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The complex impedance spectroscopy study of magnesium niobate Mg4Nb2O9

(MN) ceramics with different additions of V2O5 (0%, 2%, 5%) was performed in
this present paper. The preparation of MN samples were carried out by using
the solid-state reaction method with a high-energy milling machine. Fre-
quency and temperature dependence of the complex impedance, complex
modulus analysis, and conductivity were measured and calculated at different
temperatures by using a network impedance analyzer. A non-Debye type
relaxation was observed showing a decentralization of the semicircles. Cole–
Cole formalism was adopted here with the help of a computer program used to
fit the experimental data. A typical universal dielectric response in the fre-
quency-dependent conductivity at different temperatures was found. The
frequency dependent ac conductivity at different temperatures indicates that
the conduction process is thermally activated. The activation energy was ob-
tained from the Arrhenius fitting by using conductivity and electrical modules
data. The results would help to understand deeply the relaxation process in
these types of materials.
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INTRODUCTION

Microwave and radio frequency devices based on
dielectric materials have strongly increased the
demand for materials, which can meet all the
specifications required for communication systems,
such as a high quality factor (Qf), an appropriate
dielectric constant (eR), and a near-zero temperature
coefficient of resonant frequency (sf). Besides these
essential and applicable parameters for communi-
cation applications, there is also a concern of
optimizing the process of production of these

materials for a more facility to guarantee a coming
perspective of manufacturing telecommunication
devices, for example, sintering temperature, heat-
ing/cooling rate, milling time, dwell time in furnace
were also taken into account in this present paper.
The corundum-like phase of magnesium niobate
MN with a high Qf, is a suitable material for
microwave applications specially because of its
dielectric constant and high quality factor values
which are comparable to those of sintered Al2O3.1,2

It is also an important material, which shows self-
activated photoluminescence at room tempera-
ture.3,4 The method to produce MN powders of
precise stoichiometry and desired properties
depending on a number of variables such as raw(Received September 10, 2016; accepted January 18, 2017;
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materials, their purities, processing history, tem-
perature, time, and so on.5,6 In general, production
of single-phase MN ceramic is not straightforward,
as minor concentrations of the MgNb2O6 phases
and/or MgO inclusion are sometimes formed along-
side the major phase of Mg4Nb2O9.7 The prepara-
tion of MN samples to be investigated was
accomplished by using the solid-state reaction tech-
nique consisting of a simple and non-incisive pro-
cess, which differs from other methods involving
preparation of chemistry solutions.8,9 The choice of
V2O5 to be added to MN ceramics was for lowering
the sintering temperature without worsening the
dielectric and microwave properties. In this present
paper, a previously series of samples with different
percentages (0%, 2%, 5%) of V2O5 additions has
been prepared in order to investigate the effect on
MN ceramics. Better results were found in favor of
the MN02 specimen, which is presented here.
Impedance parameters were measured by a Solar-
tron 1260A Impedance/Gain-phase Analyzer�. The
pellets were fabricated appropriately contained in a
cylindrical thermal chamber where the temperature
was kept constant and stable while varying the
frequency from 1 Hz to 1 MHz at various temper-
atures (305–430�C). The impedance measurements
of the specimens to be visualized and analyzed were
collected by a network computer program.

EXPERIMENTAL PROCEDURES

Material Preparation

The starting powdered materials used in this
present paper were commercially available magne-
sium oxide, MgO (99.9% purity) and niobium oxide,
Nb2O5 (99.5% purity) for formation of single-phase
Mg4Nb2O9 ceramic. Both MgO and Nb2O5 powders
were individually weighed for the following stoi-
chiometric formula: 4MgO + Nb2O5. They also were
individually heated in a conventional oven at 150�C
for 2 h in order to eliminate excess water absorbed
from the air. Preheated oxides were mixed thor-
oughly in an agate mortar and put them in an
alumina crucible for the calcination process by
using a programmable furnace with heating/cooling
rate of 5�C/min and a 5-h dwell time at 1000�C. The
formation of the compound was confirmed by x-ray
diffraction (XRD) and no other second phase was
detected. The XRD pattern of the calcined powders
was found using an XRD powder diffractometer
with CoKa radiation (k = 1.788965 Å) in a wide
range of Bragg angles 2h (20�< 2h< 80�) at a
scanning rate of 0.5�/min. The fine and homoge-
neous calcined pure powders were used to prepare a
series of three specimens with different additions of
V2O5 (0%:MN00, 2%:MN02, and 5%:MN05). Then,
the specimens were pressed into circular pellets of
�15 mm diameter and thickness �1–2 mm by
applying a pressure of 6 MPa using an axial
hydraulic press. Polyvinyl alcohol (PVA) was used
as the binder to reduce the brittleness of the pellets.

The organic binder was burnt out during sintering
process. The sintering process was carried at 1100�C
for 6 h. The sintered pellets were polished on fine
emery paper in order to make both the faces flat and
parallel. The polished faces were then electroded
with high purity silver paste. The frequency and
temperature dependent dielectric measurements
were carried out using an Agilent 4294A (40 Hz–
110 MHz) Solartron SI 1260 (0.1 Hz–32 MHz)impe-
dance analyzer appropriately connected to a network
computer and using a programmable electrometer
and heating arrangements. For this purpose, pellets
were kept at 100�C for 14 h before taking any
measurement in order to avoid rehydration during
experiments. All the measurements were carried out
in dry air.

RESULTS AND DISCUSSION

Structural Properties

In order to identify the one-phase material, XRD
analysis was carried out, the sample data were
identified, and the powder diffraction pattern of
Mg4Nb2O9 ceramics was plotted as the measured
intensity. These patterns agree with inorganic
crystal structure database (ICSD) data as shown
in Fig. 1.

The refinement was carried out by using
DBWTools software which uses Rietveld refinement
technique. DBWS Tools for Windows 95/98/NT is a
graphical interface for DBWS, one of the most used
programs for Rietveld refinements. DBWS Tools
handles refinement jobs by compiling Input Control
Files (ICF) for DBWS, running the program and
showing the graphical results using the shareware
program DMPlot, which plots diffraction patterns.10

The Rietveld plot of powder diffraction patterns are
depicted in Fig. 2. The comparative analysis of
experimental and calculated indicates a good fit,
which was expected from the low level of residuals.
The chemical composition of the major phase estab-
lished from XRD data is nearly identical to the
known composition of the material. Therefore, the

Fig. 1. Diffraction patterns of the observed data and ICSD number.
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outcome of this crystal structure determination may
be accepted as satisfactory. The presence of an
impurity phase in this specimen was not detected,
and the structure was included into a ‘‘normal’’
Rietveld refinement process. The figures of merit
are customarily used to characterize both the full
pattern decomposition and Rietveld refinement
quality. The four values of the figures of merit
(residual profile Rp, the expected profile residual
Rexp, the weighted residual profile Rwp , and the
goodness of fit v2) and the lattice parameters with
angles are shown in Table I.

Dielectric Properties

The relation of frequency to dielectric constant
(eRe) at different temperatures for both MN00 (a)
and MN02 (b) is depicted in Fig. 3. A relaxation is
observed in the entire temperature range as a
gradual decrease in eRe as increasing frequency.

The nature of dielectric permittivity related to
free dipoles oscillating in an alternating field may
be described in the following way. At very low
frequencies (f « 1/2ps) s is the relaxation time),
dipoles follow the field and eRe � eS (value of the
dielectric constant at quasi-static field). As the
frequency increases (f< 1/2ps), dipoles begin to
lag behind the field and eRe slightly decreases.
When frequency reaches the characteristic fre-
quency (f = 1/2ps) the dielectric constant drops
(relaxation process). At very high frequencies
(f » 1/2ps), dipoles can no longer follow the field
and eRe � e1 (high-frequency value of eRe).

11,12

Qualitatively, this is the behavior observed in
Fig. 3 for both MN00 (a) and MN02 (b) samples. It

is observed that at temperatures above 380�C, the
permittivity exhibits a significant increment of
values. It is evident that the dielectric constant
decreases as increasing frequency. In the starting
low frequency range e has higher values.13 The e
values decreased gradually as the frequency
increased from 10 Hz to 10 kHz and then decreased
slowly and become almost constant up to 1 MHz for
all specimens.14,15 The observations may be
explained by the phenomenon of dipole relaxation.
This is due to the inability of the electric dipoles to
switch with the frequency of the applied electric
field.16 The low-frequency dielectric dispersion
increased with increase in V2O5 addition.

Complex Impedance Analysis

Complex impedance spectroscopy analysis
(CISA)17 is a powerful technique for the character-
ization of electrical behavior of ceramic materials,

Fig. 2. The observed and calculated powder diffraction patterns of
Mg4Nb2O9 after Rietveld refinement.

Fig. 3. Real parts of permittivity as a function of frequency at dif-
ferent temperatures for MN00 and MN02.

Table I. The refinement residues of Rietveld method and lattice parameters

Rp Rexp Rwp v2 a (Å) b (Å) c (Å) a (�) b (�) c (�)

7.39% 11.30% 12.03% 1.06 5.1609 5.1609 14.020 90 90 120
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where a sinusoidal wave is applied and the ac
response is analyzed. In this present paper, the
impedance is measured as a function of frequency at
different temperatures. The results can be seen in
the form of a succession of semicircle arcs repre-
senting electrical phenomena due to bulk, grain
boundary effect, and interfacial phenomena in the
Argand plane.18 The frequency-dependent electrical
properties of a material are represented in terms of
complex impedance Z*, as follows,

Z� ¼ ZRe �
ffiffiffiffiffiffiffi

�1
p

Zim; ð1Þ
where ZRe and ZIm are the real and imaginary
components of impedance, respectively; j = ��1 is
the imaginary factor. Real parts of impedance with
imaginary parts of impedance provide important
details about the conducting behavior of the mate-
rials. The imaginary and real parts of complex
impedance were plotted by using experimental data
taken over a particular frequency range (1 Hz–
1 MHz) at different temperatures (305–430�C) as a
Nyquist diagram or complex impedance spectra of
the pure specimen MN00 and the V2O5 added
specimen MN02. For the quantitative analysis of
the impedance spectrum for this present work was
adopted the Cole–Cole formalism by using the
equation as follows:

Z� ¼ Z1 þ ZS � Z1ð Þ
1 þ

ffiffiffiffiffiffiffi

�1
p

2ps
� � ð2Þ

Here, Z1 and Zs are the high and low frequency
limit of the impedance, respectively, and Zs � Z1 is
resistance strength, s is the mean relaxation time

Fig. 4. The complex impedance plane plots for the MN00 (a) and
MN02 (b) specimens at different temperatures. The inset shows an
expanded view of the high temperatures.

Fig. 5. Real and imaginary parts of complex impedance fitted by Cole–Cole function for MN00 (a, b) and MN02 (c, d) at 380�C.
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and a represents the distribution of relaxation time.
It is also observed for both MN00 and MN02
specimens that at high temperatures the arcs
decrease their magnitudes and their curves shift
towards real (ZRe) axis in Fig. 4. The semicircular
arcs are representative of a grain effect, which in
the long run, on electric conductivity may originate
from a grain boundary potential barrier. From the
intercepts of the each semicircular arc with the real
axis, the resistance of the grain and the resistance
of the grain boundary can be obtained.19 Therefore,
the complex impedance plot of both specimens
(MN00 and MN02) exhibited one impedance arc
and obey the Cole–Cole-type relaxation. Then, the
one semicircular arc is representative of the bulk
properties of the grain. In addition, according to the
semicircular arcs of the MN02 specimen there is an
intensity decrease of them comparing to MN00
specimen probably due to the addition of V2O5.
Obviously, there is only a single semicircle present
in both specimens and this semicircle should be
corresponding to the Mg4Nb2O9 specimen and in
principle it can be fitted with a single R–C circuit.
All the samples reveal dispersion due to Maxwell–
Wagner20,21 type interfacial polarization in agree-
ment with Koop’s phenomenological theory.22,23 The
high value of dielectric constant observed at lower
frequencies can be explained on the basis of space
charge polarization due to inhomogenities in struc-
ture like impurities, porosity and grain structure.24

Fig. 6. Nyquist semicircle curves fitted by Cole–Cole formalism for MN00 (a) and MN02 (b) at 380�C, 405�C, and 450�C, respectively.

Table II. Simulation parameter for Cole–Cole fitting function

Sample Temperature (�C) a s ZS Z1

MN00 380 0.7673 8.06 9 10�5 2.972 9 106 1810
MN00 405 0.7676 3.06 9 10�5 1.093 9 106 2907
MN02 380 0.7680 24.00 9 10�4 9.083 9 107 863
MN02 405 0.7272 8.04 9 10�4 2.877 9 107 1440

Fig. 7. Frequency dependence of ZRe for MN00 (a) and MN02 (b)
specimens at different temperature.
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Moreover, the resistance of the material, which is
determined by the semicircle diameter, decreases as
increasing temperature, this behavior indicates that
the temperature coefficient will be negative.25

In order to confirm that the Cole–Cole relaxation
model is appropriate to represent the experimental
data, both MN00 and MN02 specimens were fitted
by using Eq. 3 with the help of a computer program
elaborated to give adequate experimental data to
Cole–Cole formalism showing a good fit for the
experimental data at 405�C, as shown in Fig. 5. The
solid lines and open circles represent the fitting
function and the experimental data, respectively, at
405�C for MN02 (top) and MN00 (bottom). The
curves represent the Bode plots, which consists of
ZRe and ZIm as a function of frequency.

Experimental data of ZIm and ZRe were also fitted
with Cole–Cole fitting function, as shown in Fig. 6
at 405�C for MN02 and MN00 specimens, respec-
tively. A good fit was observed, especially for higher
temperatures due to less interference from lower
frequency regions.

The simulation parameters for the Cole–Cole
fitting function are shown in Table II, where the
dispersion term a belongs to the interval 0< a< 1
to satisfy Cole–Cole formalism, and when a is equal
to 1 it expresses the Debye relaxation model. The a
parameter plays a role of enlarging the curves as it

increases and narrowing as it decreases. The
parameter s represents the time relaxation and it
makes the curve shift to lower frequencies as
increasing and to higher frequencies as decreasing.
Zs and Z1 are the impedances for higher and lower
frequencies, respectively.

The real parts (ZRe) of the complex impedance
(Z*) as a function of frequency at different temper-
atures for MN00 and MN02 specimens are depicted
in Fig. 7. It is clearly observed with the help of log–
log curves that the magnitude of ZRe, hereby
representing the electric resistance, decreases with
increasing frequency and temperature, which for
both MN00 and MN02 specimens indicates a certain
reduction of grains, grain boundaries, and electrode
interface resistances.24 This phenomenon implies
the negative temperature coefficient of resistance in
Mg4Nb2O9. At higher frequencies, the magnitude of
ZRe values for all temperatures present a limit, i.e.,
the ZRe curves shift to the same point, suggesting a
probable release of space charge and a consequent
lowering of the energy barrier properties for both
specimens.25 By comparing MN02 to MN00 speci-
mens with each other, it was observed that MN00
has a shorter dc plateau, which indicates that the
direct conduction process was somehow limited by
the presence of V2O5 addition. Consequently, at
lower temperatures, the behavior of shifting toward
the same point occurs earlier compared to the MN00

Fig. 8. Frequency dependence of ZIm of MN00 (a) and MN02 (b)
specimens at different temperatures.

Fig. 9. Frequency dependence of ac conductivity at different tem-
peratures for (a) MN00 and (b) MN02.
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specimen. A considerable increase in magnitude of
ZRe for the MN02 specimen was also observed.

Imaginary parts of complex impedance (ZIm) at
different temperatures for both MN00 and MN02
specimens are represented by curves where the
position of the relaxation peak in ZIm shifts to
higher frequencies with increasing temperature and
an intense dispersion of ZIm is observed as shown in
Fig. 8b. The asymmetric broadening of the peaks,
very evident for MN02 specimen, suggests the
presence of electrical process of the material with
a distribution of relaxation times, non-Debye model.
The relaxation species may be possibly due to
presence of electron at low temperature and defects
at higher temperature.

It is observed that one peak appears for all
temperatures, indicating the presence of only one
dielectric relaxation process for both specimens. The
position of the peak shifts to higher frequency with
increasing temperature for both specimens. The
magnitude of the peak for the MN00 specimen at
different temperatures is smaller than found in
MN02, probably due to the effect of V2O5 addition on
Mg4Nb2O9. It can be clearly seen that the first peaks
at different temperatures for specimen MN02 show
a typical peak broadening, whereas the peaks for
specimen MN00 the broadening phenomenon

presents less strong. The decrease in magnitude of
peaks for both specimens as increasing temperature
occurs in conformity. The frequency dependence of
conductivity (rAC) at different temperatures is
shown in Fig. 9 for (a) MN00 and (b) MN02 samples.
The conductivity spectrum can be visually defined
for two distinct regions, namely, the low-tempera-
ture region where continuous dispersion curves of
conductivity are observed for both undoped and
doped specimens. Then the conductivity patterns
approach close to each other in the high-frequency
region for the same temperature region. This may
be attributed to the space charge dependent region.

The plateau region corresponds to the frequency-
independent dc conductivity (rDC). The rise in the
conductivity value with temperature indicates that
the electrical conduction is a thermally activated
process for both samples. It was also observed that
the plateau is shorter for the MN02 sample than
that observed for the MN00 specimen, probably
because of V2O5 addition. The decrease of the
magnitude of conductivity of the MN02 specimen
compared to the MN00 sample is probably also due
to the presence of V2O5 addition.

Using the values of electrical conductivity and
modulus at 1 Hz, it was possible to relate the values
of temperature and conductivity, which was

Fig. 10. Frequency dependence of the imaginary part of the electric
modulus at different temperatures for (a) MN00 and (b) MN02
specimens.

Fig. 11. Frequency dependence of the real part of the electrical
modules at different temperatures for (a) MN00 and (b) MN02
specimens.
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observed through the use of the Arrhenius relation-
ship as follows, r ¼ r0 exp �Ea=kT½ � for the conduc-
tivity, where r0 is an initial exponential factor, Ea is
the activation energy of conduction process related,
k is the Boltzmann constant and T is the absolute
temperature in Kelvin. Variation in temperature is
shown for both the pure sample as shown of MN00
and MN02 in Fig. 9a and b, respectively. In
summary, the curves corresponding to the activa-
tion energy can be analyzed in the following: How do
we know from the previous curves that increasing
the temperature will cause a decrease in the
relaxation time due to an improvement of the
mobility of charge carriers in higher temperatures?
This is well described by the Arrhenius-type behav-
ior. The Arrhenius equation is used to calculate the
activation energy through the value of the slope of
the straight line sketch of relaxation time, where we
have the maximum frequency in the imaginary part
of the spectrum of the modulus.

The electrical response of the system can also be
studied through complex electric modulus, which is
calculated using the relation:

M� ¼ 1=e� ¼ MRe þ jMIm ð3Þ

Note that electric module (M*) scales inversely to
the complex permittivity, that is the more conduc-
tivity loss contributes to the permittivity, the less
conductivity loss affects the electric modulus.

The imaginary parts of complex electrical modu-
lus of the MN00 (a) and MN02 (b) samples are
shown in Fig. 10. It is observed that the peaks are
frequency and temperature dependent, which is
clearly confirmed for the pure specimen MN00
where the peaks appear more shifted to the right
with increasing temperature. It was also observed
that the MN00 specimen has nearly the same peak
magnitudes, and at lower temperature there is a
more displaced peak to the left. In relation to MN02
specimen, it can be seen that the six curves at
305�C, 330�C, and 355�C are slightly shifted to the
right, which differs from the three curves at 380�C,
405�C, and 430�C that are more shifted to the left,
as shown in Fig. 10. The variation of MRe increases
with increasing frequency and reaches constant
value, M1 [MRe(x) asymptotic value for high fre-
quencies]. In Fig. 10a the domains of this transition,
peaks in the values of MIm, are formed providing a
relaxation process. A peak position shifts to the high
frequencies as increasing temperature. Conse-
quently, this means that a relaxation stops this
convection process as increasing temperature.

The variation of real part of electric modulus MRe

as a function of frequency over a range of temper-
ature is given in Fig. 11a. The value of MRe is very
low (approaching zero) in the low frequency region.
As frequency increases the value of MRe increases
and reaches a maximum constant value of M1 = 1/
e1 at higher frequencies for all temperatures.26

Figure 12 shows the values of the activation
energy for the conductivity of approximately
0.409 eV, which is close to the modulus 0.413 eV
values, indicating that the electrical entities
involved and responsible for the electrical conduc-
tion and the relaxation process observed in M* are
the same. The activation energies of 0.597 eV and
0.593 eV related to the MN02 specimen were found
for conductivity and the modulus, respectively.
Hereby, comparing with the pure sample, an
increase in activation energy is probably due to
the addition of V2O5. Thus, we use both direct
conductivity and the imaginary part of modulus for
plotting the charts of the activation energy initially
for MN00 MN02 specimens. The MN05 specimen
presents an activation energy of 0.68 and 0.78 eV
calculated by conductivity and the complex modu-
lus, which are two values less close comparing to the
MN00 and MN02 specimens. Finally, we have the
MN10 sample, which obtained a 0.58 eV activation
energy determined by the conductivity and 0.46 eV
calculated by the frequency to the maximum value
of the modulus of complex impedance. We note that
the samples MN00 and MN02 have an activation
energy closer to comparing with subsequent sam-

Fig. 12. Shows activation energy for (a) MN00 (b) MN02 samples.
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ples where we assumed that the addition of V2O5

caused changes in activation energy. The curves are
very close to the simulation of the experimental
points both for those originating from the conduc-
tivity and the electric complex modulus. The excess
of addition can affect the properties and it will
always be a case of a tradeoff between the param-
eters to determine which best suited.

CONCLUSION

The present work reports the results of our
investigation on the dielectric and electric proper-
ties of Mg4Nb2O9 ceramic with the addition of 2% of
V2O5 for the improvement of electrical and dielectric
properties for coming microwave and radio frequen-
cies applications. The samples were analyzed over a
range of frequency (1 Hz to 1 MHz) at different
temperatures (305–430�C). The dielectric constant
gradually decreases with increasing frequency for
all samples. Increasing the temperature, increases
the dielectric constant obviously, which becomes
even more significant at low frequency (below
10 Hz). Nyquist diagrams which is represented by
semicircular arcs have indicated a single relaxation
phenomenon for both MN00 and MN02 specimens.
Modulus analysis indicates non-exponential type
conductivity relaxation in the material and the
activation energy calculated from electric modulus
and conductivity for both MN00 and MN02 speci-
mens are �0.409 eV (rDC)/�0.413 eV (MIm) and
�0.597 eV (rDC)/�0.593 eV (MIm), respectively.
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