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bstract

n this paper we present the structural, magnetic and dielectric properties of ceramic nickel manganite NiMn2O4+δ produced by using nickel
ermanganate Ni(MnO4)2xH2O as a precursor. We have characterized the NiMn2O4+δ stoichiometry using quantitative energy-dispersive analysis
f X-rays and thermal gravimetry under reducing conditions. Increased oxygen and Mn4+ contents were detected. X-ray diffraction and Rietveld
efinement of X-ray data were carried out. Temperature dependent magnetization measurements were performed and the ferri-magnetic transition
as identified at ≈100 K. The ferri-magnetic moment was found to be ≈1μB and hysteretic magnetization vs applied field curves were obtained.

ielectric properties were measured using impedance spectroscopy. Two dielectric relaxation processes were detected, which were associated with
rain boundary and bulk contributions. The Arrhenius plots of resistivity and the temperature dependent dielectric permittivity were obtained for
he two relaxations by means of an equivalent circuit model based on a series of two parallel RC elements.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Complex manganese oxides have recently evoked strong
nterest in various structures with different Mn valence states
nd Mn coordinations for example in perovskites, spinels, or
yrochlores. The manganites display a vast range of fascinating
lectrical and magnetic properties (colossal magnetoresistance,
erromagnetism, charge ordering and many more), which often
ome about due to the mixed valence states of manganese. Nickel
anganite NiMn2O4 exhibits a partially inverse cubic spinel
tructure, which is well known since many years.1–3 NiMn2O4
s widely used in industry as the basis for the production of
eramic temperature sensors due to its electrical properties char-
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electric properties. E. Thermistors

cterized by a negative temperature coefficient (NTC) of the
emi-conducting electrical resistance.4–10 Several dopants can
e included to improve the sensor performance.11–13 Despite the
pparent spinel structure and simple chemical formula this mate-
ial is surprisingly complex and keeps nowadays being revisited
nd prepared by different routes and in different forms: powder,
hin and thick films, and single crystals.14–21 The complexity of
his compound is partially owned to the variability of the Ni and

n lattice positions. Ni and Mn cations can both occupy tetrahe-
ral and octahedral crystal sites, which are both interstitial sites
ithin the cubic closed packed oxygen sub-lattice of the spinel

tructure.
The fraction of Ni occupancy on the octahedral sites corre-

ponds to the inversion parameter v of the cubic spinel structure,

hich has a strong effect on the Mn valence states: The Ni frac-

ion moving to octahedral sites is compensated by Mn going
o tetrahedral sites. Such tetrahedral Mn has valence state 2+,
ecause Mn3+ is unfavourable in tetrahedral four-fold coordina-

dx.doi.org/10.1016/j.jeurceramsoc.2010.04.032
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ion. The formation of tetrahedral Mn2+ is compensated by an
qual amount of Mn4+ on the octahedral sites in order to retain
harge balance, thus leading to an internal disproportionation.
he driving forces for this disproportionation process are (1) the
referred octahedral coordination of Ni2+, and (2) the preferen-
ial 4+ valence state of Mn (t3

2g) in an octahedral coordination:

n increasing amount of octahedral Mn3+ (t3
2ge

1
g) would lead

o energetically unfavourable Jahn–Teller lattice distortions and
ltimately to tetragonal symmetry of the spinel.

It has been found previously that v is in fact dependent on the
ynthesis or sintering temperature. Both, v and the Mn valence
herefore depend on the preparation route and thermal history,
nd the physical properties vary accordingly. Thus, a common
bjective in many previous publications was to correlate details
f the synthesis route, structure and microstructure with the
bserved charge transport and magnetic properties.5,6,22–27 The
se of Ni(MnO4)2xH2O as a precursor is interesting due the
igh Mn7+ oxidation state. In conventional ceramic process-
ng routes, precursor oxides such as Mn2O3 are used where the
nitial Mn valence is 3+, which corresponds to the expected
verage Mn valence in NiMn2O4. We show in this work that the
ermanganate precursor allows fabricating NiMn2O4 materials
ith typical physical properties.
In a previous paper we have shown that principally nickel

ermanganate can be used as a precursor for the synthesis
f NiMn2O4.28 Ni(MnO4)2xH2O was shown to be thermally
nstable, which is typical for permanganates. The compound is
articularly suitable for use as a precursor for NiMn2O4 pro-
uction, because it provides the fixed 1:2 cationic Ni:Mn ratio
equired. The permanganates are well known to be highly oxi-
izing: for Ni(MnO4)2xH2O it was found that E◦ Mn (VII)/Mn
IV) = 1.69 V.

As concerns a possible non-stoichiometry of NiMn2O4+δ,
he literature is abundant. A stoichiometric compound has often
een reported (δ = 0), as well as non-stoichiometric variations:
ostly cationic vacancies (NixMn3−x�3δ/4 O4+δ)29-33 have been
entioned, where δ depends on x and the synthesis conditions.
eports on oxygen vacancies also exist.31,34 Therefore, we have
ade considerable effort in this study to correctly represent the

toichiometry and crystal structure of NiMn2O4+δ produced via
he permanganate route. Furthermore, we have comprehensively
etermined the physical properties by means of temperature
ependent magnetization and dielectric property measurements.

. Experimental

The crystallization and the thermal decomposition of the
i(MnO4)2·6H2O precursor have been described previously in
ef. 28. Here, we have followed this coprecipitation method
here aqueous solutions of barium permanganate and nickel sul-
hate were mixed together and BaSO4 precipitated out and was
eparated by filtration. The remaining solution was evaporated at

5–60 ◦C and the resulting nickel permangante precursor ground
nd calcined in air at 900 ◦C for 24 h resulting in NiMn2O4+δ,
hich was slow cooled to ambient conditions by turning off the

urnace.

o
c
m
E

ramic Society 30 (2010) 2617–2624

X-ray pattern of synthesized NiMn2O4+δ powder were col-
ected on a Panalytical B.V. X’pert PRO ALPHA 1 instrument
ith fast X’Celerator detector operating at 45 kV and 40 mA, fit-

ed with a primary curved Ge 111 monochromator in order to get
u K�1 radiation (λ = 1.5406 Å). For cell parameter measure-
ents and phase identification, the angle step and counting time
ere 0.033◦ (2θ) and 9 s, respectively. For Rietveld refinement

nalysis, XRD pattern were taken over long periods (28 h) and
tted using Fullprof software.35 Sample morphology and grain
izes were examined by means of scanning electron microscopy
SEM) performed on a Jeol 6400 microscope equipped with a
etector for energy-dispersive analysis of X-rays (EDAX) for
uantitative characterization.

The oxygen stoichiometry was determined by thermogravi-
etric analysis up to 600 ◦C using a Cahn balance in a H2/He

tmosphere (100 Torr H2, Ptotal = 0.5 bar), whereby the interme-
iate and final residues had been characterized by XRD phase
nalysis.

Magnetic measurements were performed in a SQUID-
uantum Design magnetometer. Susceptibility was measured as
function of temperature between 4 and 300 K at a fixed mag-
etic field of 1000 Oe. The sample was zero field cooled (ZFC)
nd magnetization measured during heating. Furthermore, mag-
etization was measured as a function of applied field (up to 5 T)
ell below the Curie temperature at 25 K.
Impedance spectroscopy (IS) was carried out on 900 ◦C

intered pellets, which were covered on both sides with Au
lectrodes using dc sputtering. IS was performed at 150–320 K
etween 10 Hz and 2 MHz. An Agilent E4980A LCR meter and
n Oxford Instruments closed-cycle He refrigerator were used.
he data was obtained in terms of the real and imaginary parts
f the complex impedance (Z′–Z′′).

A NiMn2O4+δ control sample was produced via the con-
entional precursor oxide route: NiO (Alfa Aesar 99+%) and
n2O3 (Fisher 99%) were thoroughly ground and synthesized

t 1100 ◦C for 12 h in air. The resulting powders were ground,
ressed into pellets and sintered at 1100 ◦C in air. After sintering
t 1100 ◦C the temperature was reduced and held at 850 ◦C for
0 h in order to restore phase purity. It has been shown previ-
usly that such an annealing process can re-incorporate NiO into
he spinel structure, which segregates out at high temperatures
uch as 1100 ◦C.1 After annealing the pellet was quench-cooled
o room temperature.

. Results and discussion

.1. Morphology and oxygen stoichiometry

The NiMn2O4+δ powder produced from the permanganate
recursor route consists of distinct ceramic grains as can be
een in the SEM micrograph in Fig. 1. The grain sizes are of the
rder of 1 �m and the samples were found to be homogeneous.
hemical analysis was performed by EDAX using the K-lines

f the respective elements on a well crystallized powder. The
ation ratio of Ni: Mn was found to be 1:1.99 in excellent agree-
ent with the expected 1:2 proportion. The oxygen content from
DAX was found to be unreliable.
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ig. 1. Scanning electron micrograph of representative nickel manganite powder
btained by the thermal decomposition of hexahydrated nickel permanganate.

However, the oxygen stoichiometry in NiMn2O4+δ is an
mportant parameter, because it determines the average oxida-
ion state of manganese, if it is assumed that Ni has a valence of
+ and reduced or oxidized Ni1+/Ni3+ may be unlikely to occur.
hermal gravimetry of NiMn2O4+δ was carried out in reduc-

ng atmosphere: 0.5 bar of He/H2. Decomposition takes place
n two steps (Fig. 2) and the final residues were Ni and MnO
s confirmed by XRD phase analysis. The first step at ≈325 ◦C
orresponds to the formation of a rock-salt phase of formula
i1−SMnSO according to the XRD pattern, whereas the second

tep at ≈500–600 ◦C (1b) represents the reduction of the rock-
alt phase to nickel metal and MnO. The reduction process may
e expressed as:

NiMn2O4+δ + (1 + δ)H2
→ 3Ni1/3Mn2/3O + (1 + δ)H2O ↑ (1a)

Ni1/3Mn2/3O + H2 → Ni + 2MnO + H2O ↑ (1b)

ig. 2. Thermogravimetric analysis performed on representative nickel man-
anite powder under He/H2.
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ig. 3. Powder X-ray diffraction pattern of NiMn2O4+δ produced from nickel
ermanganate precursor fired at 900 ◦C in air. Miller indexes correspond to a
ubic spinel of parameter a = 8.380 Å.

From the weight of the final products the δ value was
etermined to be 0.20(5) indicating oxygen excess. The only
lausible mechanism to compensate for such oxygen excess
s by cationic vacancies, whereas the second possibility of
ntersticial oxygen may be highly unlikely for steric reasons:
xygen anions are closed packed in a spinel structure. The
xistence of such cation vacancies has been confirmed previ-
usly in the literature,29–33 whereas intersticial oxygen has never
een observed in an oxide spinel to the best of our knowledge.
his δ value of 0.20 corresponds to an average Mn oxida-

ion state of 3.2 and is a strong indication for increased Mn4+

ontent, assuming an oxidation state of 2+ for Ni. The pres-
nce of Mn3+ on tetrahedral sites as a result of Mn2+ → Mn3+

xidation is unlikely as mentioned above. The apparent extra
xygen and increased average Mn valence may be a result
f the slow cooling process across the instability region of
iMn2O4+δ at T ≈ 450–750 ◦C, where oxidation occurs.1 An

dditional explanation may be the high Mn7+ valence state in
he precursor.

.2. X-ray diffraction and Rietveld refinements

XRD pattern of the permanganate precursor were in agree-
ent with the literature28: Ni(MnO4)2·6H2O. After calcination

t 900 ◦C in air, the XRD patterns of the NiMn2O4+δ product
Fig. 3) correspond to the cubic spinel phase with a lattice
arameter a close to 8.38 Å, in good agreement with values
eported in the literature (a = 8.3790 Å, ICDD-pdf card 88-0241
nd a = 8.40 Å, ICDD-pdf card 71-0852).36,37 We have per-
ormed Rietveld refinement analysis of an XRD pattern from
well crystallized powder. Analysis was performed in the cubic
d-3m space group and starting values for the atom positions
nd unit cell size were obtained from previous work on sin-

le crystal NiMn2O4 (ICDD-pdf card 84517).14 Fig. 4A shows
he experimental and refined patterns and their differences.
ell parameters, agreement factors, refined atomic coordinates
nd calculated main interatomic distances and angles are sum-



2620 A. Díez et al. / Journal of the European Ceramic Society 30 (2010) 2617–2624

Table 1
Results obtained from the Rietveld analysis.

Crystal data

Phases NiMn2O4 NiO

Crystal system Cubic Cubic
Space group FD-3M Fm-3m
a (Å) 8.38138(3) 4.17738(5)
V (Å3) 588.770(3) 72.897(1)
RB 1.75 10.4
RF 1.63 7.22
Fract (%) 97.1(4) 2.90(6)

Parameter Refinement

RP 3.75
WP 5.12
Rexp 4.60
χ2 1.24

Atomic positional parameters and thermal displacement amplitudes together with site occupation factors for NiMn2O4

Site Ion x y z Biso SOF W position

O1 O2− 0.2621(1) 0.2621(1) 0.2621(1) 1.73(5) 0.167 32e
Mn1 Mn2+ 0.125 0.125 0.125 0.37(3) 0.036 8a
Ni1 Ni2+ 0.125 0.125 0.125 0.37(3) 0.004 8a
Mn2 Mn3+ 0.5 0.5 0.5 0.50(2) 0.011 16d
Mn3 Mn4+ 0.5 0.5 0.5 0.50(2) 0.036 16d
Ni2 Ni2+ 0.5 0.5 0.5 0.50(2) 0.036 16d

NiMn2O4 distances and angles

(Mnl, Nil)–O (Å) 1.9872(1)
(Mn2, Mn3, Ni2)–O (Å) 2.0007(2)
O
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arized in Table 1. An excellent fit was obtained only by
ncluding NiO as a second phase, in agreement with previous
ork.38,39 In our case the content of NiO is 2.90% and may
e interpreted as the predicted segregation of NiO out of the
pinel NiMn2O4+δ structure at 900 ◦C.1 In the literature 950 ◦C
s usually quoted for the onset temperature of NiO segrega-
ion. Our results suggest that such segregation already takes
lace at 900 ◦C to a small extent. The NiO second phase was
eflected in the refinement by Ni deficiency on the tetrahe-
ral sites. Refinement of a fully stoichiometric structure within
he solid solution of Ni1−xMn2+xO4 gave clearly higher fitting
rrors. Therefore, we favour a small amount of Ni vacancies
n the tetrahedral sites. Such Ni vacancies would be compen-
ated most likely by oxygen vacancies, because the second
ossible mechanism, Mn oxidation, is unlikely at high tempera-
ures of ≈900 ◦C, which are usually associated with a reducing
mbient. However, such oxygen vacancies would most likely
isappear during the slow cooling process across the oxidiz-
ng region at T ≈ 450–750 ◦C. A possible excess of oxygen,
s detected by thermal gravimetry, and the possible presence
f additional Ni or Mn cation vacancies could not be refined

nambiguously from X-ray data due to the insensitivity of the
ethod to the oxygen positions. Fig. 4B shows evidence for the

mall extra NiO phase on the XRD pattern profile: the diffrac-
ion peaks at approximately 37.2◦ and 43.2◦ show a double peak

n
f
a
t

109.47(9)
180.0(1)

tructure, where the high angle “pump” can be associated with
iO.
No indications for other secondary phases were found,

espite the slow cooling process of our samples across the
xidizing region of 450–750 ◦C. A relatively large inversion
arameter v of 0.865 was found, which is typical for slow cooled
amples.2

To summarize the results obtained by the Rietveld analysis,
he formula of this inverse spinel can be expressed as:

Ni2+
0.0965Mn2+

0.865)Th[Ni2+
0.865Mn3+

0.265Mn4+
0.865]OhO4 (2)

here () indicate tetrahedral (Th) and [] octahedral (Oh) sites.
s mentioned before, the apparent oxygen excess was neglected

n this representation.

.3. Magnetization measurements

ZFC magnetic susceptibility vs temperature measurements
ith an applied field of 1 kOe indicated a ferri-magnetic tran-

ition at about TC ≈ 100 K (Fig. 5A). Plotting the inverse
usceptibility as a function of temperature in the paramag-

etic region, approximately linear Curie-Weiss behaviour was
ound (Fig. 5B). The observed Curie constant is 4.92 emu K/mol
nd the experimental magnetic moment is 6.27 Bohr magne-
ons (μB). Both, TC and the magnetic moment are smaller
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Fig. 4. (A) Rietveld fitting on powder X-ray diffraction data. Calculated and
experimental intensities and their differences are shown. (B) Details on the data
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emonstrating the presence of secondary phase NiO due to a double peak struc-
ure of NiMn2O4+δ (2 2 2) and (4 0 0) reflections. NiO reflections are indicated,
ll other reflections correspond to NiMn2O4+δ.

han previously reported,14,40,41 which may be associated with
ncreased Mn4+ (3μB) content and the concomitant decrease
n Mn3+ (4μB) content. This is in agreement with the oxygen
ver-stoichiometry and resulting cationic vacancies suggested
bove (Section 3.1). The negative value of the Weiss temper-
ture θ = −118 K points to predominantly anti-ferromagnetic
nteractions.

The ferri-magnetic interactions were investigated by mag-
etization measurements as a function of the applied field at
onstant temperature of 25 K well below TC (Fig. 6A). A char-
cteristic weak ferri-magnetic hysteresis loop was found and a
aturation magnetization of Ms ≈ 1μB could be estimated. Mag-
etization does not saturate at high fields and varies almost
inearly with H, which points towards the presence of a para-

agnetic contribution, possibly from NiO impurities. In fact,
iO was shown previously to be magnetic if nano-sized.42 The

oercive field is relatively low in the order of 150 Oe. The exper-

mental Ms value is in reasonable agreement with an estimate
rom the Néel co-linear model: Ms was calculated by adding all
ontributions on the octahedral sites (Ni2+ = 2μB; Mn2+ = 5μB;
n3+ = 4μB; Mn4+ = 3μB) and subtracting the corresponding

t
(
C
i

ig. 5. (A) Magnetic susceptibility vs temperature plot at constant field of
000 Oe. (B) ZFC inverse susceptibility vs temperature in the paramagnetic
egion.

ontributions on the tetrahedral sites according to Eq. (2), which
ields 0.87μB. The measured Ms value of ≈1μB is slightly larger
han the theoretical value possibly due to contributions from
mpurities.

.4. Impedance spectroscopy

Complex impedance spectroscopy data was obtained in terms
f real (Z′) and imaginary (Z′′) parts of the impedance. In Fig. 7
he complex impedance plot of −Z′′ vs Z′ displays two slightly
verlapping semi-circles, which can be associated with two
elaxation processes. The relaxations were assigned to an intrin-
ic bulk and a grain boundary (GB) contribution. An equivalent
ircuit was used (shown in Fig. 7) in order to fit the data at various

emperatures yielding the bulk resistance (R1) and capacitance
CPE1), and the GB resistance (R2) and capacitance (CPE2).
onventionally, an ideal relaxation process is modelled with an

deal RC element of parallel resistance and capacitance,43 and
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Fig. 6. (A) Magnetization vs applied magnetic field at 25 K. (B) High resolution
curve of magnetization vs applied field at 25 K.

Fig. 7. Complex plane plot of −Z′′ vs Z′ at 200 K and equivalent circuit model.
Data (♦) and model ( ) show excellent agreement.

Fig. 8. Arrhenius plots of bulk (�) and GB ( ) resistivity obtained from
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quivalent circuit fits; for comparison the bulk resistivity of a conventionally
ynthesized sample is shown ( ).

or GB and bulk relaxations two RC elements can be simply
dded in series. We have encountered non-ideal behaviour here,
hich manifests itself by slightly suppressed semi-circles.44

his can be accounted for by replacing the ideal capacitor with
constant phase element (CPE).45 In our case, an almost ideal
t was obtained and the data and model show excellent agree-
ent (Fig. 7). The CPE capacitance values were corrected to

onventional capacitance given in [F/cm].46 The bulk and GB
esistance values obtained from the temperature dependent fits
ere normalized to the pellet geometry and were plotted on
rrhenius axes shown in Fig. 8. Additionally, the bulk resistiv-

ty from the conventional and quench-cooled NiMn2O4+δ pellet
s shown. The activation energies were determined as the gra-
ients of the various Arrhenius plots. It can be seen that GB
nd bulk activation energies are similar in NiMn2O4+δ from
ermanganates, and further, both are similar to the bulk acti-
ation energy from conventional NiMn2O4+δ. It appears that
he charge transport mechanism is qualitatively unchanged for
B and bulk areas, and for samples from different production

outes. However, clear quantitative changes can be seen where
he permanganate sample has a clearly higher bulk resistivity as
ompared to the conventional sample. We associate this with a
igher Mn4+ content, and the Mn3+/Mn4+ ratio may be further
way from the ideal 1:1 ratio, which is the most favourable to
upport Mn3+/Mn4+ localized electron hopping. Such localized
n3+/Mn4+ small polaron hopping has been suggested previ-

usly to be the basis of charge transport in NiMn2O4+δ.5,47 Mn2+

ations on tetrahedral sites are expected to not participate to the
opping process, because donation of an electron would lead
o an oxidation state of Mn3+, which is very unlikely to occur
n tetrahedral 4 coordinate environments. The relative dielec-
ric permittivity εr is shown in Fig. 9. The intrinsic bulk εr is

n the range of 30–50, whereas the GB permittivity is in the
ange of 300. Both values are rather typical for such type of
elaxations.43 The bulk permittivity in the slow-cooled perman-
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ig. 9. Bulk (�) and GB ( ) relative dielectric permittivity from equivalent
ircuit fits; for comparison the bulk permittivity ( ) of a conventional sample
s shown.

anate sample is slightly higher as compared to conventional
nd quench-cooled production routes. As mentioned before, the
ncreased Mn4+ content may be compensated by cation vacan-
ies, which may have lead to more flexibility in the lattice for
onic displacements as a response to the applied voltage signal,
hus leading to higher intrinsic bulk permittivity.

. Concluding remarks

In conclusion, we have shown that the choice of a per-
anganate precursor oxide for the synthesis of NiMn2O4+δ is

ppropriate and leads to typical magnetic and dielectric proper-
ies. The NiMn2O4+δ investigated showed increased oxygen and

n4+ content, which led to a reduction in the anti-ferromagnetic
oment and TC, and an increase in intrinsic bulk resistivity and

ulk dielectric permittivity.
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