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1.  Introduction

Multiferroics with more than one ferroic ordering have been 
regarded as one of the most challenging and exciting mate-
rials over the last decade because of their use in the develop-
ment of electronic devices, spintronics, information storage 
and communication. For potential applications of multi-
ferroics, it is important to establish a general mechanism 
that gives rise to coupling between electrical and magnetic 
ordering [1–3] in the compound. In some multiferroics like 
BiFeO3 [4] and RMnO3 (R  =  rare-earth ions) [5], coupling 
between the two order parameters (spin and charge) is weak. 
Recently, strong coupling between these order parameters in 

some multiferroics, like TbMnO3 [6], and RMn2O5 [7], has 
been reported. It has also been reported that various types of 
spin ordering or interactions (symmetric exchange, anti-sym-
metric exchange and spin-ligand interactions) have potentially 
broken the inversion symmetry and produced spontaneous 
polarization [8, 9]. Rare-earth ortho-ferrites (RFeO3) gener-
ally crystallize in the centro-symmetry space group Pbnm in 
their bulk form and show interesting dielectric, optical and 
magnetic properties [10–14]. Recently, a weak electric polar-
ization of improper origin (induced by magnetic order) has 
been reported in GdFeO3 [15], DyFeO3 [16] and SmFeO3 
[11]. The origin of magnetically induced ferroelectricity 
in SmFeO3 can be explained on the basis of a theoretical 
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model called the spin current induction model. According 
to the model, a small improper polarization appears when a 
centro-symmetric crystal with a non-collinear spin structure 
undergoes a para-to-antiferromagnetic transition [17]. In the 
SmFeO3 temperature dependence of magnetization, i.e. the 
para-to-antiferromagnetic (AFM) transition at 670 K, spin 
reorientation at 480 K and spontaneous magnetization reversal 
at cryogenic temperatures have been reported [18, 19]. Some 
researchers have reported colossal (very high) dielectric con-
stants in RFeO3 ceramics [20–22], mainly due to electrical 
heterogeneity with a semiconducting grain and more resis-
tive grain boundary. Prasad et al [23] have also reported the 
colossal dielectric behavior of SmFeO3 and explained their 
findings on the basis of internal barrier layer capacitor (IBLC) 
mechanisms. Though many of the properties of SmFeO3 
ceramics have been studied, a comprehensive effort is neces-
sary to understand the structural, dielectric, electric conduc-
tion and magnetoelectric properties of the material. In the 
present work, we have extensively studied the above proper-
ties of SmFeO3 ceramics fabricated by chemical methods in 
different experimental conditions. In addition, a detailed anal-
ysis of the impedance spectroscopy is presented. The conduc-
tion mechanism of the material can be explained on the basis 
of correlated barrier hopping models and quantum mechanical 
tunneling models. The magnetoelectric effect was studied and 
reported here.

2.  Experimental details

2.1.  Materials

Analytical-grade samarium oxide Sm2O3, (M/S Loba chemie, 
99.9%), ferric nitrate nonahydrate Fe (NO3)3.9H2O (M/S Loba 
chemie, 99.9%), citric acid C6H8O7.H2O, (M/s Finar reagents, 
99.7%), nitric acid HNO3 and distilled water were used as the 
raw materials for the synthesis of SmFeO3.

2.2.  Synthesis of SmFeO3

A polycrystalline sample of SmFeO3 was synthesized using 
the following the steps: first, samarium nitrate was prepared by 
adding concentrated nitric acid to samarium oxide (Sm2O3). The 
iron nitrate and samarium nitrate solutions were then prepared 
individually by adding stoichiometric amounts of the raw mate-
rials to distilled water under continuous stirring. Appropriate 
quantities of iron- and samarium-based solutions were 
mixed and homogenized by continuous stirring at 70–80 °C.  
Citric acid was dissolved in water such that the total molar 
amount of acid was equal to the sum total of molar amounts 
of metal nitrates in the solution. Then, the citric acid solution 
was added to the mixed solution and stirred well. When the 
solution had become a viscous liquid, it was dried in an oven 
at 100 °C for 12 h. Then the powder was ground and calcined 
at 850 °C for 4 h in an alumina crucible. The calcined powder 
was cold pressed into small cylindrical pellets under an iso-
static pressure of 5  ×  106 Nm−2 with polyvinyl alcohol (PVA) 
as the binder. The pellets were sintered at 1200 °C for 6 h.

2.3.  Characterization

The room temperature x-ray diffraction (XRD) pattern of the 
calcined powder was recorded at a wide range of Bragg angles 
θ (20°  ⩾  2θ  ⩾ 80°) using an x-ray diffractometer (Rigaku  
Miniflex, Japan) to check the formation of the desired com-
pound and its crystal structure. The sintered pellet was  
polished to make its faces smooth and parallel, and subsequently 
electroded with high-purity silver paste for electrical measure-
ments. The dielectric and impedance data were obtained using 
a computer-controlled impedance analyzer (phase sensitive 
meter) in a wide range of frequencies (100 Hz–5 MHz) at 
different temperatures (25–300 °C). The electric field depen-
dence of the polarization measurement of the sample was car-
ried out by a high-precession P-E loop tracer (version 4.9.0 of 
Radiant Technologies, Inc.). A room temperature M-H loop of 
the sample was carried out using SQUID. The magnetoelec-
tric coefficient measurement was performed in longitudinal 
mode by an ME set up (Marine India) connected to a lock-in 
amplifier on the electrically and magnetically poled samples. 
In this experiment, the dc magnetic field up to 7 kOe was pro-
duced by an electromagnet whereas the ac magnetic field was 
produced by a Helmholtz coil with 200 turns and a radius of 
2.5 cm. The ME voltage which developed across the sample 
was measured using a lock-in amplifier (SR830).

3.  Results and discussion

3.1.  Structural analysis

The room temperature XRD pattern of the polycrystalline 
SmFeO3 sample calcined at two different temperatures (700 °C  
and 850 °C) is shown in figures 1(a) and (b). All the XRD 
peaks of figures 1(a) and (b) were indexed. Using a Sm_Fe_
O3 structure reference model of the 04-009-8408 CIF file, we 
performed the Rietveld refinement of both the XRD patterns 
(figures 1(c) and (d)). During refinement, the background, 
profile, Rietveld scale factors, preferred orientation and 
the unit cell parameters were refined keeping the structural 
parameters similar to those of the reference model. The accu-
racy and reliability of the refinement were mainly decided by 
the pattern R factor (Rexp) and the weighted pattern R factor 
(Rwp). The Bragg R factor (Rb) and the goodness-of-fit (GOF) 
are defined by the ratio of Rwp/Rexp etc. In figures 1(c) and (d), 
the blue line represents the experimental data, the black solid 
line represents the computed data and the bottom line within 
the box represents the difference between the observed and 
calculated intensity. The refined values of Rexp, Rwp, Rb and 
GOF are given in figures 1(c) and (d). The refined values of 
the parameters are better in figure 1(d) compared to (c). The 
‘goodness-of-fit’ parameter of the sample for figures 1(c) and 
(d) was found to be 1.01 and 1.00 compared to that of the 
reference model. As the SmFeO3 sample calcined at 850 °C 
fits better with the structural reference model, we have used 
this sample for further characterization of the material. The 
refined parameters in both cases indicate that SmFeO3 crystal-
lizes in an orthorhombic crystal system. The lattice parameters 
of the samples calcined at 700 °C and 850 °C were found to be 
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a  =  5.58 Å, b  =  7.71 Å and c  =  5.39 Å as well as a  =  5.56 Å, 
b  =  7.85 Å and c  =  5.55 Å respectively, which are consistent 
with the reported ones [20]. With an increase in the calcina-
tion temperature from 700 °C to 850 °C, the coherently dif-
fracted domain size, which is generally also referred to as the 
crystallite size, increases from 51 nm to 65 nm.

3.2.  Dielectric characteristics

The temperature dependence of the relative dielectric constant 
(εr) and loss tangent (tanδ) at various frequencies is shown 
in figures  2(a) and (b) respectively. Initially, up to 50 °C,  
the dielectric constant seems to be independent of both the 
frequency and the temperature. Thereafter, the dielectric 
constant increases with increasing temperature, exhibits 
two anomalies at 180 °C and 220 °C, and then decreases.  

At low frequencies (~100 Hz), with an increase in tempera-
ture the dielectric constant increases exhibiting anomalies at 
175 °C and 218 °C, and then decreases. At relatively higher 
frequencies (500 Hz–500 kHz), both peaks (anomalies) merge 
into one peak which occurs around 215 °C. The noticeable 
dielectric anomaly shifts towards higher temperatures with 
increasing frequency [24].

While analyzing the peaks we found that the single peak 
at higher frequencies is a result of the superposition of two 
Gaussian-like peaks centered at 180 °C and 220 °C. In order 
to extract the peak position accurately, two Gaussian peaks are 
superimposed in the form [ (   ) ]ε = ∑ − −= A T B Cexp /r i i i i1

2 2 , 
where Ai, Bi and Ci are the amplitude, centroid and width of 
the peaks respectively. These were used to fit the experimental 
data of the dielectric constant versus the temperature curve.  
It was found from the fitting that these peaks correspond to two 

Figure 1.  XRD pattern of the SmFeO3 sample calcined at (a) 700 °C and (b) 850 °C. The Rietveld refinement of the SmFeO3 sample 
calcined at (c) 700 °C and (d) 850 °C.
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different mechanisms. The first peak appears between 175 °C 
and 189 °C for frequencies 100 Hz–500 kHz, and is the major 
contributor to the dielectric constant in the low-frequency range 
up to 20 kHz. The second peak, appearing between 227 °C  
and 218 °C for frequencies 100 Hz–500 kHz, is the major  
contributor for frequencies above 20 kHz. The relative strength 
of the first peak as compared to the second peak continuously 
decreases with an increase in frequency. On increasing the fre-
quency, the peak shifts slightly to a higher temperature and 
the maxima of the dielectric constant decreases from 55 000 
units at 100 Hz to 500 units at 1.0 MHz. The peak is depressed 
further and more broadly for frequencies higher than 1 MHz. 
These characteristics indicate that the polarization mechanism 
associated with the first peak is of the Maxwell–Wagner type 
wherein the largest inertia of the migrating ion results in a 

sharp drop of peak dielectric constant, and an increase in tem-
perature for the peak position. The second peak around 220 °C 
is most likely to be associated with the polarization induced by 
magnetic spin reorientation. This reasoning has its basis on the 
reported [13] spin reorientation of SmFeO3 at 480 K (207 °C). 
The dielectric anomaly triggered by magnetic ordering can 
be explained on the basis of the Landau–Devonshire theory. 
With an increase in frequency, the temperature corresponding 
to this peak decreases. Hence, the dielectric constant suffers 
two phase changes which are electric and magnetic in nature at 
the temperatures corresponding to the two Gaussian peak posi-
tions for each frequency. The amplitude, centroid and width of 
both the peaks in the SmFeO3 sample are listed in table 1.

The temperature dependence of the tangent loss pattern 
in figure  2(b) reveals a peak which shifts towards a higher 

Figure 2.  (a) Variation of the dielectric constant with the temperature at a different frequency of SmFeO3. (b) Variation of tan δ with the 
temperature at a different frequency of SmFeO3.
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temperature with increasing frequency. In the high-tempera-
ture region, tanδ increases more quickly with an increase in 
temperature; this is mainly due to increased conductivity at 
higher temperatures [25].

The frequency dependence of the dielectric constant (εr) 
and the loss tangent (tanδ) at different temperatures is shown 
in figures 3(a) and (b). The frequency-dependent plot of the 
dielectric constant of the SmFeO3 ceramic sample exhibits 
behavior similar to that observed in high-dielectric-constant 
materials [26, 27]. The studied material shows a high dielec-
tric constant (with a step-like decrease on increasing fre-
quency, which is accompanied by a loss peak in the frequency 

dependent plot. The loss peaks shift towards higher frequen-
cies as the temperature increases suggesting the presence of 
a thermally activated Debye-like dipolar relaxation in the 
material.

Figure 3(a) displays two permittivity mechanisms with  
different slopes: a shallow slope at low frequency and a steep 
slope at high frequency. The low-frequency and high- permit-
tivity slope is due to the GB (grain boundary) effect, whereas 
the slope of the high- frequency and low-permittivity region is 
due to the intrinsic bulk effect. The low-frequency dielectric 
constant of SmFeO3 assumes very high values (1000–60 000) 
as the temperature increases from 25 °C to 200 °C. This giant 

Table 1.  Amplitude, centroid and peak width corresponding to the two Gaussian peaks.

Frequency (kHz)

Amplitude of the peak Centroid (°C) Peak width (°C)

A1 A2 B1 B2 C1 C2

0.1 55 000 33 000 175.0 227.0 45.0 21.0
1 187 00 12 100 180.0 219.5 42.5 25.5
10 15 000 11 100 180.5 216.0 48.0 32.0
100 2354 4924 186.6 215.7 39.0 55.0
500 786 1021 188.6 217.9 79.0 40.0

Figure 3.  (a) Variation of the dielectric constant with the frequency at a different temperature of SmFeO3. (b) (i) Variation of tanδ with the 
frequency at different temperatures of SmFeO3 and (b) (ii) the theoretical fitting of the experimental data of tan δ at 200 °C.

J. Phys. D: Appl. Phys. 49 (2016) 035302
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dielectric behavior is due to the Maxwell–Wagner mechanism 
of space charge polarization. In such cases, the grain is found 
to have a relatively low resistance and activation energy while 
the grain boundary has a relatively large resistance and higher 
activation energy. A conducting grain with an insulating grain 
boundary produces a surface and internal barrier layer capac-
itor, which explains the giant/high dielectric constant in the 
samples [28–31]. This aspect is quantitatively explained while 
discussing the impedance results in the next section.

Two different relaxation mechanisms are evident from the 
frequency dependence of the tanδ plot (figure 3(b)(i)). The 
solid line with a symbol represents the entire tanδ response, 
whereas the dashed line in the plot represents the intrinsic bulk 
effect (which is detected in the high-frequency region). As can 
be seen in figure 3(b)(i), for temperature T (⩾150 °C) tan δ ini-
tially decreases, and then shows a Debye-like relaxation. The 
initial decrease in tanδ is attributed to the loss associated with 
conductivity. The two mechanisms contributing to the loss 
tangent correspond to (i) Debye-type dipolar relaxation and 
(ii) dc conductivity, which is dominant at lower frequencies 
and higher temperatures. Considering both these mechanisms, 
the loss tangent is generally expressed as [32]:

″δ
ε
ε

σ
ωε

= +
′ ′

tan .dc� (1)

Furthermore, as discussed in section  3.4, in the ceramic 
sample the relaxation times are distributed, which is evident 
in the depressed semicircle in the Nyquist plot with the central 
line making an angle θ with the real axis. Taking this aspect of 
distributed relaxation time in the sample, the complex permit-
tivity can be expressed as [33, 34]:

( )
ε

ε ε
ωτ

= ε +
−

+
∞

∞
−α1 i

* s
1

where  εs is the static relative permittivity, ε∞ is the high-fre-
quency value of relative permittivity, and τ is the relaxation 
time obtained from the peak in the ″ε ω~  curve. α is a param-
eter which represents the distribution of relaxation time and 
is obtained from the Nyquist plot. For an ideal Debye-type 
relaxation, α = 0. Using the above relation ε′ and ε″ appear as

( ) ( ) ( )

( ) ( ) ( )( )

⎡⎣ ⎤⎦
ε ε

ε ε ωτ α

ωτ ωτ α
= +

− + −

+ + −
′

α π

α α π∞
∞

−

− −

1 cos 1

1 2 cos 1

s
1
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2 1 1

2

� (2)
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ωτ ωτ α
=

− −

+ + −

α π

α α π

∞
−

− −

⎡⎣ ⎤⎦sin 1

1 2 cos 1
.

s
1

2
2 1 1

2

� (3)

To comprehend the contribution of both the mechanisms to 
tan δ, figure 3(b)(ii) has been plotted. The contribution to tan δ  
corresponding to the Debye relaxation, computed on the basis 
of the first term of equation (1), is shown as a red line. The 
contribution of conductivity computed on the basis of the 
second term of equation  (1), is shown as a green line. The 
sum of these contributions is shown as a blue line, which is in 
reasonably good agreement with the experimental one (black 
solid line). All these graphs show the frequency variation of 
tanδ at a temperature of 200 °C. For computation of the terms, 

we have used the data obtained from impedance studies, and 
the parameter α is taken as  α θ π= / . As can be seen from the 
figure, the term associated with conductivity remains domi-
nant at lower frequencies while the Debye-like relaxation is 
effective at relatively higher frequencies. At a lower tempera-
ture, the thermal energy of ions is insufficient for transporta-
tion to the grain boundary, and as such the conductivity term 
will make less of a contribution to tan δ.

The inset figure  in the tanδ plot in figure  3(b)(i) shows 
the variation of relaxation time (τ) with temperature for the 
SmFeO3 sample. The electric dipole in ferrites originates from 
the hopping of the charge carriers. When the charge carriers 
are thermally activated, the hopping rate increases; the relaxa-
tion time hence decreases with temperature. The temperature 
dependence of the relaxation time can be explained by the fol-
lowing equation [35],

⎛
⎝
⎜

⎞
⎠
⎟τ τ=

−E

k T
expo

a

B
� (4)

where Ea is the activation energy of the relaxation process, kB 
is the Boltzmann constant and τo is the maximum relaxation 
time. The linear fitting of the theoretical data suggests that 
only one type of relaxation process corresponds to the bulk 
effect and the activation energy of the relaxation process is 
found to be 0.57 eV.

3.3.  Impedance spectroscopy

Generally, the impedance properties of the sample arise due to 
the intragrain, intergrain and electrode processes. The motion 
of charges can occur in a variety of ways, namely charge dis-
placement (long-range or short-range), dipole re-orientation 
and space charge formation etc. The frequency dependence 
of the complex impedance Z*(ω) of the present sample can be 
explained on the basis of the following equation:

Z Z jZ* ″= +′� (5)

where Z′(ω) and Z″(ω) are the real and imaginary part of the 
complex impedance. The real (Z′) and imaginary part (Z″) of 
the complex impedance ( ″= +′Z Z jZ* ) can be defined by the 
following equation [36, 37]:

Z
R

Z
R

1
and

12 2
 

(   )  
 

(   )
″

ω τ
ω τ
ω τ

=
+

= −
+

′� (6)

where τ  =  RC is the relaxation time, R is the measured resis-
tance, C is the measured capacitance and ω is the angular 
frequency of the electric field. The frequency dependence spec-
trum of the real part of the impedance is shown in figure 4(a). 
The spectrum suggests that the value of Z′ decreases with an 
increase in temperature in the low-frequency region. This 
behavior suggests that the material possesses a negative tem-
perature co-efficient of resistance (NTCR) [38].

Figure 4(b) shows the frequency dependence of the spec-
trum of the imaginary part of the impedance at different tem-
peratures. This spectrum suggests the behavior of the most 
resistive part in the sample. Closure inspection of the spec-
trum indicates that there are two relaxation mechanisms with 
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different relaxation times. The peak in the higher frequency 
region explains the effect of grains [39], and as observed in 
the dielectric loss spectrum, the peak shifts towards a higher 
frequency with an increase in temperature. Since the loss tan-
gent and the imaginary part of the impedance are correlated to 
each other, the low-frequency part (indicated by the arrowed 
line) has its origin in the grain boundary effect.

3.3.1.  Nyquist plot.  The complex impedance plots of Z′ ver-
sus Z″ (Nyquist plot) at different temperatures are shown in 
figure 5. The complex impedance plots are characterized by 
the successive semicircular arcs of grain, grain boundary and 
electrode contributions, and each arc is represented by an 
equivalent circuit element made of resistance, capacitance etc. 
The nature of the arc indicates the type of relaxation mecha-
nism for the system. Each perfect semicircular arc with a cen-
ter on the Z′ axis indicates the presence of a mono relaxation 
time and grain homogeneity. But in real systems, depressed 

semicircles are obtained which indicate the distribution of 
relaxation time due to inhomogenity in the grain size and elec-
tromagnetic diffusion [40]. The depression angle is the angle 
between the real axis and the line joining the center of the cir-
cle with its high-frequency intersection on the real axis [41].  
It was observed that the room temperature impedance plot  
(at 25 °C and 50 °C) was composed of one depressed semicir-
cular arc. This indicates the grain contribution and can be rep-
resented by a parallel RQC circuit. The constant phase element 
in the circuit suggests deviation from the ideal Debye-type 
response. However, as the temperature increases, the grain 
boundary contributions become stronger than the grain con-
tribution. We postulate that the second semicircle originates 
from the induced polarization occurring at grain boundaries. 
The grain and grain boundary contribution can be represented 
by two parallel RQC circuits connected in series. From the 
fitted curve, the value of grain resistance (Rg), grain boundary 
resistance (Rgb), grain capacitance (Cg) and grain boundary 
capacitance (Cgb) have been evaluated and listed in table 2.

As reported in table  2, the capacitance due to the grain 
effect at room temperature is around 5.9 pF, while the capaci-
tance associated with the grain and grain boundary effect 
at 125 °C corresponds to 0.31 nF and 2.67 nF respectively. 
Similarly, the resistance due to the grain and grain boundary 
effects at 125 °C is 24.26 kΩ and 282.37 kΩ respectively. The 
large value of GB resistance can be directly inferred from a 
simple inspection of the Nyquist plot where the semicircle 
corresponding to the GB effect is quite large in comparison 
to that of the bulk effect. The activation energy as calculated 
from the conductivity versus temperature for the bulk and the 
grain boundary effect is 0.44 eV and 0.64 eV respectively. The 
value of the resistance and activation energy clearly indicates 
a relatively conducting grain surrounded by an insulating 
grain boundary. This situation leads to the formation of sur-
face and internal barrier layer capacitors (IBLCs), and results 
in very large dielectric constants.

3.4.  AC conductivity study

Using the well-known relation tanac 0 σ ωε ε= δ, the ac con-
ductivity of the material was calculated where all the symbols 
have their usual meaning. The variation of ac conductivity 
with the inverse of absolute temperature at a selected fre-
quency between 100 Hz and 500 kHz is presented in figure 6. 
The conductivity variation with temperature can be explained 
on the basis of the Arrhenius relation [42],

⎛
⎝
⎜

⎞
⎠
⎟σ σ=

−E

k T
expo

a

B
� (7)

where σo is the pre-exponential factor and kB is the 
Boltzmann constant. The above equation  can be written as 
σ = − + σE k Tln / lna B o. So, the activation energy is calculated 

from the slope by the linear fitting of σln  versus the 1000/T 
plot in different temperature regions. From the figure  it is 
observed that the slope in the graphs changes at around 195 °C 
for 100 Hz but at 225 °C for 500 kHz. The two slopes suggest 
the existence of two different conduction mechanisms at high 

Figure 4.  (a) Variation of Z′ with the frequency at different 
temperatures of SmFeO3. (b) Variation of Z′′ with the frequency at 
different temperatures of SmFeO3.
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and intermediate temperatures. As can be seen in figure  6, 
the value of activation energy (calculated from the slope) 
was found to decrease from 1.024 eV at 100 Hz to 0.7 eV at 
500 kHz in the high-temperature region, while it increases 
from 0.334 eV at 100 Hz to 0.564 eV at 500 kHz in the rela-
tively low- temperature region.

The frequency dependence of σac(ω) at various tempera-
tures is shown in figure 7. It is clear from the graph that the 
frequency dependence of σac(ω) can be explained by the 
equation,

σ ω= A s
ac� (8)

where A is a constant depending on temperature, ω is the 
angular frequency and s is the frequency exponent which is 
generally less than equal to unity. In a comparative analysis 

of impedance spectra, conductivity data gives two different 
results in the low-temperature (⩽75 °C) and high-temperature  
(⩾75 °C) region. The low-temperature region shows a 
slow transition from a weak frequency variant conductivity  
(~up to 200 kHz) to a strong frequency variant (~200 kHz–5 
MHz) conductivity part. The high-temperature conductivity 
region can be categorized into three distinct regions: a low-
frequency part followed by a weak-frequency-variant region 
in the frequency range of 10 kHz–1 MHz and then a fast- 
frequency-variant region (ν  >1 MHz). It is pertinent to recall 
here that the Nyquist plot corresponding to temperatures 
below 75 °C has only one semicircle corresponding to the grain 
effect, and that at higher temperatures we have two semicircles 
corresponding to the grain boundary effect dominant at low 

Figure 5.  Nyquist plot (Z′ versus Z″) of SmFeO3 at different temperatures.

Table 2.  Grain resistance (Rg), grain boundary resistance (Rgb), grain capacitance (Cg), grain boundary capacitance (Cgb) and depression 
angles at selected temperatures.

Temperature (°C) Rg (kΩ) Cg (F) θg Rgb (kΩ) Cgb (F) θgb

 25 1930.30 5.94 * 10−12 24.68° — — —
125  24.26 3.16 * 10−10 16.08° 282.3696 2.67 * 10−9 18.01°
225  1.76 3.955 * 10−10 13.57° 5.67 2.65 * 10−8 27.19°

Figure 6.  Variation of ac conductivity with the temperature at a 
different frequency range.

Figure 7.  Variation of ac conductivity with the frequency at 
different temperatures of SmFeO3.
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frequency and grain effect in the high-frequency region. So, 
low-frequency high-temperature conductivity is mainly due to 
the grain boundary effect where the Maxwell–Wagner mecha-
nism prevails. The low- and high-temperature intermediate 
frequency part can be explained by bulk conductivity. There 
is a change in the slope between the low-frequency range 
(up to 10 kHz) and intermediate-frequency region (10 kHz–1 
MHz) which suggests the existence of different conduction 
mechanisms. There are several theoretical models (quantum 
mechanical tunneling [43], small polaron hopping [44], over-
lapping large polaron tunneling [45] and the correlated barrier 
hopping model [46]) which explain the conduction mecha-
nism. These theoretical models can be used to explain the 
temperature dependence of the frequency exponent ‘s’. The 
value of ‘s’ can be calculated from equation (8), which can be 
rewritten as:

A slog log logacσ ω= +

hence the slope of the σlog ac versus ωlog  graph provides the 
value of ‘s’. In our work, the value of s has been calculated at 
different temperatures (25 °C–225 °C) within the frequency 
range of 100 Hz–500 kHz to recognize both the bulk and grain 
boundary conduction mechanism. The temperature depen-
dence of ‘s’ is shown in figure 8. As can be seen in the figure, 
for all temperatures above 50 °C, the σlog ac versus ωlog  
curves for the frequencies bounded by the two black dotted 
near parallel lines remain parallel, indicating that the slope 
of s is nearly independent of temperature. Using figure 7, the 
calculated value of s for this bounded region is found to be 
0.16. The temperature- independent frequency exponent ‘s’ 
indicates that conduction is based on quantum mechanical 
tunneling [47, 48].

It was observed that the frequency exponent corresponding 
to the low-frequency region for temperatures greater than 75 °C  
decreases with increasing temperature, which follows the 
correlated barrier hopping model [49]. It is worth pointing 
out that the high dielectric constant in the samples can be 
explained on the basis of semiconducting grains surrounded 

by an insulating grain boundary and the formation of surface 
and internal barrier layer capacitors (IBLCs). The correlated 
barrier hopping model was first proposed by Pike [50] and 
describes the transfer of electrons by thermal activation over 
the barrier between two sites, each having a columbic poten-
tial associated with it. According to this model, ac conduc-
tivity can be given by the equation [51]

( )σ ω π εε ω= ωN R
1

24
3 2

o
6� (9)

where Rω is the hopping distance at frequency ω and can be 
expressed as:

[ ( )]πεε ωτ
=

+
ωR

e

W kT lnm

2

o o
� (10)

where τo is the relaxation time and Wm is the effective bar-
rier height resulting from the overlapping of Coulomb’s well 
for the neighboring sites separated by the distance R. The 
frequency exponent ‘s’ in the CBH model can be approxi-
mated as,

( )ωτ
= −

+
s

kT

W kT
1

6

ln
.

m o
� (11)

The above equation suggests that as the temperature increases, 
the s value decreases. The above equation  can be approxi-

mated [52] as = −s 1 k T

w

6

m

B . The barrier height Wm calculated 

from the slope of (1  −  s) with temperature is found to be 
0.16 eV. We would like to point out here that the difference 
between the activation energy in the grain boundary and grain 
as analyzed using the Nyquist plot in section  3.3 was esti-
mated at 0.2 eV.

3.5.  Multiferroic property

The SmFeO3 sample exhibits multiferroic properties with 
more than one ferroic ordering. To comprehend the multifer-
roic property, we performed P-E, M-H and magnetoelectric 
measurements on the sample at room temperature. Figure 9(a) 
shows the room temperature polarization measurement (hys-
teresis curve) of the SmFeO3 sample, measured at different 
frequencies with a constant applied field (4.39 kV cm−1).  
As shown in the figure, polarization increases with an increase in 
the applied field, attains a maximum value and then decreases. 
The hysteresis loops do not exhibit the saturation effect. 
Rather, the observed decrease of polarization with an increase 
in the field (after attaining the maxima) is a sign of time delay 
between the electric field and polarization. The unsaturated 
PE loops are similar to those reported in the SrFeO3−δ sample 
[53]. The values of dielectric constant obtained from dielectric 
studies using the impedance analyzer and the P-E loop tracer 
tally within a margin of 5–7%. Figure 9(b) shows the room 
temperature M-H curve of the SmFeO3 ceramics carried out 
between  −80 kOe to 80 kOe. The sample exhibits canted anti-
ferromagnetic behavior as reported earlier [54].

Lee et al [17] reported that ferroelectricity in a centrosym-
metric crystal is induced due to canted antiferromagnetic 
(AFM) ordering. Interestingly, improper ferroelectricity with 

Figure 8.  Variation of the frequency exponent with the 
temperatures of SmFeO3 ceramics.
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a very small polarization due to canted AFM ordering was 
found in most of the centrosymmetric rare-earth orthoferrites 
[10, 11]. As SmFeO3 crystallizes in a centrosymmetric space 

group, it cannot trace a proper saturated loop like a ferroelec-
tric material. It was also observed from the figure  that with 
an increase in frequency, the remnant polarization, saturation 
polarization and the coercivity of the sample decrease.

3.5.1.  Magnetoelectric study.  The magnetoelectric effect 
refers to electric-field-inspired magnetization and magnetic-
field-induced electric polarization [55]. As has been men-
tioned, the canted ferromagnetism in the material induces 
electric polarization resulting in an interaction between the 
electric and magnetic dipoles, and is the reason for the ME 
effect. The criterion for the occurrence of this effect in a mate-
rial is the existence of magnetic and electric ordering in it. 
The magnetoelectric effect has been reported in both single-
phase as well as composite materials. In single-phase mate-
rials, ME coupling arises due to the interaction between the 
magnetic and ferroelectric sub-lattices. However, in compos-
ites, coupling arises due to the interaction of piezoelectric 
and piezomagnetic phases. As discussed earlier, canted AFM 
ordering in SmFeO3 induces improper ferroelectric polariza-
tion and the coupling between them results in the observed 
ME effect. In order to obtain a proper ME output, it was nec-
essary to pole the sample both electrically and magnetically 
so that dipole ordering could take place and the sub-lattices 
could effectively interact and yield polarization [56].

Coupling of the ME effect is generally characterized by the 
ME voltage coefficient αE which can be defined as [57, 58],

α = =
E

H

V

h d

d

d
E

o
� (12)

where E is the induced electric field, H is the applied magnetic 
field, V is the ME voltage developed across the sample, ho is 
the magnitude of the ac magnetic field and d is the thickness 
of the sample. The ME coefficient has been measured by the 
dynamic method involving the simultaneous application of an 
ac as well as a dc magnetic field [59]. The voltage developed 
across the SmFeO3 sample was measured using an ME set 
up with a lock-in amplifier. In our experiment, a 15.37 Oe ac 
magnetic field and a 1 kHz frequency were applied along with 
a dc magnetic field of varying magnitude (−5 kOe to 5 kOe). 
The ac field was produced by a Helmholtz coil (N  =  200 turns 
with the radius, r  =  2.5 cm and coil resistance, R  =  23.4 Ω), 
which was driven by an ac current generated by a function 
generator. The magnitude of the ac magnetic field (ho) gener-
ated at the center of the Helmholtz coil can be calculated from 
the expression:

h
NIr

r

NI

r

NV

rR4

2
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o
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2
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2
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π

π µ
=

+
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Here, a 5 V ac amplitude was applied to the Helmholtz coil 
resulting in a magnetic field of 15.37 Oe.

The variation of the ME voltage coefficient with the applied 
dc magnetic field of the SmFeO3 sample is shown in figure 9(c) 
for a longitudinal field arrangement. As reported earlier [60], 
the ME voltage which developed across the sample due to the 
application of a magnetic field can be written as:

Figure 9.  (a) Room temperature P-E hysteresis loop of the SmFeO3 
sample. (b) Room temperature M-H hysteresis loop of the SmFeO3 
sample. (c) Variation of the ME voltage coefficients with a dc 
magnetic field.
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The ac field (h) superimposed onto the dc field ( H) can be 
written as ω=h h tsino , and the total magnetic field can be 
expressed as ω= +H H h tsintotal o . The fourth order poly-
nomial fitting of figure  9(c) gives the value of all the co- 
efficients. At a zero magnetic field, the ME voltage coefficient 
(α) was found to be 2.2 mV cm−1 Oe−1. The second order 
co-efficient (β), third order co-efficient (γ) and the fourth 
order co-efficient (δ) were found to have values of 1.48 * 
10−6,−6.56 * 10−10 and  −6.31 * 10−14 in appropriate units.

4.  Conclusion

A SmFeO3 ceramic was fabricated by the soft-chemical 
method. The refined structural parameters obtained by the 
Rietveld method suggest that SmFeO3 crystallizes in an 
orthorhombic crystal structure. Detailed dielectric analysis 
of the prepared sample exhibits two dielectric anomalies in 
the temperature range of 25–300 °C for the material. One of 
them appears in the low-temperature region (around 180 °C) 
and the other at 220 °C. The polarization mechanism asso-
ciated with the first peak is of the Maxwell–Wagner type, 
while that of the second peak is associated with polarization 
induced by magnetic /spin reorientation. The NTCR behavior  
of the sample was confirmed from the impendence analyses. 
The Nyquist plot shows one depressed semicircle below 75 °C  
corresponding to the grain effect and two depressed semicir-
cles above 75 °C corresponding to both the grain and grain 
boundary effect. The angle of depression is estimated which 
gives a measure of the distribution of relaxation times. The 
contribution of conductivity at high temperature and low fre-
quency has been estimated in the loss tangent graph. The value 
of resistance and the activation energy of the grain and grain 
boundary clearly indicate a relatively conducting grain sur-
rounded by an insulating grain boundary. This situation leads 
to the formation of surface and internal barrier layer capaci-
tors and results in very large dielectric constants. Grain and 
grain boundary effects were explained and correlated in the 
dielectric, impedance and conductivity spectra. The tempera-
ture dependence of the frequency exponent in ac conductivity 
studies reveals that the conduction mechanism corresponding 
to the grain can be explained on the basis of quantum mechan-
ical tunneling (QMT) while the conduction mechanism cor-
responding to the grain boundary can be explained on the 
basis of the CBH model. The compound exhibits improper 
ferroelectric behavior and a canted antiferromagnetic nature 
at room temperature. Magnetic ordering induces ferroelectric 
polarization, and interaction between electric and magnetic 
ordering results in the ME effect. The ME voltage coefficient 
(α) was found to be 2.2 mV cm−1 Oe−1 at a zero magnetic 
field as obtained from the magnetoelectric study. The material 
with a large dielectric constant, low room temperature loss, 
exhibiting NTCR behavior and room temperature magneto-
electric coupling has promising technological applications 

in high-density charge storage devices (memory drives), 
switching devices, actuators, transducers, magnetic field and 
stress sensors, and devices in optoelectronics and microwave 
electronics.
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