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LOW T E M P E R A T U R E  ELECTRICAL PROPERTIES O F  
PlAGNETITE A N D  Mn-FERRITES 

Zdengk SirnSa and V i c t o r  A . M .  B rabe r s  ( 1 )  

I n s t i t u t e  o f  P h y s i c s ,  Czechoslovak Academy o f  S c i e n c e s ,  
1 8 0  40 Prague 8 ,  Czechos lovak ia  

5 6 0 0  MB Eindhoven, The N e t h e r l a n d s  
(1)Oepartrnent  o f  P h y s i c s ,  Eindhoven U n i v e r s i t y  o f  Technology 

E 1 e c t r i ca 1 res i s t i v i  t y  and the rmoe 1 e c t r j c: 
power' measurements have been  made on s i n g l e  
c r y s t a l s  of manganese f e r r i t e s ,  MnxFeg.404 
( x = 0 ,  0 . 5 ,  O . ' l ,  0 . 8 ,  0 . 9  and  0 . 9 5  ) i n  t h e  
t e m p e r a t u r e  r a n g e  10 K t o  300 K .  Below t h e  
Verwey t r a n s i t i o n  Tv of m a g n e t i t c ,  t h e  thcrmo- 
e1ectri.c power i s  s t r o n g l y  i n f  luericed by t h e  
oxygen nonstc) i .chiometry of t h e  samp.les whereas  
t h e  r e s i s t i v i t y  e x h i . b i t s  hard1.y any dependericc 
on t h e  changcs  of the oxygen c o n t e n t .  S t a r t i n g  
from t h o  ].owest t e m p e r a t u r e s ,  t h e  e l ec t r i ca l  
p r o p e r t i e s  are e x p l a i n e d  i n  terms of t h e  i m -  
p u r i t y  band,  v a r i , i h l e  r a n g e  hupp ing ,  small. 
p o l a r o n  lxind and s m a l l  p o l a r o n  hopp ing  
c o n d u c t i o n  mechanisms where t h e  lorig-.rarige and 
t h e  sho r t -  r a n g e  o r d e r i n g s  have  t o  be takeri  
i n t o  account, . 

-. 1 nt.  . ... ..- r oduc . . .. . t j on _ _  

F:xtensive e x p e r i m e n t a l  and t h e o r e t i c a l .  
work have  been done t o  u n d e r s t a n d  t h e  
e J ec t  on i. c 6 t, ruc t id re and c: 1 ec t r ical t, 3'811s p o r t  
mechanj.smc, i n  magnet i  t c  ( E ' e 3 0 4 )  and o t h e r  
s p i n e l  f e r r i . t t : s .  S t a r t i n g  w i t h  t : a r l y  i n v e c t i -  
gat ' ions oi Vcrwey [ 1 , 2 1  who d i s c o v e r e d  a jump 
of  two-o rde r s  of magnjl.ude of t h e  e lec t r ica l  
r e s i s t i v i t y  p , of m a g n e t i t e  a t  Tv w 1 2 0  K ,  
a v a s t  number ok p a p e r s  have been d a v o t e d  t o  
s t u d y i n g  01 t h i s  f i - r s t - o r d e r  ct.rur;l,ura3., 
rilagnetic and e l e c t r i c a l  phase  t r a n s i t , i o r i  (see 

111 t h e  same t i m e ,  work on t h o  e l e c t r i c a l  
properLir:n of the: " .sulJ : i t i tuted magiiet i tcr ," ,  

s mixed f e r r i t e s  l i k e  c o b a l t  
f e r r j  Las L S l ,  manganesc f e r r i t c s  [ l o ,  SI], 
n i c k e l  f e r r i t a s  [123 e tc .  was g o i n g  o n ,  
r e v e a l i n g  t h a t  t h e  c l a s s i c a l  s emiconduc to r  
o n e -  el ctctron band p i c t u r e  b r e a k s  down. A new 
concept.. of  mort; o r  less 1oca l i . zed  charge 
c:arric: .r t ;  ( m a l  1 p o l a r o n s )  was developod t o  
account.  l 'or  thc obso rvcd  e lec t r i  c a l ,  magne t i c  
and o p t i c a  I properties c f  monoxides,  
si0 s q u  i. o K i t i c  s ;I tid mo rc.: ccmp :le x m:rgne;. t i r; o x i d i c  
rna l e r . i a l s  ( i ' c x r  r ev i ews  see e . g .  [13--161). 

. ~ u n L  a s p l i  t . t . ing of t h e  ccinduc- 
w a s  p o s s i b l e  t o  e x p l a i n  a com- 

e . g .  [ z - - s j j .  

p1.c.:~ l l ~ h a v i o u r  of thc tliermoelectric power a 
n e a r  T, i n  t h e  c a s e  of m a g n e t i t e  [l6,17]. 

Howcvor, thc: o h s e r v e d  depen, lences  o f  
e1ecl.r ical .  p r o p c r t i e s  of f e r r i t e s  at. low 
tenipcraturc:;  r e v e a l e d  e a r l y  .>n t h a t  t h e  simple 
sma l l  p c l l a r m  p i c t u r e  must. be m o d i f i e d  i n  a t  
J.car,t, t.wc ways: 

u J  i m p r i r j  t i  6s  p r e s e n t  i n  ferritr?s 
i n t r o d u m  band conduct. iori  or hopp ing  of c h a r g e  
c a r r i e r s  w h i c h  becomes i m p o r t a n t  a t  low 
t empa rCi t u  rt : c; ; 

b ) corr-el at,i 011 e f f e c t s  must b e  i n t r o d u c e d  
i r i t c ,  Lti l ;  srn:iLJ polariiri t l i e o r i e s .  

I n  :,u(:h i~ way, t h e  bnhav iuur  of t h e  
' v i  t,y a n d  ~,}- i~-~r~i[ . ,p[ iwf~I~ of the. 
etl rnagnnt,i-te. [ 181 afld 

I.ow tompcra 1.1 op' !r t it: J t l  i < , i c e  1 f < ;  J-I' ; 
C 191 were d e s c r i b e d .  C o n s i d e r i n g  t h e  

c o r r e l a t i o n  e f f e c t s  of small p o l a r o n s  ( lcad i i ig  
t o  s h o r t  rarige o r d e r i n g )  I h l e  and Loreriz [20] 
w e r e  a b l e  t o  e x p l a i n  t h e  c o n d u c t i v i t y  m a x i m u m  
o c c u r r i n g  i n  m a g n e t i t e  a t  a b o u t  300 I ( .  

I n  t h i s  r e p o r t ,  a more detailed 
i n v e s t i g a t i o n  of t h e  e l e c t r i c a l  r e s i s t i v i t y  
and t h e r m o e l e c t r i c  powcr. of s e v e r a l  sdmple?, c i f  

m a g n e t i t e  i s  mads i n  ordr-r  t c J  r;l:irify t f i c  
b e h a v i o u r  of a balow T,J Mens i r r rmtAnt s  of 
e l ec t r i ca l  p r o p e r t i e s  o f  i r o n - r i c h  nidriganoss 
f e r r i t e s  g i v e  f u r t h e r  i n f o r m a t i o n s  on t h e  
i n f l u e n c c  of s u b s t i t u t i o n a l  d i s o r d e r  on t h c  
b e h a v i o u r  of cliar&e c a r r i e r s  

S i n g l e  c r y s t a l s  of magnetAte and  manga  - 
ncsc: f e r r i t e s  i.n t h e  systain MnxF'c3_ x04 were 
p r e p a r c d  by tho  t r a v e l l i n g  - mol ten  ~ curie 
t e c h n i q u e  a s  d e s c r i b e d  e l s e w h e r e  [ 2 1 ] .  A f t e r  
growth t h e  s i n g 1  e c r y s t a l  r o d s  (approx  . !)mm i n 
d i ame t e  r ) wore add i. t i o na 1 1 y 
Th=14'70 K f o r  70 hours and s l o w l y  c o o l e d  to 
room t e m p e r a t u r e  i r i  co rk t ro l l ed  atmusphere:; , t,o 
s e c u r e  t h e  a d j u s t e d  oxygen s t o i c h i  ometry . From 
t h e  r o d s ,  rec-tangu1.ar samples  of 1 ~ 5 x 1 2  tr1n13 

were c u t  and f i n e l y  po l  i s h e d .  The reniainj  iig 

par t s  of t h e  c r y s t a l s  w e r e  u sed  f o r  chemical  
a n a l y s i s  t o  d e t e r m i n o  f i n a l  c o n t e n t s  of 
c a t i o n s  and t h e  a c t i v e  oxygen.  R e s u l t s  of the 
a n a l y s i s ,  p a r t i a l  oxygen p r e s s u r e s  d u r i n g  
h e a t - t r e a t m e n t  and c r y s t a l  a x e s  are l i s t e d  i n  
T a b l e  1. I t  was found  t h a t  t h e  gradierit .?,  i n  
c h e m i c a l  c o m p o s i t i o n s  a l o n g  or across tlie 
samples  were w i t h i n  t h e  e r r o r  1 . i m i . t ~  rrif  
chemica l  a n a l y s i a  ( i . e .  0 . 0 2  and 0 . 0 0 2  f o r  x 
and a' r c s p .  ) .  E l e c t r i c a l .  c o n t a c t s  w e r e  m s d c  
by r u b b i n g  i n  an e u t e c t i c  In-Ga alloy a t  t h e  
o p p o s i t e  f a c e s  of t h e  s a m p l e s .  

h e  a t  - t r e a t  c d a t  

A f o u r  p o i n t  d c  p o t e n t i o m c t r i c  method w a s  
u sed  t o  dc t e rmi  ne t h e  e l e c t r i c a l  re;i:.,t,ivi t y  
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of L h c  l a t r  r e s i n t i v c  samples  at ~ ; ~ c ; ~ . ~ i i ~ .  

c u r r e n t  dcr ls i  t . i  e!.;. Kcsi:it.anr:e:; (acc1.11 
I>ut . tcr .  than 1X j V I C : I ' C  detcr lnir~cr l  a{ 
c u r r c r i t  valucs wlicre 0hm's l a w  was Pu l i ' i  l le , ]  
A t 1 o w  t r: nipe r a t u r $2 s whc n r C: a the: d 
10'; 52 ti v(>lt.age d r o p  at, prober; was dettjrmiclcd 
u s i n g  :.I K c i t h l c y  6 4 0  el.ectroirieitar wit11 t h e  i r l  

p u t  r e s i s t a n c e  e x c e e d i n g  Q .  A t  v e r y  hig1-1 
r e s i . s t a n c e s  (>lo1'. Q )  a t w o  p o i n t  method 
e x p l o i t i n g  a f e c d -  back loop of t h e  e l o c t r c l -  
meter w a s  u s e d .  

Sample t e m p e r a t u r e  w a s  v a r i e d  by means of 
a l i q u i d  h e l i u m  c o n t i n u o u s - f  low c r y o s t a t ;  
t e m p e r a t u r e  c o n t r o l  ( w i t h  a c c u r a c y  of 0.1 1 0  
w a s  a c h i e v e d  w i t h  a DTC 2 (Oxfo rd  i n s t r u m e n t s )  
con t r o l l e r  connec ted  t o  a C .  L .  T .  S .  s e n s u r .  

IherNjaals.c;tria. .gmr=.r. 

re :; i s t a I i u e  5 

To d e t e r m i n e  t h e  t h e r m o e l e c t r i c  power p e r  
1 1C (Seeback c o e f f i c i c n t  a )  t h e  o p p o s i t e  erldn 
of t h e  sample wcre clamped i n  t h e  arnis of t h o  
alurni nj .zed sample h o l d e r  ( e n a t l i r l g  a good 
t h e r m a l  c o n t a c t  and s e c u r i n g  a h i g h  elect.ri.ca1 
i s o l o t i u t i  n f  sample from t l i c  h o l d e r )  , The a r m -  
cou ld  bo i n d i v i d u a l l y  h e a t e d  t o  e s t a b l i s h  a 
trmpur;aturc: g r a d i e n t s  up t o  5 K / c m  a l o n g  t h e  
sample i n  b v t k  d i r e c t i o n s .  Temperat i i res  nf 
a r m s  wc2ro measured by A u + 0 ,  03  %Fe vs, ctiromc:l 
t he rmorwup les  and t h e  thermopowers g e n e r a t e d  
liy Leuipt?ratiAKe gradient. . ;  were de te rmined  b y  
open itipiut K e i t h l e y  640 e l e c t r o m e t e r .  SI opes 
of  t , l i e  t.tiamiop,ower V . T .  t e m p e r a t u r e  d i f f e r e n c e s  
pl.cts were used t o  c a l c u l a t e  t h e  v a l u e s  of u. 

EGZ!AltZ 

Magr!.2t.lt.ns . 
II rc d c:p*-:n den CE s of t h a  e 1 e c t  r i c a 1 

v,=, . l / ' r  r e p r e s c n t , a t i o n  arc shown i n  F i g s .  <, 2 .  
Le samples in lvg  

I t  i s  st-rfo t h a t  wit .11 t h e  e x c e p t i o n  of t h e  
h ig l i l y  nor1 R t,ciii:hioniet-ric sample A a l l  o t h e r  
speci inens Iiave i d c n t i c a l  t e m p e r a t u r e  
deyendenccs of r e s i s t i v i t y  down t o  10 K. 
AlthoiJgh t h c  c o n c e p t  of a c t i v a t i o n  ene rgy  h a s  
d i f  f c r e n t  mcanings i n  v a r i o u s  t h e o r i e s  uf 
t r a n s p o r t  mcchanisms it i s  worthwhi.le ( f o r  t h e  
sake of comparison and e s t i m a t i o n )  t o  de f  i.ne a 
c o n d u c t i v i t y  a c t i v a t i o n  e n e r g y  a3 

(1) E(eV)=1 .895*10- .4d ( logp  ) / d ( l / T )  

Values  of E as d e t e r m i n e d  for t h e  m a g n e t i t e  
samples  j u s t  above and j u s t  below t h e  Verwey 
t r a n s i t i o n  and a t  10 K a r e  l i s t e d  i n  Tab le  2 .  

I I 

'2t 

2 4 6 

Kig .  2 .  Temperature dependences of t h e  
r e s i s t i v i . t i . e . s  of m a g n e t i t e s  a t  10 K t o  100 K 
( s e x  Tab le  1 f o r  sample d e t a i l s ) .  

The t c m p e r a t u r e  dependences of t h e  
the rmoe1ec t r i . c  power for r e p r e s e n t a t i v e  
samples  o:f m a g n e t i t e  a r e  d e p i c t e d  i n  F i g .  3 .  
'l'h-2 o t h e r  saniplcs d i s p l a y  i n t e r m e d i a t e  
b e h a v i o u r  arid, t o  a v o i d  p o s s i b l e  c o n f u s i o n ,  
were ncr,t i n c l u d e d  i n  F i g . 3 .  A s a l i e n t  f e a t u r e  
i.7 l .he s t r o n g  dependencc of a bclow Tv 
'II th<l-. hcnt t . reatrnent  c o n d i t i o n s  of s a m p l e s ,  
as  c~ppo:~e<l t o  t h e  s m a l l  changes  of a above 
T V  w i t h  u r ema in ing  p r a c t i c a l l y  c o n s t a n t  
u p  t o  room tcrr iperaturs .  The most r emarkab le  i s  
t l i c  behavioi.ir of sample G where a t r a n s i t i o n  
from ii-typc t , c  p t y p e  c o n d u c t i v i t y  occurs a t  
l ( l l J  1: follc8wc:d Gy a maximum a t  80  K and 
an~ .~ t , Iwr  ti .ntl : , i  I i , ' J r l  t i o  n typc: at, a b o u t  50 K .  
U t . I o r <  / t r ~  K , I I  1 :;ampI.%a behave i n  a s imi l a r  
~ I I ~ ~ I I I I S : ~ .  wi 1 . 1 1  a 7 0  f-jr T-0. 
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1 
150 loo T[U ]  50 

I I 
2 4 6 6 10 

F i g ,  5 , l ' t ;myr,-rnturc  dependsnzes  o f  t l ic  
c1c:ctri c a l  r e s i r , t i v i  t i e s  o f  Mn --f c r r i t c s  i n  10 
I< t o  1rJCl I< i-agi.<>n. 'rhc symbols  indLcaLe the 
va r i o u s  c un tent :5 CI f mangan r~ :; e . 

In E i g  . G ternpcrat ur'e dcpcndcii5ccs <.if thf: 
SeeLei-k c ; o u f l ' i c i c n t s  of Mn- f e r r i t e s  arc  
r u p r c s e n t e d ,  S t a r t i n g  a t  rocm t e m p e r a t u r e  a 
s l i g h t  i .ncreasc '  rjf a i n  dccreasirig 
temperature: ,  i s  f i r s t  01JscrVed. l r i  thc: 1511 K 
t o  50 K r e g i o n  u reache.-; a maxiniuni iollowed b y  
a r e g u l a r  dec:i-c;tst: ( d ~ w n  t < J  z t - r ~ i )  w!-~er. T ~~, (J. 
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A nuiabsr of conduct ior i  m c c l i m i  i:.,tn;.> GIC t 

suggest.,cd t o  accuunt .  f o r  t h e  complex b i ; h i v i . r u r  
of t i l e  temperat.url:  depcnderice of t l - 1 , .  

e l c c t r i . c a 1  r e c i s t i v i t y  of magncti  t c .  L r i  

agreement  w i t h  o t h e r  e x p e r i m e n t s  [ 2 2 ,  2.3 J c 'ur  
low tempera t .ures  measurements conf i r n ;  t l t t :  
importar ice  of t h e  i m p u r i t y  c o n d u c t i o n  
mechanism. The i m p u r i t i e s  i n  the form of 
c a t i o n  v a c a n c i e s  a r e  i n t r o d u c e d  i n  m a g n e t i t e  
a5 a r e s u l t  of thc oxygen r t o n s t o i c t i i ~ ~ m e t ~ - y  
(see T a b l e  1)  a c t i n g  as  donor  c e n t r e s .  In 
manganese f e r r i t e s ,  t h e  i m p u r i t y  l e v e l s  are  
a l s o  formed by t h e  e l e c t r o n s  t r a p p e d  at .  
o c t a h e d r a l  Mi l3 -+  i o n  s i t e s  or i n  t h e  
n e i g h b o u r i n g  i r o n  i o n s  ( f o r  d i s c u s s i o n  of t h e  
t r a p p i n g  c e n t e r s  see [ 10,313. 'The t h e o r y  of 
c CI r re 1 a t  e d t o  
i m p u r i t y  band c o n d u c t i o n  1 2 4 1  y i e l d s  f o r  !.he 
t e m p e r a t u r e  dopundcrice of r e s i s t i v i t y  the 
fo l lowi r ig  fo rmula  

ho pp i rig t r a n  s p o r t  1 e ;3. d i rig 

( 2 )  c = p. T-n 

R e l a t i o n  ( 2 )  scenis t.o be w e l l  f iulfi17i:d i n  c~i. ir  

measurements as may be seen o n  F i g .  '7 wlticb 
shows the l i n c u r  depcndencc of l o g y  v s .  10gT 
a t  '1' .: 40 K .  

1 I I 1  I 1  I 

T h-1 10 20 40 ?O 100 200 

1913 

t I 

i21 

- 1  / go "'O- I 

F i g .  3 ,  D~.:nicrt:;Lration o f  t l to  M o t t ' s  l a b . ;  f l > r  

magtictit,::; arid M u -  f c i - r j  t e:, . Syn i t iu l s  indii_rrit,c: 
t h e  varic9u:. sample c o m p o s i t i o n s .  

A t .  h ig l i c r  t e m p e r a t u r e s  ( ?' ,' 40 I< ) t.1.1~ 
v a r i a b l e  rarige l iopping y i e l d i n g  tht: Mcbt 1,'s law 

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on February 6, 2009 at 09:33 from IEEE Xplore.  Restrictions apply.



1914 

f ~ ~ ~ ' i l , t ? s , "  Phye.5t.~t..5ol, ,vo?. ( h i ? < ? ,  
p p . 5 - - 4 8 ,  1977.  

[ I S ]  S .  KrupiEka,  Phyz ik  d e r  F e r r i t e  und v e r -  
wiiiidten magne t i schen  Ox ide ,  Braunschwei g :  
Vieweg, 19'73. 

'"I 'hernioclectric p r o p e r t i e s  of m a g n e t i t e  
a t  the Verwey t r a n s i t i o n , "  P h y s . R e v . ,  
vo l .B14 ,pp .1401-1405 ,  1976 

" E l e c t r i c a l  t r a n s p o r t  i n  m a g n e t i t e  n e a r  
t h e  Verwey t r a n s i t i o n ,  " vo l .EB0 ,  
pp .  594-600,  1979.  

M.R.B. J o n e s ,  "The l ow- tempera tu re  resis- 
t i v i t y  and Seebeck c o e f f i c i e n t  of fluci-  
r i n e - s u b s t i t u t e d  m a g n e t i t e ,  " P h i l . M a g . ,  
v o l . R 4 0 , p p .  389-399, 1979.  

V . A . E . I .  B r a b e r s ,  " E l e c t r i c a l  c o n d u c t i v i t y  
and t h e r m o e l e c t r i c  power of n i c k e l  fer- 
r o u s  f e r r i t e .  V a r i a b l e  r a n g e  hopp ing  and 
t h e  Coulomb g a p ,  " P h i  1. Mag. , v o l  . B54, 
p p .  505-521,  1986.  

[ 2 0 1  D .  Ihle  and B.  Lorenz,  "Smal l -po la ron  
c o n d u c t i o n  and s h o r t - r a n g r e  o r d e r  i n  
Fe; 0 4 ,  " J .  Phys .  C :  S o l .  S t a t e  Phys .  , 
v o ? .  1 9 ,  p p .  5239-5251, 1986.  

t e t r a g o n a l  s i n g l e  c rys ta l s  i n  t h e  

[16] A.J.M. Ku ipc r s  and V.A.M. Brabers, 

[17 ]  A . J .M.  Ku ipe r s  and V.A.M. B r a L e r s ,  

[18] El. G r a e n e r ,  M .  Rosenbe rg ,  T . E .  Wha11 and 

[ 19J T .  E .  Whal l ,  K .  K. Yeung, Y . G .  Proykova and 

[ 2 1 1  V . A . M .  B r a b e r s ,  "The p r e p a r a t i o n  of 

Mn,FeiIx04 s y s t e m ,  ' I  J .  C r y s t .  G r o w t h , v o l .  8 ,  
p p .  2 2 8 ,  1971.  

r221 J . R .  P r a b b l e .  T . D .  Whvte and R . M .  HooDer. .. - - I  

" E l e c t r i c a l  c o n d u c t i v i t y  of m a g n e t i t e  a t  
low t e m p e r a t u r e s ,  " S o l i d  S t a t e  Commun. , 
V O ~ .  5 , p p .  275-278, 1971.  

1233 Z .  S imsa ,  0. Schrleeweiss ,  "E lec t r i ca l  
c o n d u c t i o n  of m a g n e t i t e  and some Mn- 
f e r r i t e s  a t  low t e m p e r a t u r e s , "  C 2 e c h . J .  
P h y s . ,  v o l .  B 2 2 ,  pp .  1331-1334, 1972 .  

[ 2 4 ]  M .  L .  Knotek and M .  P o l l a k ,  " C o r r e l a t i o n  
e f f e c t s  i n  hopp ing  c o n d u c t i o n :  A t rea t -  
ment i n  terms of m u l t i e l e c t r o n  t r a n s i -  
tions,"Phys.Rev.,vol.B5,gp.6C4-681, 1974.  

t r a n s p o r t  i n  d i s o r d e r c d  s e m i c o n d u c t o r s ,  ' I  

Ph~~.Stat.Gol.,vol.(b)58,pp.443-4~9,1573. 
[ Z C ]  Z .  S i m S a ,  J .  Simi5ova and V.A.M. B r a b e r s ,  

" E l e c t r i c a l  c o n d u c t i v i t y  i n  manganese 
f e r r i t e s ,  " i n  P roceed i i ig s  of t h e  I C P G ,  
Warsaw 1572,  v o l .  2 ,  pp .  1294-1299. 

[25] I . P .  Zvyagin,  "On t h e  t h e o r y  of hopping 

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on February 6, 2009 at 09:33 from IEEE Xplore.  Restrictions apply.



IEEE TRANSACTIONS ON MAGNETICS, VOL. 24, NO. 2, MARCH 1988 1915 

HIGH MAGNETIC FIELD STUDY OF THE NORMAL SPINEL MnV20, 
R. Plumier, M. Sougi  

Service de Physique du Solide 
et de Resonance Magnetique 

CEN-Saclay, 91191 Gif-sur-Yvette cedex France 

Abstract 

Detailed magnetization measurements are perforlned up to 
H = 110 kOe in the temperature range 4.2K < T i 70R on 
the ferrimagnetic normal spinel EnVz04 (Tc r 5 6 K ) .  In 
the (M,T) plane, all isofield curves display hysteresis 
loops which are located between two temperatures Ta (HI) 

and T' (H ) increasing with HI. From these Ta and T: va- 
lues, we derive a (H,T) phase diagram delimitating five 
magnetic regions which is in excellent agreement with 
the set of isotherm magnetization curves. It is obser- 
ved that the T,(H) curve intersects the T axis of the 
(K,T) diagram at T* v 53K which, in recent neutron dif- 
fraction experiments at H = 0,has been shown to be the 
temperature of a first order transition from a triangu- 
lar magnetic configuration present in the tetragonal 
lattice to a Nee1 configuration in the cubic lattice. 
It assumed that both Ta (Hland Ti (H) are first 
order transition lines, the increased stability of the 
triangular configuration with H being discussed in 
terms of a large spin-orbit coupling of the V3' magne- 
tic moments. 

a 1  

is then 

L n t  re!twi9!l 
Recent neutron diffraction experimentsL1 performed 

at various temperatures and zero magnetic field have 
shown that the normal ferrimagnetic spinel, MnV204, is 

tetragonal up to T* I 53K and is cubic at all T > T*. 
Up to T*, the magnetic structure is found to be a 
triangular one with a canting of the V" magnetic mo- 
ments on the octahedral sites (Fig. 1.a). On the other 
hand, in the temperature range T' i T i Tc 
(Ti N 56K 1 2 1 ) ,  the magnetic structure displays the 
simple antiparallel or Nee1 configuration (Fig. 1.b). 
We also observedl'l that up to T = T*, within exp21.i- 
mental limits, the nuclear cell parameters keep the 
sane values a = 8.517A, c = 8.4488,  the transition to a 
cubic cell at T* taking place without sizable volume 
change (ac = 8 . 4 9 5 8 ) .  At T = T*, we aiso observed that, 
together with a sudden modification of the magnetic 
structure which changes from the triangular to the Nee1 

Fig. 1 : Magnetic structures 111 XnV204 (a) triangular 
configuration (b) Nee1 configuration. 

configuration (Fig. l), a reduction of lengths by about 
20% of the magnetic moments lengths is taking place for 
both the Mn2* and V3' ions respectively located on the 
tetrahedral (or A )  and on the octahedral (or B) sites 
of strlicture. The transition at T = T* was 
then assumed['] to be a first order one, a character 
confirmed by preliminary magnetization measurements 
which revealed the existence of a magnetic hysteresis 
in the temperature range T* i T < 58K. 

the spinei 

-. Experimental . part 

De t ai 1 e d mag n 1 t i z a t ion ne as u r e a en t s have j us t be en 
performed in our laboratory up to H = 110 kOe and at 
various temperatures in the range 4.2K < T < 70K on the 
same powdered specimen of XnV204 used in the neutron 

diffraction experiments[']. Starting at 4.2K, the 
magnetization curves are obtained by 5K steps, whereas 
in the tzmperature range 50K i T < 65K, the experiments 
are performed by 0.5K steps. Between every experiment, 
the sample is heated up to T = 70K and then slowly 
cooled down to the temperature of the experiment. In 
order to detect possible remanence effects, the magne- 
tization curves are first obtained by increasing the 
magnetic field H and then by decreasing H (Fig. 2). In 

1,,111111111 
0 so 100 

I I 1 I  I 1 1  1 ' " '  

0 50 H ( koe) 100 

I 

cig,_~ 2 : Part of the magnetization curves obtained at 
various teiaperatures up to H = 110 kGe i:n both sides of 
T' and T . The magnetization curve obtained at T = 4.2K 
may bi' found in t h e  insert. 
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all cases, the temperature resolution is better than 
0.05K and the relative errors in the magnetization 
never exceed 2 x We have also performed isofield 
measurements at eleven fixed H values in the range 1 to 
110 kOe (Fig. 3 ) .  In this kind of experiments,the 
sample being first heated up to T = 70K is then slowly 
cooled down to T = 50K. Definite magnetic fields 
Hi are then applied and the magnetization intensities 
are determined by increasing the temperature up to 
T = 65K by 0.25K steps. Keeping the same fixed H i ,  the 
sainple is then cooled down to T = 50K by 0.25K steps, 
the magnetization being determined again at all tempe- 
ratures. It may be observed (Fig. 3 )  that in the (M,T) 
plane, hysteresis loops are obtained at all Hlin this 
type of experiments. Whereas the width of such loops 
keeps the almost fixed value AT 2 2K whatever Hi, we 
notice (Fig. 3 )  a slight decrease of the loop surfaces 
at increasing Hi. It is seen in Fig. 3 that, up to 

HI = 110 kOe, both Ta (Hi) and Ti (Hi) values which cor- 
respond respectively to the smaller and higher tempera- 
tures between which the hysteresis is observed are in- 
creasing with increasing HI. 

Fig. 3 : Isofield curves obtained at various magnetic 
fields showing the existence of hysteresis loops 
between Ta (€I,) and T: (Hi) values increasing with HI. 

P’e diagram 

From the experimental Ta (HI) and Ta (Hi), the (H,T) 
diagram depicted on Fig. 4 may then be obtained. We 
find that the extrapolated Ta(H) curve intersects the T 
axis of that diagram (Fig. 4 )  very near the value 
T = T* at which our previous neutron diffraction 
experimentsr’] performed at H = 0 have shown the exis- 
tence of a first order transition for both the nuclear 
and magnetic structures. It may then be assumed that 
the Ta(H) curve on Fig. 4 is a first order line along 
which the transition from a tetragonal to a cubic cell 
starts taking place at finite H, whereas the Ta(H) cur- 
ve corresponds to the temperature at which such a tran- 
sition is fully achieved for all crystallites. Our ex- 
periments also confirm that Tc (T(, 2 56K [ ‘ ]) is an 
isolated second order transition point in the !H,T) 
diagram as it is in the case of a simple ferromagnet. 
From the foregoing it may then be inferred that, in ad- 
dition to the paramagnetic P ahase and the triangular 
and Nee1 ordered magnetic configurations, the (H,T) 
plane (Fig. 4 )  contains two further regions callzd I 
and I1 located between the curves TJ (H) and T: (H). 

Region I contains a mixture of triangular and Nee1 con- 
figurations whereas a mixture of triangular configura- 
tion and paramagnetic phase P exists in region 11. This 
(H,T) phase diagram suggests that, in the case of ma- 
gnetization curves determined up to H = 110 kOe at de- 
finite temperatures, hysteresis effects should only be 
expected in the temperature range T* < T < 58K. This 
is nicely confirmed by the set of magnetization curves 
depicted in Fig. 2.  In the case of such experiments 
performed at Tf < T < 58K where Tf(Tf N- 54.1510 is the 

extrapolated value of the T,(H) curve on the T axis 
(Fig. 4 ) ,  a closed hysteresis loop in the (M,H) plane 
is expected. Such a loop is indeed observed in the case 
of the experiment performed at T = 55.5K (Fig. 2). On 
the other hand, in the temperature range T’ < T < Tf, 
an open loop is expected as it is indeed observed in 
the case of the experiment performed at T = 53.75K 
(Fig. 2) .  

0 0 

Fig. 4 : (H,T) phase diagram obtained from the set of 
isofield curves. The triangular and Nee1 magnetic 
configurations are depicted in addition to the 
paramagnetic phase P and t o  the phases I and I1 
explained in the text. 

Discussion 

A s  was mentioned in Ref.[l], the first order transi- 
tion observed in MnV 0 at T* and H = 0 is quite excep- 
tional as it takes place at a temperature about 5% 
lower than Tc between a triangular magnetic configura- 
tion superposed on a tetragonal lattice and a weel con- 
figuration lying on a cubic lattice. The results we are 
reporting here reveal that, up to the highest laborato- 
ry field of 110 kOe, an important increase of the first 
order transition temperature Ta as a function of H is 

taking place with AT,/AH N 0.032K x kOe-’. Let us note 
that the situation existing in MnV204 is distinct from 
most first order transitions reported in the past in 
magnetic compounds and which take place between an or- 
dered magnetic structure and the paramagnetic phase. 
Such a behaviour is usually explained by large magneto- 
striction effects as it is, for instance, in the case 
of the extensively studied MnAsL3]. Although the beha- 
viour observed in region I1 (Fig. 4) is somehow remi- 
niscent of the observations performed near Tc on 

MnAs13 I, such an explanation based on magnetostriction 

2 4  
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is means satisfactory in the case of MnV204. In 

particular, it is recalled that the transition at T* 
takes place without sizable volume change [ l ] ,  a situa- 
tion ruling out a possible lowering of the total free 
energy tied to a strong dependence of the magnetic ex- 
change constants on distance. On the other hand, the 
observed['] reduced value M = 1.34~. at T = 2K for the 

S = 1 ion V3' points out the important part played by 
the spin-orbit coupling in the case of this 3dZ ion lo- 
cated in the trigonally distorted octahedral B site of 
the spinel structure. The importance of this coupling 
is alsorrevealed by the large anisotropy field of about 

150 kOei2] which manisfests itself by the rounded shape 
of the magnetization curves (Fig. 2 ) .  As these curves 
are similar on both sides of T* and Tc, it may then be 
concluded that cooperative spin-orbit coupling, leading 
to an overall tetragonal distortion of the spinel lat- 
tice, exists for all crystallites only at T < Ta (H). 
Let us finally point out, as has already been suggested 
in Ref.[2], the inapplicability of the Yafet-Kittel 
theory L 4 ]  for the stability in the spinel structure of 
a triangular configuration when large spin-orbit cou- 
pling has to be considered in addition to the 
Heisenberg antiferromagnetic interactions between A-8 
and B-B first nearest neighbours. 

by no 
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