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Abstract
A new polycrystalline ceramic sample of (Sb1/2Na1/2)(Fe2/3Mo1/3)O3 is formed by cheap mixed oxide processing technique. 
The mass loss and the calcination temperature of the sample are optimized by thermogravimetric analysis and repeated 
firing. The formed sample crystallizes in the orthorhombic crystal structure at room temperature depicted from the X-ray 
diffraction spectra. The dielectric relaxation, impedance and modulus analysis of the sample have been analyzed in various 
temperature and frequency range. The dielectric parameters of the sample depend on frequency and temperature and with 
an increment in temperature the relaxation time falls. Impedance spectroscopy analysis predicts the association of grain and 
grain boundary resistance. The short and long-range mobility of the charge carriers are illustrated by the modulus plot. Ac 
conductivity is seen to be temperature and frequency dependent and hopping of the charge carriers is also observed at high 
temperature. Further, the universal power law is followed by ac conductivity mechanism.

1  Introduction

Recently, multiferroic materials with perovskite (ABO3) 
structure have a promising entrant due to various applica-
tions such as integrated circuits, passive components, and 
acoustic sensors [1–4]. In the present era special care is 
being taken to replace the lead-based ceramics due to its tox-
icity. As an alternative, many multiferroic materials are pro-
posed and fabricated such as TbMnO3, YMnO3, BiMnO3 and 
BiFeO3 (BFO). Among them, BFO is found to be a promis-
ing candidate due to its superior structure-related properties 
forming a room temperature multiferroic. Unfortunately, the 
practical applications or dielectric properties of BFO and 
BFO-based solid solutions are hindered due to high leak-
age current and electrical conductivity. The tailoring of the 
physio-chemical properties of a perovskite compound is pos-
sible by tuning the A-site (rare earth/large cation) and B-site 
(transition metal cation). To solve these limitations different 
works have been reported by partial substitution of Bi and Fe 

with different elements [5, 6]. But it is found in the literature 
that a minimum attention is given in the complete replace-
ment of bismuth (Bi) by same group element antimony 
(Sb) though they have different similarity. The perovskite 
compounds bearing iron have achieved greater attention as 
they have antiferromagnetic behaviour like orthoferrite. The 
multiferroic property is most widely found in large family of 
orthoferrite to the well known BFO [7–9]. The density-func-
tional theory was used to predict the structural, electronic, 
magnetic, and ferroelectric properties of SbFeO3 by Zhang 
et al. [10]. The authors synthesized SbFeO3 and SbPbO2.5 
by co-precipitation method and concluded its potential in 
anode for Li-ion batteries. The obtained antimony oxides 
have high electrochemical capacities [11]. Dixit et al. pre-
pared SbFeO3 (SFO) by solid-state reaction technique which 
suggests high dielectric parameters, and large conductivity 
which is due to hopping of electrons between Fe2+ and Fe3+ 
or may be due to the conducting nature of Sb [12]. In SFO, 
ferroelectric properties are related to Sb3+ ions with 5 s lone 
pair electrons while ferromagnetic properties are related to 
Fe3+ ions with partially filled d-orbital. The poor electric and 
magnetic properties of SFO behave as a shortcoming in its 
practical utility in advanced devices. The Fe2+ ion contents 
and volatile nature of Sb3+ lead to poor electric property. 
The spirally modulated spin structure generates a low value 
of magnetic property. To the best of our knowledge, up to 
2016, no significant work has been carried out regarding the 
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preparation and analysis of physical properties of SbFeO3. 
In our earlier two works, namely (Sb1/2Li1/2)(Fe2/3Mo1/3)O3 
and (Sb1/2Na1/2)(Fe2/3W1/3)O3 showed enhanced electric and 
magnetic properties than SbFeO3 and BFO [13, 14]. Hence 
the motivation behind carrying this work is to shed light 
on cheap ceramic processing of (Sb1/2Na1/2)(Fe2/3Mo1/3)
O3 (further termed as SNFMO) and is further investigat-
ing the nature of relaxation and conductivity using complex 
modulus and impedance tool, rarely reported according to 
the literature available.

2 � Experimental procedure

The SNFMO ceramic sample was fabricated by utilizing 
mixed oxide processing at high temperature. The ingredients 
of Sb2O3, MoO3 (M/S-Loba Chemie), Na2CO3, Fe2O3 (M/S-
Merck) with high-purity (≥ 99.9%) are carefully measured 
and mixed in a stoichiometric ratio. Further the dry, as well 
as wet mixing of ingredients, was done in an agate mortar 
for 3 h. For checking the thermal stability of the sample, a 
Thermal Analyzer (Perkin-Elmer, Model: Pyris Diamond) 
was employed. The sample was heated from 25 to 1000 °C 
(heating rate—10 °C/min) in argon atmosphere. By the 
information obtained from the TGA, the calcination of the 
sample was done at 900 °C for 4 h. For crystal structure and 
lattice parameters, the powder X-Ray diffractometer (CuKα, 
λ = 1.5405 Å, 2θ to 20–80 degree, scan speed of 2 degree/
min) was utilized. After proper phase formation, pellets of 
13 mm diameter and 2 mm thickness were compressed by 
applying pressure of 6 × 106 N/m2 and polyvinyl alcohol 
(PVA) binder. The green pellets were then sintered at 925 °C 
(optimized) for 4 h. For the characterization purpose, both 
sides of the pellet were smoothened by an emery paper, and 
then painted with silver paste which behaved as an elec-
trode. To remove the moisture of the pellets, if any, they 
were heated at 150 °C for 2 h before the electrical characteri-
zation. An LCR meter (HIOKI Hi Tester-3532) is employed 
to study the electrical properties over a temperature range 
(30–400 °C) and various frequencies (50 Hz‒1 MHz).

3 � Results and discussion

3.1 � Thermal study

The TGA of SNFMO helps to understand the thermal 
response of the sample in the argon atmosphere. The analy-
sis is also useful to optimize the calcination temperature 
and to know the thermal stability of the compound. Figure 1 
illustrates the TGA graph of SNFMO sample recorded from 
25 to 1000 °C. There are two steps in the total weight loss 
of the compound, at first 5% weight loss at 139 °C is related 

to the disappearance of trapped water in the pores of the 
material and further 23% weight loss at 900 °C may be due 
to reaction among the ingredients of the sample and evolu-
tion of CO2 gas [15]. Above 900 °C, almost zero weight loss 
indicates the reaction is completed forming a final product. 
Thus, to achieve a carbon-free product the sample is fired 
at 900 °C. In addition, the XRD data reveals that the proper 
phase formation is taken place at the same temperature.

3.2 � Structural and morphology study

The X-ray diffraction (XRD) is a technique for the identifica-
tion of phase purity and crystal structure. Figure 2a displays 
XRD pattern of SNFMO powder calcined at 900 °C. The 
software “POWDMULT” is used indexing of all the peaks 
and the lattice parameters of the sample [16]. Depending on 
the least deviation between them [∑∆d = ∑(dobs−dcal) = min-
imum] the crystal structure crystallizes in orthorhombic with 
a = 9.8412 Å, b = 9.2912 Å, c = 5.3097 Å (S.D . = 0.0012 Å). 
The Scherrer’s equation ( Phkl = K�∕�1∕2 cos � , �1∕2 = full 
width at half maximum, � is the Bragg angle, λ is the X-Ray 
wavelength, K is dimensionless shape factor, with a value 
close to unity. The typical value of shape factor is about 0.9, 
but differs with the actual shape of the crystallite) helps to 
evaluate the crystallite size and noted to be 44 nm [17] for 
strong reflection peak (3 0 0). The degree of distortion from 
ideal perovskite structure (i.e. tolerance factor) of the sample 
is found to be 0.82 by Goldschmidt tolerance factor (t) rela-
tion [18]; t =  RA+RO

√

2(RB+RO)
 , where the symbols represent the 

similar meaning. The distorted perovskite structure is being 
suggested as there is a deviation from the ideal perovskite 
structure (t = 1).

Fig. 1   Typical thermogravimetric curve of the uncalcined SNFMO 
mixture
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Figure 2b inset presents the nature of the surface micro-
structure of SNFMO specimen. There is a close packing of 
grains of various sizes over the entire surface of the studied 
ceramic compound with few voids. The energy dispersive 
X-ray (EDX) helps to compositionally verify the samples 
and the reflections corresponding to particular elements in 
the sample is obtained. Figure 2b presents the EDX pattern 
showing the presence of elements O, Na, Fe, Mo and Sb. The 
percentage of weight and number of atoms of the different 
elements present in the compound are presented in Table 1. 

The stoichiometric composition of the prepared material is 
again verified with the help of EDX spectra which is similar 
to the base composition and free from impurity.

3.3 � Dielectric study

The dielectric analysis of SNFMO has been carried out to 
identify the types of polarizations responsible in the dielec-
tric relaxation and the factors responsible for the dielectric 
loss. Figures 3 and 4 depict the variation of dielectric con-
stant ( �′ ) and loss factor ( �′′ ) with frequency at few tem-
peratures. From the figure it is observed that �′ decreases 
with enhancement in frequency. This may be due to (i) the 

Fig. 2   a Room temperature XRD pattern of the calcined powder of 
SNFMO. b The energy dispersive X-ray (EDX) pattern shows the 
presence of elements O, Na, Fe, Mo and Sb. Inset figure shows the 
surface micrograph of sintered SNFMO pellet

Table 1   Atomic % and weight % as found in EDX spectra

Element Weight % Atomic %

O 31.77 67.93
Na 4.96 7.37
Sb 33.74 9.48
Fe 18.32 11.22
Mo 11.21 4.00
Total 100

Fig. 3   Frequency dependence of dielectric constant (ε′ ) at selected 
temperature

Fig. 4   Frequency dependence of dielectric loss (ε″) at selected tem-
perature
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dielectric constant of a sample is directly related to polari-
zation and the polarization is related to the separation of 
charge species. It is seen at low frequency space charges 
have enough time to follow the applied electric field, but 
at high frequency they fail to follow the same and hence 
polarization falls which in turn decrease the dielectric con-
stant [19], (ii) the dielectric constant is inversely propor-
tional to the conduction of the sample. The hopping of the 
electrons from Fe2+ to Fe3+ ions require very large energy, 
at low frequency due to low energy they do not move, but at 
high frequency they find enough energy and hopping mecha-
nism starts and thus conduction increases which reduces the 
dielectric constant [20]. Variation of �′′ with frequency and 
temperature follows the same pattern as that of �′ . The rea-
son for the dielectric loss, i.e. dissipation of energy is due 
to the combined effect of resistive and relaxation loss. The 
resistive loss in the compound is due to the consumption of 
energy by the mobile charge carriers and relaxation loss is 
the loss of energy due to the relaxation of charge carriers. 
Further, both �′ and �′′ enhance with increment in tempera-
ture at low frequency and at high frequency it is temperature 
independent. This may be due the fact that at low frequency, 
temperature-dependent dipolar and space charge polariza-
tion are present while at high frequency electronic and ionic 
polarization are dominant [21, 22].

3.4 � Impedance study

Figure 5 illustrates the change of the real part of impedance 
with frequency at selected temperatures. From the figure 
following observations and conclusions can be drawn; (i) the 
value of Z′ reduces with temperature and frequency which 
indicates the rise of ac conductivity [20], (ii) Z′ merges at 

high frequency may be due to release of space charge and 
consequently lowering the barrier potential [21], (iii) at low 
frequency regime, Z′ do not depend on frequency which 
predicts the existence of dc conductivity [22], (iv) at high 
frequency, Z′ depend on frequency which suggests the pres-
ence of ac conductivity in the prepared material [22].

Figure 6 illustrates the change of the imaginary part of 
impedance (Z″) with frequency at different temperature. The 
Z″ value monotonously falls with the rise of temperature and 
frequency at a low temperature region (graph is not shown) 
without any peak which means that the capacitive resistance 
of the sample falls with temperature and frequency [23]. 
This decreases of Z″ leads to the rise of the ac conductivity 
in the prepared specimen. From the figure it is observed that 
(i) at high temperature (≤ 100 °C) the peaks appeared show 
relaxation phenomena in the sample, (ii) the peaks are sup-
pressed with increases in temperature indicating that relaxa-
tion phenomena is temperature dependent, (iii) the peaks are 
shifted towards high frequency with temperature rise predict 
that the relaxation time falls with rise in temperature, (iv) 
at very high frequency the curves merges with each other 
which may be due to release of space charges. The relaxa-
tion species are space charges or immobile species at lower 
temperatures while at high temperature, vacancies or defects 
act as same [24].

One of the best ways to understand the electric response 
of a material is the Nyquist plot. We have plotted the imagi-
nary part of impedance against the real part of impedance of 
SNFMO to separate the grain (G) and grain boundary (GB) 
contribution of the material responsible in the conduction 
process. Figure 7 represents the Nyquist plots of SNFMO 
at different temperatures (175–250 °C). The plot displays 
single semicircular arc up to 175 ºC which signatures the 

Fig. 5   Variation of real part of impedance (Z′) as a function of fre-
quency at different temperature

Fig. 6   Variation of imaginary part of impedance (Z″) as a function of 
frequency at different temperature
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presence of grain effect and two semicircular arcs start from 
200 °C indicate the association of G and GB effect. All the 
semicircles are depressed suggests the relaxation phenomena 
of sample is non-Debye type [25]. The factors involved are 
grain orientation, atomic defect distribution and stress–strain 
phenomena [26]. The interlope of each semicircular arc on 
the Z′ axis gives the resistive component of the sample. To 
identify the relaxation mechanism, complex impedance data 
is simulated with the suitable electric circuit shown in Fig. 7 
(inset). The G response can be represented by the parallel 
combination of (RQC) and G and GB can be represented 
by series connection of parallel (RQC) and (RC). R = resist-
ance, C = capacitance and Q = constant phase element. CPE 
is defined as CPE(Y) = Ao(j�)

n, Ao = exponent factor and 
n (1 > n > 0) determine the departure from the ideal Debye 
behavior. Q acts as capacitor when n = 1 and when n = 0, it 
acts as a resistor. The ZSIMPWIN software is utilized to fit 
the experimental data (symbols) with the equivalent data 
(solid line) and the fitting parameters are given in Table 1. 
The GB resistance value is lower than G resistance due to 
vacancies and space charge present at the GB [27]. The 
resistance (G and GB) reduces with temperature rise which 
confirms the negative temperature coefficient of resistance 
(NTCR) behavior of SNFMO.

3.5 � Modulus study

To get a clear understanding of relaxation phenomena in 
SNFMO only the impedance analysis is insufficient. The 
impedance analysis shed light on the large resistance of the 
sample while the modulus study stress on the smallest capac-
itance of the microstructural components of the compound. 

We have analysed the prepared sample with modulus spec-
troscopy to know the effect of electrode polarization, types 
of mobility of the charge carriers, the range of the move-
ment of the charge carrier, the variation of the capacitance 
of the sample with frequency and temperature. Figure 8 
illustrates the frequency dependent real part of modulus at 
selected temperatures. It is depicted that at low frequency all 
the curves appear to merge with each other which suggests 
the absence of electrode polarization in the sample. All the 
curves at high frequency merge with each other reveal the 
absence of space polarization which is also observed in the 
dielectric and impedance analysis. M′ rises with frequency 
and finally attains a constant value at very high frequency. 
This indicates that the movement of the charge carriers is 
not governed by the restoring force and hence they can move 
over the long range [28]. Also the sigmoidal increase of 
M′ predicts the short-range mobility of the charge carriers 
[28]. Thus, the analysis predicts the existence of both short 
range and long range movement of the charge carriers in the 
prepared sample.

To identify the regions where the charge carriers are 
mobile in short range and long range, the variation of imag-
inary part of the modulus (M″) with frequency at differ-
ent temperature of SNFMO has been performed and shown 
in Fig. 9. The plots show the appearance of peaks which 
shifted with temperature. The appearance of peaks confirms 
the presence of relaxation phenomena. The peaks shifted 
towards the high-frequency side with an increase in tem-
perature indicate the relaxation phenomenon is temperature 
dependent. The charge carriers are mobile over the long-
range below the peak frequency while they are confined in 
potential wells and can move only in short range at above the 
peak frequency [29]. At a peak frequency, the movement of 

Fig. 7   Nyquist plots of SNFMO at different temperatures. Figure 
(inset) shows the schematic equivalent electric circuits correspond to 
the (a) grain, (b) grain and grain boundary effect of SNFMO

Fig. 8   Variation of real part of modulus (M′) as a function of fre-
quency at selected temperature
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the charge carriers changed from long range to short range. 
According to J.R. Macdonald, the peak height of a sample 
is inversely related to the capacitance [29]. In the present 
sample, the peak height slightly increases with tempera-
ture, suggesting the decrease of capacitance with the rise 
of temperature.

From the above analysis, it is observed that both local-
ized (short range) and non-localized (long range) movement 
of the charge carriers exist in the SNFMO. To confirm the 
same, we have plotted the frequency dependence of nor-
malized peaks (M″/M″max and Z″/Z″max) measured at 150 °C 
as shown in Fig. 10. According to the reports, if the peaks 
overlap it means the non-localized mobility of the charge 
carriers and if they do not overlap it means both localize and 

non-localize conduction of the charge carriers [30]. A clear 
separation between the peaks is observed from the figure 
which confirmed the presence of both localized and non-
localized movement of the charge carriers in SNFMO.

To understand if the spreading of relaxation time is 
dependent on temperature or not, the scaling behavior, i.e. 
M″/M″max vs. log (f/fmax) of SNFMO at few temperatures is 
illustrated in Fig. 11. It is observed that various temperatures 
curve coincide into a single master curve. This reveals that 
in the investigated temperature range the dynamic process of 
relaxation is presided over by the similar relaxation mecha-
nism with same activation energy [31]. The spreading of 
relaxation time is temperature independent.

To confirm the similar types of charge carriers respon-
sible for conduction (localized/non-localized) in SNFMO, 
we have plotted the change of relaxation time (calculated 
from impedance and modulus analysis) with temperature in 
Fig. 12. It is observed that the relaxation time falls with tem-
perature indicating that the relaxation phenomena are ther-
mally activated process. Both the relaxation phenomena are 
analyzed by Arrhenius relation (AR): � = �0 exp

(

−Ea∕KBT
)

 
where symbols have the same meaning. In the figure, the 
symbols correspond to experimental data and the line rep-
resents the fitting data with Arrhenius relation. The activa-
tion energy evaluated from impedance and modulus plot is 
0.65 eV and 0.66 eV, respectively. The localized conduc-
tion is represented by activation energy obtained from the 
Z″ spectra while the non-localized conduction corresponds 
activation energy obtained from the M″ spectra. Since both 
the activation energy is same, hence similar types of charge 
carriers are responsible for both localized and non-localized 
conduction mechanism [31]. It is reported that first ioniza-
tion of oxygen vacancies is responsible for the relaxation 

Fig. 9   Variation of imaginary part of modulus (M″) as a function of 
frequency at selected temperature

Fig. 10   Normalized plots of electric modulus M″/M″max and imped-
ance Z″/Z″max of SNFMO sample as a function of frequency at 
150 °C

Fig. 11   Scaling behavior of M″/M″max vs. log (f/fmax) for SNFMO at 
different temperatures
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mechanism if Ea < 0.70 eV and second ionization of oxygen 
vacancies is responsible if Ea > 0.70 eV [32, 33].

3.6 � Dc conductivity study

The activation energy of the charge carrier in grain and grain 
boundary can be analyzed with the study of dc conductiv-
ity. It also predicts that which type of charge carriers are 
responsible for the region-oriented conduction mechanism. 
The expression�dc =

t

RA
 where R = grain or grain boundary 

resistance obtained from Nyquist plot, t = thickness of the 
pellet and A = area of the pellet is utilized to achieve dc con-
ductivity. Figure 13 displays the change of dc conductivity 
in G and GB with inverse temperature. The conductivity 
in both regions, i.e. in G and GB rises with increment in 

temperature. This type of electrical conductivity can be 
explained by Arrhenius relation; �dc = �o exp

[

−Ea∕KT
]

 , 
where the symbols have their usual meaning. The value 
of activation energy in G and GB is found to be 0.82 eV 
for grain (175–400 °C) and 0.91 eV for GB (200–400 °C). 
It is noted that the charge carrier of similar kind leads to 
the conduction in G and GB as the activation in both the 
region of the sample is very near to each other. The activa-
tion energy for conduction mechanism is different to the 
activation energy obtained from the relaxation mechanism 
hence various charge carriers are responsible for conduction. 
The activation energy for conduction in SNFMO exceeds 
0.70 eV, hence double ionization of oxygen vacancies causes 
the conduction mechanism.

3.7 � Ac conductivity study

The frequency-dependent ac conductivity at few tempera-
tures are shown in Fig. 14. The expression �ac = ��r�0 tan � , 
the symbols have usual meaning used to evaluate the ac 
conductivity. A convenient formalism Jonscher’s univer-
sal power law �(�) = �dc + A(�)n helps to explain the 
variation of conductivity in SNFMO [34]. The conductiv-
ity increases with increase in frequency up to 200 °C with-
out any change in the slope. But at temperature ≤ 225 °C, 
a variation in the slope of the conductivity at a particular 
frequency is observed which is coined to be hopping fre-
quency. At temperature ≤ 225 °C the plots have two regions 
(i) the low-frequency dispersion region which is related to 
the ac conductivity and (ii) high-frequency plateau region 
is related to the dc conductivity. The low-frequency ac con-
duction mechanism in SNFMO is due to space charge and 
disordering of cations while high-frequency dc conductivity 

Fig. 12   Variation of relaxation time with temperature

Fig. 13   Variation of dc conductivity (σdc) with inverse of temperature
Fig. 14   Variation of ac conductivity (σac) with frequency at different 
temperatures
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is related to fading of space charges [35]. At hopping fre-
quency the charge species have sufficient energy to leap over 
the potential barrier (grain resistance) leading to a rise in 
conductivity. The increase of hopping frequency with tem-
perature indicates the decrease of potential barrier, i.e. grain 
resistance with the rise of temperature [35].

4 � Conclusion

In summary, a polycrystalline sample SNFMO is fabricated 
by mixed oxide processing. Thermo gravimetric analysis 
of the sample displays that the material should be fired at 
900 °C to get a carbon-free product. The crystal structure 
of the compound is orthorhombic with distorted perovskite 
structure. The analysis of parameters related to dielectric 
inferred that the permittivity and loss factor are dependent 
on frequency and temperature. Impedance study shows the 
presence of dielectric relaxation in the compound and it is 
dependent on temperature. The Nyquist plot shows non-
Debye and NTCR behavior in SNFMO. The G effect of the 
compound takes place at ≤ 175 °C and combined G and 
GB at ≥ 200 °C. Modulus study reveals that in the present 
material the electrode effect is absent. The capacitance of 
the sample is decreasing with temperature is also predicted 
by modulus study. A combined electric and modulus study 
informed that the relaxation process is due to the single 
ionization of oxygen vacancies while double ionization 
of oxygen vacancies caused conduction mechanism. The 
Arrhenius-type relation and Jonscher’s universal power law 
helps to shed light on dc and ac conductivity, respectively. 
The above parameters investigated to make this prepared 
lead-free ceramics as a budding contender towards device 
engineering.
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