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A b s t r a c t  

• 1 "I1 I V  111 Substitution of magnesium(II) for manganese in the series M~N1 Mnz Mn2-2z04 (0 ~ z  ~ 1) 
yields spinels whose stability is increased in comparison with NLMn204 (z= 0). Below 
730 °C in air the latter compound is decomposed by oxidation, forming a-Mn203 and 
NiMn03. MgNiMnO4 (z= 1) is found to be stable on annealing at 450 °C. The change 
in electrical conductivity in the series from O'2o-c=5X10 -4 ~ -1  c in - i  (E~=0.325 eV) 
for NiMn204 ( z=O) to  a2ooc=5×10 -7 ~-~ cm -1 (E~=0.392 eV)for MgNiMnO4 ( z = l )  
is discussed. 

1. I n t r o d u c t i o n  

Accord ing  to  the  p h a s e  d iag ram [1], NiMn204 used  for  t h e r m i s t o r  
app l i ca t ions  [ 2 - 5 ]  a p p e a r s  a t  r o o m  t e m p e r a t u r e  in air as  a m e t a s t a b l e  frozen-  
in s ta te .  This  is cer ta in ly  a d i sadvan tage  b e c a u s e  the  e lec t r ica l  p r o p e r t i e s  
t end  to  shift  with t ime  when  the  t e m p e r a t u r e  is increas ing  [6]. The  uns tab le  
na tu re  of  NiMn204 ar ises  f r o m  the p r e f e r ence  of  nickel( I I )  to  o c c u p y  oc tahedra l  
sites.  The re fo re  the  ca t ion  dis tr ibut ion shows  a c o m p a r a t i v e l y  h igh  deg ree  
of  invers ion  (y  ~ 0 . 6 5 - 0 . 9  [7, 8]). Moreover ,  a t  leas t  in par t ,  p d i sp ropor -  
t iona t ion  of  m a n g a n e s e ( I I I )  on  the  A si tes  of  the  spinel  lat t ice has  to  be  
t a k e n  into a c c o u n t  ( p ~ y  [8, 9]): 

i i~  I _ ~MI~_ pMi~ [Ni~Mn~Mn2 m_ ~ _p ]O4 ( 1 ) 

Since MnaO4 is t r a n s f o r m e d  into a-Mn203 be low 935 °C in air  [10], NiMnuO4 
be low 730  °C b e c o m e s  oxidized to  NiMnr~Oa, w h o s e  s t ruc tu re  ( f lmeni te  type)  
o b e y s  oc t ahedra l  nickel(II)  coord ina t ion ,  and  at  the  s a m e  t ime  a-Mn2Oa is 
fo rmed .  

In th is  p a p e r  a p p r o p r i a t e  ca t ion  subs t i tu t ion  is p r o p o s e d  as  a m o s t  
p r o m i s i n g  rou te  to  f o r m  a s tab le  spinel  p h a s e  conta in ing  m a n g a n e s e ( H I )  and  
m a n g a n e s e ( I V )  on  the  B si tes  as  a p re requ is i t e  for  sufficient e lectr ical  
conduct iv i ty .  Fol lowing the  fo rmula  

Mg~Iiff_ ~ [iffMn~Un~n_ 2~ ]04 or  

Mg~INil n _ y _ zMn~n_pMn~ [Ni~ + ~Mn~+ zMn~ n_ u _p _ z~ ]04 (2) 
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substitution of magnesium(II) for manganese(III) implies the formation of 
manganese(IV) and at the same time nickel(II) should have the opportunity 
to change to the preferred octahedral B sites, because magnesium(II) is more 
suitable for A site occupation than nickel(II). As yet the spinel MgNiMnQ 
has not been found to be reported in the literature, 

2. Prepara t ion  and X-ray di f fract ion m e a s u r e m e n t s  

Preparation has been tried according to formula (2) from mixtures of 
MgO and nickel and manganese carbonates with z = ~, ~, ~ and 1. The powders 
were heated on 600 °C (3 h) for calcination, yielding a mixture consisting 
predominantly of MgO, NiO and a-Mn203 in the molar ratio under consideration. 
After densification by pressure sintering was carried out at 100 °C (20 h) 
in an oxygen atmosphere and after grinding, the procedure was repeated 

TABLE 1 

X-ray diffraction data for MgNiMnO4 (a0 = 833.2 _ 0.8 pro) 

de,, p h k l  dber (I//0)exp ( I /Io) c~¢ 

4.822 111 4.809 80 49.9 
2.940 220 2.945 16 8.5 
2.512 311 2.512 100 100.0 
2.404 222 2.405 23 11.2 
2.085 400 2.083 68 60.4 
1.910 331 1.911 4 11.7 
1.701 422 1.700 4 3.3 
1.603 511 /333  1.603 25 32.5 
1.473 440 1.473 45 57.7 
1.408 531 1.408 7 8.6 

442 1.388 0 0.0 
620 1.317 0 1.3 

1.270 533 1.270 9 10.2 
1.257 622 1.256 7 7.8 
1.202 444 1.202 7 9.3 

511/711 1.166 0 4.4 
642 1.113 0 1.4 

1.084 553/731 1.085 10 17.9 
1.041 800 1.041 5 8.3 

733 1.018 0 1.4 
644 1.010 0 0.0 
660 /822  0 .9817 0 0.8 

0.9615 751/555  0.9619 6 11.4 
662 0.9555 0 4.5 

0 .9330 840 0.9313 8 15.6 
753/911 0.9143 0 4.4 
842 0 .9083 0 0.0 
664 0 .8880 0 0.5 

0 .8730 931 0.8732 8 10.5 
0 .8510 844 0.8502 10 33.0 
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twice more. For final t reatment the powder samples have been annealed at 
600 °C (40 h). At the different stages the composit ion of the powders was 
proved by dissolution of a weighing-out loss in diluted hydrochloric acid 
containing a definite concentrat ion of iron(II) and titration with 0.1M Ce TM 

solution. The procedure allows the determination of the average oxidation 
number of manganese. According to the formula 

M '~II]xVIIax-II+kr~ with k = 2(2 - z )  + 26 ~ , , l  Ivl,,2-z~,3 + ~ 2 (3) 
2--z 

= 1.00 would refer to the formation of a homogeneous spinel phase. 
However, the compounds could not be prepared in this way. Before NiO 

is involved in the formation process of the homogeneous spinel phase, ZnO 
becomes bound to MneO3, yielding spinels in the series ZnxMna_~O4 [ll]. 
The reaction proceeds at sufficient rate at 800-900 °C [12, 13]. Already at 
about 700 °C MgNiMnO4 (z= I) becomes unstable. The value 3--0.50 ex- 
perimentally observed after quenching from I000 °C indicates a mixture of 
½Mgi_aNiaMn~nO4 and 3 ~-Mgl/u+a/3Nle/3-a/aO- Annealing at 600 °C yields 
6 = 0.79. Starting from the oxide mixture, the formation of  the homogeneous  
spinel phase becomes extremely extended in time at the lower temperature.  

Preparation of the spinels succeeds following the oxalate route [1, 
14-17] .  The decomposit ion of mixed crystals of  Mg~NiMn2_z(C204)a-6H20 
prepared from aqueous solution was found to be complete at 440 °C in an 
oxygen atmosphere.  Thermal decomposit ion of NiMn(C204)2.4H20 leads 
already at 330 °C to the formation of cubic defect  spinels [18]. In the system 
under consideration oxygen contamination is observed in the range 4 6 0 - 6 5 0  
°C, yielding cubic spinels of definite composition (5=  1.00). 

The X-ray diffraction data of MgNiMnO4 are summarized in Table 1, 
indicating sufficient agreement  with the values calculated with the LAZY 
PULVERIX programme [19[. MgNiMnO4 forms a cubic spinel lattice with 
a o = 8 3 3 . 2  pm. Obviously, nickel(II) and manganese(IV) are randomly dis- 
tributed on the B sites. No indications of ordering have been observed in 
the X-ray diffraction diagram. 

As shown in Fig. 1, indicated deviations from Vegard's rule are in the 
series of substitution. The lattice parameters  are collected in Table 2 together  
with the onset  of thermal decomposit ion at the upper  (HT) and lower (LT) 
temperatures.  

3. Thermal decompos i t ion  o f  the compounds  

NiMn204 ( z = 0 )  becomes decomposed in the HT range above 975 °C 
in an oxygen atmosphere [20]: 

> 975 °C 3 - x x 
NiMn204 ) xNiO + - -  xT;n ~ s ~ n  ~5~IIIg'~ o2 3 ~ ' ' ( 3 - 3 x ) / ( 3 - x )  . . . .  2x/(3--x)i'Ul2 v4 + ~ 02 (4) 

Obviously, because of the formation of manganese(IV), the onset temperature 
of oxygen liberation is decreasing in • n -1, w m the series Mg;~ Nl Mnz Mn2_ ~04 (0 ~< z ~< 1). 
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Fig. 1. Lattice parameter ao (®) and variation in activation energy E~ (D) and electrical 
conductivity (r20 "c (©) as a function of compositional parameter x in the series 
Mg~NiMn~ I_ 2~Mn~O,. 

TABLE 2 

Lattice parameters and values of thermal decomposition of the spinels Mg~NiMnz_ z04 (0 < z ~< 1 ) 

Compound a0 Px-r~y Tae¢(HT) Tde¢(LT) 
(pm) (g cm -3) (Oz atmosphere) (air) 

(°C) (°C) 

NiMn204 839.7 + 0.2 5.339 > 975 < 730 
Mgw3NiMn~mO 4 837.0 5.037 > 860 < 650 
Mg2~3NiMn~304 835.4 4.834 > 820 < 450 
Mgs/6NiMnT~04 834.0 4.742 > 730 < 450 
MgNiMnO4 833.2 :t= 0.8 4.638 > 720 Stable 

F i g u r e  2 s h o w s  t h e  c u r v e  o f  t h e r m a l  d e c o m p o s i t i o n  o f  MgNiMnO4 ( z =  1) 
u p  t o  1 2 0 0  °C m e a s u r e d  w i t h  a h e a t i n g  r a t e  o f  10 K ra in  -1 .  S t a r t i n g  f r o m  
t h e  p o w d e r  s t a t e  o f  d e c o m p o s e d  MgNiMnO4,  r e - o x i d a t i o n  t a k e s  p l a c e  c o m -  
p l e t e l y  i f  a c o o l i n g  r a t e  o f  1 K m i n -  1 is  a p p l i e d .  O n  t h e  o t h e r  h a n d ,  c o m p a c t  
c e r a m i c  s a m p l e s  Core, = 70%)  n e e d  a l o n g e r  a n n e a l i n g  t i m e ,  a b o u t  70  h a t  
6 5 0  °C, f o r  r e - o x i d a t i o n .  

X - r a y  d i f f r a c t i o n  m e a s u r e m e n t s  a n d  t h e  a n a l y t i c a l  d e t e r m i n a t i o n  o f  t h e  
d e g r e e  o f  o x i d a t i o n  a p p l i e d  t o  s a m p l e s  q u e n c h e d  f r o m  1 2 0 0  °C a l l o w  t h e  
a s s u m p t i o n  o f  a m i x t u r e  o f  a n  N i O - r i c h  N a C l - t y p e  p h a s e  a n d  a t e t r a g o n a l  
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Fig. 2. Thermogravimetric measurement of decomposition of MgNiMnO4 in oxygen; heating 
rate 10 K rain-),  cooling rate 1 K min-J.  

spinel whose composition is close to MgMn204 (3=0.50).  6=0.51 is found. 
3=0 .72  and the pattern of a cubic spinel is observed after quenching from 
1000 °C, suggesting a mixture which could be approximated by NiO and 
~Mg"(Mg~2Mn~2Mnm)O4 in accordance with the phase diagram of the system 
Mg~Mn3_~O4 [21 ]. Obviously, in contrast to the more separated mixtures 
discussed in the previous section, the intimate mixture of the two phases 
formed by decomposition of the spinels gives rise to successful re-formation 
of the spinel on annealing at lower temperature. 

In the LT range below about 730 °C NiMn204 is also unstable, but now 
because of oxidation yielding NiMnO3 and a-Mn203: 

NiMn204 ' + ¥ 02 ) NiMnO3 + ~- a -  Mn203 (5) 

Indeed, the data of Table 2 give experimental evidence for an effect of 
stabilization if magnesium is substituted for manganese in the series. 
Mg~/aNiMns/304 (z=~) is formed at 800 °C. As for NiMn204, decomposition 
takes place; however, the temperature of the onset of instability appears to 
be decreased from 720 to 650 °C. The spinel Mg2/3NiMn4/304 (z=~) was 
found to remain unchanged at 650 °C for 100 h. However, at 450 °C for 
1200 h decomposition also proceeds. A value of 6 = 1.11 is found, although 
X-ray diffraction shows only the pattern of a single cubic spinel phase. An 
analogous result has been obtained for Mgs/6NiMnv604 (z = ~). The compound 
seems to be stable at 650 °C. Nevertheless, thermal stability also fails. 6 -- 1.04 
was found after 600 h annealing at 450 °C. 

On the other hand, MgNiMnO4 (z = 1) was proved to be a stable compound. 
During annealing at 450 °C (720 h) the state of MgNiMnO4 remained completely 
unchanged (3 = 1.00). 

4. Electrical  conduct iv i ty  and magnetic  measurements  

Conductivity measurements require compact samples of definite geometry 
prepared by sintering at higher temperatures. In order to obtain tablets of 
sufficient density, small discs (diameter 5 ram, height 2 ram) have been 
formed by application of pressure utilizing a powder with a specific surface 
area S =  4 m 2 g-1. Granulometric pretreatment adding 5% of an aqueous 
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solut ion of  5% PVA al lowed the  a c h i e v e m e n t  of  a g reen  densi ty  of  52% of  
the  theore t ica l  value.  Moreover ,  for  s inter ing s u p p o r t  by  liquid p h a s e  
fo rma t ion  1 mol .% o f  the  spinel  has  been  subs t i tu ted  by  (PbsGe30~2)s/a. 
Sinter ing w a s  car r ied  out  at 1000 °C (2 h) in an  oxygen  a t m o s p h e r e  fo l lowed 
by  annea l ing  at  650  °C (50  h) for  re-oxidat ion .  The  la t ter  needs  a res idual  
poros i ty  of  the  samples .  

The  d.c. conduc t iv i ty  of  the  s a m p l e s  with fired silver con t ac t s  was  
m e a s u r e d  b e t w e e n  20 and  70 °C us ing  the  vo l tage  drop  m e t h o d  equ ipped  
with a cons t an t - cu r r en t  sou rce  [22, 23]. The  da ta  s u m m a r i z e d  in Table  3 
have  been  p lo t t ed  t o g e t h e r  with the  lat t ice p a r a m e t e r s  in Fig. 1. Al though 
the  m o l a r  v o l u m e  is shr inking  by  a b o u t  1.6% be tween  NiMn204 (x  = 0) and  
MgNiMnO4 (x= 1), the  ac t iva t ion  ene rgy  of  the  electr ical  conduc t iv i ty  is 
increas ing  by  a b o u t  20%. Subsequent ly ,  the  r o o m  t e m p e r a t u r e  conduc t iv i ty  
is dec reas ing  by  a b o u t  t h ree  o rde r s  o f  magni tude .  

The  magne t i c  p r o p e r t i e s  of  the  c o m p o u n d s  p a r a m a g n e t i c  at  r o o m  tem-  
pe r a tu r e  yielding/Zexp are  in sufficient a g r e e m e n t  with the values/ze~ ca lcu la ted  
utilizing the  m a g n e t i c  m o m e n t s  for  m a n g a n e s e ( I I )  (5 .7-6 .1 /zB) ,  m a n g a n e s e ( I I I )  
( 4 . 8 - 4 . 9  /~B), m a n g a n e s e ( I V )  ( 3 . 8 - 4 . 0  /za) and  nickel( I I )  ( 2 . 8 - 3 . 5  /ZB) [24]. 
The  da ta  co l lec ted  in Table  4 have  b e e n  ob ta ined  by  m e a s u r i n g  the  magne t i c  
suscept ib i l i ty  wi th  the  Gouy  me thod .  Nei ther  the  deg ree  of  invers ion  y n o r  

TABLE 3 

Analytical data and electrical conductivity of sintered and re-oxidized samples of the series 
Mg~NiMn2-~O3+6 

Compound p~ 5 ~20 "c B E~ 
(%) (fl -I cm -j) (K) (eV) 

NiMn204.0o 96 1.00 (5 ± 1) × 10 -4 3774 ± 3 0.325 
Mgl/aNiMn~O4.04 81 1.04 (1.1 ± 0.2) × 10 -4 3956 ± 7 0.341 
Mg~NiMn~04.0o 94 1.00 (6.7±0.3) × 10 -s 4100±5 0.353 
Mg~NiMnT~O4.0o 80 1.00 1.4 × 10 -6 4166 ± 35 0.358 
MgNiMnO4.00 70 1.00 4 x 10 -7 4550 0.392 

TABLE 4 

Magnetic properties of spinel 
Mn~-~jVln~ [ Ni~ + ~Mn~+ ~.Mn~- ~ - p - 2~] 0 4 

compounds in the series Mg~Ni~l_y_~- 

Compound 104 Xm(20 "c) TN 9p C / ~  /z¢~¢ 
(cra 3 (K) (K) (K cm a (/zs) (~ts) 
tool- J) mol- 1) 

NiMn204.oo 116.1 
Mg1~NiMn~O4m 93.9 
Mg~sNiMn~04.oo 88.4 
Mg~NiMnT~sO4.oo 
MgNiMn04 63.1 

88 - 2 8 0  6.86 7.41 
80 -315  5.77 6.73 
80 -231 4.61 6.07 

82 -201 3.276 5.12 

7.43---8.02 
6.62-7.28 
5.79-6.04 

4.72-5.32 
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t h e  s h a r e  p o f  d i s p r o p o r t i o n a t i o n  is  r e s o l v e d  a t  t h i s  s t a g e  o f  a n a l y s i s  o f  t h e  
m a g n e t i c  d a t a .  

5. D i s c u s s i o n  o f  t h e  r e s u l t s  

F o r  a d e t a i l e d  d i s c u s s i o n ,  c o m p a r i s o n  o f  t h e  m o l a r  v o l u m e s  in t h e  s e r i e s  
o f  m a n g a n e s e - c o n t a i n i n g  s p i n e l s  MMn204 is s u g g e s t e d  to  b e  he lp fu l .  T h e  
d a t a  c o l l e c t e d  in F ig .  3 r e v e a l  a d i s t i n c t  d i f f e r e n c e  b e t w e e n  t h e  t e t r a g o n a l l y  

d i s t o r t e d  s p i n e l s  Mn304,  FeMn204 ,  CoMn204,  ZnMn204 a n d  MgMn204,  c h a r -  
a c t e r i z e d  b y  a h i g h e r  m o l a r  v o l u m e  a n d  l o w e r  e l e c t r i c a l  c o n d u c t i v i t y ,  a n d  
t h o s e  o f  h i g h e r  d e n s i t y  p a c k i n g  s u c h  a s  NiMn204 a n d  CuMn204,  w h o s e  
c o n d u c t i v i t y  is  i n c r e a s e d  c o u p l e d  w i t h  a l o w e r i n g  o f  t h e  a c t i v a t i o n  e n e r g y .  
T h e  J a h n - T e l l e r  e f fec t  c a u s e s  d i s t o r t i o n  o f  t h e  c o m p o u n d s  in t h e  f o r m e r  
g r o u p .  Mn304,  ZnMn204 a n d  MgMn204  s h o w  n o r m a l  c a t i o n  s i t e  o c c u p a t i o n  
a n d  t h e  c o n d u c t i v i t y  is  l o w e r  t h e  h i g h e r  t h e  m o l a r  v o l u m e .  FeMn204 ,  o b t a i n a b l e  
o n l y  o n  q u e n c h i n g  a t  r e d u c e d  o x y g e n  p a r t i a l  p r e s s u r e ,  h a s  b e e n  p r o p o s e d  

l~IIl !~,~__11 . . . .  llI~.Ar_I1 -,=,~m , , - ,  [251. The  t o  b e  in a c a t i o n  d i s t r i b u t i o n  s t a t e  o f  -~lmt¥11[2/3 [lVllI lVlll 1/3I" ¢~2/31~4 
h i g h e r  c o n d u c t i v i t y  o f  CoMn~04 h a s  b e e n  t r a c e d  b a c k  to  a s m a l l  s h a r e  o f  
i n v e r s i o n  w i t h  d i s p r o p o r t i o n a t i o n  o f  m a n g a n e s e ( I I I )  a c c o r d i n g  to  f o r m u l a  (1 )  

[26I .  
O n  t h e  o t h e r  h a n d ,  NiMne04,  d r i v e n  to  i n v e r s i o n  b y  t h e  o c t a h e d r a l  s i t e  

p r e f e r e n c e  o f  n i c k e l ( I I ) ,  c e r t a i n l y  c o n t a i n s  a h i g h e r  s h a r e  o f  m a n g a n e s e ( I V ) .  
T h e  f o r m u l a  

Ni n M m - -  I! . . . .  iI Mnln - -  IVl~ 1/3 n2/3 _plVlnp llN12/3 4/3-plyln;p Jk.] 4 (6 )  

/ 
d71 "o 

m X  "-. CoNn-~OL 
~6~ o_---~-d-L- _- 

®'® Mg NiMn04. - 

43 

A° ~ &, ,;i & z',,-M I -  
Mg 

Fig. 3. Molar volume and electrical properties of manganite spinels MMn204: (O) Mn304 -- 
E,,= 1.67 eV [34], E,,= 1.3, 1.0 eV, (r20 .c = 10 -12 11-1 cm -1 [35]; FeMnzO 4 [25]; CoMn204 -- 
E==0.394 eV, (r20.c=4.0X 10 -B 11-1 cm -1 [26], E~=0.405 eV, ~20°c=8.4X10 -s 11-1 cm -1 
[36]; ZnMnz04 -- E==0.85 eV, a2o.c=2.1 x 10 -7 F/-1 cm -1 [37]; MgMn204 - E~= 1.05 eV, 
~20 -c = 7.9 X 10 -s  11-~ cm -~ [37]; (0)  NiMn204 -- E ,=0 .246  eV, a20 -c = 5.0 X 10 -4 11-~ cm-~; 
CuMn204 -- E~=0.20 eV, ~20-c=0.14 11-3 cm-~ [26, 38]; (®) Mg~NiMn2_z04 ( 0 < z < l ) .  
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with y = ] and p close to y has been shown to be the best approximation 
to experimental results [8, 9, 18]. Macroscopically, the diminished part of 
manganese(III) allows suppression of Jahn-Teller distortion because of the 
prevailing influence of nickel(II) and manganese(IV) maintaining undistorted 
octahedral symmetry on the B sites. Manganese(IV) gives rise to increased 
covalent bond interaction and closer particle packing, which appears as the 
source for providing the energy required for disproportionation. At the same 
time, increased Mniv-O bond interaction is expected to lower the temperature 
of oxygen release. Indeed, in comparison with the tetragonally distorted 
spinels of the former group the onset of thermal decomposition of NiMn20, 
is decreased by several hundred degrees to about 950 °C in air. Following 
formula (2) and starting from NiMn20, (z= 0), the manganese(IV) content 
is increasing with z and subsequently the molar volume is further decreasing 
in the series studied, which is shown in Fig. 3. Subsequently, at the same 
time the temperature of decomposition (HT) is lowered to 720 °C (Table 
2). 

Taking into account the manganese(IV) formation as the main reason 
for molar volume shrinkage, the positive deviation from Vegard's rule shown 
in Figs. 1 and 2 suggests partial lowering of the disproportionation parameter 
p (formula (2)) in the series of substitution. The degree of inversion y, 
obeying the condition y < 1 - z ,  also becomes reduced step by step in the 
series. 

The electrical charge carrier transport has to be described by hopping 
between the B sites of the spinel lattice occupied by manganese(III) and 
manganese(IV). Considering the activation energy, substantial potential fluc- 
tuations have to be taken into account. Therefore, as for studies carried out 
in the spinel series Mgn[Mg~Ti~Ti2_z~]O4 [27, 28], the polaron-hopping 
energy must be considerably increased by the barriers resulting from 
disorder of randomly distributed cations when the charge difference is growing 
in the series of substitution. The thermopower of NiMn204 was found to 
show only a low temperature dependence, which is in accordance with 
the conclusions deduced from thermopower measurements of 
Mgn[Mg~.sWi~.sTim]O4 (x=0 .5 )  [27]. 

Presumably, in the range 0-<<z ~< ] the increase in activation energy and 
lowering of the conductivity as shown in Fig. 2 have to be traced back to 
further growth of potential fluctuations. Starting from formula (6) (z=  0, 
y =~, p close to y) and assuming the maintenance of y = ], the formula 

M.-, .~A-~m M..,nrNinMnrV Mn m w~ ~l/~ . . . .  2/8-p l~t  1/3+p 2/3-p jr4 at z=~ (7) 

appears to be plausible. At the next step the degree of inversion has to be 
reduced to y =~, yielding 

HI II "H IV IH  Mg2/aMnl/a_pMI~[NI in2/3+pMnl/3_p]O 4 at z----~ (8) 

In the whole range 0 < z < ]  the value p < y  seems to be smaller than 
p = y  as assumed for z--O, which is in accordance with the conductivity 
data as well as with the positive deviation of the molar volume. In the range 
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< z < 1 the  v a l u e  of  p a p p r o x i m a t e s  m o r e  a n d  m o r e  to y < 1 - z, l e a d i n g  to  
the  low c o n d u c t i v i t y  o f  Mg(NinMnW)O4. 

F o r  c o m p l e t i o n ,  CuMneO4 s h o w i n g  a m o l a r  v o l u m e  c o m p a r a b l e  wi th  t h a t  

of  NiMn204 ha s  a l so  b e e n  p i c k e d  u p  in Fig.  3. T e t r a h e d r a l  c o p p e r ( I )  in the  
p r e s e n c e  of  o c t a h e d r a l  m a n g a n e s e ( I V )  ha s  b e e n  p r o p o s e d  f rom s t r u c t u r a l  
a n d  m a g n e t i c  m e a s u r e m e n t s  [25,  2 9 - 3 1  ]. The  c a t i o n  d i s t r i b u t i o n  

I]  l I1 11 I l l  IV  Cuo.4sCu02sMno24[Cuo.24MnL24Mno.52104 was  d e d u c e d  f rom X-ray p h o t o e l e c -  
t r o n  s p e c t r o s c o p y  m e a s u r e m e n t s  [32,  33] .  The  d e g r e e  of  i n v e r s i o n  is lower  

t h a n  for  NiMn204.  On the  o t h e r  hand ,  m a n g a n e s e ( I V )  f o r m a t i o n  s e e m s  to  

be s u p p o r t e d  by  c o p p e r ( I )  f o r m a t i o n .  Obv ious ly ,  the  sha r e  of  c o p p e r ( I I )  a n d  
m a n g a n e s e ( I I I )  c a t i o n s  o n  the  o c t a h e d r a l  B s i tes  is h igh  e n o u g h  to i n d u c e  

t e t r a g o n a l  d i s t o r t i o n  (ao = 8 2 5  pm,  Co = 8 6 3  pm) .  The  low e lec t r i ca l  r e s i s t iv i ty  
is p r o p o s e d  to  be  c a u s e d  by  a p o l a r o n - h o p p i n g  m e c h a n i s m  
Cu~-MnIV~  C u n - M n  m i n v o l v i n g  a n  i n t e r a c t i o n  b e t w e e n  A a n d  B si te  c a t i o n s  

in a d d i t i o n  to  the  M n m - M n W - h o p p i n g  e v e n t s  w i th in  the  B s i te  sub l a t t i c e .  
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