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Copper substituted polycrystalline nickel manganite viz. Nij;_xCuxMn;04 (0 <x < 1) ceramics were pre-
pared by oxalate process. The replacement of nickel by copper plays an important role in changing the
lattice parameter, X-ray density, sintered density, porosity, grain size, DC resistivity at different tempera-
tures, drift mobility and dielectric properties at different frequencies. The lattice parameter and crystallite
size decreases with increase in copper content. The addition of copper promotes grain growth, decrease
in porosity and increase in sintered density. The room temperature DC electrical resistivity decreases
from 43.50 to 32.92 MQ2 cm and dielectric constant increases from ~2 x 103 to 3 x 10° at low frequency
(20 Hz) as copper concentration increases.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Low cost, ease of manufacturing and interesting thermistor
properties make polycrystalline nickel manganite (NiMn,0O4) one
of the most important materials today and widely used as a mate-
rial for Negative Temperature Coefficient (NTC) thermistors [1-3].
The cubic spinel structure, has a structural formula AB,04 based
on the cubic close packing of oxygen ions in which cations are situ-
ated on both tetrahedral (A sites) and octahedral (B sites) [4,5]. The
nickel manganites also crystallizes in such cubic spinal structures.
The mechanism responsible for conduction in nickel manganite is
phonon assisted electron jumping (hopping) between Mn3* and
Mn** cations occupying octahedral sites [6]. The symmetry of the
spinel structure as well as the site occupation is strongly dependent
on the 3d transition metals used for the synthesis of the ceramic
and also on the manufacturing conditions and there are some
reports available describing the structural and electrical proper-
ties of nickel manganite [7,8]. As nickel manganite is a good NTC
thermistor, most of the researchers concentrate only on the electri-
cal properties of this material and not much work has been done on
dielectric properties of this material. There are some reports avail-
able on the study of the effect of copper and zinc on ferrite [9-11]
but very few reports are available to study the effect of copper on
the dielectric properties of manganite. Copper plays an important
role in the physical and electrical properties of nickel manganite
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[12]. This research is undertaken to study the effect of substitu-
tion of copper on the physical, electrical and dielectric properties
of Ni(l,X)Cuan204 (0 <x<1)ceramic.

The physical and electrical properties of materials with dif-
ferent concentrations strongly depend on their microstructural
properties. It is also useful to understand the relationship between
their processing parameter as well as their behavior when used in
practical applications. Changes due to variation of copper concen-
tration in nickel manganite on the lattice parameter, X-ray density,
sintered density, porosity, grain size, DC electrical resistivity, ther-
mistor constant, activation energy and dielectric constant have
been discussed in this work.

2. Experimental details

The Nig_CuxMn;04(x=0.0, 0.2, 0.4, 0.6, 0.8, 1.0) was prepared by
oxalate process employing nickel acetate [N;(CH3COO)4H,0], manganese acetate
[Mn(CH3COO0)4H,0], cupric acetate [Cu(CH3C00)4H,0] and oxalic acid as starting
materials. 0.5 M solution of nickel, manganese, and copper acetate was prepared
and added drop wise to 2M hot (75 °C) oxalic acid solution with constant stirring.
After cooling to room temperature the precipitate was filtered, washed with distilled
water and dried. The prepared powder was dried at room temperature, pre-sintered
at 350°C for 3h and mixed with PVA (polyvinyl alcohol) binder. The powder was
pressed into small disk of 1.5 cm diameter and ~0.2 cm thickness under a pressure
of 10 Ton for 1-2 min. The pellets were sintered at temperature 1000 °C in a muffle
furnace for 8 h followed by cooling. The structure of Nij_y)Cu,Mn;04(x=0.0-1.0)
was confirmed by XRD Phillips PW 3710 diffractometer using Cu Ko radiation
(A=1.541838 A). The crystal structure and the density related parameter of the sam-
ples were determined from the XRD data. The microstructure was examined using
scanning electron microscopy (SEM JSM-6360 JEOL, Japan). The DC electrical resis-
tivity (p) for all the different compositions were measured by two-probe method. As
nickel manganite is a good NTC thermistor most of the researchers concentrate only
on the DC electrical properties of this material and not much work has been done
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Fig. 1. X-ray diffraction pattern of Ni(;_,CuyMn;04 (0x <1) ceramic.

on AC dielectric properties of this material. The commercially available LCR meter
bridge (HP 4284A) in the frequency region 20 Hz to 1 MHz at room temperature was
used for this measurement.

3. Results and discussion
3.1. XRD studies

The spinel structure with predominant (311) plane of
Ni(1_x)CuxMny04 (0<x<1) ceramic was confirmed from X-ray
spectrum as shown in Fig. 1. These patterns confirm the formation
of single cubic phase. The average crystallite size for the different
compositions was calculated by Debye Sherrer’s formula [13]. It
was found that the crystallite size decreased from ~27 to 19.5nm
with copper content. The lattice parameter decreased continuously
with increase in copper concentration from 8.38 to 8.24 A which is
tabulated in Table 1. The decrease in lattice constant and crystallite
size with increase in copper content is due to the smaller ionic radii
of Cu?* (0.70A) as compared to those replaced NiZ* (0.78 A) [14]. A
partial replacement of Ni2* with Cu2* causes the shrinkage of the
unit cell dimensions resulting in decrease in the lattice parameter.

3.1.1. X-ray density
The X-ray density (0x) was calculated by the formula [15]:

_8M
" Na3
where ‘M’ is the molecular weight of composition, ‘N’ is the Avo-
gadro’s number and ‘a’ is the lattice parameter.

The obtained X-ray densities for all the six compositions are tab-
ulated in Table 1. It was observed that the X-ray density increased
with increase in copper concentration from 5.23 to 5.62 g/cm3. It

Px

Fig. 2. Variation of sintered density (g/cm?) and porosity with x (Cu) in
Ni(1_x)CuxMn; 04 ceramic.

can be explained on the basis of Cu atom being heavier than the
replaced Ni and leading to the increase in weight and also the X-ray
density being inversely proportional to the lattice constant [16,17],
as also seen from Table 1.

3.1.2. Sintered density
The sintered density (,0s) was calculated using the formula [15]:

_m
" nr2h

where ‘m’ is the mass of the pellet. ‘r’ is the radius of the pellet and
‘h’ is the thickness of the pellet.

The calculated sintered density with copper concentration is
shown in Fig. 2. The sintered density increased linearly with
increase in Cu concentration from 2.52 to 3.26 g/cm?3. This increase
may be attributed to (i) acceleration of cation interdiffusion due
to Cu ions and (ii) the increase in the reactivity of the fine man-
ganite grains which coalesce to form bigger grains leading to pore
reduction and volume shrinkage [18].

It was observed that X-ray density of each composition is larger
than the corresponding sintered density. This is may be due to the
existence of pores in the prepared samples.

Ps

3.1.3. Porosity
The porosity (P) for different compositions was calculated by the
relation:
Ps
Px

where ps and py are defined above.

The variation of sintered density and porosity related to copper
concentration is also shown in Fig. 2. From the figure it is observed
that with the increase in copper content porosity decreased linearly
from 0.51 to 0.42, which should be expected because of the rea-
sons stated above. As copper concentration increases the number

P=1-

Table 1

Lattice parameter, X-ray density, grain size (ox) and drift mobility (1tq) of Ni¢_,)CuxMn;04 (0 <x < 1) ceramic.
Parameter x(Cu)

x=0.0 x=0.2 x=0.4 x=0.6 x=0.8 x=1

Lattice parameter (A) 8.38 8.37 8.36 8.32 8.27 8.24
X-ray density (gm/cm?) 5.23 5.25 5.32 5.41 5.54 5.62
Grain size (jum) 0.45 0.50 0.60 0.70 1.10 1.85
Drift mobility (room temp.) (x10-'6 cm?/V—5) 13.38 13.59 13.95 14.50 14.89 15.01
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of pores is reduced due to increase in grain size as a result of which
individual grains come closer to each other and the effective area
of grain to grain contact increases. This in turn results in greater
densification or lesser porosity which is observed from X-ray and
sintered density and also in SEM images (Fig. 3).

3.2. Surface morphology

Representative micrographs for Ni¢y_,)CuyMn04 (0<x <1) are
shown in Fig. 3. The surface morphology of all the compositions
showed that the grain size increased with increase in copper con-
centration from 0.45 to 1.85 wm. The grain size has been tabulated
in Table 1. The increase in grain size with copper content is due to
the higher atomic mobility of copper ions induced by liquid phase
sintering [19]. On substitution of copper the grain texture turns to
polyhedral with lesser microstructure homogeneity and a variation
in grains size is observed which gradually increases with increase in
copper concentration. The grain size obtained in this work is much
smaller than those for the samples prepared by ceramic method
(3-18 wm) [20].

3.3. DC electrical resistivity

Fig. 4 shows the relationship between log p and 1000/T (K~1) for
Ni¢;_xyCuxMn04 which follows the Arrhenius plot.

Fig. 4. Relationship between log p and 1000/T (K~") for Ni(_xCuxMn;04 (0 <x<1)
ceramic.

Fig. 3. SEM images of Ni(;_,)CuxMn,04 (0 <x <1) ceramic.
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Table 2
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Composition dependent thermistor constant, activation energy, sensitivity index and stability factor of Ni(;_,)CuxMn;04(0 <x < 1) ceramic.

Composition of thermistor Resistivity at Resistivity at Thermistor Activation Sensitivity Stability factor
30°C (MS2cm) 90°C (M2 cm) constant B (K) energy (eV) index (o) (SF)
NiMn, 04 43.50 20.3 1397.36 0.1197 0.0152 0.3309
NiggCup2Mn;04 42.09 21.04 1270.87 0.1036 0.0138 0.3010
NigsCug4Mn;04 40.50 21.46 1164.04 0.1107 0.0126 0.2757
Nig.4CugeMn;04 39.18 19.59 1270.87 0.0976 0.0138 0.3010
Region I Region II
Nip2CupsMn,04 38.16 18.44 1333.03 0.1693 0.08366 0.0145 03157
CuMn, 04 32.92 17.28 1484.74 0.1612 0.0954 0.0161 0.2798

The DC electrical resistivity of Ni¢;_yyCuxMny04 was found to
decrease with the increase in copper concentration from 0.0 to 1.0
at room temperature. In nickel manganite the electrical conduc-
tivity does not depend only on the Mn3* and Mn** concentration
or hopping distance. For a given concentration of substituted tran-
sition metal ions, the configuration of ions in octahedral position
also governs the conductivity. Indeed all the Mn3* ions do not par-
ticipate in hopping process, to participate in hopping they need
to have in their vicinity Mn** ion. Therefore, the ordering between
Mn3* and Mn** and the presence of foreign ions on octahedral sites
may disrupt the conduction [21]. The decrease in resistivity with
increase in copper is due to the fact that Cu ions prefer the occu-
pation of tetrahedral (A) sites and Ni ions prefer the occupation
of octahedral (B) sites, while Mn ions partially occupy the A and
B sites. On increasing Cu ion substitution (at A sites), Ni ion con-
centration (at B sites) will decrease. This leads to the migration of
some Mn ions from A sites to B sites to substitute the reduction in
Ni ion concentration at B sites. As a result the number of Mn** ions
at the B sites (which is responsible for conduction in manganite)
increases. According to this mechanism the electrical resistivity of
the material is inversely proportional to the concentration product
of Mn3* and Mn**. Consequently, resistivity decreases as copper
concentration increases [22,12]. The decrease in resistivity due to
copper content may also be due to the participation of Cu* and Cu2*
cations at octahedral sites in the hopping process whereby increas-
ing cation transition probability of localized carriers at octahedral
sites [3,12]. Resistivity is actually the result of the combined factors
such as grain size, crystal structure, imperfections and microstruc-
ture homogeneity. The high room temperature resistivity obtained
in this work can be attributed to smaller grain size of the samples.
Small grains imply larger number of insulating grain boundaries
and hence greater energy barrier to electron conduction resulting
thereby in higher resistivity.

The resistivity at 30 and 90 °C, thermistor constant (Bsg,gp), acti-
vation energy, sensitivity index and stability factor are tabulated in
Table 2.

The thermistor constant Bzggo Was calculated by the equation
[21]:

B _ In(R30/Rgp)
30/90 = [(1/T30) — (1/Top)]

where R3g and Rgg are resistivity measured at 30 and 90 °C respec-
tively.

The activation energy was calculated using the equation
E=2.303*K* slope of log p vs. 1000/T (K-1) curve. The sensitivity
index (o) and stability factor (SF) were calculated using the follow-
ing formula [23]:

7B Rmax

-, SF =1lo
T? & Rmin

o=

The Nig;_xyCuxMny04 NTC ceramics shows the coefficient of
temperature sensitivity in the range ~1300 K which is in the indus-
trial range.

The activation energy is primarily the energy for hopping pro-
cess from a cation M™* to M("™*1) on the octahedral sites and hence
the mobility of the cations [3]. It is well known that conduction
is caused in nickel manganite by hopping of electron between
Mn3* and Mn** on octahedral sites. The activation energies calcu-
lated using the Arrhenius equation and from the specific resistivity
values are tabulated in Table 2. The Arrhenius plot shows two dis-
tinct regions with different slopes for two compositions x =0.8 and
x=1.0. Generally the change in slope is attributed to a change in
conduction mechanism. The conduction at low temperature is due
to the hopping of electrons between Mn3* and Mn** ions whereas
at high temperature it is due to polaron hopping. The activation
energies show direct response to the changes in concentration of
copper substitution in nickel manganite because the substitution
could change the energy band structure of the compound. The
equation infers that the current carriers are generally electrons
originated from Mn3* centers, which acts as electron donor. At
higher temperatures the concentration of Mn3* ions increases along
with increased hopping of holes generated from Ni3* and Ni2* ions
transition. Similar results have been observed by Balaji et al. [24]
in tin substituted nickel ferrite.

Drift mobility (uq) of the all six compositions has been calcu-
lated by using the relation given by Ajmal et al. [15]. Drift mobility
of all the six compositions at room temperature are tabulated in
Table 1. It increases from 13.38 x 10~16 to 15.01 x 1016 cm?2/V—$
with concentration of copper varying from 0.0 to 1.0. It can be seen
that the compositions having higher resistivity have low mobility
and vice versa [25].

3.4. Dielectric constant

The dielectric constant (¢’) was determined by the well known
relation:

e

Y

where ‘C is the capacitance of the pellet in Farad, ‘d’ is the thickness
of the pellet in meter, ‘A’ is the cross sectional area of the flat surface
pellet, and ‘eq’ is the constant of permittivity for free space.

Silver paint (air dried) was coated on the flat surfaces to form
electrodes for dielectric measurements. The dielectric constant of
the samples was calculated from the capacitance (Cp) and loss
factor (tan§) values measured using LCR meter bridge (HP4284A)
in the frequency range 20Hz to 1 MHz at room temperature. The
compositional variation of dielectric constant (¢’) and loss factor
(tand) with frequency (20Hz to 1 MHz) at room temperature is
shown in Figs. 5 and 6 respectively. It shows that the value of
dielectric constant at lower frequency (20 Hz) is much higher, for
NiMn;Qy it is ~2 x 103 and 3 x 10° for CuMn; Q4. It decreases with
frequency and becomes constant at higher frequency, attaining a
value of ~0.18 x 103 for NiMn,04 and ~2.991 x 103 for CuMn,04.
The mechanism of polarization in polycrystalline manganite is
mainly reported due to the electron exchange interaction (hopping)
between the Mn3* and Mn** ions at the octahedral sites. This elec-
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Fig.5. Variation of dielectric constant with frequency of Ni(; _CuyMn;04 (0 <x<1)
ceramic.

tron hopping appears to be favourable at lower applied ac electric
field frequencies; the dielectric constant has therefore a maximum
value at lower frequencies [26]. The variation of dielectric con-
stant with frequency can be explained according to space charge
polarization of Maxwell and Wagner two layer model with Koop’s
phenomenological theory. According to this model the dielectric
structure of the ceramic material is considered to be made up of
two layers. The first layer consists of conducting grains and the sec-

Fig.6. Variation ofloss factor with frequency of Nij;_y)CuyMn;04 (0 <x < 1) ceramic.

Fig. 7. Dielectric constant as a function of x(Cu) in Ni(_y)Cu,Mn; 04 ceramic.

ond layer consists of poorly conducting grain boundaries. At lower
frequencies the electrons at grain boundaries are more active than
those in the grains, while at higher frequencies only the electrons in
grains are active in electrical conduction. The electronic exchange
between Mn3* and Mn*#* is due to the local movement of electrons
in the direction of electric field which determines the polarization
in manganite. Polarization decreases with increase in frequency
and then attains a constant value. It is because at higher frequencies
the electrons exchange Mn3* <> Mn** cannot follow the applied ac
electric field hence ¢’ and tan § decreases [27]. The decreasing trend
in ¢’ with increase in frequency is natural due to the fact that any
species that contribute to polarizability is found to lag behind the
applied field at higher frequencies.

The variations of dielectric constant with copper concentra-
tion in Ni¢;_x)CuxMny04 (0 <x < 1) ceramics shown in Fig. 7. It is
observed that as copper content increased dielectric constant also
increased. The polarization is affected by some factors such as struc-
tural homogeneity, stoichiometry, density, grain size and porosity
of the sample. The higher density of these compositions (when
copper concentration increases) implies, decrease in the poros-
ity and higher number of polarizing species per unit volume, both
contributing to the observed increase in polarization [14]. When
copper concentration increases in nickel manganite it results in a
decrease in structural homogeneity of the manganite which may
cause increase in polarization.

4. Conclusions

We conclude on the basis of the experimental results that
the substitution of copper in Ni(;_xyCuxMn;04 ceramics produce
appreciable changes in the structural and electrical properties.
Grain size and sintered density increased linearly with copper con-
tent and porosity decreased. The resistivity decreased linearly with
copper and low activation energy obtained. The good value of ther-
mistor constant (B), make these compounds promising for high
temperature NTC type thermistor applications, with tunable range
of sensitivity.

The dielectric constant of 0.6 x 103 to 5.3 x 103 at a frequency
of 1kHz and 0.18 x 103 to 2.99 x 103at a frequency of 1 MHz was
obtained with increase in copper concentration. The value of dielec-
tric constant increased from 2 x 103 to 3 x 10° at room temperature
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for frequency 20 Hz when copper was substituted in nickel man-
ganite. The high dielectric constant might be used in capacitors of
dynamic random access memories (DRAM) for personal comput-
ers and workstations. The results obtained in this work strongly
suggests that Nigy_,)CuxMny04 (0 <x <1) ceramics can be a good
candidate for applications where high dielectric constant with low
loss in radio-frequency range are required. Copper content has
significant influence on the electromagnetic properties, such as ini-
tial permittivity, quality factor, DC resistivity, dielectric constant
and dielectric loss tangent as well as their frequency dispersion
for Ni-Cu manganite and it can be applicable in temperature-
compensating dielectrics at room temperature.

These ceramics might also be attractive for capacitor applica-
tions and certainly for microelectronics, microwave devices (like
mobile phones), where the miniaturization of the devices is crucial.
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