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The present investigations mainly focused on the colossal dielectric response and complex impedance analysis of LaFeO3 ceram-
ics. The studied sample was prepared by a citrate gel method. Structural and microstructural properties are analyzed from the 
XRD pattern and SEM micrograph. The anomalies in the dielectric constant versus temperature plots are analyzed on the basis 
of polarization induced by the Maxwell–Wagner mechanisms and ferromagnetic interaction between the Fe3+ ions driven by the 
oxygen vacancy mediated Fe3+–Vo–Fe3+ exchange interaction A giant dielectric permittivity in the order of ~105 was observed in 
the sample even at the room temperature for 100 Hz. The colossal dielectric constant in LaFeO3 is mainly driven by the internal 
barrier layer capacitor (IBLC) formation. The formation of IBLC was explained on the basis of highly insulating grain boundary 
and less resistive/semiconducting grain, which was confirmed from both the resistance and capacitance of grain and grain bound-
ary from the impedance analysis. The non-Debye-type relaxation process associated with the grain and grain boundary effect was 
investigated from the broad and asymmetric relaxation peak. The relaxation time for both the grain and grain boundary effect was 
also calculated. In addition to this, we have also analyzed the normalized bode plot of imaginary part of impedance and electrical 
modulus which suggests the relaxation process dominated by the short-range movement of charge carriers.

Keywords: Ferrite; giant dielectric constant; non-Debye; relaxation.

1.  Introduction

Development of novel materials with colossal dielectric 
response became a main research hub of the contemporary 
material researchers due to its potentiality in many micro-
electronics applications such as multilayer capacitors, high 
energy density storage devices, integrated passive compo-
nents for microelectronics, etc. There are many excellent 
colossal dielectric permittivity materials such as doped 
BaTiO3, CaCu3Ti4O12 (CCTO), doped NiO5, Bi0.5Na0.5TiO3, 
Ni0.5Zn0.5Fe2O4, ZnO8 etc., but the high permittivity of the 
ferroelectric materials, such as BaTiO3 and (K, Na) NbO3, 
can only be attained over a narrow temperature range close 
to the ferroelectric phase transition. The stronger tempera-
ture dependence limits their applications.1–5 The dielectric 
loss of other nonferroelectric materials with colossal values 
of ε is too high in the application point of view. The main 
focus of the scientific society in these classes of materials 
is to understand the fundamental mechanism of the colos-
sal dielectric permittivity and to develop new material 
with enhanced material characteristics. Lanthanum Ferrite 
(LaFeO3) is one such material exhibiting giant dielectric 
permittivity along with other fascinating properties like 
catalytic and gas sensing behavior, magnetic properties, 

multiferroic properties, etc. LaFeO3 was widely studied 
as catalyst for the decomposition of hydrocarbons, chlori-
nated volatile organic compounds (VOCs) or by the reaction 
between NO and CO. It is also used as photo-catalysts and 
catalysts in heterogeneous Fenton-like reactions for the wet 
peroxide oxidation of hydrocarbons. In addition to this, lan-
thanum orthoferrites and doped LaFeO3 (A-site and/or B-site 
substituted) are also investigated as sensor materials for the 
detection of humidity, alcohol, oxygen, etc. and as electrode 
materials in Solid Oxide Fuel Cells (SOFCs). Multiferroic 
properties of LaFeO3 was also reported by Bhargav et al.6–9 
Though lanthanum ferrite is widely investigated for catalytic 
and electrodes of SOFC purpose, the dielectric and electri-
cal properties of lanthanum ferrite still need an extensive 
investigation.

So, in this present endeavor, we tried to explore the reason 
behind the colossal dielectric response of lanthanum ferrite 
in the wide temperature due to three dielectric anomalies 
and electrical heterogeneity. A comprehensive study was 
also carried out to verify the electrical heterogeneity of the 
sample responsible for the colossal dielectric permittivity 
through the complex impedance analysis. The relaxation pro-
cess corresponding to grain and grain boundary was broadly 
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analyzed on the basis of complex impedance spectroscopy 
and electrical modulus study.

2.  Materials and Methods

LaFeO3 ceramic sample was synthesized by citrate gel 
method. High purity lanthanum oxide La2O3, ferric nitrate 
nonahydrate Fe (NO3)3.9H2O and citric acid (C6H8O7) were 
taken as precursor materials for synthesis of LaFeO3 ceram-
ics. The detailed procedure was illustrated through flow dia-
gram in Fig. 1. The stoichiometric amount of the individual 
solution of La2O3, Fe (NO3)3.9H2O and C6H8O7 is mixed 
through continuous magnetic stirring along with temperature 
at around 70–80°C for 6–7 h to obtain a homogenous nitrate- 
citrate solution. The viscous nitrate–citrate solution was 
heated at 100°C at oven overnight and a porous crunchy mass 
was then obtained. The porous crunchy mass was crushed 
and grounded to fine powder with a mortar pestle. The fine 
powder was then placed on alumina crucible and calcined 
at 700°C. After phase confirmation of the calcined powder 
from the room temperature XRD data, the calcined powders 
were pressed to form pellets of cylindrical shape with vary-
ing dimensions (Diameter: 12 mm and thickness:1–3 mm). 

The pellets are then sintered at 1200°C for 4 h. These sintered 
pellets are then used for dielectric and electrical (impedance 
and conductivity) measurement (using Phase sensitive meter, 
PSM 1735, N4L) after electroding with silver paste. Such 
technology, among other things, can cause texturing of the 
grain landscape and, as a result, improve the properties of the 
final product (increase in density, etc.). Microstructure (i.e., 
surface micrograph) and EDS spectrum (for compositional 
analysis) of the sintered pellets were obtained from a scan-
ning electron microscope (SEM, FEI, QUANTA-250).

3.  Results and Discussions

The indexed XRD spectrum of the chemically synthesized 
LaFeO3 sample is shown in Fig. 2(a). The XRD spectrum of 
our prepared sample matched well with standard crystal data 
of lanthanum orthoferrites ((as illustrates through blue stick 
pattern, JCPDS no. 01-088-0641) with orthorhombic crystal 
structure. The lattice parameters of the sample were found 
to be a  =  5.5707 Å, b  =  7.8561 Å and c  =  5.5585 Å. The 
crystallite size (D) and the lattice strain (ε) of the prepared 
sample were calculated from the Williamson–Hall plot (as 
shown in Fig. 2(b)) on the basis of Williamson–Hall Equation 
as follows10:

 βcosθ = Kλ + 4εsinθ, (1)

where K = 0.9 is the shape factor and λ is the wavelength of 
the CuKα radiation. The crystallite size and the lattice strain 
are found to be 52.72 nm and 0.00206, respectively.

The surface micrograph and the EDS pattern of the inves-
tigated sample are shown in Fig. 3. The polycrystalline nature 
of the sample is clearly observed from the distinguished 
grains separated by the grain boundaries. Some pores are 
observed in the microstructure. The grain size and distribu-
tion of grains are analyzed from the histogram (as shown in 
the inset of the SEM image). The average grain size of the 

Fig. 1. Schematic representation of LaFeO3 fabrication by citrate 
gel method.

(a) (b)

Fig. 2. (a) XRD pattern with standard crystal data of LaFeO3 ceramics (b) Williamson–Hall plot.

2250019.indd   2 11-04-22   12:16:32



S. Sahoo et al. J. Adv. Dielect. 12, 2250019 (2022)

2250019-3

FA WSPC/270-JAD 2250019 ISSN: 2010-135X

sample is 2.26 μm. The EDS pattern does not exhibit any 
other elements than the expected elements (La, Fe and O) 
suggesting the absence of impurity element in the material. 
However, it should be noted that in Fig. 3, which illustrates a 
fragment of the grain landscape of the material, texturing ele-
ments are predicted in the form of “columns” of close-packed 
grains (framed by dashed lines in Fig. 3). Attention is drawn 
to the fact of a certain discreteness of such textured regions, 
which may be associated with the features of the formation of 
the microstructure of this particular composition.

Figure 4 shows both the temperature and frequency-de-
pendent behavior of LaFeO3. We observed three anomalies 
at around 50°C, 140°C and 230°C for 500 Hz–10 kHz fre-
quency in the εr versus temperature plot. But, the two anom-
alies at around 50°C and 140°C merge together and a broad 
peak appears for the frequency above 10 kHz as depicted in 
the corresponding inset of the figure. The clear insight of the 
three anomalies is also illustrated through the fitting of exper-
imental data with the three Gaussian peaks. Similar trend with 
two dielectric anomalies at around 50°C and 150°C was also 
reported in the literature11,12 in the temperature-dependent εr 
characteristics of LaFeO3. Further, from the literature survey, 
we found that LaFeO3 shows the colossal dielectric constant 
value (~104–105) even below the transition temperature.9,13 

Bhargav et al.12 reported a large value of dielectric constant 
to the tune of 21,000 at 1 kHz frequency at around 140°C. 
In our experimental result, we observed that the amplitude 
of the first peak is higher than that of the second anomaly at 
lower frequency. With the increase in frequency, the ampli-
tude of the first peak decreases and finally disappears at 

Fig. 3. SEM image, histogram (in the inset of SEM micrograph) 
and EDS spectra of LaFeO3 ceramics.

Fig. 4. Variation of εr and tand with temperature and frequency (in 
the inset).
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higher frequency. From these features, we analyzed that the 
dielectric polarization is associated with the anomaly around 
50°C which shift to the higher temperature with an increase 
in frequency that has the characteristics of Maxwell–Wagner 
mechanism.

According to this mechanism, a material consists of 
a highly resistive grain boundary and less resistive grain 
resulting in an internal barrier layer capacitor and yields 
giant dielectric constant. This explanation can later be ver-
ified from the analysis of Nyquist plot. The second anomaly 
at around 150°C is associated with the polarization induced 
from the grain capacitance due to some extrinsic effect. This 
peak is being observed by many authors,11,12 but has not been 
assigned for any reason behind the occurrence of the peak.

As we know, the Maxwell–Wagner mechanism is effec-
tive only at lower frequency, above 10 kHz, the peak was 
absent. The colossal or giant dielectric value at low tem-
perature and low frequency is mainly due to extrinsic effect. 
The giant dielectric constant due to IBLC formation can 
also be  realized from the step like response corresponding 
to the grain boundary effect in the εr versus frequency plot. 

The anomaly at higher temperature, i.e., around 230°C is 
associated with the dielectric polarization induced from the 
ferromagnetic interaction between the Fe3+ ions driven by the 
oxygen vacancy mediated Fe3+–Vo–Fe3+ exchange interac-
tion. The lanthanum ferrite sample exhibits a similar trend 
of dielectric material in the temperature variation of tand i.e., 
the increase in value of tand with temperature due to increase 
in conductivity. The frequency-dependent variation of tand 
reveals about the relaxation process of the material, which 
was comprehensively investigated in our earlier report.14

Complex Impedance Spectroscopy is a very significant 
technique to explore the electrical characteristics of polycrys-
talline materials (mostly ceramics) and its correlation with the 
microstructural characteristics. By virtue of this technique, 
one can differentiate the contributions of intrinsic grain (or 
bulk) and extrinsic grain boundaries. The physical mecha-
nism associated with the material can be represented by an 
appropriate equivalent circuit network. The circuit networks 
corresponding to grain and grain boundary are generally con-
stituted capacitances ‘C’ (since our materials are dielectric 
materials) and resistances ‘R’ (due to loss associated with 

(a) (b)

(c) (d)

Fig. 5. (a) Nyquist plot, (b) ReZ versus frequency, (c) ImZ versus frequency, (d) Relaxation time of grain and grain boundary versus inverse 
temperature.
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the capacitor). The intrinsic grain and extrinsic grain bound-
ary effects in complex impedance plot (also called as Nyquist 
plot) emerged in the shape of successive semicircular arc. 
The nature of the semicircular arc (i.e., perfect or depressed) 
specifies the relaxation mechanisms (Debye or Non-Debye) 
of the samples. Perfect semicircular arc (i.e., center on real 
Z-axis) specifies the Debye type relaxation mechanism, while 
the depressed one (center below the real Z-axis) indicates the 
non-Debye relaxation process. The former, each semicircle 
can be represented by a parallel RC network signifying the 
dc conduction mechanism (R) in parallel with the dielectric 
polarization (C); whereas for the latter one, a constant phase 
element (Q) was included parallel to the RC circuit network. 
But, a series combination of two parallel RC circuits is con-
sidered where the grain boundary is adjacent to a grain (con-
ducting or semiconducting). In this case, the grain boundary 
(the barrier depleted of charge carriers) appears as a capaci-
tance, while the grain looks like a series resistance.15,16 The 
effect of intrinsic grain and extrinsic grain boundary on the 
electrical characteristics of our studied sample was illustrated 
through the complex impedance plot in Fig. 5(a). The exper-
imental complex impedance plot was fitted with suitable 
circuit network (as specified in the inset of Fig. 5(a)) using 
Zsimpwin software.

The inclusion of Q in the circuit model indicates the non-
Debye-type relaxation mechanisms. The grain and grain 
boundary effects are clearly visible in the plot. The first semi-
circle (in high frequency region) indicates the intrinsic grain 
contribution and the second semicircle (in lower frequency 
region) indicates the extrinsic grain boundary effect.

The resistances and capacitances of grain (Rg and Cg) and 
grain boundary (Rgb and Cgb) at some selected temperatures 
(25°C, 50°C, 75°C, 100°C, 125°C, 150°C and 175°C) are 
tabulated in Table 1. From the table, it is clear that the grain 
boundary resistance is much more than the grain resistance 
indicating the conducting grains with blocking grain bound-
aries. Due to the blocking (or highly resistive) grain boundar-
ies, charge carriers are accumulated; which acts as a capacitor 
with high value of capacitance than the intrinsic grain. The 
grain and grain boundary resistance (after 65°C) decreases 

with increase in temperature indicating the NTCR behavior 
of the sample.

The variations of real and imaginary parts of impedance 
(i.e., ReZ and ImZ, respectively) with frequency at some 
selected temperatures are illustrated in Figs. 5(b) and 5(c). 
These plots are important to study the resistive characteristics 
and relaxation process of the sample. The effect of intrinsic 
grain and extrinsic grain boundary is also observed in these 
plots, i.e., the results can be correlated with the Nyquist plot. 
The low-frequency region indicates the grain boundary char-
acteristics whereas the high-frequency region suggests the 
grain characteristics, as indicated in Fig. 5(b). The enlarged 
version of the grain region was also shown in the inset of the 
figure. The enhanced value of Z′ at lower frequency region 
was due to the higher value of grain boundary resistance. 
As observed in the Nyquist plot (listed in Table 1), the grain 
boundary resistance is maximum for 50°C and then decreases 
with a rise in the temperature. This characteristic was also 
found in the Z′ versus frequency plot i.e., the grain boundary 
resistance increases up to 65°C and then decreases with an 
increase in the temperature. Similarly, the decrease in grain 
resistance with a rise in the temperature also confirmed here 
similar to that of Nyquist plot indicating the semiconducting 
nature of the sample. The relaxation peak observed in ImZ 
versus frequency plot in lower and higher frequency region 
indicates the effect of extrinsic grain boundary and intrinsic 
grain, respectively. Thermally activated relaxation process 
was predicted from the shifting of relaxation peak with an 
increase in the temperature. The broad and asymmetric peak 
for both the grain and grain boundary again confirmed the 
non-Debye relaxation process. The characteristics parameter 
i.e., the relaxation time (τ) for the relaxation process corre-
sponding to the grain and grain boundary effect was calcu-
lated from the relation ωτ  =  1 (at the relaxation peak) and 
plotted with the variation of inverse temperature as illus-
trated in Fig. 5(d). The τgb versus inverse absolute tempera-
ture exhibits two distinct slopes at two different temperature 
regions indicating the different relaxation mechanism associ-
ated with the studied material. The activation energy for both 
the slopes was calculated on the basis of Arrhenius relation17:

	 τ = τ0 exp (−Ea/(kBT)), (1)

and found to be 0.16 eV and 0.72 eV for high-temperature 
and low-temperature region, respectively.

Similarly, the activation energy for the grain effect was 
found to be 0.13 eV. The decrease in relaxation time with 
increase in temperature for both the grain and grain bound-
ary effect is attributed to the increase in the hopping rate of 
thermally activated charge carriers. In addition to the com-
plex impedance spectra for the understanding of grain and 
grain boundary relaxation process, we have also plotted the 
frequency-dependent plot of electrical modulus. Electrical 
modulus provides a clear vision to the less capacitive and 
resistive grain interior which was suppressed in the complex 
impedance plot due to more resistive grain boundary.

Table 1. Grain and grain boundary resistances and capacitances at 
various temperatures. 

Temperature 
(°C) Rg (Ω) Cg (F) Rgb (Ω) Cgb (F)

25 2.149 × 103 1.083 × 10−6 7.311 × 103 1.447 × 10−10

50 8.759 × 102 2.244 × 10−10 3.703 × 104 8.702 × 10−10

75 3.710 × 102 2.117 × 10−10 2.053 × 104 1.557 × 10−8

100 2.007 × 102 1.946 × 10−10 1.090 × 104 9.406 × 10−9

125 1.701 × 102 1.909 × 10−10 7.026 × 103 6.243 × 10−9

150 4.114 × 102 2.732 × 10−10 5.6 × 103 4.471 × 10−9

175 2.2 × 103 1.219 × 10−8 5.046 × 103 1.403 × 10−9
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The relaxation process corresponding to the grain is 
now prominently visible in the high-frequency region of the 
imaginary plot of electrical modulus (M″) versus frequency 
(Fig.  6(a)). The relaxation peak corresponding to the grain 
effect shifted to higher frequency range (beyond our exper-
imental studied range) and only observed for few tempera-
tures up to 35°C. The normalized bode plot (ImZ and M″ 
versus frequency) at room temperature was plotted to explore 
whether the relaxation process is associated with the short-
range or long-range movement of charge carriers. If the 
relaxation peak of both the ImZ (Fig. 6(b)) and M″ versus 
frequency coincides, then it indicates that the long-range 
movement of charge carriers is responsible for the relaxation 
process, otherwise, if the two have separate characteristic 
frequency, then the relaxation process was dominated by the 
short-range movement of charge carriers.18 In our study, the 
relaxation peak for both the bode plot observed at different 
frequency suggested the relaxation process to get associated 
with the short range movement of the charge carriers.

4.  Conclusions

LaFeO3 ceramic was synthesized by a low-temperature and 
cost-effective method i.e., citrate gel method. The phase for-
mation of the synthesized material was confirmed from the 
room temperature XRD pattern and the observed pattern 
matches well with the JCPDS data. The preliminary struc-
tural analysis reveals the sample crystallizes in an orthor-
hombic structure. The crystallite size and lattice strain of the 
studied sample was calculated using Williamson–Hall plot 
and found to be 52.72 nm and 0.00206, respectively. The 
anomalies in the dielectric constant versus temperature plots 
are attributed to the polarization induced by the Maxwell–
Wagner mechanisms and ferromagnetic interaction between 
the Fe3+ ions driven by the oxygen vacancy mediated Fe3+–
Vo–Fe3+ exchange interaction. A giant dielectric permittivity 

was observed in the sample due to the formation of internal 
barrier layer capacitor as a consequence of highly insulating 
grain boundary and less resistive/semiconducting grain. The 
electrical heterogeneity of the sample was also confirmed 
from the complex impedance and electrical modulus analy-
sis. The non-Debye type relaxation process associated with 
the grain and grain boundary effect was analyzed and cor-
related with all the analysis of complex impedance and mod-
ulus i.e., Nyquist plot, real and imaginary part of impedance, 
and the imaginary part of modulus.

Lanthanum orthoferrite exhibiting colossal dielectric 
constant has promising applications in on-chip capacitors 
and Dynamic Random Access Memory (DRAM) devices. 
The studied material i.e., Lanthanum orthoferrites also have 
applications in humidity sensors, oxygen sensors, etc.
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