The annealing behavior of peak 6 seemed t o  c o r r e l a t e  w e l l  with t h e  

r e s i s t i v i t y  substage observed a t  127 K by Garr and ~ o s i n ~ '  and by 

Dimitrov, Moreau, and ~ i r n i t r o v ~  ' i n  A ~ - M ~ .  Both 'groups a t t r i b u t e d  this 

substage t,o t he  f i n a l  r e l e a s e  of i n t e r s t i t i a l s  from Mg atoms. O u r  own 



observation i n  this annealing region was that peak 6 annealed away and + J  

7 
' t h a t  all  remaining peaks i n  both C1 and C44 modes underwent growth 

e. . simultaneously. There was no indicat ion (as there  was i n  Cu-Ag) of the 

presence of a deeper t r a p  i n t o  which the  peak 6 defect  was 

disappearing. 

' To summarize the features  of peak 6 t h a t  need t o  be accounted f o r  . 

by. a model : 

1) The peak is a c4i peak with no counterpart i n  C1. 

2) It is a high temperature peak, requir ing a high ac t iva t ion  

energy f o r  re1 axation. 

3) It anneals auay at 127 K i n  an annealing region that cor re la tes  

w e l l  with a r e s i s t i v i t y  substage (labeled IIb by G a r r  and sosin" '.) 

4) The remaining peaks (1-5) grow while it anneals away. 

.5) There is no evidence of a deeper t r a p  a t  the  same impurity i n t o  

which the  peak 6 defect  disappears; i.e., the  disappearance of peak 6 

seems t o  correspond t o  a r e s i s t iw i ty  substage, unlike peak 1 i n  Cu-Ag. 

F. Propused models for AZ-M_g; - 
Since the deepest t r a p  predicted by Dederichs , 2. has the 

wrong symmetry t o  explain peak 6 (as do all the other predicted 

configurations), let us first t r y  t o  apply model A as it was developed 

f o r  Cu-Ag. This is desirable  sin- model A still represents only a 

s m a l l  deviatlori fram the original model by Dederichs, et &. 

Therefore, l e t  us suppose t h a t  the defect  responsible f o r  peak 6 is the  

canted dlanbbell. O f  course, t h e  symmetry is oorrect  ( f o r  the  reasons 
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c i t e d  i n  t h e  Cu-Ag discuss ion)  but can t he  same defec t  type be used t o  

exp la in  two peaks which appear a t  such widely separa ted  temperatures? 

a: Peak 1 i n  Cu-Ag appears a t  16 K while peak 6 i n  A1-Mg appears a t  135 K , 

o r  higher. Another possible problem l i e s  i n  a comparison of the  

temperature-and-dose compensated r e l a x a t i o n  s t r e n g t h s ,  RTm/c, from 

e t a b l e s  I V  and V I .  The value f o r  peak 1(Cu-Ag) is 424 w h i l e  t h e  value 

f o r  peak 6 ( ~ 1 - ~ g )  i s  almost 13,000, a f a c t o r  of 30 g r e a t e r .  

Let us f i r s t  examine t h e  d i s p a r i t y  i n  compensated r e l a x a t i o n  

s t r e n g t h s .  This d i f f e rence  i n  s t r e n g t h s  becomes smal ler  when one 

r e a l i z e s  that ltctl ,  t h e  dose i n  terms of induced Frenkel pa i r s  a f t e r  

, i r r a d i a t i o n ,  descr ibes  , t he  t o t a l  de fec t  concentra t ion  i n  t h e  c r y s t a l  

a' and n o t ' t h e  concentrat ion of de fec t s  s p e c i f i c a l l y  responsib le  f o r  peak 

1 o r  peak 6. I n  the' case of peak 1(Cu-Ag), w e  be l ieve  t h a t  another 

t r a p  e x i s t s  near the  Ag atom which is deeper than t h e  t r a p  assoc ia ted  

wi th  peak 1. A s  an i n t e r s t i t i a l  approaches the  Ag atom more c lose ly ,  

i t  can e n t e r  e i t h e r  the  peak 1 t r a p  o r  t h e  o the r  deeper t r ap .  

Therefore, t h i s  o ther  t r a p  probably accounts f o r  a major proport ion of 

t h e  t o t a l  de fec t  concentratio11 80 t h a t  t h e  value of "cn w e d  i n  R b / c  

i s  higher than t h e  concentra t ion  of de fec t s  a c t u a l l y  g iv ing  r i s e  t o  

peak 1. I n  A1-Mg on the  o the r  hand, t h e r e  is  no evidence of a deeper 

t r a p  present  near the  Mg atom than t h e  t r a p  assoc ia ted  with peak 6. 

There is then no competition between the  peak 6 t r a p  and any o t h e r  t r a p  

f o r  migra t ing  de fec t s  s o  t h a t  the  value of flcll used i n  RTm/c i s  c lose r  

t o  the  ac tua l  concentra t ion  of de fec t s  responsib le  f o r  peak 6. I n  any 

comparison between the  two peaks, w e  need t o  inc rease  t h e  value of t h e  



compensated s t rength f o r  peak 1(Cu-Ag) . 

If we suppose a r b i t . r a r i 1  t h a t  i n  Cu-Ag half  of the  defects go t o  

t he  peak 1 t r a p  and half t o  the  competing deeper t rap ,  then the  

difference between the  compensated re laxat ion s t rengths  is reduced t o  a 

f ac to r  of 15. This implies a di f ference i n  the  shape f ac to r  X of 

about a f ac to r  of 4 (see  equation 9). Physically, this means t h a t  the  

anisotropy of the s t r a i n  caused by the  peak 6(Al-Mg) canted dumbbell is 

'4 times greater  than. the anisotropy caused by the  peak 1(Cu-Ag) oanted 

dumbbell. Whether this is reasonable or  not depends upon the  d e t a i l s  

of the -atomic potent ia l  close t o  t he  impurity atan. However, i f  w e  

accept t h a t  the  s t r a i n  anisotropy of the  peak 6(Al-~g)  defect  is 

.greater than that of the peak 1(Cu-Ag) defect ,  then we  would expect the  

re laxat ion t i m e  necessary f o r  reor ien ta t ion  between equivalent sites t o  

be longer f o r  the  peak 6 defect  than f o r  the  peak 1 defect .  A longer . 

re laxat ion t i m e  would result i n  a higher 0 b S e r ~ t i o n  temperature f o r  
. . 

. peak 6(&1-Mg) than f o r  peak 1 (Cu-Ag) . This is i n  agreeanent with our 

experimental results. Theref ore, assigning the  canted dumbbell of 

.. model A t o  b t h  peak 6 i n  A1-Mg and peak 1 i n  Cu-Ag can explain the  

symmetries observed and does not result i n  any inconsis tencies  with our 

measurements . 

Model -- A: The predictions of Model A are l i s t e d  earllei* ( i n  t he  

dfscussion of CIA-Ag) but should be modified f o r  A1-Mg. There is now no 

need t o r  s i te  Y since point 5 i n  our s&ary of results states t h a t  

t he re  is no evidence f o r  a deeper t r a p  at the  same impurity i n t o  wfiich 



t h e  peak 6 d e f e c t  d i sappears  when t h e  peak annea ls  away. Indeed, p a r t  

of our  p l a u s i b i l i t y  argument f o r  u s ing  t h e  canted dumbbell t o  e x p l a i n  

bo th  peak 1(Cu-Ag) and peak 6(A1-Mg) depends on t h e r e  no t  be ing  any 

s i t e  Y i n  A1-Mg. On t h e  o t h e r  hand, s i t e  .21 needs t o  r ev i sed  j u s t  as 

i t  was i n  C U - ~ g  because r e c i p r o c a l  damage rate measurements by 

Iiworschak, . Monsau, and wollenberger4 have i n d i c a t e d  t h a t  s i n g l e  Mg 

atoms l o s e  t h e i r  t r app ing  a b i l i t y  above 127 K. The b inding  energy of 

t h e  deepes t  t r a p  (marked .21) must t h e r e f o r e  be reduced by about  a 

f a c t o r  of 2 ,  o r  t h e  s i t e  must be done away wi th  e n t i r e l y .  Table V I I  

lists t h e  c a l c u l a t e d  b inding  e n e r g i e s  and expected annea l ing  

tempera tures  f o r  t h e  Mg t r a p s  i n  A l .  F i n a l l y ,  we assume t h a t  t h e  

canted  dumbbell is capable of a h igher  tempera ture  r e l a x a t i o n  ( a s  

o u t l i n e d  above ) . 
The p red ic t ions  of model A then  become: 

1 )  Af te r  i r r a d i a t i o n ,  a high temperature a t t e n u a t i o n  peak appears  

i n  t h e  4 mode caused by t h e  canted dumbbells a t  t h e  .09 sites i n  

t r a c k  B. A high temperature peak a l s o  appears  i n  both  C t  and C44 modes 

due t o  t h e  induced d e f e c t s  stuck a t  t h e  .21 sates i n  t r a c k  A. 

2) .Near 116 K ,  t h e  canted dumbbell is r e l eased  from t h e  .09 t r a p  

and t h e  a t t e n u a t i o n  peak i n  C44 disappears .  The dumbbell l e a v e s  the ,  

impur i ty  atom and e n t e r s  t r a c k  A a t  another  impur i ty  t o  be t rapped  a t  

t h e  .21 si te.  Cor re l a t ed  r e s i s t i v i t y  recovery should occur  and t h e  

h igh  temperature peak i n  both modes should grow. 

3)  Near 120 ' K ,  t h e  .21 s i t e  a l s o  r e l e a s e s  its i n t e r s t i t i a l s  s o  

t h a t  both c o r r e l a t e d  and uncor re l a t ed  r e s i s t i v i t y  recovery  t a k e s  place.  



. -. The assoc ia ted  a t t enua t ion  peak in '  both C1 and C44 modes disappears.  

w e  see t h a t  model A f o r  A1-Mg must be changed somewhat t o  acoount 
a. 

. f o r  the  d i f ferences  between A1-Mg and Cu-Ag. With these  changes, t h e  

symmetry and temperature of peak 6 can be explained (po in t s  1 and 2 of 

our  summary of r e s u l t s ) .  Furthermore, by r e v i s i n g  t h e  .21 s i te 's  

binding energy as we did f o r  Cu-Ag, w e  are ab le  t o  expla in  t h e  growth 

of peaks 1-5 (mentioned i n  point 4) as being due t o  t h e  r e s u l t i n g  long 

range i n t e r s t i t i a l  migrat ion ( s i m i l a r  t o  the  growth of peaks 2 and 3 i n  : 

CU-Ag) . 
The temperature separa t ion  t h a t  t h e  model p red ic t s  between t h e  

annealing point  when the  .09 s i t e  de t raps  and t h e  annealing point  when 

t h e  .21 s i t e  det raps  does not show up i n  our measurements. However, 

Dimitrov, - e t  - dl. " performed r e s i s t i v i t y  measurements i n  

neut ron- i r radia ted  A1-Mg and s tud ied  t h e  e f f e c t  of varying t h e  Mg 

concentrat ion.  They saw two substages,  l abe led  1 1 ~ 1  and 1 1 ~ 2 9  a t  112 

and 129 K r e spec t ive ly  which were not evident  i n  t h e  Carr  and Sosin 

electron-irradi.ation g t ~ d y . ~ '  Possibly IIBl can be associa ted  with t h e  

de t rapping of the  .09 s i t e  and 11B2 wi th  t h e  detrapping of t h e  .21 

s i t e ,  bu t  such an i d e n t i f i c a t i o n  must remain uncer ta in  a t  bes t .  Our 

own measurements indica ted  very l i t t l e  change i n  peak 6 even a f t e r  t h e  

120 K. anneal ,  and Garr and Sosin  only saw a s i n g l e  s t a g e  a t  127 K i n  

t h e i r  e l e c t r o n - i r r a d i a t i o n  study. I n  any case ,  no conclusive 

inconsis tency e x i s t s  here between model A and t h e  experiment. 

We s t i l l  do not see  any evidence of a r e l a x a t i o n  peak a t t r i b u t a b l e  



t o  t h e  <IlO>-orthorhombic d e f e c t  p r ed i c t ed  a t  t h e  .21 s i t e .  However, 

a s  be fo re  i n  Cu-Ag, i t  is p o s s i b l e  t h a t  t h e  tempera ture  of obse rva t ion  

( a t  10 MHz) was above t h e  annea l ing  tempera ture  s o  t h a t  such a peak 

might have been missed. 

We a l s o  no t e  t h a t  any growth of peak 6 a t  lower tempera tures  

similar t o  t h e  growth of peak 1(Cu-Ag) a t  60 K could no t  be  s e e n  by us 

because.. of t h e  h igh  tempera ture  of obse rva t ion  f o r  peak 6. A' 

.. r e s i s t i v i t y  subs t age  a t  about  80 K e x i s t s  i n  A1-Mg, bu t  its o r i g i n  is 

s t i l l  and &y be  q u i t e  d i f f e r e n t  from t h e  60 K subs t age  
a: 

s e e n  i n  Cu-Ag. K o l l e r s ,  -- e t  61. 2 7 ,  u s i n g  20-70 Hz measurements of t h e  

i n t e r n a l  f r i c t i o n  i n  A1-Mg, saw a set of r e l a x a t i o n  peaks which we have 

A t e n t a t i v e l y  i d e n t i f i e d  w i t h  ou r  peak 6. However, t h e  main peak t h e y  

saw experienced l i t t l e  growth between t h e  70 and 100 K annea l ing  po in t s  

(where t h e  r e s i s t i v i t y  change mentioned above was s e e n ) .  Therefore ,  

t h e r e  is l i t t l e  evidence i n  A1-Mg f o r  a sha l low t r a p  t h a t  f e e d s  t h e  

canted dumbbell s i tes a t .  80 K as t h e r e  was i n  Cu-Ag ( a t  60 K). 

' I n  summary, a modified model A i n  wM.ch t h e  can ted  dumbbell 

remains t h e  major a c t o r ,  g i v e s  a good account  of t h e  p r o p e r t i e s  of peak 

6 i n  A1-Mg ( a s  expressed i n  po in t s  1-5 of  our  summary of r e s u l t s ) .  No 

evidence f o r  t h e  p red i c t ed  <IlO>-orthorhombic d e f e c t  was seen.  Once 
I 

a g a i n ,  t h e  main d i f f i c u l t y  wi th  model A i s  t h a t  i t  r e q u i r e s  a change i n  

t h e  r a t i o s  of t h e  c a l c u l a t e d  b ind ing  e n e r g i e s  t o  account  f o r  t h e  

de t r app ing  observed a t  127 K.  Th i s  r e p r e s e n t s  an unappeal ing f e a t u r e  

if one wishes t o  make t h e  smallest p o s s i b l e  changes t o  t h e  model by 



Model -- 8: I n  applying model ' B t o  Al-Mg, w e  need t o  use the  same 

p l a u s i b i l i t y .  argument used f o r  the  canted dumbbell i n  order t o  

e s t ab l i sh  t h a t  the  octahedral defect  can be used t o  explain both peak 

1(Cu-Ag) and peak 6(A1-Mg). T h i s  argument is unchanged i f  one r e c a l l s  

t h a t  even though no deeper t r a p  than , t he  octahedral defect  is 

e x p l i c i t l y  i den t i f i ed  i n  model B, such a t r a p  must still exist ( i n  the  

. Cu-Ag case) i n  order t o  explain the  disappearance of peak 1 without a ' 

r e s i s t i v i t y  substage. 

. . The predictions f o r  model B have been l i s t e d  before i n  the  

discussion of Cu-Ag, and only t he  annealing temperatures and binding 

energies need t o  be '&hanged t o  the  vaiues l i s t e d  i n  t a b l e  V I I .  We 

assumed t h a t  the  binding energies were scaled down by the  same fac to r  . 

used i n  Cu-Ag. 

These predictions are: 

1) After i r rad ia t ion ,  a high temperature peak i n  C44 is  v i s ib l e ,  

due t o  25% of the  induced defects  being trapped at the  octahedral s i te 
- 

shown i n  f i gu re  29. The other 75% re s ide  at the  -09 sites and do not 

produce a re laxat ion peak. 

E:i 2) Near 72 K ,  t h e  .09 s i t e  detraps and the  i n t e r s t i t i a l s  migrate 

away from the  impurity t o  enter  t rack  A and the  octahedral sites. The 

high temperature peak grows by a t  most a f ac to r  of 4, decreased by the  

correla ted recovery t ha t  a l so  occurs. 

3) Near 120 K ,  t h e  octahedral s i t e  f i n a l l y  detraps,  r e su l t i ng  Pn 

long range i n t e r s t i t i a l  migration. Both correla ted and uncorrelated 

recovery should take place. 



The symmetry and temperature  of peak 6 can  be expla ined  u s i n g  t h e  

oc t ahed ra l  d e f e c t  of model B. The d isappearance  of peak 6 n e a r  127 K 

is i n  agreement w i th  t h e  d e t r a p p i n g  a t  120 K p r ed i c t ed  f o r  t h e  

.oc tahedra l  s i te .  The r e s u l t i n g  l o n g  range mig ra t i on  is a l s o  c o n s i s t e n t  

w i t h  t h e  growth of peaks 1-5 n e a r  127 K. 

I n  Cu-Ag, t h e  use of model B was awkward i n  t h e  tempera ture  r eg ion  

where t h e  main peak disappeared.  For  A1-Mg, on t h e  o t h e r  hand, model B 

.is less awkward than  model A i n  e x p l a i n i n g  bo th  peak 6 ' s  d i sappearance  

and t h e  growth of peaks 1-5 w i t h  a s i n g l e  de t r app ing  process  from t h e  

oc t ahed ra l  s i te .  

E a r l i e r  i n  t h e  annea l ing  program, however, model B makes a 

p r e d i c t i o n  which seems t o  c o n t r a d i c t  what is observed exper imenta l ly .  

It p r e d i c t s  t h a t  near  72 K ,  t h e  .09 s i tes  empty o u t ,  c aus ing  some 

c o r r e l a t e d  r e s i s t i v i t y  recovery  and caus ing  t h e  h igh  tempera ture  C44 

peak t o  grow. While some r e s i s t i v i t y  recovery  is observed near  

~ o K , ~ ' ,  t h e r e  seems t o  be l i t t l e  evidence f o r  much growth i n  peak 6. 

, . We have t e n t a t i v e l y  i d e n t i f i e d  our  peak 6 w i t h  a se t  of peaks s e e n  by 

K a l l e r s  , e t  al 27  The i r  peak T I 1  was cons idered  t o  be t h e  main peak and 

w a s  observable  by them a t  about  75 K because of t h e i r  lower measuring 

f r e q u e n c i e s  (20-70 Hz). Peak I11 grew no more t han  10% between 70 and 

110 K. The consequence of this  upon model B is t h a t  t h e  .09 s i t e  may 

no longe r  be a s t a b l e  t r a p p i n g  pos i t i on .  It is a l s o  p o s s i b l e  t h a t  a 

'deeper t r a p  on t r a c k  B ( l i k e  s i te  Y i n  model A )  i s  a b l e  t o  r e t a i n  t h e  

de t rapped  d e f e o t s  and prevent  them from f e e d i n g  t h e  oc t ahed ra l  s i tes 

u n t i l  about  127 K .  This  t o o  might e x p l a i n  t h e  two r e s i s t i v i t y  



substages seen by Dimitrov, e t  a l O 4 '  at  112 and 129 K. However, these  

suggestions must presently be regarded as speculations only, s o  t h a t  

t h e  reasons f o r  the  apparent disagreement around 80 K between the  

predictions of model B and the  experimental results remain unclear. 

However, an experiment can be performed l i k e  the  one proposed f o r  

CGAg t o  s e l e c t  between model A and model B. Again, a t e s t ab l e  

d i s t i nc t i on  between the  two models is t h a t  model A pred ic t s  t h a t  

detrapping from t rack  B takes  place near 127 K while model B predicts  

t h a t  it takes place near 72 K. It is known t h a t  the  presence of Fe i n  

e lectron- i r radiated aluminum causes a very s t rong  re laxat ion peak t o  

appear a t  low temperatures i n  the  C44 modeO2 This peak does not 

normally grow a t  72 K. I f  Fe were introduced a t  a concentration 20 

t i m e s  l e s s  than the  Mg concentration, then about 1/20th of the  induced 

defects  would be trapped a t  Fe atoms and produce the  cha rac t e r i s t i c  19 

K peak ( a t  10 MHz) i n  C44 t h a t  should be v i s i b l e  even a t  low 

concentrations. One-fourth of the  defects would get  t o  the  deep t raps  

i n  t rack  A ( f o r  Mg), and about three-fourths of the  defects  would get  

t o  t h e  shallow t raps  i n  t-rack B ( i f  they exis ted i n  A1-Mg). After the  

80 K anneal, model B predicts  t h a t  defects are released from t rack  B 

and migrate away from t h e i r  impurities. The Fe impurity atoms should 

t r a p  one i n t e r s t i t i a l  f o r  every f i v e  t h a t  a r e  trapped i n  t he  A t racks  

of the Mg atoms. T h i s  should produce about a three-and-a-half-fold 

increase  i n  the  s i z e  of the  Fe peak (deoreased by whatever correla ted 

recovery took place.) Therefore, i f  model B were correct ,  w e  would 

expect a s ign i f ican t  increase i n  the  s i z e  of the  Fe peak a f t e r  the  80 K 



anneal.  I f  model A were cor rec t ,  we would not expect an i n c r e a s e . u n t i 1  

t h e  1 27 K anneal . 
A s  i n  Cu-Ag, t h e r e  a r e  a number of peaks ( 1-5) whose o r i g i n s  l i e  

. . 

ou t s ide  both model A and model B. Since peaks 1-5 grew a f t e r  t h e  f i n a l  

detrapping a t  127 K ,  t h e  de fec t s  responsib le  f o r  those peaks a r e  not  

bel ieved t o  be associa ted  with s i n g l e  Mg atoms. These peaks may be due 

t o  impur i t i e s  o ther  than Mg, s i n c e  they were apparent ly  not  seen by 

~ o l l e r s ,  & &.27 For example, a s  has been mentioned, Fe d isplays  a 

s t r o n g  C44 peak i n  i r r a d i a t e d  aluminum. Using d a t a  from ~ u l t m a n ? ,  ' we 

es t imate  t h a t  only .1 ppm defec t s  ( o r  1% of t h e  t o t a l  number of induced 

d e f e c t s ,  a t  typiqal  doses) need t o  be trapped a t  Fe in order  t o  produce 

a peak the  s i z e  of peak 3 a t  its maximum height .  This would requ i re  an 

Fe concentrat ion of only 10 ppm i n  our sample which is a high though 

not  impossible l e v e l  . for  a t r a c e  impurity. We did  not  t e s t  f o r  

poss ib le  s a t u r a t i o n  ' e f f e c t s  (i .e.,  by using d i f f e r e n t  doses) s o  we have 

no i n d i c a t i o n  of the  concentrat ion l e v e l s  f o r  the  de fec t s  responsib le  

f o r  peaks 1-5. I f  peaks 1-5 were due t o  t r a c e  impuri t ies , ,  i t  could 

expla in  why Lhcy were not ooen i n  the  int.ernal f r i c t i o n  measurements of 

Kol lers ,  .et  al.. 2 7  Some of the  peaks do appear t o  be r e l a t e d  through 

t h e i r  annealing behavior. Peaks 2 and 4 disappear while peak 5 

undergoes p a r t i a l  annealing near 190 K which corresponds t o  a very 

smal l ,  impuri ty dependent r e s i s t i v i t y  change seen by Garr and Sosin. 4 7 

However, t h e  change could not be i d e n t i f i e d  with a p a r t i c u l a r  impurity. 

I n  t h i s  same region,  peak 3 grew while peak 1 remained unchanged, but 

t h e  possible reasons f o r  t h i s  a r e  unclear.  I n  s h o r t ,  while a model f o r  



the  defect  causing peak 6 has been developed, t h e  sources of peaks 1-5 

.remain more doubtful. 

We note here t h a t  another calculat ion of trapping configurations 

i n  81 based on the  pseudopotential method has been presented by Lam, & 

a1 . 96  f o r  several  impurit ies,  including Mg. However, they f i nd  no - 
t raps  s t rong  enough t o  account f o r  complexes surviving t o  100 K and 

above as we see  i n  our own results. 

To summarize the  A1-Mg discussion: 

1 ) The model by Dederichs, -- e t  al. f a i l s  t o  predict t he  appearance 

of peak 6 i n  the C44 mode and it a l s o  f a i l s  t o  account f o r  the  wowth 

of peaks 1-5 a t  127 K. Again, a s  i n  Cu-Ag, no evidence was found f o r  

t h e  predicted < 1 10)-orthorhombic defect. 

2) W e  a r e  forced t o  modify model A by eliminating s i te  Y. The new 

a version of model A uses t he  canted dumbbell t o  account for peak 6. 

Points 1-5 i n  our summary of peak 6 cha rac t e r i s t i c s  were w e l l  accounted 

f o r  by model A. However, t h e  same d i f f i c u l t y  e x i s t s  as i n  Cu-Ag t h a t  

t he  binding energy of the .21 siBc m u s t  be changed r e l a t i v e  t o  the  

energy of the .09 site. 

3) Model B uses t he  octahedral defect  t o  provide an explanation 

f o r  points 1-5 of our summary of results, but it does s o  by keeping the  

r a t i o s  between the  calculated binding energies unchanged. However, 

t he re  appears t o  be no experimental evidence i n  support of the  

. prediction t h a t  a t  about 72 K, t h e  i n t e r s t i t i a l s  leave t h e i r  own 

impurity atoms and change t o  a deeper t r a p  on another t rack  a t  a 



d i f f e r e n t  impurity at.am. 

: 4) An experiment is proposed t o  he lp  s e l e c t  between model A and 

. model B. It is the  same a s  the  one proposed f o r  f o r  Cu-Ag, wi th '  t h e  

d i f fe rence  t h a t  Fe is a l ready known t o  be a good candidate f o r  the  

"probe" atom i n  aluminum. This  is  because it e x h i b i t s  a s t r o n g  s t a b l e ,  

low temperature peak i n  C44 when present  i n  i r r a d i a t e d  samples of 

a1  uminum . It can the re fo re  provide a t e s t  f o r  movement of 

i n t e r s t i t i a l s  from one impuri ty t o  another. 

C. Future experiments 

It is poss ib le  i n  Cu-Ag t h a t  t h e  deep t r a p  i n t o  which t h e  canted 

dumbbell disappears produces a r e l a x a t i o n  peak which we missed because 

of our use of MHz frequencies.  I n  f a c t ,  t h e  .<llO>-orthorhombic de fec t  

may a l s o  have been missed f o r  t h i s  reason. Therefore, a low frequency 

experiment could be performed i n  s i n g l e  c r y s t a l s  of Cu-Ag t o  determine 

whether o r  not this is t h e  case. Symmetry information from such a 

s tudy  might a l s o  he lp  t o  s e l e c t  one of t h e  poss ib le  deep t r a p s  

uleiltioned i n  the  Cu-Ag lisci~.s.sion. . 

A v e r i f i c a t i o n  of our b e l i e f  t h a t  no such deep t r a p  e x i s t s  i n  

A1-Mg might be made by in t roducing Fe a s  an impuri ty,  but  a t  

concentrat ions perhaps 20 times lower than t h e  Mg concentra t ion  s o  a s  

not  t o  swamp out  e n t i r e l y  t h e  Mg e f f e c t s .  Fe i n  aluminum produces a 

very s t rong  r e l a x a t i o n  peak i n  C44 a t  20 K ( s t a b l e  t o  s t a g e  111)'. Its 

growth could a o t  a s  an i n d i c a t o r  f o r  in te r s t i t i a l 'movement  away from 

t h e i r  impur i t ies .  I f  t h i s  growth took place a s  peak 6 disappeared, 



then t h i s  would ver i fy  t h a t  no deeper t r a p  exis ted a t  the  same impurity 

. atom. The e f f ec t  of the  Fe impurity upon the  heights of the  other 

. peaks wpuld a l s o  be very informative. 

Fe could a l so  be used i n  the  experiment mentioned e a r l i e r  i n  the  

A1-Mg discdssion t o  help s e l e c t  between model A and model B. The test 

would be of the annealing temperature a t  which the  i n t e r s t i t i a l  f i r s t  

l e f t  t h e i r  impurity atoms. I n  model A,  this happens a t  127 K. I n  

model B, t h i s  migration takes place between 60 and 80 K. Ultrasonic 

experiments should be performed i n  various a l loys  of copper t o  f ind  a 

s u i t a b l e  probe impurity equivalent t o  Fe i n  aluminum s o  t h a t  the  same 

experiment may be performed. 

Future invest igat ions  of Cu-Ag should include a study of the  peak 

heights as a function of Ag concentration. The question of whether 

peak 2 is connected t o  Ag doublets might then be resolved by the  

dependence of its m&imum height on decreasing Ag concentration. A 

similar study on A1-Mg would help i n  deciding upon the  or ig ins  of peaks 

1-5. 

T'he calculat iu~ui  of Dedcr iob,  et &- need t o  be extended i n  the  

direct ions  suggested i n  our discussion. The pos s ib i l i t y  of the  canted 

dumbbell should be checked, a s  well as its modes of. migration t o  

possible deeper traps. S i t e  Y should be es tabl ished as e i t h e r  a 

binding or  an unbinding posit ion f o r  the  dumbbell. The deepest t r a p  

(.21) should be examined more c losely  t o  see why i t  does not appear t o  

t r a p  above about 127 K i n  e i t h e r  Cu or  Al. 

. Final ly ,  w e  hope t h a t  a be t t e r  theore t ica l  understanding of the  



d i a e l a s t i c  e f f e c t  w i l l  a l low u s  t o  determine t h e  v a l i d i t y  of the  canted 

dumbbell. It is conceivable t h a t  t h e  d i a e l a s t i c  r e s u l t s  a l ready seen 

. rule out  t h e  presence of such a conf igura t ion  i n  favor of some other  

defec t  t h a t  gives a peak' i n  C44 b u t  none i n  C t  . A t  any r a t e ,  more 

.work,. both t h e o r e t i c a l  and experimental,  needs t o  be done. 



CHAPTER 5 

SUMMARY 

A )  Measurements were taken of the  u l t r a s o n i c  a t t e n u a t i o n .  and 

resonant frequency i n  two oversized systems, Cu-Ag and A1-Mg, which had 

undergone e lec t ron- i r r ad ia t ion .  The p r inc ipa l  r e s u l t s  were t h e  

following: 

Three peaks were seen i n  Cu-Ag, a l l  i n  t h e  C44 mode; s i x  peaks 

were seen i n  A1-Mg, two i n  the  C' mode and four  i n  t h e  C44 mode. 

. Dif fe ren t  annealing behavior was displayed by each peak s o  t h a t  we 

concluded t h a t  t h r e e  d i f f e r e n t  de fec t  types were present  i n  Cu-Ag while 

s i x  d i f f e r e n t  de fec t  types were present  i n  A1-Mg. The annealing , 

' behavior of the  peaks i n  these  oversized systems can be compared with 

' t h e  behavior found i n  undersized systems2. A t r e n d  toward weaker 

.' i n t e r s t i t i a l  t rapping by the  oversized impur i t i e s  was noticed.  T h i s  

was found t o  be roughly cons i s t en t  with t h e  model c a l c u l a t i o n s  by 

Dederichs, e t  al.' 

B) The pr inc ipal  f ea tu res  observed i n  Cu-Ag t h a t  must be accounted 

f o r  by a model a r e  the  following: 

1 )  Three peaks were seen,  inc lud ing  t h e  main one (peak 11 ,  a l l  

possessing t r igona l  symmetry ( a l l  i n  t h e  C44 mode). 

2 )  Peak 1 was seen a t  16 K ,  s o  t h a t  t h e  de fec t s  r e q u i r e  a low 

a c t i v a t i o n  energy of about .014 eV f o r  r e l axa t ion .  



3) Peak I annealed away wi thout  an accompanying r e s i s t i v i t y  

subs t age  a t  110 K ,  c l o s e  t o  bu t  d i s t i n c t  from t h e  r e s i s t i v i t y ,  subs t age  

11, s e e n  by Cannon and s o s i n 4  a t  127 K.  

4 )  Peak 1 grew at 60 K ,  cor responding  t o  t h e  r e s i s t i v i t y  subs t age  

I I I b  s e e n  by Cannon and Sosin.  

5) The smaller peaks 2 and 3 grew at about  127 K. T h e i r  growth 

corresponds wi th  t h e  r e s i s t i v i t y  subs t age  11,. 

C )  The p r i n c i p a l  f e a t u r e s  of our  main peak i n  A1-Mg (peak . 6) are 

t h e  fol lowing:  

1 )  It "ms seen  only i n  t h e  C44 mode, w i t h  no c o u n t e r p a r t  i n  t h e ' c t  

mode. 

2) It was a high temperature  peak (>  135 K) . 
3) It annealed away a t  127 K i n  a n  annea l ing  r e g i o n  t h a t  

c o r r e l a t e s  w e l l  wi th  a r e s i s t i v i t y  subs tage .  

. . 
. . 4) The remaining peaks (1-5) grew whi le  peak 6 annea led  away. 

5) There was no evidence of a deeper t r a p  a t  t h e  same impur i t y  

i n t o  which t h e  peak 6 d e f e c t  disappeared;  i.e., t h e  d i sappearance  of 

peak 6 does seem t o  correspond t o  a r e s i s t i v i t y  subs tage .  

D )  The i m p l i c a t i o n s  of a model by Dederichs,  e t  al., based on t h e  

predominant i n f l u e n c e  of s i z e  effects i n  de te rmin ing  

i m p u r i t y - i n t e r s t i t i a l  i n t e r a c t i o n s ,  were developed. P r e d i c t i o n s .  were 

compared wi th  t h e  experimental  results. I n  n e i t h e r  Cu-Ag (which was 

expec'ted t o  g ive  t h e  c l o s e s t  agreement t o  t h e  model) nor  A1-Mg was 



there  found any evidence f o r  the  deeply trapped <llO>-orthorhombic 

defect  predicted by Dederichs, e t  al. and by Cannon and Sosin. I n  - 
both materials  peaks of t r igonal  symmetry occurred instead.  Also, t h e  

growth with annealing of the  smaller peaks was not consis tent  with t he  

presence of a deep t r a p  l i k e  the  one predicted by the  Dederichs et  ale ,  

model. Therefore, two a l t e rna t ive  models were developed: model A and 

model B. 

E) Small extensions t o  the  or ig ina l  model were made i n i t i a l l y ,  i n  

order t o  obtain  b e t t e r  agreement between prediction and experiment. 

~ o d e l  A proposed a )  t h a t  the  dumbbell i n  t he  shallow .09 t r a p  be canted 

s l i g h t l y ,  and b) t h a t  s i te  Y ( see  f i gu re  27) is a l s o  a t r a p  with a 

binding energy s l i g h t l y  higher than the  canted dumbbell trap.  This 

model was able  t o  account f o r  the  symmetry and temperature of peak 1 i n  

Cu-Ag and peak 6 i n  A1-Mg. It was a l s o  ab l e  t o  explain the  ear ly  

disappearance of peak 1 without an associated r e s i s t i v i t y  substage. 

However, it did not i den t i fy  t h e  shallow t r a p  whose detrapping a t  60 K 

is presumed t o  result 1.n peak 1's growth i n  Cu-Ag. Furthermore, t h e  

binding energy of the  deepest t r a p  had to  be reduced by a f a c t o r  of 2 

t o  account f o r  the  f i n a l  detrapping by Ag which was observed at  127 

K This represented a change i n  t he  r a t i o  of the  calculated binding 

energies,  which cons t i tu tes  a major modification of the  original. model. 

F) Model B proposed a )  t h a t  the  binding energy of t he  deepest t r a p  

be changed t o  agree with t he  f i n a l  detrapping seen at 127 K ,  but  that 



t h e  r a t i o s  of the  energies  remain unchanged, and b)  t h a t  t h e  s t a b l e  

:'. conf igura t ion  be an octahedral  de fec t  a s  shown i n  f i g u r e  29, i n s t e a d  of 

t h e  dumbbell trapped a t  s i t e  .21. T h i s  model was a l s o  a b l e  t o  account 

f o r  t h e  symmetry and temperature of peak 1 i n  Cu-Ag and peak 6 i n  

Al-Mg. It was ab le  t o  expla in  the  growth of peak 1 a t  60 K a s  w e l l .  

However, i t  was not ab le  t o  i d e n t i f y  t h e  deeper t r a p  i n t o  which the  

peak 1 (Cu-Ag) de fec t  disappeared a t  110 K. 

G )  One t e s t a b l e  f e a t u r e  t h a t  d i s t ingu i shes  model A from model B is 

t h e  predicted temperature a t  which t h e  trapped i n t e r s t i t i a l s  f i r s t  

l eave  t h e i r  impur i t ies .  This  l e a d s  t o  a poss ib le  experiment i n  which a 

probe atom ( l i k e  Fe i n  aluminum) can be used t o  determine when 

i n t e r s  ti t i a l  motion between impur i t i e s  occurs. Such an experiment 

should be a b l e  t o  provide add i t iona l  support  f o r  one model o r  the  

o the r .  

H )  Both Cu-Ag aqd A1-Mg represent  systems i n  which t h e  impuri ty 

atoms a r e  overs iasd  by a s i m i l a r  amount within  t h e i r  host  c r y s t a l s .  

Dederichs, -- et  & . I s  model assumes t h e  predominance of s i z e  e f f e c t s  and 

p red ic t s  t h a t  very s i m i l a r  i m p u r i t y - i n t e r s t i t i a l  i n t e r a c t i o n s  should 

occur. O u r  measurements i n d i c a t e  t h a t  while s i m i l a r i t i e s  e x i s t ,  t h e r e  

a l s o  appear t o  be s i g n i f i c a n t  d i f f e rences  which such a model f a i l s  t o  

predic t .  
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