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ABSTRACT

New materials, based on the well-known spinel compound NiMn,Oy,,
have been synthesized and characterized from the magnetic point of
view. The manganese cation was partially substituted in the general
formula NiMn,_Me, O, , by nhonmagnetic and magnetic elements, such as
Me = Ga, Zn, Ni and Cr (O x 1). Prior to the determination of their
magnetic properties, the non-substituted spinel NiMn,O, was carefully
characterized and studied as a function of the oxygen stoichiometry,
based on the influence of the annealing atmosphere and quenching
rate. The ferrimagnetic character was observed in all samples, with a
paramagnetic-to-ferromagnetic transition temperature T, stabilized at
110 K, and well defined long-range antiferromagnetic interactions at
lower temperatures, which depend on the applied field and the
substitute concentration.
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INTRODUCTION

Spinel materials based on 3-d transition-metal oxides of Mn and Ni,
have been well studied due to their outstanding semiconducting
properties. Their fields of application concern mainly temperature
sensing devices, as for instance, the negative temperature coefficient
(NTC) thermistors [1-3]. For this reason, a thorough research has been
developed, focused mainly on varying cation compositions, chemical
phase relations, structural and electrical properties, etc. [4-6]. But, in
contrast to other related compounds based mainly on Fe [7], almost
none of these reports have dealt with the magnetic properties, in
particular those occurring at low temperature [8]. Because of the
relative complexity of the cationic distribution, any research in these
materials must take into account the intrinsic duality among the
tetrahedral and octahedral sites, and the possibility of the cations to
adopt two, or even three, different oxidation states within the same
specimen. In addition, a good knowledge of the energy level distribution
is of primary importance to properly describe the molecular orbitals
which participate to the basic magnetic properties in the paramagnetic
as well as in the ordered state(s).

It becomes then interesting to study such compounds from the point of
view of their electrical and magnetic aspects in order to establish any
eventual correlation which may lead to potential applications, such as in
the recently investigated giant-magnetoresistance ferromagnetic
perovkites. During the recent years,

we have developed a research centered on the crystallo-chemical and
physical properties of manganite compounds of spinel structure. In a
first stage, we have been looking into the magnetic properties of the
parent compound NiMn,O,, already well described in the literature [9-
12], in order to characterize the influence of the partial oxygen pressure
during annealing and the modification of the magnetic properties with
the oxygen stoichiometry. In a second step, the manganese cation has
been partially substituted by other transition metal elements, in
particular nonmagnetic ones in order to separate out the contribution of
the main magnetic sublattice. In a third step, the cobalt cation has been
incorporated into the structure, fully modifying the magnetic response
of the spinel material [13,14]. We report herein the synthesis, the
structural characterization and the magnetic behavior of pseudo-binary
oxides of spinel structure, of general formula NiMn,_,Me,O, , where Me
can be a transition metal as well as non-transition elements, such as
Cu, Zn, Cr, Mg, Ga, etc, including Ni (to form the binary oxide Ni;MnQg,,
when x(Me) = 1.0).

EXPERIMENTAL

Samples were prepared using different methods, based mainly on solid-
state mixing of the corresponding oxides, or using hydrated nitrates as
precursors. The parent compound NiMn,O, was prepared in every case,
thus allowing a direct comparison of the different techniques of
synthesis used in this work. Absolutely no difference was detected from
the crystallographic and magnetic points of view.



In the case of samples prepared by a direct mixing of oxides of
submicronic particle size, the stoichiometric mixtures were
homogenized by wet attrition milling using isopropanol as liquid
medium. The mixtures were calcined at 900 C for several hours. The
materials were milled again, uniaxially pressed and sintered at 1050 C
for 2 h, with a heating rate of 5 C/min and cooling in air at a rate of 2
C/min. When using nitrates, the corresponding mixtures were first
warmed up during 36 hours at 150 C in order to evaporate the water
molecules. The obtained gel-like product was then heated at 450 C
overnight and finally calcined at 900 C for 12 hours. The sintering
process was finally carried out at 1100 C for 2 hours, with similar
warming and cooling speeds as described above.

The series NiMn,_,Cr,O4 was prepared by a technique of thermal
decomposition of nitrates. For this, nickel, chromium and manganese
nitrates, dissolved in water at 1 mol.dm™ were mixed in stoichiometric
quantities, to prepare compositions for x = 0.0, 0.25, 0.5, 0.75 and
1.0; these quantities were checked by atomic absorption in a plasma of
argon. The aqueous solutions were dried at 90 C until full decomposition
of nitrates, leaving pure oxides as remaining products. After mechanical
attrition, the corresponding powders were calcined at 800 C for 48
hours and furnace-cooled down to room temperature. Final attrition and
sieving were performed prior to X-ray diffraction analyses. In order to
properly describe the influence of the oxygen partial pressure, the as-
prepared non-substituted compound NiMn,O4 was treated under
different temperatures, gas flow atmospheres (air, argon and O,) and
cooling rates. A full description of the X-ray diffraction (XRD) results,
scanning electron microscope (SEM) observations, elemental analysis
using energy dispersion spectrometry (EDX) and X-ray photoelectron
spectroscopy (XPS), can be found in reference [15]. Results are just
recalled herein for completeness and further comparison.

Chemical formulas given all throughout the text correspond to nominal
starting concentrations. The metal-to-metal ratio 1:2 (Ni:Mn,_Me,) was
verified by energy dispersive X-ray spectroscopy (EDX) and in all cases
confirmed the nominal metallic composition, within an experimental
error of 5-8 %. Based on our results obtained in the non-substituted
system NiMn,04.4 (ref. 15, and summarized here below, 8.3.2.1), which
indicated an oxygen content varying between O3 774 and O4.30
depending on the oxygen partial pressure during annealing, all samples
were calcined under conditions of normal air pressure. With this
procedure, an oxygen stoichiometry of 3.913.98 was obtained, as
systematically determined by wet chemical methods, either through
iodometric titration [16] or by using VOSO, as a soft reducing agent
[12].

X-ray diffraction (XRD) patterns were recorded at the final step of
synthesis on an INEL diffractometer using CuKa radiation and Si as an
internal standard. The microstructure was observed with a scanning
electron microscope (Jeol, JSM 6301F). Magnetic measurements were
performed in a SHE VTS-906 and a Quantum Design MPMS XL5 SQUID
susceptometers, between 2 K and 300 K, on ceramic specimens glued
to a thin rod in order to avoid disorientation due to torque forces
exerted on the sample. When samples were only available in powder
form, compact pellets were prepared to avoid any orientation of fine
cristallites under the applied field. Additional characterization by a.c.



techniques was performed using a homemade mutual-inductance
susceptometer.

RESULTS AND DISCUSSION
Crystallochemical characterization

Figure 1 shows XRD patterns for typical samples of spinel structure, in
particular samples of the solid solution resulting from the substitution of
manganese by nickel [NiMn,O4Ni-MnO 4] and the partial substitution of
Mn by Zn in NiMn,_,Zn,O, (X = 0.25 and 0.5). In all cases, the XRD
patterns could be indexed in the classical spinel space group Fd3m of
cubic symmetry, with no visible impurities within the experimental
detection limit. Samples purity was confirmed by SEM-EDX analyses,
which showed a homogeneous resulting product, with particles of
typical dimensions of 3 mm, uniformly distributed on the surface (figure
2). All details concerning EDX analyses and lattice parameter variations
are given elsewhere [17,18].
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Figure 1. X-ray diffraction patterns
(intensity in arbitrary units) of NiMn,O, and
Ni,MnO4(top panel); NiMn; 75Zng 2504 and
NiMn; 5ZNng s04(bottom panel)
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Figure 2. Scanning electron microscopy
image (SEM) of a sample of nominal
composition Ni; 2sMn; 7504

Magnetic properties
The parent compound NiMn,O,4

As in most of the magnetically-ordered oxide systems, the thermal
variation of the magnetization greatly depends on the applied field. In
addition, the oxygen stoichiometry, which can be monitored through the
oxygen partial pressure and the quenching conditions, can modify the
magnetic response of these materials [15]. In order to fix the
experimental conditions, we first of all performed the magnetic
characterization of the non-substituted spinel NiMn,O4, under various
conditions of preparation and applied field. Figure 3 shows the magnetic
response of a NiMn,O,4 sample annealed at 1100 C and quenched in air,
and measured on a ZFC/FC mode under an applied d.c. field of 5 Oe.
For this, the sample was first cooled under zero field (ZFC), the
measuring field was applied, and the sample was then heated at a slow
rate (— 1 K/min) while recording its magnetization; on the FC mode,
the sample was cooled at a similar rate, under the same applied field.
In this figure, two well-defined anomalies can be observed: during the
ZFC mode, a first broad maximum occurs at about 45 K followed by an
antiferromagnetic-type transition at Ty = 101 K. The paramagnetic
state is reached at T, = 105 K. During the field cooling (FC) procedure,
the magnetization increases abruptly at the magnetic transition
temperature T, while the low temperature anomaly is seen as a
leveling of the magnetization variation. Such double-transition feature
(confirmed by a.c. susceptibility measurements; not shown) have been
already observed [8,19] and it is a signature of a complex magnetic
structure which reflects the competition between ferromagnetic (F) and
antiferromagnetic (AF) sublattices leading to a ferrimagnetic-like state.
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Figure 3. ZFC/FC cycle measured under 5
Oe, for a NiMn,0O, sample annealed at 1100
C and quenched in air

In a second stage, we measured the same sample under different
applied fields. Figure 4 shows the M(T) variation measured from 5 K up
to room temperature, under magnetic fields of 250 and 1000 Oe. It is
immediately seen that T, stays unchanged at 105 K, independent of the
applied field. In the ordered state, the two transitions which were
observed at low fields merge into a single broad transition, which gets
broader and takes place at lower temperatures when applying larger
fields. This maximum, which occurs at T.x, defines the
antiferromagnetic-like ordering, typical of non-compensated
ferromagnetic systems (either ferrimagnetic sublattices or canted
antiferromagnetism). Obviously, at low applied fields (i.e., a.c.
measurements), Tnax COrresponds to the characteristic temperature Ty
defined in figure 3.
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Figure 4. Thermal variation of the
magnetization (left) and the inverse
susceptibility (right) for the non substituted
compound NiMn,O,4
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presents a negative curvature due to a temperature-independent
paramagnetic term cr;p or because the experimental conditions
approach the magnetic ordering (fig. 4). The effective moment was
calculated in the range [200K-300K], where c* varies almost linearly
with temperature yielding a value of 6.62 & 0.02 mg, which corresponds
to 4.3 mg per Mn ion, supposing that Ni stays in its 2+ oxidation state
with an effective moment of 2.83 mg (Table 1). This value may suggest
a mixed state between Mn** and Mn**, although titration analysis
performed on a similar sample [15] gave an analytical formula of
Nio.02MN>*1 950Mn %4 01203 914, that is manganese is almost fully 3+ ; this
difference on the expected ratio Mn**/Mn** probably comes from subtle
modifications in the oxygen stoichiometry in the NiMn,04 4 system. The
Curie-Weiss temperature O is negative, of the order of -86 K, indicating
that strong antiferromagnetic interactions exist in this compound,
besides the ferromagnetic character which sets at T.. As a consequence,
NiMn,O,4 can be considered as a ferrimagnetic compound, as expected in
most of the spinel materials.

Table I. Magnetic data ® for the series NiMn,.
«Me,O4, (Me = Ga, Zn, Cr, Ni)

Weiss Temp. &  magnetic moment fey
(K) (25K (pp/fu) ™ (= 005

MNikn:y R 562
NiMuy 750802004 =208 6.75
MiMny soCidig, sl =275 127
Mibn 3:Zna.3504 =250 6,82
Miin soZrig.sa04 =265 TAS
NiMny75Croze0y -168 655
NiMny soCro 004 -195 6.57
N'iMI'IL::.CI.'o,?:.DI =235 65.58
NiMny oy e 367 6.60
Nius“l‘u:.rsﬂq. =139 6.27
M saMin; 30l -183 6,15
Ni|_'.|5MI‘.I|;5C|..|. =214 6,18
Niz uuHI‘I|mﬂ4 =245 6,10

(a) magnetic data calculated in the
experimental range [200K T 300K]

(b) magnetic moment per formula unit
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From now on, all other experimental data shown in this work have been
taken under an applied field of 1 k. The reason for this is twofold: such
a field gives a reasonable good signal for even very small samples
(down to 10-mg samples) and, on the other hand, the magnetic
phenomena observed at low temperature are still sharply defined.

Partial substitution in NiMn,,Me,O4 by nonmagnetic elements (Me = Ga,
Zn)

Nonmagnetic metals like gallium and zinc were partially substituted for
manganese in order to modify and eventually weaken the long-range
magnetic interactions. Two nominal compositions were retained for this
analysis : x = 0.25 and 0.5. The paramagnetic-ferromagnetic transition
at T, decreases very slightly, from 105 K down to approximately 90 K
(figures 5 and 6). The antiferromagnetic interactions look more
affected, since the Weiss parameter O largely increases, while the
effective moment almost does not change in absolute values at low
doping (x = 0.25), although it increases if normalized to the Mn
concentration. This trend is confirmed at higher substitution, since the
effective moment reaches 7.3 -7.4 mg per formula unit (Table 1). This
net increase of the magnetic moment must be associated to a re-
ordering of the magnetic cations in the tetrahedral and octahedral sites.
This phenomenon is a classical demonstration of the cationic
redistribution in the spinel structure. Indeed, when replacing Zn** for
iron in the mixed ferrites for example, Fe** ions move towards the
octahedral sites since Zn** occupies preferentially the tetrahedral
positions [20]. As a result, the net magnetization M, of the tetrahedral
sublattice decreases, while the magnetization Mg of the octahedral
sublattice stays almost constant. Then, the total magnetization My (M
= Mg-M,), of antiferromagnetic origin, increases when the nonmagnetic
ion replaces the magnetic one. This model applies quite well to our solid
solution NiMn,_.Zn,0, if we consider the cationic distribution proposed in
ref. 21 for the non substituted compound, (Ni;.,Mn,)[Ni ,Mn,_,]O04, where
the parentheses designate the tetrahedral A-sites, and the brackets, the
octahedral B-sites, and v denotes de degree of inversion [22].

)
é

Magnatization [emuig.Oa)
(nwed) Gpqpdecens esiamw)

a01 .'-\. " Mi Mna Cl'
b MiMn, _ Ga, 0O,
ﬁ. Ni Mnllﬂ Gaﬂ.ﬁ G-l
.00 mm—:l-rl-l—l—n—-—q—-—-—q—-—d 1]
L 100 200 340

Tempearaiure (K}

Figure 5. Thermal variation of the
magnetization (left, filled symbols) and the
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Figure 6. Thermal variation of the
magnetization (left, solid symbols) and the
inverse susceptibility (right, open symbols) for
NiMn,O, (circles), NiMn; 75Zng »50,4 (squares)
and NiMn1'5ozno_5004 (StarS)

Partial substitution in NiMn,,Me,O4 by magnetic elements (Me = Cr, Ni ;
0.0 £ x £1.0)

Once the effect of magnetic dilution has been well established, we
proceeded with the effects of substitution of magnetic transition-metal
elements, like nickel and chromium. Figures 7.a and 7.b show the
thermal variation of the magnetic moment and the inverse susceptibility
for the whole series NiMn,,Cr,0,4, measured under 1 k. Figure 8 shows
the paramagnetic region of the inverse susceptibility for the series
NiMn,xNixO,4 (that is, Nij+xMn, O,4). Again, the paramagnetic-to-
ferromagnetic transition at T. does not change with the substitution,
staying at 105-110 K for all samples described in this section. The
characteristic temperature T, defining the long-range
antiferromagnetic order stays constant. However, there is a net
increase of the Weiss parameter 0, which measures the strength of the
antiferromagnetic interactions (Table 1).
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Figure 8. Inverse susceptibility for the solid
solution NiMn,_«Ni,O4

Figure 9 shows this steady increase of O (in negative values) with x(Cr)
and x(Ni). However, the evolution of the effective moment m¢ follows
different trends in the case of nickel compared to chromium. In the case
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that Cr®* would be substituting Mn** or, Cr®* substituting Mn®*, since
they have the same magnetic moment in their high-spin state. On the
other hand, the effective moment of the solid solution NiMnxNixO,4
decreases when x(Ni) increases; this variation is due to the substitution
of Mn ions by Ni?*, hence by a magnetic ion having a lower magnetic
moment.
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Figure 9. Evolution of the magnetic
moment me (left axis) and the negative
Weiss parameter Q (right axis) for the solid
solutions NiMn,_,Cr,O,4 (solid symbols) and
NiMn,_«NixO4 (open symbols)

CONCLUSIONS

We have prepared and characterized several solid solutions based on
the wellknown spinel compound NiMn,Q,, in which the manganese ion
was partially substituted by non-magnetic (Ga and Zn) and magnetic
(Cr and Ni) elements. The actual insertion of the substituent into the
spinel structure was successful, as confirmed by XRD data and SEM
observations. Prior to the magnetic characterization, a thorough study
of the annealing conditions (oxygen pressure, temperature, time and
quenching rates) for the non-substituted compound was necessary, in
order to interpret the magnetic results and fix the best reproducible
conditions for the rest of the work.

In all cases, the paramagnetic-to-ferrimagnetic transition temperature
stayed constant or with a very slight variation. However, the Curie-
Weiss temperature O increased enormously, reaching values of the
order of the experimental conditions (e.g., -250 K or more). The
magnetic moment, calculated per unit formula showed different
variations, depending on the oxidation state of the substituent. Thus,
presence of Ni?* transforms part of the Mn>* ions into Mn**, of lower
magnetic moment, while the substitution of Mn by Cr left the effective
moment unchanged, meaning that Cr>* was probably substituting Mn>*.
For the non-magnetic substitutions, a rearrangement of the cations
must be considered, since large ions (like Zn*") make the Mn ions to
move from the tetrahedral towards the octahedral sites, producing an



unbalance of the net magnetization due to the sum of both sublattices.
All these examples demonstrate the enormous versatility of the spinel
structure to host different elements with varying oxidation states,
producing a wide range of magnetic phenomena.
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