
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$ - se

http://dx.doi.or

nCorrespond

E-mail addr
Ceramics International 39 (2013) 1241–1247

www.elsevier.com/locate/ceramint
Far infrared and microstructural studies of mechanically
activated nickel manganite
S.M. Savića,n, M.V. Nikolića, K.M. Paraskevopoulosb, T.T. Zorbab, N. Nikolića,
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Abstract

Nickel manganite powder synthesized by calcination of a stoichiometric mixture of manganese (MnO Aldrich 99.9%) and nickel oxide

(NiO Merck, 99.5%) containing 0.5 wt% CoO and Fe2O3, was additionally mechanically activated in a high energy planetary ball mill

for 5–60 min. The resulting powders were uniaxially pressed into disc shape pellets and then sintered for 60 min at 900 1C, 1050 1C and

1200 1C. Morphological changes of the obtained nickel manganite ceramics induced by mechanical activation were monitored using

scanning electron microscopy, while changes in structural characteristics were followed using X-ray powder diffraction. Room

temperature far infrared reflectivity spectra for all sintered samples were recorded in the frequency range between 50 cm�1and

1200 cm�1. The observed spectra for all samples showed the presence of the same oscillators, but their intensities depended on the

sintering temperature and the time of mechanical acivation. Transversal and longitudinal optical modes were calculated for six ionic

oscillators (four strong, and two shoulders) belonging to the nickel manganite partially inverse spinel structure.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The main characteristic of thermistors with a negative
temperature coefficient is an exponential decrease in
specific resistivity (r) over a wide temperature range.
NTC thermistors have found widespread use for different
(multiple) applications, such as temperature and pressure
sensing, device protection, time delay circuits, voltage
regulation, fire wire sensors [1–4], infrared detectors [5,6],
fluid flow [7] and microflow sensors [8,9], miniature chip
sensors [10].These materials are used in many applications
(domestic and industrial) either to sense or to respond to
changes in temperature.

NTC ceramics have been used as a material for thermistor
devices for a long time. Since S. Ruben discovered the first
pyrometer device in 1930 until nowadays, exploration of
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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materials with this type of behavior (resistivity falls with
temperature) was and remains very inspirational. For elec-
troceramics industry and manufacturers, one of the main
segments is investigation and development of NTC ceramic
thermistors. NTC ceramics, based on transitional metal
oxides have found widespread use in electronics [11,4,12].
Recently, much work has been done in the field of thin NTC
films and microbolometer applications [13,14].
Nickel manganite as a negative temperature coefficient

material is often used in industrial and domestic applications
where cost efficient but reliable temperature sensing is
required. It can be prepared by the commonly used solid
state reaction [15,16], milling with mixed oxalates [17,18] or
chemically from different precursors [12,19]. It has a cubic
spinel structure and the spinel type is intermediate. Part of
Ni2þ cations (which have a strong preference for octahedral
sites) are relocated from tetrahedral to octahedral intersticies
and this occupation induces the appearance of Mn3þ /4þ

redox couples. Mn3þ ions in octahedral sites disproportionate
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Fig. 1. XRD spectrum obtained for nickel manganite sample NMO-

1200–15.
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to Mn2þ and Mn4þ and Mn2þ ions move to tetrahedral sites
to compensate Ni2þ vacancies and cation arrangement is:
Mn2þ ½Ni2þx Mn4þx Mn3þ2�2x�O

2�
4 .

The well known thermally activated hopping mechanism
between Mn3þ and Mn4þ placed in octahedral sites is
responsible for conduction. Electrical conductivity, as well as
change of resistivity, caused by jumping electrons from Mn3þ

to Mn4þ ions, placed in the octahedral sites of spinel are
determined by cations distribution between A and B sites of
the spinel.

The cation inverse parameter x has an influence on
all physical properties and it determines both electrical
[11,20,21] as well as magnetic properties. Due to the fact
that nickel manganite is a ferrimagnetic material, its mag-
netic properties were also investigated [12,22–26]. Our
previous work was based on investigations of electric and
electronic transport properties of nickel manganite [27–29]
but it also included an analysis of optical properties [30,31].

In our recent work [32], we observed electrical and
microstructural changes in nickel manganite powder dur-
ing mechanical activation. In this case we also combined
solid state and mechanical activation reaction of the
powder, knowing the fact that mechanical activation is a
powerful tool and what it brings to a system. Having all
this in mind, the aim of this paper is to illuminate a little
better optical properties of this material and make a
correlation with synthesis parameters (time of mechanical
activation and sintering temperature). Optical reflectivity
as a function of the wave number of nickel manganite
ceramics sintered at different temperatures (prepared from
powders mechanically activated for different times) were
recorded in infrared and far infrared range and later
numerically analyzed.

2. Experimental

A stoichiometry mixture of starting manganese and nickel
oxide was calcinated for 1 h at 1050 1C and then, the powder
was additionally mechanically activated in a high energy
Fritsch Pulverisette 5 planetary ball mill. Mechanical activa-
tion was performed in a continual regime using Fe balls with
the constant disc rotation speed of 400 rpm and ball- to-
powder ratio 10:1 and the milling time (t) was 5, 15, 30, 45
and 60 min. The as-prepared powders were pressed with
196 MPa into disc-shaped pellets 10 mm in diameter and
then sintered in air using a Lenton LT 818 furnace with a
constant heating rate of 15 1C/min from room temperature
to 900 1C, 1050 1C and 1200 1C and then held for 60 min.
The corresponding samples are labeled as NMO-s-T-t.

X-ray analysis was conducted on a Seifert ID 3000
X-ray diffractometer with CuKa radiation and a step scan
mode of 0.051/10 s. Le-Bail full pattern profile fitting was
used to calculate unit cell parameters.

Microstructural characterization of sintered, fractured
and thermally etched samples was carried out on Vega TS
5130MM and JEOL JSM 6400 LV scanning electron
microscopes.
Room temperature far infrared optical reflectivity mea-
surements were performed on a Bruker 113V FTIR spectro-
meter using normal incidence light in the range between
100 cm�1 and 1200 cm�1. Prior to measuring the samples
were highly polished with P1000 and P1500 sandpaper.
3. Results and discussion

X-ray diffraction analysis showed that all analyzed
samples samples contained a single-phase spinel structure,
with a very slight change in lattice parameter. Confirma-
tion of the existence of single phase NiMn2O4 is depicted
on Fig. 1. showing X-ray diffractogram of the sample
additionally activated 15 min and then sintered at 1200 1C
for 60 min. Values of the determined structural parameters
for nickel manganite samples sintered at 1200 1C mechani-
cally activated for different times are given in Table 1.
Analysis of the determined values shows that the lattice
parameter values are very similar for all analyzed
NiMn2O4 samples regardless of the activation time. The
value of the lattice constant for a sample activated for
30 min sintered at 1050 1C was lower than values obtained
for samples sintered at higher temperatures (a¼8.3878(1)).
Ratios between X-ray diffraction lines (I220/I440) and

(I440/I422) are closely related to the distributions of diva-
lent, trivalent and tetravalent cations on octahedral and
tetrahedral sites in spinel structures [33]. The relative
integrated density (Ihkl) was calculated as [34]:

Ihkl ¼ 9Fhkl9
2
PLp ð1Þ

where Fhkl is the structure factor, P is the multiplicity
factor for the (hkl) plane and Lp is the Lorentz polarization
factor determined as:

Lp ¼ ð1þcos
2 yÞ=ðsin2 ycos yÞ ð2Þ



Fig. 2. X-ray intensity ratios (I220/I440) and I440/I422) vs time of mechan-

ical activation.

Table 1

The value of lattice constant for NiMn2O4 samples NMO-1200-(0–60) determined from Le-Bail full pattern profile fitting.

Activation time [min] 0 5 15 30 45 60

Parameter

a 8.3970(2) 8.3899(2) 8.3914(6) 8.3903(7) 8.3955(7) 8.3884(2)
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Variation of X-ray intensity ratios (I220/I440) and (I440/
I422) calculated for NiMn2O4 samples using values deter-
mined from Le Bail full pattern profile fitting of XRD data
is shown in Fig. 2. One can see that the intensity ratios
vary depending on the time of mechanical activation of the
starting powder in the manner that an increase of I220/I440
corresponds to a decrease of I440/I422.

It was shown [34] that the intensity of the peaks is
affected by the cation distribution in the AB2O4 spinel.
When more heavy ions enter the A-site, the intensity ratio
I220/I440 increases, while I440/I422 decreases which is case in
NiMn2O4, when Mn2þ (0.81 Å) enter A site instead of
Ni2þ (0.63 Å) because of Ni2þ displacement from tetra-
hedral to octahedral intersticies.

It was shown that the density of sintered samples changes
with time of mechanical activation but more so with increas-
ing sintering temperature [28]. One can note that the sample
density increased for higher sintering temperatures. It also
increased for shorter times of mechanical activation, reaching
a maximum for about 30 min of mechanical activation times
and then decreased for longer times of mechanical activation
that is a consequence of powder agglomeration [29,32]. The
changes in sample density are reflected in measured FIR
reflection spectra in accordance with our previous analysis of
NiMn2O4 sintered at different temperatures [31]. Fig. 3a shows
changes in measured reflectivity spectra for NiMn2O4 samples
activated for different times and sintered at 1200 1C, while
Fig. 3b shows the measured reflectivity for a sample whose
starting powder was activated for 5 min and then sintered at
different temperatures.

Observed reflectivity spectra for analyzed samples showed
the presence of the oscillators at the same wave number
position, and reflectivity drop at 700 cm�1 as a consequence
of a plasma effect. Intensities of peaks differ with time of
mechanical activation and for different sintering tempera-
tures. Evidently, the peaks at lower sintering temperatures
are broader.This behavior is in correlation with microstruc-
ture changes during sintering and mechanical activation
given in Fig. 4. During sintering microstructure changes are
obvious and the sintering process goes through several stages.
At 900 1C the sintering process has just started, at 1050 1C
the process of neck forming has began, there are a lot of open
pores and finally at 1200 1C the process approaches the final
stage of sintering and closed pores can be noticed.

One can note that besides the influence of the sintering
temperature that has been previously investigated [31], mech-
anical activation of starting powders also has an effect on
the microstructure of sintered samples and prolonged milling
time leads to agglomeration [32]. SEM studies of sintered
nickel manganite samples revealed a strong influence of
milling time on ceramic sample density. Longer mechanical
activation (60 min) resulted in higher agglomeration and
porosity (Fig. 5) which is later reflected in the intensity of IR
reflection peaks. For each sintering temperature reflection
spectra are similar for different times of mechanical activa-
tion with the exception of samples mechanically activated for
60 min which shows the lowest reflection due to the highest
agglomeration degree.
The measured spectra for NiMn2O4 samples sintered at

1200 1C were analyzed using the four-parameter model of
coupled oscillators introduced by Gervais and Piriou [35],
where the factorized form of the dielectric function is
defined as:

e¼ e1þ ie2 ¼ e1
Y

J

o2
jLO�o

2þ igjLOo

o2�o2

jTO þ igjTOo
ð1Þ

where ojLO and ojTO are longitudinal (LO) and transversal
(TO) frequencies, respectively, while gjLO and gjTO are their
damping factors and eN is the high frequency dielectric
permittivity. Good agreement between experimental and
calculated diagrams was obtained. Six vibration modes were
determined for all samples and the values of all calculated
optical parameters are given in Table 2. Analysis of the
reflectivity diagrams and calculated parameters from Table 2
shows that there are four strong ionic oscillators and two
shoulders (at around 250 cm�1 and 530 cm�1). Group theory
predicts four active infrared modes for a normal spinel
structure [36]. However, defects and disorder in the crystal
lattice can be the reason for the higher number of calculated
modes compared to the theoretically predicted number [37].



Fig. 3. (a) Reflectivity spectra for nickel manganite samples mechanically activated for 5 min and sintered at different temperatures and (b) IR reflectivity

spectra for nickel manganite samples sintered at 1200 1C mechanically activated for different time.

Fig. 4. Scanning electron micrographs of nickel manganite samples mechanically activated for 15 min and sintered at 900 1C (a), 1050 1C (b)

and 1200 1C (c).
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Thus, the four strong modes determined are in agreement with
the number predicted from group theory, while the two
shoulders can be an indication of a partially inverse spinel
structure combined with defects due to mechanical activation.

As for assigning modes to certain groups, it is considered
that for normal spinel structures the two high frequency
modes can be assigned as vibrations of octahedral groups
and the two low frequency modes are associated with vibra-
tions of both octahedral and tetrahedral groups [38]. Such a
claim does not stand when it comes to inverse spinels and
assignment of only the highest frequency is taken as mixed
vibrations of trivalent cations on both sites (octahedral and



Fig. 5. Microstructures of the samples NMO-1200–30 (a), NMO1200–45 (b) and NMO-1200–60 (c).

Table 2

Transversal and longitudinal modes of and their corresponding damping factors (given in cm�1) calculated for nickel manganite samples NMO-1200-(0–60).

Osc. Activation time parameters 0 5 15 30 45 60

I oTO1 174.5 174.5 174.5 174.5 174.5 174.5

gTO1 12.9 11.9 11.9 11.8 13.4 16.0

oLO1 178.1 178.1 178.1 178.1 178.1 178.1

gLO1 10.9 10.7 11.0 10.9 12.6 13.8

II oTO2 250.1 249.0 249.0 220.1 248.5 218.3

gTO2 305.4 208.8 231.2 311.5 235.9 272.7

oLO2 274.4 270.6 264.9 237.3 280.0 247.3

gLO2 350.1 243.9 257.6 385.6 332.6 399.8

III oTO3 310.8 318.3 316.6 319.2 324.8 319.1

gTO3 111.8 66.6 63.8 63.9 58.8 58.8

oLO3 344.9 337.5 336.4 337.0 336.8 332.9

gLO3 89.7 63.2 61.3 59.4 53.4 57.0

IV oTO4 414.5 419.3 422.0 423.9 422.5 422.9

gTO4 73.0 57.8 53.2 51.0 58.0 56.9

oLO4 483.2 477.6 479.1 468.4 463.1 461.9

gLO4 88.1 111.8 89.1 99.7 96.4 93.6

V oTO5 507.6 535.0 523.3 534.3 533.3 531.3

gTO5 51.7 61.6 75.3 99.8 88.5 75.9

oLO5 520.5 537.1 538.9 541.7 537.9 534.9

gLO5 55.1 36.5 45.0 45.6 43.9 40.3

VI oTO6 574.1 571.2 571.5 568.9 567.8 568.9

gTO6 74.5 77.0 57.3 59.7 74.5 85.1

oLO6 641.0 657.5 661.8 662.6 659.5 659.7

gLO6 91.0 59.4 53.8 52.5 61.6 60.8

eN 3.43 5.01 5.62 5.19 4.37 4.28
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Table 3

Born effective charges determined for NMO-1200-(0-60) samples.

Sample ZO ZNi ZMn

NMO-1200–0 1.90 1.83 2.88

NMO-1200–5 1.88 1.94 2.79

NMO-1200–15 1.92 1.92 2.92

NMO-1200–30 1.87 1.91 2.78

NMO-1200–45 1.85 1.76 2.82

NMO-1200–60 1.83 1.94 2.62
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tetrahedral). Finally, in the case of intermediate NiMn2O4

structure all determined ionic oscillators originate from the
vibrations of all atoms and forces in the lattice [31].

Born effective charges can be calculated from TO/LO
splittings of the phonon modes using the relation [39]:

XnIR

j ¼ 1

ðo2
jLO�o

2
jTOÞa ¼

1

e0V

Xnatom

k ¼ 1

Z2
kae2

mk

ð2Þ

where a is the polarization direction, the summation on the
right-side of the equation is over all atoms in the unit cell
and the summation on the left-hand side is over all active
IR-modes, e0 is the vacuum dielectric constant, V is the
unit cell volume, mk is the atomic mass and e is the electron
charge. The charge neutrality condition also needs to be
satisfied and in the case of NiMn2O4 it is:

ZNiþ2ZMnþ4ZO ¼ 0 ð3Þ

where ZNi, ZMn and ZO are the Born effective charges of
Ni, Mn and O atoms. In the ideal case these charges would
be þ2 for Ni, þ3 for Mn and �2 for O atoms. The values
calculated for samples NMO-1200-(0-60) are given in
Table 3.

All obtained values for Born effective charges are lower
than the formal charges of Ni and Mn cations, indicating
some hybridization between the cations and O anions due
to structural disorder and defects.
4. Conclusion

Obtained IR spectra for all analyzed samples showed the
presence of the same oscillators (four strong and two
shoulders) but their intensities increased with the sintering
temperature in correlation with the increase in sample density
and microstructure development during sintering. Besides the
applied sintering temperature, mechanical activation of start-
ing powders also has an effect on the measured reflectivity
spectra where higher peak intensities were measured for the
activated samples that had a higher density while nonactivated
(most porous) samples had the lowest intensities.

SEM studies of sintered nickel manganite samples
revealed the strong influence of milling time on ceramic
density. Longer mechanical activation (60 min.) resulted in
higher agglomeration and porosity that clearly reflected in
the intensity of IR reflection peaks.
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P.M. Nikolić, Thermal diffusivity and electron transport properties

of NTC samples obtained by the photoacoustic method, Materials

Science and Engineering: B Advanced 131 (2006) 216–221.
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