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Magnetic properties of Nil _ x Cux Cr2 04 (0 ~ x ~ 1) compounds 
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Abstract. The compounds Ni 1 -x Cux Cr2 04 (0 4~ x ~' 1 ) have been synthesised by 
solid-state reaction between basic nickel(II) carbonate, basic copper(II) carbonate and 
chromium (III) carbonate in required molar ratios at 800 ± 10°C for 20 hr. The reaction 
products have been characterized by chemical analyses and powder x-ray diffraction 
patterns. Magnetic susceptibility has been measured in the temperature range of 
300-900 K at 10 kOe. All the products show ferrimagnetic behaviour with the 
ferrimagnetic Curie temperature (To) in the range of 50 - 150 K. The curie temperature 
increases when copper(II) ion is substituted for nickel(II) ion in NiCr204. The 
experimental values of the average effective magneton number (~ agree with theoretical 
values. 

Keywords. Nickel(II) chromite; copper(II) doped nickel(II) chromite; solid state reaction; 
powder x-ray diffraction; magnetic susceptibility; magneton number. 

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

Ferroelectric, semiconducting and magnetic properties of mixed oxides of transition 
metals are interesting and these oxides have considerable technological applications 
in ceramic technology, porcelain and earthenwares, ceramic colours, special electrical 
engineering and other materials. The mixed-metal oxides are also interesting for 
the electronic industries with respect to electrical and magnetic properties of these 
compounds (Taylor 1971; Katz 1959; Methefessel and Mattis 1968; Rastogi et al 
1978a; Budnikov and Ginstling 1968; Alper 1971; Rastogi et al 1979; Dubey et al 

1978a, b; Tiwari 1979). The chromites of copper(II) and nickel(II) have been 
reported to be efficient catalysts in many reactions of technological importance 
(Rastogi et al 1980; Dubey et al 1982; Pechance 1977; Stiles 1976; Rastogi et a11978b; 

Jacobs and Whitehead 1969; Inami et al 1968; Pearson 1970). As regards their 
magneti c behaviours, there exist different opinions (Walter et al 1967; Banerjee et 
al 1975; Fricon and Perrin 1973; Tachiro Tsushima 1963; Prince 1961 ). The present 
authors have earlier reported that Nil -x Cux Cr2 04  (0 ,,< x ,,< 1 ) compounds act 
as potential burning rate catalyst for ammonium perchlorate (AP) + PS 
(polystyrene) composite solid propellant (Dubey et al (in press)). Since there is a 
correlation between catalytic activity and magnetic nature of the catalysts, the 
magnetic properties of Nil _ x Cux Cr2 04  (0 4 x ,,< 1) compounds are studied in 
this paper. 

2. M a t e r i a l s  

Basic nickel(II) carbonate, NiCO3 . 2Ni(OH)2 . 4 H 2 0  (LR, BDH, England); Basic 
copper(II) carbonate, CuCO3 . Cu(OH)2 . H 2 0  (LR, BDH, England); chromium 
(III) carbonate, Cr2(CO3)3, USSR. 
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3. Experimental Techniques 

3.1 Method of preparation 

Nil - x Cux Cr2 0 4  (x = 0, 0.2, 0.5, 0.8 and 1 ) was prepared by the solid-state reaction 
between basic nickel(II) carbonate,  copper(II)  carbonate and chromium(III )  
carbonate. 

2 (1 - x )  N iCO3.  2Ni(OH)2 .  4 H 2 0  + 3x .  C u C O 3 .  C u ( O H ) 2 .  H 2 0  

+ 6Cr2(CO3)3 ---* 6Ni l_xCux Cr2 0 4  + (20 + x ) .  CO2 + 

(12 - 6x) .  H20 

The homogeneous reaction was prepared by mixing carbonates of basic nickel(II), 
basic copper(II) and chromium(III)  in 4:0:12 (x -- 0), 3.2:1.2:12 (x = 0.2), 2:3:12 
(x = 0.5), 0.8:4.8:12 (x = 0.8) and 0:6:12 (x = I) molar  ratios respectively and 
mixing thoroughly with acetone (AR) in an agate mortar .  The  dried reaction 
mixtures were taken in platinum crucibles and heated in a furnace maintained at 
800 + 10°C for 1 hr. The calcined products were cooled, crushed with acetone 
two to three times and reheated at 800 + 10°C for 19 hr. 

3.2 Chemical analysis 

The metals nickel, copper and chromium present in the sample, Ni 1 _ x Cux Cr2 04,  
were estimated quantitatively by the standard method (Vogel 1964). 

The  sample was fused with sodium peroxide two to three times on strong flame 
and extracted with distilled water and filtered. The  residue contained Ni(II) and 
Cu(II)  as their oxides. The  aqueous extract contained Cr(VI)  as Na2CrO4. The  
residue was leached with dilute hydrochloric acid from which Ni(II) was estimated 
as nickel dimethylglyoximate.  Cu(II)  was converted into Cu(I)  by reducing with 
a saturated solution of sulphurous acid and precipitated as CuCNS by adding 
NH4CNS solution to the acidic medium. 

Cr(VI)  was estimated volumetrically by titrating against standard ferrous 
ammonium sulphate using potassium ferricyanide as external indicator. The  sodium 
chromate present in the extract was therefore converted to sodium dichromate by 
acidification with dilute sulphuric acid. The  results tabulated in table 1 show the 
overall error  in quantitative chemical analyses to be 0.5 to 1.5%. 

Table 1. Chemical analysis data for Ni I _xCuxCr204 (0 .~ x ~ 1) system. 

Percent metals 

Nickel Copper Chromium 
Sample Cal. Obs. Cal. Obs. Cal. Obs. 

NiCr204 25.9 25.7 - - 45.9 45.6 
Nio.sCUo.2Cr204 20.6 20.5 5.6 5.5 45.7 45.2 
Ni0.5Cu0.sCr204 12.8 12.6 13.9 13.7 45.4 44.7 

Ni0.2Cu0.sCr204 5.1 5.0 22.1 21.7 45.1 44.4 
CuCr204 - - 27.4 26.9 44.9 44.3 
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3.3 Powder patterns 

The powder x-ray diffraction patterhs of Ni 1 _ x Cux Cr2 04 were taken with a vertical 
Guinier Camera using CuKa radiation at IIT, Kanpur and results given in tables 
2 and 3. 

3.4 Magnetic susceptibility measurements 

The magnetic susceptibility of the powdered samples was measured employing 
Faraday's method (Rastogi et a11979). Ferrous ammonium sulphate has been used 
as a standard salt. The glass correction for the sample container has also been taken 
into account. Overall error was 2 % around 300 K and 5 % above 600 K. The results 
are given in table 4. 

4. Results and discussion 

The compounds have been analysed quantitatively and stoichiometry established 
to be Ni 1 -x Cux Cr2 04 (x = 0, 0.2, 0.5, 0.8, 1). The x-ray data indicated the 
formation of a single phase Nil_xCuxCr204, since the diffraction lines 
corresponding to basic nickel carbonate, basic copper carbonate, chromium 
carbonate, nickel oxide, copper oxide and chromium oxide are absent. The patterns 
have been indexed by Hesse-Lipson's method and accuracy checked by de Wolff 
criteria. Agreement between observed and calculated Sin2 Ohk l values (table 2) is 
satisfactory. Figure of merit for Ni 1 _ x Cux Cr2 04 showed that indexing is correct. 
The lattice parameters (table 3) of the system have been refined by the least square 
method, All the systems are tetragonal. 

The molar magnetic susceptibility (Xm) of,Ni 1 _ x Cux Cr2 04 powdered samples 
was measured at 300-900 K at 10 kOe using Faraday's method (Rastogi et a11979). 
Xm values were practically the same in heating and cooling cycles. The plot ofx~ -1 
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Figure 1. Variation of inverse molar magnetic susceptibility with temperature. 
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vs T ( K )  ( f i g u r e  I) is l i n e a r  a b o v e  400 K b u t  s |~Jw a d o w n ~ , a r d  t r e n d  at  l o w e r  

t e m p e r a t u r e s  a n d  a re  s i m i l a r  to t he  s t a n d a r d  c , r v e s  fiw f i . r r i m a g n c t i c  m a t e r i a l s .  

T h e  d e v i a t i o n  f r o m  l i n e a r i t y  at l o w e r  t e m p e r a t u r e s  i n d i c a t e  the  orr ;e t  o f  s h o r t  r a n g e  

o r d e r i n g  j u s t  a b o v e  the  f e r r i m a g n e t i c  C u r i e  t e m p e r a t u r e  ( T , ) .  

TaMe 2. Powder x-ray diffraction data for Ni 1 _xCuxCr204 (0 ..< x ~< 1) system. 

Sin~0 Sin20 

Obs. Cal hkl I l l  o Obs. Cal hkl I/~) 

x = O* x = 8 

0.0256 N.0250 110 20 0.0250 0.0250 110 18 

0.0692 0.0723 211 30 0.0696 0.0723 211 36 

0.0904 0.0892 202 100 0.0865 0.0882 003 10 

0.1385 0.1382 203 35 0.0904 0.0892 202 100 

0.2047 0.2017 322 15 0.1017 0.1017 212 10 

0.2248 0.2500 420 60 0.1355 0.1348 311 20 

0.2730 0.2713 511 80 0.2019 0.2017 322 10 

0.3455 0.3450 225 10 0.2298 0.2500 420 26 

0.3723 0.3723 521 25 0.2715 0.2713 511 40 

0.4115 0.4098 441 I0 0.3723 0.3723 521 8 

0.5087 0.5075 515 25 - - 

x = 0 . 2  x = 0 . 5  

0.0256 0.0220 110 18 0.0256 0.0263 101 16 

0.0447 0.0440 200 12 0.0657 0.0660 200 24 

0.0691 0.0648 211 45 0.0705 0.722 112 40 

0.0831 0.0832 202 21 0.0914 0.0923 211 100 

0.0934 0.0942 212 100 0.1007 0.0992 222 51 

0.0970 0.0978 221 62 0.1320 0.1320 220 22 

0.1022 0.1002 103 18 0.1489 0.1485 300 8 

0.1343 0.1322 203 21 0.2033 0.2042 312 13 

0.2033 0.2008 204 12 0.2233 0.2228 204 30 

0.2118 0.2118 214 19 0.2523 0.2532 313 11 

0.2269 0.2298 421 27 0.2637 0.2640 400 19 

0.2313 0.2312 323 15 0.2808 0.2805 410 35 

0.2684 0.2670 115 16 0.3689 0.3692 422 13 

0.2777 0.2752 413 36 - - 



Magnetic properties of Nil  -xCuxCr204 compounds 

Table  2. (Continued) 
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Sin20 Sin20 

Obs.  Cal hkl I/1 o Obs, Cal hkl I/I o 

x = 0 . 8  x = 1 . 0 "  

0.0261 0.0260 101 9 0.0256 0.026.1 101 15 

0.0661 0.0656 200 20 0.0653 0.0652 200 25 

0.0719 0.0720 102 34 0.0723 0.0718 112 35 

0.0919 0.0918 211 100 0,0914 0.0913 211 100 

0.1044 0.1046 103 54 0.1039 0.1044 202 60 

0.1320 0.1312 220 22 0.1308 0.1304 220 25 

0.1565 0.1568 004 8 0.1565 0.1565 301 10 

0.2026 0.2032 312 11 0.2019 0.2022 312 15 

0.2233 0.2230 204 36 0.2233 0.2219 320 40 

0.235[J 0.2358 303 10 0.2861 0.2869 411 40 

0.2622 0.2624 400 25 0.3757 0.3754 225 15 

0.2887 0.2886 411 37 - - - 

0.3672 0.3672 422 15 . . . .  

x = 1.0 x = 1.0 

0.0261 0.0261 101 12 0.2024 0.2022 312 15 

0.0655 0.0653 200 22 0.2118 0.2119 320 35 

0.0727 0.0718 112 35 0.2871 0.2869 411 38 

0.0914 0.0913 211 100 0.3757 0.3754 225 15 

0,1049 0.1044 202 56 - - 

0.1320 0.1304 220 20 - - - 

* Taken from ASTM data. 

Table  3. Lattice parameter  for Ni l _ x C u x e r 2 0  4 (0 ~ x ,,< 1) system 

a C 
C / a  

(A ° ) (A ° ) 

x = 0 7.61 7.78 1.02 

x = 0.2 7.35 7.78 1.058 

x = 0.5 6.001 7.78 1.296 

x = 0.8 6.019 7.78 1.292 

x = 1 6.04 7.78 1.289 



00
 

T
ab

le
 

4.
 

M
ag

n
et

ic
 p

ar
am

et
er

s 
of
 N

i I
 _
~C

ux
Cr

20
4 

(0
 

g 
x 

~<
 

p
o

u
n

d
s 

P
ar

am
e~

rs
 

1)
 s

y
st

em
. 

N
iC

r2
0

4
 

N
io

.s
C

uo
.2

C
r2

04
 

N
io

.s
C

u
o

.s
C

r2
0

4
 

N
io

.2
C

uo
.s

C
r2

04
 

M
ag

n
et

ic
 i

o
n

s 
N

i 2
 +

 ,C
r s

 +
 

N
i 2

 ÷
 ,

C
u

 2
 +

 ,C
r s

 +
 

N
i 2

 +
 ,C

u
 2 

÷ 
,C

r s
 +

 
N

i 2
 ÷

 ,C
u

 2 
+ 

,C
r 3

 +
 

T
, 

(K
) 

50
 

75
 

10
0 

12
5 

8 
(K

) 
45

 
70

 
95

" 
12

0 

8p
 (

K
) 

- 
47

1 
- 

46
4 

- 
48

1 
- 

46
7 

#b
 (

K
) 

51
 

52
 

54
 

54
 

C
 (

m
S

/m
ol

e)
 

4.
77

 
4.

44
 

4.
23

 
3.

75
 

po
b, 

0A
p) 

3.
57

 
3.

44
 

3.
36

 
3.

16
 

p
c~

 (
Pp

) 
3.

56
 

3.
51

 
3

.4
4

 
3.

36
 

y.
~l

 
18

1.
7 

19
2.

30
 

20
8.

2 
23

0.
8 

(o
bs

) 
L,

~(
Ic

a~
) a

t 
4

0
0

K
 

18
1.

06
 

19
2.

75
 

20
6.

02
 

22
8.

38
 

C
u

C
r2

0
 4

 

C
u

 2
4-

 ,
C

r 3
 +

 

15
0 

14
5 

- 
33

1 

4g
 2.
93

 

2.
80

 

3.
31

 

24
7.

6 

24
6.

27
 

P
N

i 
2+

 
- 

2
.8

3
/~

, 
P

U
u

 2
÷

 
- 

1.
73

fl
#,

 
p

C
r 

s+
 

~ 
3

.8
7

/~
 



Magnetic properties of Nil  _ xCuxCr 20 4 compounds 159 

For a wide range of temperatures the data for )[m for the systems can be expressed 
by the following standard equation (Goodenough 1966). 

1 r - 0p  _ ( 1 )  

Xm C' C ( T  - O) 

where C is the Curie constant of the material, Op is the paramagnetic (asymptotic) 
Curie temperature and 0 and 0 b are the parametric temperatures calculated from 
the curves (figure 1) given in table 4. The ordering temperature To, has been 
obtained at T --- Tc, Xr~ 1 _- 0. It is evident from table 4 that T c values increase when 
copper(II) ions are substituted for nickel(II) ions in NiCr20 4. These materials have 
three magnetic ions namely Ni(II), Cu(II) and Cr(III) and therefore at least six 
types of magnetic interactions (Cu-Cu, Cu-Ni, Cu-Cr, Ni-Ni, Ni-Cr and Cr-Cr) 
are possible. Their relative magnitude is not clear at this stage. However, 
chromium(III) ions probably go into ordered state at To. Since T c in all cases is well 
below room temperature, magnetic exchange interaction energy is smaller than the 
thermal energy at room temperature. At temperature, T ~, Tc, the magnetic 
susceptibility of each ion will follow the Curie Weiss law and the molar magnetic 
susceptibility of these compounds can be approximated by the relation, 

= Nbl~ [ (I - x) P~ + x P  2 + 2p32 ] (2) 

x .  3 K r -  op, r -  Op2 r -  O 

where N is the Avogadro number, Pl, P2 andp3 are the magneton numbers for Ni(II), 
Cu(II) and Cr(III) ions respectively. 0pl, 0p9 and 0p~ are paramagnetic Curie 
temperatures which take into account the various interactions involving Ni(II), 
Cu(II) and Cr(III) ions respectively. At higher temperatures cooperative magnetism 
gives a single Op, therefore, (2) can be written as, 

2 

Xm = 3~K ( T -  Op) ( 1 -  x)p~ + xp 2 + 2p 

- ( r  - Op) 
or Xra = (4) 

3X/a~ /~j2 

where i 2 ; (1 - x ) p ~  + x p 2 + 2p 2 (5) 
3 

Equation (4) shows that at T > To, the variation OfXm- ! vs Twill be a straight 
line. Thus, equation (1) at T ~ Tc can be approximated to, 

-1 T - Op Xm = (6) 

C 
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Experimentally, it is observed that the variation of Xm- 1 with T is linear and 
expressed by (6) whereas theoretically it should be given by (4). Comparing these 
two equations we get, 

~z Kc (7) 
Ng~ 

The ~ values for different materials using experimental values of C have been 
calculated using (7). Since Pl, P2, P3 and x are known for the materials under 
investigation the theoretical p values have been obtained using (5) (table 4). It is 
seen that there is good agreement between theoretical and experimental p" values 
for nickel(II) chromite. However, the experimentally derived p values are less than 
the theoretical values for copper(II) doped nickel(II) chromites. The reason for this 
discrepancy may be that when copper(II) is substituted for Ni(II) in NiCr 2 04, 
the covalency between Cr-O linkage increases as has been observed by previous 
workers (Tripathi and Lal 1982; Koehler and Wollan 1957), that Peff for Cr(III) 
decreases in the case of some rare-earth orthochromites (RCrO3). Tripathi and Lal 
(1982) iiave reported that out of three electrons only two, on an average, are localized 
at Cr(III) ions in LaCrO3. The remaining electron takes part in the covalent bonding 
of Cr-O linkage. 

From the magnetic data of Curie-Weiss law at low temperatures the compounds 
are ferrimagnetic below 400 K and become Curie-Weiss paramagnetic above this 
temperature. It is not possible to calculate the precise value of T c because an 
adequate number of data points close to the Curie temperature is not given. However, 
under some approximation the values of T c have been obtained by curve fitting. 
Here, it is worthwhile to point out that there are different opinions about the magnetic 
nature of chromites. The copper (II) chromite, prepared under different conditions, 
has been reported to be ferromagnetic (Walter et al 1967), ferrimagnetic (Banerjee 
et al 1975; Fricon and Perrin 1973) as well as paramagnetic (Banerjee et al 1975). 
Similarly nickel (II) chromite prepared at 1100-1300°C has been reported (Tachiro 
Tsushima 1963; Prince 1961) to be weakly ferromagnetic below a Curie temperature 
of 60-65 K and paramagnetic susceptibility above this temperature is said to be 
due to Cr(III) ions in high spin state. 
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