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An ac conductivity as well as dielectric relaxation property of La2 NiO4.1 is reported in the temperature range of 77 K–130 K and
in the frequency range of 20 Hz–1 MHz. Complex impedance plane plots show that the relaxation (conduction) mechanism in
this material is purely a bulk effect arising from the semiconductive grain. The relaxation mechanism has been discussed in the
frame of electric modulus spectra. The scaling behavior of the modulus suggests that the relaxation mechanism describes the same
mechanism at various temperatures. The logarithmic angular frequency dependence of the loss peak is found to obey the Arrhenius
law with the activation energy of ∼0.09 eV. The frequency-dependent electrical data are also analyzed in the frame of ac conductivity
formalism. The ac conductivity has been found to follow a power-law behavior at a limited temperature and frequency region where
Anderson localization plays a significant role in the transport mechanism for La2 NiO4.1 .

1. Introduction
Perovskite oxides with high dielectric constant play an
important role in microelectronics [1] and have been used
as memory devices and capacitors. In the literature, the
dielectric relaxation with extremely high permittivity has
been reported in many materials, in which the contribution
of conduction carriers to dielectric polarization may play
an important role. However, the explanation of this phenomenon is controversial based on different models [2, 3].
The electron localized on an ion can cause displacements of
neighboring ions from their positions in the crystal lattice.
The quasi-particle formed by an electron and corresponding
lattice displacements is called polaron [4, 5].
Crystal chemical considerations indicate that among
the ternary transition metal oxides of the type A2 BO4 , only
La2 NiO4 should be stable in the K2 NiF4 structure [6–8]. The
natures and properties of La2 NiO4 are highly sensitive to
the content of excess oxygen. In fact, La2 NiO4+𝛿 exhibits the
metal-insulator transition [8]. Although La2 NiO4+𝛿 remains
semiconducting nature up to 𝛿 = 0.25, hole doping due
to excess oxygen induces increasing structural distortion
and changes electronic structures which modify the band
gap width [9]. La2 NiO4+𝛿 exhibits semiconducting behavior
at low temperatures with thermally activated or variable
range hopping-type conductivity [10, 11]. The previous

experimental results suggest a high possibility that the
major carrier at low temperature in La2 NiO4+𝛿 is a polaron
[10, 11]. However, the details of the transport kinetics are
still unknown. Although there are many ways of addressing
polaron dynamics, dielectric relaxation measurements are
useful metrics because the hopping process of polaron has
a high probability of involving a dielectric relaxation process
[12–16]. Furthermore, many perovskite materials have shown
high dielectric or ferroelectric properties and the dipole unit
in these systems plays an important role in the electronic
transport phenomena [17, 18].
In this paper, we investigate the electrical relaxation
properties of K2 NiF4 type La2 NiO4+𝛿 ceramic in the temperature range 77 K–300 K and frequency rang 20 Hz–1 MHz
by means of dielectric spectroscopy. These studies may give
valuable information on the electrical properties, which are
very important for practical applications of perovskite oxides.

2. Experimental
La2 NiO4+𝛿 polycrystalline ceramic was prepared by conventional solid state synthesis technique. La2 O3 (>99.99% purity)
and NiO (>99.9% purity) powders were used. First, the mixed
powder was heated in air at 1273 K for 12 h. After being ground
and mixed well, the powder was heated again in air at 1373 K
for 12 h. Then the powder was pressed into the pellets and
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Figure 1: X-ray diffraction pattern of La2 NiO4.1 .

sintered finally in pure flowing oxygen at 1423 K for 12 h.
The powder diffraction using a Cu K𝛼 X-ray indicates the
tetragonal structure with the lattice constants 𝑎 = 3.8615,
𝑐 = 12.6484 Å. Figure 1 shows the XRD spectrum of the
sintered La2 NiO4 sample recorded at room temperature. The
oxygen content of the sample was determined by iodometric
titration. The experimental error of the oxygen content is
within ±3%. 𝛿 is found to be 0.1. The chemical composition
was confirmed by inductively coupled plasma (ICP). The
composition was found to be nearly identical to the nominal
one within the accuracy of ICP.
Capacitance and impedance were obtained as functions
of temperature by four-terminal pair ac impedance measurement method using a HP 4284A precision LCR meter.
The measured values of capacitance and impedance were
correlated by calibrating capacitance and resistance of leads
to zero. Flat surfaces of the specimens were coated with an
In-Ga alloy in the ration 7 : 3 by a rubbing technique for an
electrode.

3. Results and Discussion
Figure 2 shows the frequency dependence of real part (𝑍 )
of impedance of La2 NiO4.1 as a function of temperature. In
Figure 2, 𝑍 decreases with an increase in frequency for all
temperatures implies relaxation process in the specimens.
The magnitude of 𝑍 decreases at lower frequencies with an
increasing temperature which indicates increase in the ac
conductivity and this can be also attributed to the fact that
𝑍 values decrease with increase of temperature indicating
reduction of grains, grain boundaries, and electrode interface
resistance. The merge of 𝑍 values at higher frequencies is
observed, which may be due to the release of space charge
[19, 20].
Figures 3(a) and 3(b) show the frequency dependence of
imaginary (𝑍 ) part of impedance of La2 NiO4.1 as a function
of temperature. The pattern of variation is characterized
by the occurrence of peaks with asymmetric broadening
which indicates relaxation in the materials. Double peaks are
observed at 130 K. The peaks in higher and lower frequency
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Figure 2: Frequency dependence of the real part (𝑍 ) of impedance
at various temperatures for La2 NiO4.1 .

regions are found due to effect of bulk and grain boundaries,
respectively. Thus, the observed lower frequency region peaks
above 140 K are due to the effect of grain boundaries. The
peak values of 𝑍 are observed to decrease with increasing
temperature. It indicates an increase of loss in the resistive
property of the materials. Shifting of peaks toward the higher
frequency sides with increasing temperatures indicates the
temperature dependence of the relaxation time. Furthermore,
the broadening of the peaks with rise in temperature indicates
nonunique relaxation timescale, whose variance/distribution
widens at higher frequency side [19, 21].
Figure 4 represents the variation of Z /Zmax with
log(𝑓/𝑓max ) at different temperatures. It shows the scaling
behavior of the materials. The overlap of the curves for
all the temperatures into a single master curve indicates
that relaxation described the same mechanism at different
temperatures in this material.
We have adopted the modulus formalism to study the
relaxation mechanism. The usefulness of the modulus representation in the analysis of the relaxation properties has been
demonstrated for poly crystalline ceramics. The advantage
of adopting complex electric modulus formalism is that it
can discriminate against electrode polarization and grain
boundary conduction mechanism [22]. It is also suitable in
detecting bulk phenomena properties as apparent conductivity relaxation time [23]. The other advantage of the electric
modulus is that the electrode effect can be suppressed [23].
Electric modulus corresponds to the relaxation of electric
field in the material when the electric displacement remains
constant. Thus the electric modulus represents the real
dielectric relaxation process. The complex electric modulus
𝑀∗ = 𝑀 + 𝑗𝑀 can be expressed as [24]
∞

𝑀∗ (𝜔) = 𝑀∞ [1 − ∫ (
0

−𝑑𝜙 (𝑡)
) exp (−𝑗𝜔𝑡) 𝑑𝑡] ,
𝑑𝑡

(1)
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Figure 3: Frequency dependence of the imaginary part (𝑍 ) of impedance at various temperatures for La2 NiO4.1 ; (a) 𝑇 < 120 K (b) 𝑇 > 120 K.

peaks in 𝑀 spectroscopic plots are observed follow the
relation 𝜔max 𝜏𝑚 = 1, where 𝜔max is the angular frequency
corresponding to the peak maximum. It is typically observed
that 𝜏𝑚 follows the Arrhenius law given by [22, 23]
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Figure 4: Scaling behavior of 𝑍 at various temperatures for
La2 NiO4.1 .

where 𝑀 and 𝑀 are real and imaginary part of 𝑀∗ . 𝜔 =
2𝜋𝑓 is the angular frequency, 𝑀∞ = 1/𝜀∞ is the asymptotic
value of 𝑀 (𝜔), and 𝜙(𝑡) = exp[−(𝑡/𝜏𝑀)𝛽] represents time
evolution of the electric field within the material where
𝛽 (0 < 𝛽 < 1) is the stretched exponent and 𝜏𝑀 is the
conductivity relaxation times. The 𝑀∗ formalism is widely
used to study conductivities of materials. The variation of
imaginary component 𝑀 as a function of frequency at
different temperatures provides useful information of the
charge transport mechanism such as electrical transport and
conductivity relaxation process. Peaks are observed in the
frequency spectra of 𝑀 which indicate the existence of
conductivity relaxation process. The frequencies at which the

(2)

where 𝜏𝑀0 is the preexponential factor and 𝐸 is the activation
energy.
The frequency dependence of 𝑀 (𝜔) is shown in
Figure 5(a). At low frequency, the value of 𝑀 (𝜔) decreases
as the temperature increases. Also at a given temperature,
𝑀 (𝜔) increases with increase in the frequency and takes
almost a constant value at higher frequency. At low frequency
and in the high temperature region, 𝑀 (𝜔) approaches zero,
confirming an appreciable electrode and/or ionic polarization [25]. Figure 5(b) shows the variation in 𝑀 (𝜔) with frequency at different temperatures where the peaks are shifted
toward higher frequencies with increasing temperature. We
have fitted the relaxation times (𝜏𝑚 ) obtained from the peak
frequencies with inverse of temperature according to the
Arrhenius law given by (2) where the fit is shown by solid
line in inset of Figure 6. It is observed that the value of
relaxation time is found to be decreasing with increasing
temperature which indicates semiconductor behavior of the
compound. For a typical lattice dipole relaxation, 𝜏𝑀0 is
on the order of 10−10 ∼ 10−13 s [18]. The value of 𝐸
and 𝜏𝑀0 obtained from the Arrhenius fit is 𝐸 ≈ 0.09 eV
and 𝜏𝑀0 ≈ 2 × 10−10 s. This experimental result indicates
that the dielectric loss anomaly (polaron-like relaxation)
observed in this compound is arising from the interaction
between free charges and lattice, which induces the local
dipole. The lattices distortions introduced by the excess
oxygen and associated vacancies are sufficient to produce
more than one off-center equilibrium position for Ni3+ ions.
The observed relaxation is associated with thermal activation
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Figure 5: (a) Frequency dependence of the real part (𝑀 ) of electric modulus at various temperatures for La2 NiO4.1 . (b) Frequency
dependence of imaginary part (𝑀 ) of electric modulus at various temperatures for La2 NiO4.1 .

motion between these equivalent potential minima [26].
Under the action of an ac field, the charge may hop between
equivalent available lattice sites depending on the crystal
symmetry. This hopping is equivalent to the reorientation of
an electric dipole, which gives frequency-dependent, complex, dielectric properties exhibiting Debye-type behavior.
Thus the experimental results suggest that spectral intensity
of the electric modulus observed in La2 NiO4.1 is thermally
activated like dielectric relaxation occurring in the other
various materials in which the process of hopping of small
polaron dominates the electrical transport [18, 20, 26–28].
Scaling of the electric modulus can give further information about the dependence of the relaxation dynamics on
the temperature, structure, and also on the concentration of
the charge carrier [29]. Figure 6 shows the scaling results at

and (𝑓/𝑓max ) are used as
different temperatures where 𝑀max

the scaling parameters for 𝑀 and 𝑓, respectively. Clearly
all modulus spectra can be seen to completely overlap and
are scaled to a single master curve indicating that relaxation
dynamics does not change with temperature.
In Figure 7, the variation of normalized parameter

) and (tan 𝛿/ tan 𝛿max ) as a function of logarithmic
(𝑀 /𝑀max
angular frequency measured at 100 K is shown. The over
) and (tan 𝛿/ tan 𝛿max )
lapping peak position of (𝑀 /𝑀max
curves is an evidence of delocalized or long-range relax
) and
ation. However, for the present system the (𝑀 /𝑀max
(tan 𝛿/ tan 𝛿max ) peaks do not overlap but are very close suggesting the components from both long-range and localized
relaxation [29].
Figure 8 shows the variation of ac conductivity (𝜎ac ) as a
function of frequency at different temperatures. It is obvious
that the conductivity increases with increasing frequency
and increasing temperature. The observed behavior is typical
of the existence of polarons in the system [13, 16–19, 30].

The very basic fact about ac conductivity in complex perovskite oxides is that conductivity is an increasing function of
frequency (any hopping model has this feature). Andersonlocalized charge carriers contribute to conductivity by hopping processes which lead to an increase in complex conductivity with frequency (𝜔). This behavior can be described
by using a power law with exponent 𝑠 < 1 which is usually
represented as “universal dielectric response” (UDR) [31–33].
By considering a dc conductivity term, the real part of the ac
conductivity is described as
𝜎 (𝜔) = 𝜎 (0) + 𝐴𝜔𝑠 ,

(3)

where 𝜎(𝜔) is the total conductivity, 𝜎(0) the frequency
independent conductivity, that is, dc conductivity, 𝐴 depends
on the temperature, and 𝑠 is the dimensionless frequency
exponent. In case of measurement at sufficiently high frequency, a crossover from power law, 𝜎 ∝ 𝜔𝑠 , to a linear
increase of 𝜔, 𝜎 ∝ 𝜔, is frequently observed in the variety of
materials which is defined as the “second universality” (SU)
[31–33]. The microscopic picture of the origin of SU region at
high frequency is still not established.
It is seen from Figure 8 that at low frequency a step-like
feature is observed possibly due to the grain boundary effect
where a corresponding relaxation peak is observed in the 𝑍
spectrum. With further increasing frequency, a crossover to
the linear 𝜎(𝜔) ∝ 𝜔 dependence above ∼105 Hz is observed.
Linearity of the frequency dependence is shown by broken
line in the figure. The linear SU region is shifted toward higher
frequencies with increasing temperature and consequently
the SU region is shifted out of the frequency window above
130 K. The UDR and SU contributions to the intrinsic ac
conductivity in the present investigation are consistent with
results for single crystal or polycrystalline of LaMnO3 [13, 18].
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For La2 NiO4.1 , 𝜎(𝜔) increases with increasing frequency
and therefore the observed ac conductivity must be related to
the bound carriers trapped in the specimen. The frequency
dependence of ac conductivity at various temperatures
resembles that of hopping-type conduction between these
trap centers. Ni3+ is one kind of charge trap. Hopping of
charge carriers among the trap leaves situated in the band
gap of the material may give rise to a frequency dependence
ac conductivity with a frequency dependence ∼ 𝜔𝑠 (𝑠 < 1).
Since UDR contribution to the ac conductivity is found in a
very small region of the frequency, a large error is noted while
analyzing the ac conductivity by power law for La2 NiO4.1 .
The temperature dependence of the frequency exponent 𝑠
is shown in the inset of Figure 8. For La2 NiO4.1 , 𝑠 varies
between 1.0 and 0.8. There are vast numbers of theoretical
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Figure 8: Frequency dependence of ac conductivity at some selected
temperature. Inset: the temperature dependence of the exponent
parameter, 𝑠.

approaches to deduce this behavior form the microscopic
transport properties of various classes of materials [34]. The
small polaron tunneling (SPT) model, which corresponds to
the variable range hopping model for nonzero frequencies,
predicts a temperature-independent frequency exponent 𝑠
near 0.8 [31–33]. The results of a previous experiment showed
that the dc conduction mechanism of La2 NiO4+𝛿 is well
described by variable range hopping conduction [10, 11]. This
suggests that the SPT model is an appropriate mechanism for
the low temperature ac conductivity of the present materials.
Unfortunately, due to the small frequency range where the
𝜔𝑠 power law is seen, an unambiguous determination of ac
conduction mechanism is difficult but the overall response
is very similar to that found for Sr-doped LaMnO3 [13, 18]
which is a well-described SPH model.

4. Conclusions
The frequency dependence of electric modulus, impedance,
and ac conductivity of La2 NiO4.1 ceramic synthesized by
solid-state reaction method is investigated in the temperature
range from 80 K to 130 K and frequency range 20 Hz to
1 MHz. The relaxation mechanism has been discussed in
the framework of electric modulus. The shifting of the
peak position to the higher frequency side with increasing
temperature indicates the polaron transport in this material.
The logarithmic angular frequency dependence of loss peak
is found to obey the Arrhenius law with the activation energy
of 0.09 eV. This value of activation energy suggests that the
bulk conduction maybe due to polaron hopping based on
electron carriers. The scaling behavior of the electric modulus
and impedance suggest that relaxation mechanism describes
the same mechanism at various temperatures. The frequencydependent ac conductivity data are also analyzed in the
framework of conductivity formalism.
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