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The e f f e c t  o f  ion beam i n d u c e d  a t o m i c  m i x i n g  and subsequen t  t h e r m a l  
t r a n s f o r m a t i o n s  a t  the Fe:AI20 3 interface have been i n v e s t i g a t e d  by means of 
conve rs i on  e l e c t r o n  M~ssbauer spec t roscopy [GEMS]. I t  is shown tha t  the as- 
depos i t ed  and ion beam mixed samples e x h i b i t  d i s t i n c t l y  d i f f e r e n t  f ea tu res .  
In p a r t i c u l a r ,  t he  ion beam m i x e d  samp le  in a s - m i x e d  s t a t e  shows the  
p r e s e n c e  of  F e A ] 2 0  4 a l o n g  w i t h  n o n - s t o i c h i o m e t r i c  FeO. Upon a n n e a l i n g  a t  
600~ i t  shows p r e c i p i t a t i o n  of  ~ -Fe  w i t h  reduced c o n t r i b u t i o n  of  FeAI204. 
The s t u d y  of  dose dependence  o f  ion beam m i x i n g  has a l s o  r e v e a l e d  
i n t e r e s t i n g  f ea tu res  r e g a r d i n g  the ion beam induced i n t e r f a c e  r e a c t i o n s .  

l .  INTRODUCTION : 

Ion beam m i x i n g  is a novel  r a d i a t i o n  p rocess ing  techn ique which can lead 
to  concen t ra ted  sur face  a l l o y s  hav ing  newer and e x o t i c  phys i ca l  p r o p e r t i e s  / l / .  
C o n s i d e r a b l e  w o r k  has a l r e a d y  been done on ion beam m i x i n g  and t he  g e n e r a l  
f e a t u r e s  rega rd ing  the m i x i n g  process seem to  have been unders tood reasonab ly  
w e l l  / 2 / .  However,  in o rder  to  deve lop  an unde rs tand ing  r ega rd i ng  the a t o m i s t i c  
a s p e c t s  i t  is e s s e n t i a l  to  use c h a r a c t e r i z a t i o n  t e c h n i q u e s  w h i c h  can r e v e a l  
such an i n f o r m a t i o n  in g r e a t  d e t a i l s .  In our recent  p u b l i c a t i o n s  / 2 , 3 /  we have 
d ~ n o n s t r a t e d  t ha t  the techn ique  of  Mdssbauer spect roscopy can be of  g rea t  va lue  
in such s t u d i e s .  ]n t he  p r e s e n t  paper  we r e p o r t  t he  r e s u l t s  of  ion  m i x i n g  
s tud ies  in the Fe:AIL:~D 3 system; wh ich is a m e t a l - i n s u l a t o r  c o m b i n a t i o n  capable  
of o f f e r i n g  i n t e r e s t i n g  responses to  r a d i a t i o n  t r e a t m e n t .  

2. EXPERIMENTAL : 

P o l y c r y s t a l l i n e  A l u m i n a  [ o?,-A1203] s u b s t r a t e s  o b t a i n e d  f r o m  M a t e r i a l s  
Research C o r p o r a t i o n  [U.S.A.] were used in these s tud ies .  Subsequent to the use 
of  recommended c l e a n i n g  p r o c e d u r e  the  s u b s t r a t e s  we re  d e p o s i t e d  w i t h  230 A ~ 
t h i c k  i r o n  o v e r l a y e r  c o n t a i n i n g  50% o f  57Fe i s o t o p e ,  a t  a c l e a n  b a c k g r o u n d  
vacut~n o[  10 -6 t o r r .  A number of  such f r e s h l y  prepared con~os i t es  were sub jec ted  
to  100 keV Kr + ion bombardment to  induce ion beam m i x i n g .  The ion beam mixed as 
w e l l  as the a s - d e p o s i t e d  samples were sub jec ted  to  vacuL~TI [10 -6 t o r r ]  annea l i ng  
t r e a t m e n t s  at  300~176 and 600~ for  one hour in each case. Room tempera tu re  
CEMS s p e c t r a  w e r e  r e c o r d e d  w i t h  57Co:Rh as the  sou rce .  In the  case of  the  
s tud ies  of  dose dependence, ion doses in the range between l x l 0 1 5  ions /cm 2 and 
5x l016 ions /cm 2 were employed.  

3. RESULTS AND DISCLISSION : 

The CEMS spect rum co r respond ing  to  the a s - d e p o s i t e d  sample F ig.  l (a )  can be 
reso l ved  i n t o  magne t i c  as w e l l  as non-magnet i c  components. The fo rmer  one has an 
i n t e r n a l  f i e l d  o f  ~327 kOe and i t  c l e a r l y  c o r r e s p o n d s  to  t he  Fe a toms in the  
o v e r l a y e r  hav ing  the env i ronmen t  as in @-Fe. The smal l  non -magne t i c  c o n t r i b u t i o n  
is a quadrupo le  s p l i t  doub le t  hav ing  an isomer s h i f t  [ [ .S . ]  of  0.36 rrm/sec and a 
q u a d r u p o l e  s p l i t t i n g  [Q.S. ]  o f  0.g5 mm/sec. Such a d o u b l e t  r e p r e s e n t s  Fe 3+ 
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s t a t e ,  w~ th  57Fe a toms  s u b s t i t u t i n g  t h e A l  s i t e s  ~n t h e  near  i n t e r l a c e  r e g i o n  
p o s s i b l y  at  the ~ n t e r g r a i n  su r taces  in AI203. 

Upon ion  b o m b a r d m e n t  a t  a dose  of  5x lO [6 i o n s / e r a  2 t he  CF_MS s p e c t r u m  
a p p e a r s  as shown in I - -~g. l (e) .  T h i s  has two n o n - m a g n e t  lc  ( o n t r i b u t L o n s ,  b o t h  
b e i n g  q u a d r u p o l e  d o u b l e t s .  The h . f . p a r a m e t e r s  a r e  ( i )  l.~,. l .O0 ram/sac and 
Q . S . : I . 6 5  mm/sec  and ( ~ i )  1 .S . :0 .6~  n ~ . / s e c  and Q.S. 0.4~ turn/see.  The d a u b ] e l  
hav ing  I.S. at 1.00 rm~/sec c l o s e l y  resembles  the FeAl20 ~ phase /L~/ whereas the 
o t h e r  d o u b l e t  c o r r e s p o n d s  to  FeO l i k e  o r d e r .  The h . f .  p a r a m e t e r s  in t he  l a t t e r  
case a re  d L [ l e r e n t  than those r e p o r t e d  ta r  s t o i c h i o m e t r i c  FcO / ~ / ;  however such 
d i f l e r e n c e s  can o c c u r  in the  r a d i a t i o n  p r o c e s s e d  m a t e r i a l s  w h i c h  have h i g h  
c o n c e n t r a t  ton o f  d e f e c t s  ( v a c a n c t e s )  and a s s o c i a t e d  c c ~ p r e s s l v e  s t resses  / 6 / .  
The CCMS s p e c t r u m  of  F i g .  (e)  c l e a r l y  b r L n g s  o u t  t h a t  a t o m t c  m , x i n g  has 
o c c u r r e d  a c r o s s  the  i n t e r l a c e ; a n d  i t  a l s o  shows the  v a r y t n g  e n v i r o n m e n t  
e x p e r i e n c e d  by the S7Fe atoms ~n the i n t e r l a c e  laye rs �9  
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F ig .  I.CEMS s p e c t r a  of  a s - d e p o s i t e d  
and ion  b e a m m L x e d  F e - A I 2 0 3  
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Fig.2�9 V a r i a t i o n  of CEMS spec t rum and 
P(H) d i s t r i b u t ~ o n  w i t h  ion  dose 
( i o n s / c m  2) 
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When the a s - d e p o s i t e d  Fe:AI203 compos i t e  is annea led a t  300~ for  one hour 
[ F i g .  l ( b ) ] ,  the  m a g n e t i c  c o n t r i b u t i o n  [ c h a r a c t e r i s t i c  of  o ( -Fe ]  is  r e d u c e d  in 
favour  of  the non -magne t i c  component.  The non -magne t i c  component now has two 
c o n t r i b u t i o n s  r e p r e s e n t a t i v e  of  the presence o[  Fe 3+ s t a t e  a l ong  w i t h  tha t  of 
the  Fe 2§ s t a t e ;  w h i c h  is  in a g r e e m e n t  w i t h  t he  r e s u l t s  r e p o r t e d  by B h i d e  e t  
a ] . / 7 / .  The o b s e r v a t i o n  o t  change  in t he  CEMS s p e c t r u m  a t  a r a t h e r  low 
t e m p e r a t u r e  o f  300~ can be a t t r i b u t e d  t o  t h e  p o l y c r y s t a l l i n e  n a t u r e  of the  
sample;  s ince  i t  Ls known tha t  d i f i u s i o n  is e x t r e m e l y  s low in c r y s t a l l i n e  AI203 
be low ~g00~ at  wh ich  s u b l a t t i c e  r e l a x a t i o n s  beg in  to occur .  The CEMS spec t rum 
o [  the  ion  beam m i x e d  s a m p l e  a n n e a l e d  a t  300oc  f o r  one hour  i s  shown in 
F ig .  l ( f ) .  Th is  CF_MS spec t rum can be r e s o l v e d  i n t o  two quad rupo le  s p l i t  d o u b l e t s ,  
one a t t r i b u t e d  t o  t he  FeAI204. phase  /4-/ w h i l e  t h e  o t h e r  t o  t h e  Fe 3~ ~ons in 
AI203 ma t rLx .  The non-observance  o:[ the quad rupo le  s p l i t  d o u b l e t  c o r r e s p o n d i n g  
to  FeO l i k e  o r d e r  p r e s e n t  in t he  a s - m ~ x e d  s t a t e  can be a t t r i b u t e d  t o  t he  
d e c o m p o s i t  i o n  o f  t h a t  p h a s e  l e a d i n g  t o  Fe 3+ s t a t e  i n  A I 2 0  3 m a t r L x .  
S t o i c h l o m e t r i c  FeO phase  is  known to  decompose  i n t o  Fe304- and Fe o v e r  a 
t empe ra tu re  range between 200~ and 570~ / g / .  We d i d  n e i t h e r  observe Fe304 nor 
Fe ~n our  c a s e ,  w h i c h  s h o u l d  mean t h a t  t he  FeO l i k e  o r d e r  o b s e r v e d  in t he  a s -  
ru ixed s t a t e  is  not s t o i c h i o m e t r i c  and has a h igh  c o n c e n t r a t i o n  of d e f e c t s  wh ich  
can lead to a change in the na tu re  of the s o l i d  s t a t e  reac tLon .  

On f u r t h e r  a n n e a l  i ng  a t  L~50~ f o r  one hour  n e i t h e r  t he  a s - d e p o s i t e d  nor  
the ion beam mixed  sample shows any s i g n i f i c a n t  change. The spec t rum for  the as- 
d e p o s i t e d  s a m p l e  I F i g .  l ( c ) ]  shows an i n c r e a s e  in t he  c o n t r i b u t i o n  o[  the  Fe 2~ 
s t a t e ,  w i t h  a m ino r  change in the c o n t r i b u t i o n  of o/,-Fe w h i l e  the spec t rum o[ the 
ion beam m ixed  sample [ F i g ~ l ( g ) ]  shows decrease in the c o n t r i b u t i o n  o[ FeAI204- 
phase at the cos t  of the Fe ~ s t a t e  in Ai203 m a t r i x .  

The CEMS spec t rum o[  the a s - d e p o s i t e d  s a l o l e  annea led at  600~ [ F i g .  l ( d ) ]  
can be f i t t e d  w i t h a s e x t e t  hay ins  h . f .  [ 1el d o [  34-4- kOe I m o d i  f i e d  ~,-FeJ and a 
q u a d r u p o l e  d o u b l e t  c o r r e s p o n d i n g  t o  Fe 2. iotas ~n A L 2 0 3 m a t r l x .  The s p e c t r u m  
shows change in the I t ne  i n t e n s i t y  r a t i o s  f rom the va lues  to t  the a s - d e p o s i t e d  
case [ F i g .  l ( a ) ]  i n d i c a t i n g  r e l e a s e  o f  d e p o s i t i o n  i n d u c e d  s t r e s s e s .  When 
a n n e a l e d  a t  600~ the  ion b e a m m i x e d  s a m p l e  shows d r a s t i c  change  in the  CEA.~S 
spec t rum [ F i g .  L(h)] .  Tl~is spect rL~ l  now shows a m a g n e t i c  c o n t r i b u t i o n  in a d d i t i o n  
to  t he  n o n - m a g n e t i c  one. T h i s  s p e c t r u m  can be f i t t e d  w i t h  a s e x t e t  w i t h  t~.[. 
l l e l d  o i  3:}0 kOe [ o ( - F e ]  and a q u a d r u p o l e  d o u b l e t  w i t h  I .S.  0.90 nu~n/sec and 

Q.S._I.09 mT~/sec which  can be a t t r i b u t e d  to  FeAI204- phase. Thus in the case ol 
the ion beam mixed  sample,  a n n e a l i n g  at  600~ leads to a r e d u c t i o n  of the non- 
magnetnc component of the spec t rum c o r r e s p o n d i n g  to  FeAI20 ~ phase tn favour  of 
the m a g n e t i c  one and one o b t a i n s  p r e c l p ~ t a t ~ o n  of ~ -Fe .  Th is  shows tha t  Fe tends 
to o u t m l g r a t e  f rom the defect tve s t a t e  produced due to ~on bcmbardn~'nt upon h igh  
te fnpe ra tu re  the rma l  t r e a t m e n t .  

4. DOSE DEPENDENCE OF ION BEAM M I X I N G  : 

The r e s u l t s  o f  t i le  s t u d i e s  o [  dose d e p e n d e n c e  a r e  shown in F i g . 2 .  Ti le P(H) 
d i s t r i b u t i o n  of the a s - d e p o s i t e d  san,pie [ F l g . 2 ( f ) ]  e x h i b i t s  on l y  one ma jo r  peak 
at -330 kOe [ d , -Fe ] ,  as expec ted .  \V i tb  i nc rease  in the va lue  of the i m p l a n t a t i o n  
dose the  peak a t  ~330 kOe shows a s y s t e m a t i c  d e c r e a s e  in , n t e n s ~ t )  w i t h  
e m e r g e n c e  o f  peaks  c o r r e s p o n d i n g  t o  l o w e r  v a l u e s  o f  h . l .  f i e l d s .  A l s o ,  the  
I ~ n e - w i d t h s  o f  t he  M o s s b a u e r  s p e c t r a  show a s y s t e n ~ a t i c  i n c r e a s e  ~ i t h  
~no lan ta t~on  dose,  wh ich  i n d i c a t e s  i nc rease  ~n t i le degree of d i s o r d e r .  

In a d d i t i o n  t o  t he  use o [  d e c o n v o l u t i o n  procedure~9~ we a l s o  used the  
c o n v e n t i o n a l  Mossbauer f i t t i n g  method to  o b t a i n  h . [ . i n t e r a c t t o n  pa ramete rs .  In 
the saJ/iple bombarded w i t h  IO0 keV K r '  ions at  a dose of 1015 ions /cm 2 we cou ld  
i d e n t i f y  the  i n c r e a s e  in the  c o n t r i b u t i o n  o f  n o n - m a g n e t i c  c o m p o n e n t s .  T h i s  
componen t  c o m p r i s e s  of  two  q u a d r u p o l e  sp l  i t  d o u b l e t s ,  one o f  w h i c h  ts due to  
Fe 3' Lons tn A I 2 0 3  m a t r i x  w h i l e  t he  o t h e r  [ I .S . - 0 . , $2  mrn/sec and Q.S. I .#0 
m m / s e c ]  due to  t h e  p r e s e n c e  o f  FeO l i k e  o r d e r .  I t  may be n o t e d  t h a t  the  
pa rame te rs  of the second d o u b l e t  are ~n agreement  w i t h  those r e p o r t e d  by D. 3. 
E l i a s  e t  a l . / ~ / .  The p o s s i b i l i t y  of  f o r m a t i o n  o [  an o x y g e n  c o o r d i n a t e d  i r o n  
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phase subsequent to bombardment at a dose of 1015 ions/c~l 2 at room tempreature  
is not s u r p r i s i n g ,  s i nce  Nagu ib  et  a l .  / 1 0 /  have shown t h a t  the d i s o r d e r  in 
A I 2 0  3 i n c r e a s e s  s l o w l y  up to  a [ l u e n c e  of  ] x 10 15 i o n s / c m  2 and the e s t i m a t e d  
r a t i o  of the number of O and AI atoms d i sp l aced  from t h e i r  r espec t i ve  s i t es  is 
found to be 3: [  per Kr + ion. Thus t h e r e  a re  more oxygen atoms a v a i l a b l e  fo r  
chemical i n t e r a c t i o n  w i t h  i ron atoms as compared to the AI atoms. 

As the dose is i n c r e a s e d  f rom l015 i o n s / c m  2 to 5 x 10 15 i o n s / c m  2 g r a d u a l  
changes are  seen to  occur  in the n a t u r e  of the CEMS spec t rum.  The low f i e l d  
components  ( n o n - m a g n e t i c )  e x h i b i t  i n c r e a s e  in i n t e n s i t y  w i t hou t  any d r a s t i c  
change in t h e i r  d i s t r i b u t i o n .  On the other hand, i f  the sample is bombarded at 
a dose o f  ] x 10 16 i o n s / c m  2, the s p e c t r a l  f e a t u r e s  i n d i c a t e  a s i g n i f i c a n t  
increase in d i so rde r  and assoc ia ted  changes. The cor respond ing  C:Fd~S spectrum can 
be f i t t e d  w i t h  one s e x t e t  [ @-Fe]  and two q u a d r u p o l e - s p i J t  d o u b l e t s .  One of  
these d o u b l e t s  c o r r e s p o n d s  to  n o n - s t o i c h i o m e t r i c  FeO l i k e  o r d e r  ( l . S . - 0 . 7 g  
ml l /sec,  Q.5.-1.30 rm~/sec) and the other  to the fo rmat ion  o[ FeAI20 ~ phase. The 
non-observance of FeAI204 phase at low and i n te rmed ia te  doses can be a t t r i b u t e d  
to the f a c t  t h a t  some AI atoms d i s p l a c e d  by bombardment  move i n t o  the vacan t  
s i t es  n o r f f a l l y  present in the AI203 s t r u c t u r e ,  leading on ly  to reduc t ion  o[ the 
d e n s i t y  of d i s o r d e r .  Nagu ib  et aJ. / ] 0 /  have s t u d i e d  the dose dependence of 
s t r u c t u r a l  d i so rder  and have shown that  at low doses the d i s o r d e r  is less than 
expected due to bc~bardn~nt induced anneal ing.  They have a lso  repor ted  that  at a 
dose of -10 [6 i o n s / c m  2 the damage s a t u r a t e s ,  l e a d i n g  to  the p o s s i b i l i t y  of 
change in the n a t u r e  of s o l i d  s t a t e  r e a c t i o n  as o b s e r v e d  in our case.  F u r t h e r  
increase in the dose to a value ot 5xl016 ions/cm 2 once again leads to a change 
in the CEMS spec t rum.  Th is  s p e c t r u m  can be f i t t e d  w i t h  two q u a d r u p o l e - s p l i t  
doub le ts ;  one due to the FeAI20 ~ phase w h i l e  the o ther  due to the FeO l i k e  order 
[ I .S .=0 .64  mm/sec, Q.S.=0.40 mrn/sec ] .  The c o n t r i b u t i o n  of  ~ -Fe  is seen to  be 
n e g l i g i b l y  s m a l l .  I t  may f u r t h e r  be p o i n t e d  out  t h a t  the i somer  s h i f t  
cor respond ing to the FeO l i k e  order  shows a gradual decrease from the va lue of 
0.g3 ~m/sec at a dose of  1015 i o n s / c m  2 to 0.64 mm/sec at  a dose oI  5x l016  
ions/era 2. Such a decrease in the isomer s h i f t  w i t h  increase of the ion dose can 
be a t t r i b u t e d  to the bombardment-enhanced l a t t i c e  s t r a i n  wh ich  Is i n v a r i a b l y  
developed in the host l a t t i c e .  

5. CONCLUSION : 

Ion beam i n d u c e d  a t o m i c  m i x i n g  and s u b s e q u e n t  t h e r m a l l y  induced 
t r a n s f o r m a t i o n s  are  s t u d i e d  fo r  the case of the s i n g l e  i n t e r f a c e  Fe:AI203 
s y s t e m ,  l-he i on  d o s e  d e p e n d e n c e  o f  t h e  m i x i n g  p r o c e s s  has a l s o  been 
i n v e s t i g a t e d .  A number of i n t e r e s t i n g  f e a t u r e s  c o n c e r n i n g  the microscopic 
a s p e c t s  of time m i x i n g  r e a c t i o n s  have been b rough t  ou t .  In p a r t i c u l a r ,  i t  has 
been shown that ion beam n~ixing at >]016 ions/cm z leads to fo rmat ion  of FeAI204 
and n o n - s t o i c h i o r n e t r i c  FeO, Llpon h i g h  t e m p e r a t u r e  [ 6 0 0 o c ]  a n n e a l i n g  
p r e c i p i t a t i o n  o[ o/,-Fe ~s seen to occur. 
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