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We measured the temperature dependences of the magnetocaloric effect in the system of substituted 
spinel ferrites MnFe2 _ x Crx 0 4 at 0:5; x :5;1.6. In the composition with x =1.085 we observed a 
compensation point whose onset is attributed to the existence of a temperature dependence of the 
local noncollinearity angles in the arrangements of the magnetic moments of the Fe3+ and Cr3+ ions, 
which are statistically distributed in the octahedral B sublattice. 

The system of substituted spinel ferrites 
MnFe2-xCrx04 has attracted the interest of researchers 
for many years [1-3), since the ferrites of this system 
have many interesting features: they have an anomalous 
dependence of the magnetic moment on the substitution 
at OaK, they have a large paraprocess susceptibility, 
etc. 

The cause of the anomalous properties of these fer
rites is the presence in them, at definite substitutions 
and in a definite temperature range, of intersublattice 
and intrasublattice exchange interactions of comparable 
magnitude, as a result of which some of the magnetic 
moments of the Fe 3+ and Cr 3+ ions in the octahedral 
sublattice deviate from the collinear arrangement 1) [1-3). 
No noncollinear arrangement of the magnetic moments 
of the ions was observed in this system of ferrites by 
neutron diffraction[4]. Recently, however, nuclear r 
resonance[3] has revealed noncollinear arrangements of 
both the Fe3+ and the Cr 3+ ions in the octahedral sub
lattice B. These deviations from collinearity have a 
local character, and the noncollinearity angle Iii for the 
Fe 3+ (or Cr 3+) ions depends on the number of neighbors 
i (0 sis 6) of the Cr 3+ (or Fe 3+) ions. 

It was established in[3] that at i = 6 (and also at 
i = 5 for Cr 3+ ions) the noncollinearity angle is Ii 6 
= 180°, i.e., the magnetic moment of the ion is directed 
even opposite to the magnetic moment of the B sub
lattice. Inasmuch as the Fe 3+ and Cr 3+ ions are statis
tically distributed over the octahedral voids and have 
different surroundings, the local noncollinearity angles 
Ii i are also statistically distributed in the lattice. The 
presence of such statistically-distributed noncollinear 
magnetic moments of the Fe 3+ and Cr3+ ions can ex
plain the anomalous properties of the spinels of this 
system of ferrites. Indeed, if the magnetic moments of 
the Fe 3+ and Cr 3+ are canted relative to each other, the 
magnetic moment of the octahedral sublattice at OOK is 
smaller than it should be in accordance with the Neel 
theory, which in turn can explain also the anomalous 
dependence of the magnetic moment on the degree of 
substitution x. The presence of statistically distributed 
angles in the arrangement of the magnetic moments can 
explain also the high value of the paraprocess suscepti
bility. 

The existence of such angular configurations leads in 
these materials to the appearance of a unique compensa
tion point. It is known that usually the compensation 
point appears in ferrimagnets that have not less than 
two magnetic sublattices with different temperature de
pendences of the sub lattice magnetic moments, and the 
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larger sublattice magnetic moment having a stronger 
temperature dependence, whereas the smaller has a 
smaller temperature dependence. A consequence of this 
phenomena is the appearance of a temperature Tc at 
which the magnetic moments of the sublattices become 
equal. 

In the spinels MnFe2_xCrx04, the presence of angu
lar configurations and of a temperature dependence of 
the noncollinearity angle lii[31, due to the fact that the 
intrasublattice interactions decrease more rapidly with 
increasing temperature than the intersublattice interac
tions, can lead to the appearance of a compensation 
temperature at which magnetizations of sublattices A 
and B become equal. The existence of such a compen
sation temperature was indirectly deduced in[3] from 
the fact that the magnetization of the ferrite MnFeCr04 
(x = 1) turned out to be directed along the A sublattice 
at 1200K, and along the B sublattice at 296°K. According 
to that reference, the temperature Tc for the ferrites 
with x = 1 should lie in the interval 120° < T < 296°K. In an 
earlier investigation of the magnetocaloric effect (.c,. T 
effect) we have established [5,6] that the .c,. T effect 
changes sign at the compensation point Tc. We have 
also established [7,8] that the magnetocaloric .c,. T effect 
is a very sensitive characteristic of the magnetic be
havior of a ferrimagnet and makes it possible to trace 
the singularities of the magnetic behavior of substi
tuted systems [8,9]. 

In the present study we investigated the magneto
caloric .c,. T effect in the system of spinels 
MnFe2-xCrx04 in the temperature interval from 78 to 
6000 K for compositions with x = 0, 0.125,0.5,1.085, 
1.25, 1.4, and 1.6. The samples were produced by the 
usual ceramic technology, were single-phase, had 
lattice parameters close to the published data, and 
Curie temperatures Elf, determined from the maximum 
of .c,. T at the point Elf, which agreed sufficiently well 
with the data of Gorther(ll (Fig. 1). 

Figure 2 shows the temperature dependence of the 
magnetocaloric .c,.T effect for all samples of the sys
tem. All the investigated samples have at the Curie 
point a clearly pronounced maximum (max .c,.T)Elf, the 
value of which depends on the degree of substitution. 

We have previously established[5,6] that in ferrimag
nets, in individual sublattices coupled by negative ex
change interaction, depending on the orientation of the 
sublattice magnetic moment relative to the external 
field H and the effective exchange field Heff, two dif
ferent types of the paraprocess can exist, ferromag-
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FIG. I. Dependence of the Curie tem
perature of ferrites of the MnFe2.xCrx04 
system on x: .-Gorther's data [1], 0-
our data. 
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FIG. 2. Temperature dependence of the magneto caloric effect for 

ferrites of the system MnFe2.xCrx04' 

netic and antiferromagnetic. The paraprocess of the 
ferromagnetic type occurs when Hand Heff have the 
same direction, and then the external field enhances the 
magnetic order in the sublattice, this being accompanied 
by a release of heat (A Tsub > 0). A paraprocess of the 
antiferromagnetic type occurs at oppositely directed H 
and Heff. In this case, the external field decreases the 
magnetic order in the sublattice, this being accom
panied by absorption of heat by the spin system and 
consequently by cooling of the sample (AT sub < 0). We 
have thus established that the ferromagnetic and anti
ferromagnetic paraprocesses make contributions of 
opposite signs to the magnetocaloric effect ([ 5, 6], and 
also[B]). Since the magnetic moments of the sublattices 
A and B are coupled by negative exchange interaction 
and both types of para process are realized in the 
spinels simultaneously, the sign of the summary mag
netocaloric effect is determined by the more intense of 
the paraprocesses [B,9]. 

In the samples of the system investigated by us, with 
x= 0, 0.125, and 0.5, the magnetic moment of the B sub
lattice at OaK exceeded the magnetic moment of the A 
sublatticeP ], and consequently in the entire tempera
ture interval investigated by us, the external field 
aligns the magnetic moment of the sub lattice B in 
which a paraprocess of the ordinary ferromagnetic type 
is observed and makes a positi ve contribution to the 
summary AT effect. For these compositions, the 
paraprocess in the sublattice A, the magnetic moment 
of which is opposite to the external field, will be of the 
antiferromagnetic type, making a negative contribution 
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to AT. Consequently A TB > 0 and AT A < 0 for these 
samples. The summary (measured) AT effect, as seen 
from Fig. 2, is positive for the samples with x = 0 and 
0.125 in the entire investigated temperature interval, 
thus indicating that the more intense paraprocess takes 
place in the B sublattice and that \ A TB 1 > 1 A TA I. 

This behavior of the AT( T) curves, which is the 
"ordinary" one for ferromagnets, agrees also with the 
"ordinary" Weiss temperature dependence of the mag
netization I( T). Indeed, the temperature dependence of 
the magnetocaloric effect which is uniquely connected 
with the derivative aI/aT, inasmuch as 

dT = - ~ (.!.!.) dR, 
CP•ll aT H 

should characterize also the temperature dependence of 
the magnetization. At the compensation point, where 
the derivative aI/aT reverses sign, the AT effect also 
reverses sign. Consequently, the reversal of the sign 
of the magnetocaloric effect AT, from positive to nega
tive, with increasing temperature corresponds to a 
compensation temperature Tc whose value can be de
termined both from the I(T) curve and from the AT(T) 
curve. Analogously, the position of the Curie point <!;f 
can also be determined by different methods, particu
larly from the maximum of AT at the Curie point. 

An analysis of the behavior of the AT(T) curves 
enables us to draw the following conclusions: For the 
sample with x = 0.5 we have observed in the l400K 
region changes in the sign of the A T effect. On the one 
hand, this indicates that the temperature dependence of 
the magnetization differs for this sample from the usual 
Weiss type, and is represented by a curve of the Neel 
p-type. Indeed, it is seen from Fig. 2 that in the region 
78-140oK the AT effect for this sample, while remain
ing negative, decreases in magnitude, corresponding to 
a growth of the magnetization with increasing tempera
ture (see the formula for dT). The anomalous I(T) 
curve of the sample with x = 0.5 can be attributed to 
the presence of angles whose magnitude changes with 
increasing temperature in the arrangement of the mag
netic moments of the Fe3+ and Cr3+ ions in the sub
lattice BP,3]. The growth of the magnetization with in
creasing temperature in this region is obviously evi
dence of an increase in the magnetic moment of the 
sublattice B, which occurs as a result of the decrease 
in the angles between the magnetic moments of the Fe 3+ 
and Cr 3+ ions. 

On the other hand, the fact that the A T effect goes 
through zero in l400K indicates that the intensities of 
the paraprocesses of tne ferromagnetic and antiferro
magnetic types in the sublattices A and B are the same 
at this temperature, and their contributions to the sum
mary AT effect cancel each other. 

The shape of the A T( T) curve of the sample with 
x = 1.085 indicates that this sample has a compensation 
temperature Tc = 150oK. At this temperature, the sign 
of A T( T) of this sample reverses with increaSing tem
perature, from positive to negative, and this corre
sponds, as described above, to the compensation point. 

According to Gorther P ], the magnetic moment of a 
ferrite with x = 1 at OaK is directed along the A sub
lattice, which is stronger at low temperatures. The 
weakening of the B sublattice with increasing substitu
tion x can be attributed to the presence of statistically 
distributed noncollinearity angles IIi in the arrange-
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ment of the magnetic moments of the Fe 3+ and er a+ ions 
in this sublattice(3]. On the other hand, the presence of 
a compensation point indicates that, starting with 
T = 1500 K, the sublattice B becomes stronger. The re
sults of our measurements confirm the data of[3], 
namely that the magnetization of the ferrite M and 
FeCr04 is directed along the A sublattice at 1200 K and 
along the B sublattice at 296°K. The presence of a such 
peculiar compensation temperature is due to the tem
perature dependence of the noncollinearity angles 6i 
and the arrangement of the magnetic moments. With 
increasing temperature, the intrasublattice interactions 
seem to decrease more rapidly than the intersublattice 
ones, and this leads to a decrease in the noncollinearity 
angles 6i and hence to an increase of the magnetic mo
ment of the B sublattice. At temperature T > 1500 K, the 
ferrite magnetization is directed along the B s ublattice, 
which becomes stronger starting with T = 150°, owing 
to the decrease of the noncollinearity angles 6i, as a 
result of which its magnetic moment becomes aligned 
with the external field, whereas the magnetic moment 
of the A sublattice is opposite that of the external field. 
Consequently, starting with Tc = 1500 K, the external 
field increases the magnetic order in the B sub lattice 
(paraprocess of the ferromagnetic type, with a contri
bution ~ TB > 0) and dec reases the magnetic order in 
the sublattice A (antiferromagnetic -type paraprocess, 
with contribution ~TA < 0). 

For the sample with x = 1.085, the negative sign of 
the ~ T effect and the temperature region from 150 to 
3000 K is due to the larger contribution of ~ TA (I ~ TA I 
> I ~ TB I). At 3500 K the contributions ~ TA and ~ TB 
are equal to each other, the ~ T effect goes through 
zero again and becomes positive (above 3500 K we have 
I ~ TB I > I ~ TA I). In the region of the Curie tempera
ture (3500 K) there is a smeared maximum of the ~ T 
effect. The smearing of the transition in this case is 
evidence of a weakening of the intersublattice exchange 
interaction, due to replacement of the Fe 3 (B) ions by 
Cr3+ (B) ions; this is also evidenced by the decrease in 
the value of ®f and by the data of(3]. 

In samples with larger chromium content (x = 1.25, 
1.4, and 1.6), the inclination angles of the magnetic mo
ments of the Fe 3+ and Cr3+ ions play an even more im
portant role. It is known[l] that at x> 0.8 and OaK the 
magnetic moment of the ferrite is directed along the A 
sublattice, which is the stronger one. Consequently, the 
contribution ~ TA at OaK should be positive for these 
compositions. If the noncollinearity angles 8i would 
not decrease with increasing temperature then the sub
lattice A would remain the stronger one up to the Curie 
point, and the ~ T effect would be positive up to T = €II f. 
However, the sign of ~ T for the sample with x = 1.25 
is negative at T < 13'T'K, which indicates that the un
usual compensation temperature due to the presence of 
6i(T) lies below 78°K, in full agreement with the data 
of[3]. According to[3], in the temperature interval in
vestigated by us the sublattice B is already the stronger 
one in this compound. The similar course of the ~ T( T) 
plots for the samples with x = 1.4 and 1.6 allows us to 
assume that their compensation temperature resulting 
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from the temperature dependence of the noncollinearity 
angle also lies below 78°K. 

In the temperature range 78-300o K, where the intra
sublattice interactions are already somewhat weakened, 
the presence of noncollinearity angles 6i in the ar
rangements of the magnetic moments of the Fe 3+ and 
Cr3+ in the B sublattices should make an additional 
contribution to the paraprocess, since the external 
field, which tends to align the magnetic moments of 
these ions along the field, decreases the angles 6i 
thereby increasing the contribution of the B sublattice 
to the paraprocess and, consequently the contribution 
~ TB to the summary ~ T effect (~TB > 0). Therefore 
as the substitution x is increased the intenSity of the 
paraprocess in the sublattice B should increase, and 
the ~ T( T) curves for the samples with x > 1.25 should 
lie higher, as is observed in experiment (see Fig. 2). 

It should be noted in conclusion that the magneto
caloric effect is such a sensitive characteristic of the 
magnetic behavior of ferrimagnets, that it makes it 
possible to observe the unusual compensation tempera
ture resulting from the existence of a temperature de
pendence of local noncollinearity angles in the arrange
ment of the magnetic moments, something quite difficult 
to observe by other methods. 

The authors thank M. M. Lukin for the preparation 
and x-ray structure analysis of certain samples. 

l)In this case a noncoIlinear arrangement of the magnetic moments of 
the Fe3 + and Cr3+ ions corresponds to the minimum of the interaction 
energy. 

IE. W. Gorther, Phil. Res. Rep., 9, 403 (1954). 
2J. S. Jacobs, J. Phys. Chem. Sol., 15,54 (1966). 
3 T . V. Dmitrieva, 1. S. Lyubutin, B. I. Pokrovskil, and 
N. D. Bondareva, Zh. Eksp. Teor. Fiz. 63, 1343 (1972) 
[Sov. Phys.-JETP 36, 709 (1973)]. 

4S. J. Pickart and R. Nathans, Phys. Rev., 116, 317 
(1959 ). 

5 K. P. Belov, E. V. Talalaeva, L. A. Chernikova, and 
V. 1. Ivanovskil, ZhETF Pis. Red. 7,423 (1968) [JETP 
Lett. 7, 331 (1968)]. 

6 K. p. Belov, E. V. Talalaeva, L. A. Chernikova, V. I. 
Ivanovskil, and T. V. Kudryavtseva, ZhETF' Pis. Red. 
9,671 (1969) [JETP Lett. 9, 416 (1969)]. 

7 K. P. Belov, L. A. Chernikova, E. V. Talalaeva, R. Z. 
Levitin, T. V. Kudryavtseva, S. Amadezi, and V. I. 
Illanovskil, Zh. Eksp. Teor. Fiz. 58, 1923 (1970) [Sov. 
Phys.-JETP 31, 1035 (1970)]. 

BK. P. Belov, E. V. Talalaeva, L. A. Chernikova, T. V. 
Kudryavtseva, and V. 1. Ivanovskil, Zh. Eksp. Teor. 
Fiz. 62, 2183 (1972) [Sov. Phys.-JETP 35, 1141 (1972)]. 

9K. P. Belov, E. V. Talalaeva, L. A. Chernikova, T. V. 
Kudryavtseva, V. I. lvanovskil, T. A. Yarkho, and 
S. Amadezi, Vestnik MGU, seriya Hz. astr. 1, 113 
(1973 ). 

Trans lated by J. G. Adas hko 
68 

K. P. Belov et al. 318 


