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Magnetic properties of NiMn2−xCoxO4 spinel oxides
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Abstract

Magnetic properties of NiMn2−xCoxO4 spinel oxides have been investigated. The paramagnetic moment shows a direct correlation with the
nominal cation concentration. A first transition, from paramagnetism to ferrimagnetism, occurs at high temperature, going fromTc = 125 K
(NiMn1.8Co0.2O4) up to 210 K. A second transition is observed at lower temperature. It takes place at about 60 K and increases with Co content
up to 160 K. Under an external field, both transitions merge into a single one, with a characteristic temperatureTmax rapidly decreasing with
increasing fields. Magnetization loops show the presence of both antiferromagnetic-type field dependence and irreversible behaviors typical
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f soft-ferromagnets. Preliminary investigations ofR(T, H) point towards novel magneto-transport phenomena.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Spinel oxides based on two 3-d transition-metals (e.g., Mn
nd Ni, Mn and Co, or Ni and Co), have been well studied
ue to their outstanding semiconducting properties. Pseudo-

ernary oxides based on these same three metals (e.g., Mn,
i and Co) have also been reported, mainly from the point of
iew of their structural and electrical properties;1,2 however,
ew works deal with magnetic studies, although these ma-
erials should be extremely rich on interesting phenomena.
t is well known, for instance, that the cation distribution in
he tetrahedral and octahedral sites of the spinel structure is
ntimately related to the possibility of the cations to adopt
wo, or even three, different oxidation states. These, in turn,
ill influence the magnetic properties, leading eventually to
pecific magnetic interactions depending on the location, size
nd oxidation states on the different cations.
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We have undertaken systematic studies in mixed-ter
spinel oxides of formula CoxNiyMnzO4 (x+y+z= 3). In the
search for new properties, it looked indeed very interes
to deal with these three magnetic elements at the same
In this way, the physical properties, in particular magnet
can be described with respect to varying contents of Co,
Mn. Two main series were studied: one, keeping constan
Ni content to 1.0, another, keeping the Mn content to 1.
this work, we will mainly present our results obtained for
first series, NiMn2−xCoxO4 (0.2≤ x≤ 0.7), emphasizing it
electrical and magnetic aspects in order to establish any
relation which may lead to technological applications, s
as in the widely investigated giant-magnetoresistance
ovskites.

2. Experimental

Samples were prepared from Co3O4, NiO, CuO and MnO
of submicronic size, homogenized by wet attrition mill
and calcined at 1050◦C for 1 h. Materials were milled agai
2 Present address: Chemistry Department, Faculty of Sciences, Universi-
ad de Chile, Santiago, Chile.

uniaxially pressed and sintered for 2 h, with a heating rate of
5◦C/min and cooling in air at 2◦C/min. The apparent density
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reached values higher than 95% of the theoretical density.
Magnetic measurements were performed in a SHE VTS-906
and a Quantum Design MPMS-XL5 SQUID susceptometers.
Additional ac characterizations were performed using a
home-made mutual-inductance susceptometer. Concerning
the transport properties, two temperature regions were
investigated separately: above room temperature (i.e.,
between 25◦C and 400◦C), dc conductivity was measured
by a four-points technique, using a constant current dc power
supply and 1�A resolution; at lower temperatures, due to
the high resistance values, a low-frequency four-probe ac
technique was preferred, fixing the ac voltage and measuring
the ac current going through the leads.

3. Results and discussion

All compounds belong to the spinels family, space
group (S.G.) Fd3m, with cubic symmetry. The series
NiMn2−xCoxO4 presents a small decrease of the lattice pa-
rameter when increasing the cobalt content. Samples with
high x(Co) could also be indexed in a tetragonal symme-
try (S.G. I41/amd), suggesting a phase transition during
cobalt substitution for Mn and/or Ni. As an example, sam-
ple Co1.2Ni0.3Mn1.5O4 hasa= 8.3393Å (S.G. Fd3m), and
a ˚ ˚
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Fig. 2. ac susceptibility of NiMn1.8Co0.2O4 and NiMn1.5Co0.5O4.

Fig. 2shows the ac susceptibility measured under an ex-
citation field of about 10 mOe and a measuring frequency of
119 Hz, for two samples of NiMn2−xCoxO4 (x= 0.2 and 0.5).
Since these measurements are performed at almost zero-field,
the sharp peaks observed at high temperature correspond to
the antiferromagnetic interactions (TAF =Tmax∼ 115 K and
170 K, for x= 0.2 and 0.5, respectively). At lower tempera-
tures a very broad transition centered at about 45 K, is clearly
observed for NiMn1.8Co0.2O4, while a “shoulder-like” bump
is observed at about 140 K, for NiMn1.5Co0.5O4. This low-
temperature transition may correspond to a specific order-
ing of a magnetic sublattice,3 but it does not have any in-
cidence on the transport properties, as we will discuss later.
As seen inFig. 2, whenx(Co) increases, the low-temperature
transition merges into the high-temperature ordered state, be-
coming almost undetectable. This fact suggests a distribution
of cobalt atoms in the tetragonal and octahedral sites lead-
ing to an ill-defined magnetic sublattice of the cobalt and/or
manganese moments. It becomes also clear fromFig. 2 that
the transition temperatureTc between the paramagnetic state
and the ferrimagnetic ordering increases with the cobalt con-
centration. By definingTc as the temperature of the sudden
increase of the magnetization (fromFig. 2, Tc ∼ 125 K and
190 K, forx= 0.2 and 0.5, respectively), we observed that this
transition temperature saturates to about 210–220 K at high
Co contents (0.9≤ x(Co)≤ 1.2).4 It should be noted that for
o Ni)
i
i to
t
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w
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n ature
= 5.8537A, c= 8.5625A (S.G.I41/amd).
The magnetic susceptibility was measured in the p

agnetic state (Fig. 1). Data show the expected behav
or ferrimagnetic materials, that is, large negative value

(strong antiferromagnetic interactions) and a pronou
urvature ofχ−1(T) in the paramagnetic regime (ferroma
etic correlations). The high temperature data almost s
ose for all samples, suggesting that any transformation
n3+ to Mn4+, during the substitution Co→ Mn (at con-

tant Ni content), is accompanied by a similar transfor
ion from Co3+ to Co2+, since their ionic moments are t
ame.

ig. 1. Inverse susceptibility of NiMn2−xCoxO4 and CoxNi1.5−xMn1.5O4

easured under 10 kOe.
ther transition-metal Me substitutions (including Me =
n NiMn2−xMexO4 compounds,Tc is independent ofx(Me),5

ndicating that the large increase ofTc should be ascribed
he presence of cobalt.

In order to get a better knowledge of the ferromagn
nteractions existing in the ferrimagnetic state, several z
eld-cooled/field-cooled (ZFC/FC) cycles were perform
nder different fields.Fig. 3shows measurements on samp
ith x= 0.2 and 0.5 at low applied fields (Happ= 20 Oe). It is
een that the ZFC modes undergo similar variations as
bserved in the ac susceptibility (compareFigs. 2 and 3). It

s also interesting to notice that the magnetization may
egative values below a certain compensation temper
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Fig. 3. ZFC/FC cycles measured at 20 Oe for NiMn1.8Co0.2O4 (A) and
NiMn1.5Co0.5O4 (B).

(e.g., NiMn1.5Co0.5O4, Fig. 3), confirming the existence of
at least two magnetic sublattices oriented anti-parallel. This
is not an isolated phenomenon since it is also seen in many
other compounds of this family,4,5 and it is just an expected
feature for ferrimagnetism.

When increasing the applied field, the ferrimagnetic state
is progressively destroyed, favoring a ferromagnetic lattice.
This is seen inFig. 4, which shows the temperature de-

Fig. 4. ZFC/FC cycles measured at 2.5 kOe, for NiMn1.8Co0.2O4, and at
2.5 kOe and 10 kOe, for NiMn1.5Co0.5O4.

pendence of the magnetization for samples NiMn1.8Co0.2O4
and NiMn1.5Co0.5O4, under 2.5 kOe and 10 kOe. Although
a clear change in the curvature is still seen at about 70 K
for x(Co) = 0.2, the presence of two maxima is not observed
anymore; in addition, the large irreversibility which occurred
at low fields gradually vanishes at higher fields, becoming
completely reversible atHapp= 2.5 kOe. Similar features are
observed for NiMn1.5Co0.5O4, but this time a much larger
field (Happ= 10 kOe) is needed to turn the ZFC/FC cycle com-
pletely reversible.

The ordered state (ferrimagnetic at low fields, ferromag-
netic at high fields) was confirmed by the magnetization
loops performed at 5 K (Fig. 5). High moments and a no-
ticeable hysteresis, typical of ferromagnetic systems, are
observed at low fields. At high fields, the magnetization
does not saturate and varies quite linearly withH, which
is an indication that antiferromagnetic correlations should
still be considered. The coercive fieldsHcoerc are relatively
low, but replacing nickel by copper seems a good option
to increaseHcoerc, as it goes from 600 Oe up to 3000 Oe,
in Co0.9Ni0.6Mn1.5O4 and Co0.9Cu0.6Mn1.5O4, respectively
(Fig. 5). At higher manganese contents, keeping the copper
concentration fixed to 0.6,Hcoerc still increases, as seen for
sample Co0.7Cu0.6Mn1.7O4.

The semiconducting (or semimetal) regime was investi-
gated at high temperature by performing electrical measure-
m ities,
c rmis-
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ents by dc techniques. Results showed low conductiv
onsistent with the possible use of these materials as the
ors. The activation energies, evaluated between 300 K
00 K, are of the order of 0.3–0.4 eV.

The low temperature regime, in particular, the influenc
he magnetic field on the electrical conductivity is being
estigated at present in these materials. Due to their very
esistance at the approach of the ordered regime, the ac
urements were performed keeping a constant ac voltag
onitoring the ac current going through the sample. T

ig. 5. Magnetization loops measured for copper-substituted
les Co0.7Cu0.6Mn1.7O4 and Co0.9Cu0.6Mn1.5O4 compared to
o0.9Ni0.6Mn1.5O4.



3054 O. Peña et al. / Journal of the European Ceramic Society 25 (2005) 3051–3054

different regimes have been observed: the semiconducting or
semimetal character is maintained down toTc, due to a ther-
mally activated process. At lower temperatures, correspond-
ing to the temperature region bracketed by both magnetic
transitions, the increase of resistance slows down and tends to
saturate. Below the lowest magnetic transition, the resistance
stays constant, as if the new ordered state had no incidence
on the transport properties. Since similar effects have been
observed in other samples of the same series we think that
these are intrinsic phenomena, which should be explained
by excitation processes other than a simple activation mech-
anism or some residual resistance effects. We are presently
working on the interpretation of these three regimes, under no
applied field but also applying external magnetic fields to de-
termine any eventual magneto-resistivity due to the presence
of ferromagnetic domains.

4. Conclusions

The magnetic properties of mixed ternary-oxide spinels
NiMn2−xCoxO4 (in general, CoxNiyMnzO4; x+y+z= 3),
were investigated. Two transitions were observed, one re-
lated to a ferrimagnetic state atTc, the other one due to some
specific ordering whose nature should be determined, for in-
s ions
m nder
h
w igh
v ting
f und
b iffer-
e of the

conductivity, which seem to correlate well with the magnetic
phenomena observed by magnetization measurements. Our
present work is devoted to a full description of theR(T,H) be-
havior; up to now an interesting dependence of the impedance
with respect to the measuring ac phase has been observed,
suggesting new excitation mechanisms related to the pres-
ence of magnetic domains.
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. Pẽna, O., Ma, Y., Bahout, M., Duran, P., Moure, C., Baibich, M.
et al., Structural and physical properties of spinel-type NiMn2−xCoxO4

oxides.Phys. Status Solidi (c), 2004,1(S1), S31–S34.


	Magnetic properties of NiMn2-xCoxO4 spinel oxides
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


