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F e r r i t e s  synthesized by c e r a m i c  techniques a r e  f requent ly  nonequil ibr ium s y s t e m s  which tend toward 
a m o r e  equi l ibr ium s ta te  as they age. This behavior  is evident,  in par t icu la r ,  in the changes of s ev e ra l  
p roper t i e s .  The t rans i t ion  is complicated.  During aging there  is p r e sumab ly  a red is t r ibut ion  of ions, a 
change in the ion valence,  a decomposi t ion  of the solid solution, etc. [1, 2]. The contr ibutions of each of 
these p r o c e s s e s  to the overa l l  mechan i sm for  f e r r i t e  aging have not been determined.  

We r e p o r t  he re  a study of copper  f e r r i t e  subjected to var ious  kinds of heat t r ea tment ,  including one 
t r ea tmen t  intended to be equivalent to ar t i f ic ia l  aging. We measu red  the M6ssbauer  effect,  ce r t a in  x - r a y  
s t ruc tu ra l  and x - r a y  spec t r a l  p roper t i es ,  and the sa tura t ion  magnet iza t ion  and r e s i s t i v i t y  of the samples .  

The CuFe204 s am p l e s  we re  synthesized by the ord inary  c e r a m i c  technique f r o m  "analytical  g rade"  
oxides of the cor responding  meta ls .  A p re l imina ry  annealing was ca r r i ed  out for  2 h at  700~ in a i r .  The 
final s in ter ing was at  900~ for  2 h in oxygen. Some of the samples ,  allowed to cool with the disconnected 
furnace ,  were  heated to 1100~ and then quenched in water ;  o thers  were  subjected to ar t i f ic ia l  aging in a i r  
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Fig. 1. MSssbauer  spec t r a  
of quenched s amp le s  (I), 
s amples  cooled with the 
disconnected furnace  (II), 
and samples  subjected to 
aging (III). 
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at  250~ for  300 h. Al l  the s amples  were  s ing l e -phase  a c -  
cording  to x - r a y  s t r u c t u r a l  ana lys i s .  MSssbauer  s pe c t r a  
we re  r e c o r d e d  on an e l ec t rodynamic  appara tus  with an AI-  
256 ana lyze r .  The source  was a Co 57 isotope in a s t a in l e s s  
s tee l  m a t r i x  [3]. The p rocedure s  used to m e a s u r e  the other  
p a r a m e t e r s  a r e  desc r ibed  in [2]. 

Tables  1 and 2 show the e xpe r i m e n t a l  r e su l t s .  Ana lys i s  
of these  data r e v e a l s  that by a r r ang ing  the quant i t ies  AE(Fe) ,  

H oct  AHtet,  AO ct a, c/a, n B, A , and in the o r d e r  "quench-cooled 
with fu rnace -ag ing , "  we find monotonic changes.  Fo r  the other  
p r o p e r t i e s  (p,  H~ t ) ,  there  is a tendency toward a monotonic b e -  
hav io r  which is "masked"  by the fact  that  the e r r o r s  involved 
a re  comparab l e  to the magni tudes of the quant i t ies  themse lves ;  
for  AE(Cu), 6 tet ,  5 ~ the mean deviat ions in this o r d e r  of 

s t a t e s  a r e  of the s ame  sign.  

The 1V[ossbauer s p e c t r a  shown in Fig�9 1 r e su l t  f rom a 
supe rpos i t ion  of two s ix - l i ne  s p e c t r a  having components of 
va r ious  in tens i t i e s ;  component 1 in s p e c t r a  I and III sp l i t s  
into two l ines ,  l a  and lb .  

In i n t e r p r e t i ng  these r e su l t s  it  is na tura l  to s ingle  out 
the monotonic changes in mos t  of these  p r o p e r t i e s  through this 
sequence of s t a t e s  as the mos t  genera l  and mos t  c l e a r l y  d e -  
fined c h a r a c t e r i s t i c .  In this case  the s ta te  of the f e r r i t e  
cooled with the furnace  should be t r ea t ed  as an in t e rmed ia te  
s ta te ,  while the quenched and aged s t a t e s  a r e  fur ther  f rom 
and c l o s e r  to equ i l ib r ium,  r e spec t i ve ly .  

The monotonic changes in the p a r a m e t e r s  in Tables  1 
and 2 can be explained under  the assumpt ion  that some of the 
Fe  3+ ions conver t  f rom B to A posi t ions  in the quench-cooled 
with fu rnace -ag ing  sequence ,  while copper  ions made the op-  
pos i te  move.  This p r o c e s s  must  be accompanied  by a d e -  
c r e a s e  in n B (according to the Neel model) ,  by an i n c r e a s e  in 
p (due to the d e c r e a s e  in the i ron content in the B subla t t ice) ,  
and a d e c r e a s e  in la t t i ce  constant  A (because of r A < r B and 
rcu2+ > rFe3+), as is in fact  obse rved  exper imen ta l ly .  The 
shor twave  d i s p l a c e m e n t  of the Fe  K~1,2/31,3 l ines  impl ies  an 

i n c r e a s e  in the 3d -e l ec t ron  densi ty  in the Fe a tomic  volumes 
[4], accompanied  by an i n c r e a s e  in the local  magnet ic  f ie ld 
(HA) at  the Fe 57 nuclei  (Table 2). Since the chemica l  shif ts  

5 te t  and 5 ~  (Table 2) a re  c h a r a c t e r i s t i c  of the Fe  3+ ions (and 
not Fe 2+ ions),  and s ince the p values (Table 1) rule  out the 
pos s ib i l i t y  that  Fe 2+ ions appea r  a f te r  aging, we must  appa-  
r en t ly  a t t r ibu te  the i n c r e a s e  in the 3d -e l ec t ron  densi ty  in the 
Fe  a tomic  volumes to an i n c r e a s e  in the covalency of the 
chemica l  bonds of the Fe  3+ ions in the t e t r a h e d r a l  posi t ions�9  

Accord ing  to Mossbauer  m e a s u r e m e n t s  [3], a high m a g -  
net ic  f ield at  i ron  nucle i  co r r e sponds  to the case  of Fe 3+ ions 
in the B sub la t t i ce ,  while a low field co r r e sponds  to the p r e s -  
ence of these  ions in the A sub la t t i ce .  We should the re fo re  
a s soc i a t e  s p e c t r u m  ~ with Fe 3+ ions in B pos i t ions  and s p e c -  
t rum fi with the s ame  ions in A pos i t ions .  Compar ison  of the 
pe~.~.values in the Mossbauer  s p e c t r a  (Fig.  1) on this bas i s  
c o n ~ r m s  this conclus ion r ega rd ing  the r ed i s t r ibu t ion  of Fe 3+ 
ions.  F o r  the quenched f e r r i t e ,  the intensi ty  of l ine l a  of the 
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TABLE 2. M~ssbaue r -Spec t rum P a r a m e t e r s  for  Copper F e r r i t e  
Samples  Subjected to Various  Kinds of Heat T r e a t m e n t  

Heat treatment 

}uenching from 1100"C 

Cooling with discon- 
nected furnace 

Aging ac 250"C 

Error 

Magnetic field at 
F 57 nuclei, kOe 

,v:r I H oct 

[ 439 I 467 

486 486 

480 493 

Quadrupole split- 
ting, ram/see 

"' atet  hoct 

0,19 0,06 

0, 12 0,12 

0,,--T 

Chemical shift 
iTlm/$ec 

~tet ?~oct 

0,60 0,37 

0,35 0.35 

0,53 

=h0,01 

f i r s t  component  of the a - s p e c t r u m  is twice that of the s a m e  line in the E-spec t rum;  in the aged f e r r i t e ,  
these lines a re  approx imate ly  equal in intensity.  This r e su l t  co r responds  to a d i so rde red  distr ibution of 
Fe 3+ ions among subla t t ices  in the quenched f e r r i t e  (a degree  of invers ion  of ~1/3)  and to an o rde red  d i s -  
t r ibution of these ions resul t ing f rom aging (a degree  of invers ion  of approx imate ly  1). 

The MSssbauer  s p e c t r u m  of the f e r r i t e  cooled with the furnace  ( spec t rum II in Fig. 1) deviates  f r o m  
the genera l  behavior ;  it would s e e m  that this spec t rum should occupy an in te rmedia te  position between 
spec t r a  I and III, but this is not the case.  The l ines of this spec t rum a r e  not reso lved  - s imple  broadened.  
We cannot comple te ly  explain this behavior  of spec t rum II. 

The di rec t ion in which the quanti t ies AE change (Table 1) show that the 3d-e lec t ron  densi ty  in the 
copper  a tomic  vo lumes  is g r e a t e r  in the quenched and aged f e r r i t e s  than in the f e r r i t e  cooled with the f u r -  
nace,  according  to [4]. This si tuation may  r e su l t  f r o m  an i nc rea se  in the covalency of the chemical  bonds 
of the Cu 2+ ions; in the case  of the quenched f e r r i t e ,  this i nc r ea se  is due to the t e t r ahedra l  surrounding of 
Cu 2+, while in the case  of the aged f e r r i t e ,  i t  is due to the J a h n - T e l l e r  e f fec t  [7 ] , : as  can be seen  f r o m  
the i nc r ea se  in the ra t io  of c/a f r o m  1.051 to 1.062 (Table 1). This r e su l t  is  consis tent  with the changes 
in the quadrupole spIi t t ings A tet  and Aoct (Table 2). 

C O N C L U S I O N S  

1. Aging of copper  f e r r i t e ,  CuFe204, is  accompanied  by the fo rmat ion  of an invers ion  s t ruc ture .  

2. The combinat ion of MSssbauer -e f fec t  m e a s u r e m e n t s  and other types of m e a s u r e m e n t s  (magnetic, 
e lec t r i c ,  x - r a y  spec t ra l ,  and x - r a y  s t ruc tura l )  can be an effect ive means  for  studying the e lec t ron  s t r u c -  
ture  of f e r r i t e s .  

1. 
2. 

3. 
4. 
5. 
6. 
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