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The signature of various disordered phases is inferred from the measurement of the real part of
alternating current conductance R(T, f) of a nanocrystalline double perovskite La2NiMnO6. The
system exhibits a paramagnetic insulating (PMI) phase at high temperatures, a ferromagnetic
insulating (FMI) phase at low temperatures, and a Griffiths-like phase in the intermediate temperature range. In these three phases, R(T, f) shows qualitatively similar variation with frequency f. At a
fixed temperature T, R(T, f) remains constant to its Ohmic value R0 up to a certain frequency,
known as the onset frequency fc and increases with increasing f beyond fc. Scaled appropriately,
R(T, f) versus f data corresponding to these three regimes fall on the same master curve indicating
the universal nature of the scaling behaviour of alternating current conductance. This onset frex
quency fc scales with R0 as fc  R0f with xf as the nonlinearity exponent. This exponent xf shows a
gradual crossover from 1.025 6 0.006 in FMI phase to 0.518 6 0.07 in PMI phase in an intermediate temperature range signifying the presence of Griffiths-like phase. A simple phenomenological
R–RC model consistent with the microstructural conduction mechanisms in PMI and FMI phases is
developed to generate the qualitative non-Ohmic character of ac conductance, the onset frequency
fc, and the nonlinearity exponent xf. Existing scaling theories with reliable models are used to anaC 2015 AIP Publishing LLC.
lyze and compare the results of ac conductance in similar systems. V
[http://dx.doi.org/10.1063/1.4926745]

I. INTRODUCTION

In a canonical ferromagnetic (FM) system, a sharp transition from paramagnetic (PM) to FM state occurs at Curie temperature TC. In the PM state, the free energy is a classical
analytic function of temperature (T) and magnetic field (H). In
1969, Griffiths1 showed that free energy can be a non-analytic
function of a random diluted FM and it begins at a temperature
TCG well above TC indicating coexistence of ferromagnetically
correlated finite clusters with the PM disordered phase in
the background. This mixed phase in the temperature range
TC  T  TCG arising as a result of quenched disorder is
termed as the Griffiths Phase (GP). Later, Bray and Moore2
and Bray3 extended this argument for various systems in which
disorder suppresses the magnetic transition. In the limit of perfect order, TCG approaches to TC. In colossal magnetoresistive
(CMR) manganite, GP above the magnetic ordering temperature is linked with the CMR effect within the scenario of
quenched disorder. Griffiths-like phase has been observed in
simple perovskite (SP) such as La0:672x Nd2x Ca0:33x Srx MnO3
with x ¼ 0, 0.1, 0.15, 0.2, and 0.25,4 Pr0:5 Sr0:5 Mn1y Gay O3 ,5
Sm0.5Sr0.5MnO3,6
Pr0.5Eu0.5MnO3,7
Nd0.5Eu0.5MnO3,7
Sm0.5Eu0.5MnO3 (Ref. 7), and electron doped nanomanganite
Sm0.09Ca0.91MnO3.8 Due to interchange of the crystallographic
positions of certain percentage of cations, an antisite disorder
is created in double perovskite (DP) such as Tb2NiMnO6
(Ref. 9) and La2NiMnO6.10 This antisite disorder is found to
a)
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be responsible in producing the signature of Griffiths-like
phase in DP. Experimental results11 as well as Monte Carlo
simulation12 reveal that this type of disorder influences the
magnetic properties markedly and can lead to secondary
phases at low temperatures.
The existence of Griffiths phase is generally identified
through the temperature dependent magnetization studies in
which a sharp downturn in the inverse of high temperature
susceptibility (v1) is observed above TC and the appearance
of this sharp downturn is considered to be the key feature of
Griffiths phase. In particular, the inverse susceptibility in a
GP phase satisfies the equation v1 / ðT  TCG Þ1k , where k
lies within 0 to 1. It is quite evident that k ¼ 0 signifies the
classical Curie-Weiss law. In the PM state, v1 vs. T curve
follows linear Curie-Weiss behaviour at high temperatures.
As the temperature is lowered, v1 vs. T curve deviates from
the linearity showing a sharp downturn from a common point
on the curve which corresponds to Griffiths temperature. The
sharpness of this downturn decreases with the increase in
magnetic field. At relatively high magnetic field, the downturn vanishes and the normal Curie-Weiss behaviour is
restored. Although GP has been characterized mainly using
magnetization studies, its signature has also been predicted
from other measurements such as electron paramagnetic resonance (EPR)4,9 and Raman spectroscopy.9 In case of
Tb2NiMnO6, Griffiths-like phase along with clear indications
of spin-lattice coupling has been observed through Raman
studies.9,13 The question arises whether one can characterize
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such GP phase from the measurement of electrical properties
instead of magnetization studies. As the study of non-Ohmic
alternating current conduction relies strongly on the disorder
creating the localized states in the sample, we would like to
investigate this intermittent phase lying between FM and PM
states with the help of measurement of the real part of ac
conductance R(T, f) in the nanocrystalline DP La2NiMnO6.
The common feature of the variation of the real part of alternating current conductance R(P, f) of a disordered sample is
that at low frequency, R(P, f) remains constant to its Ohmic
value R(P, 0)(¼R0) and as the frequency is increased further,
R(P, f) increases from R0 at a certain frequency, known as
the onset frequency fc. With further increase in frequency
beyond fc, R(P, f) increases following a power law. Here, the
parameter P is used to change Ohmic conductance R0 and
may be temperature T,14–16 disorder D,16,17 and annealing
time t.18 This dispersion behaviour of R(P, f) is generally
expressed in the following form:16,17
RðP; f Þ ¼ RðP; 0Þ þ Af s ¼ R0 þ Af s ;

(1)

where the exponent s lies in the range 0 < s < 1.19,20 The
coefficient A varies with temperature in an Arrhenius manner.14,15 At high temperatures, s has a constant value 0.60 in
the Jonscher region. Such behaviour is referred to as the
“universal dynamic response” (UDR) and widely observed
in various disordered systems. At high frequencies and low
temperatures, s approaches towards unity implying the imaginary part of dielectric constant to be independent of frequency.14,21 This represents a constant loss regime and is
referred to as “second universality” (SU). The intermediate
region represents a superposition of Jonscher and constantloss behaviour and is described by a double-power law.22
This has been observed in a wide variety of systems15,18,20,23,24 above room temperature and arises due to
hopping dominated transport occurring among more than
two localized states during an electric field period.24 The values of the indices corresponding to the double-power law are
always lower than one and decrease with the increase in temperature. To investigate the possible ac universal properties
of various types of disordered systems, several scaling formalisms17,25–29 have been proposed to scale R(P, f) data
with different degrees of success. These scaling formalisms
can be expressed in the following general form:16,17,30,31
 
RðP; f Þ
f
¼g
;
(2)
RðP; 0Þ
fc
where g is a scaling function and the onset frequency fc has
different expressions in different scaling formalisms. As for
example, fc ¼ R0/C where C is a constant in “Taylor-Isard
scaling,”25,26 fc ¼ TR0 in the scaling due to Roling,27
fc ¼ R0T/D with disorder D in an improved version of scaling
due to Roling et al.27 Sidebottom28 proposed a new scaling
relation with C ¼ R0/0D where 0 is the permittivity of vacuum, and the permittivity change D ¼ (x)  1 is related
to the dielectric loss strength. 1 is the high frequency
dielectric permittivity. This scaling approach has been successfully applied to different systems such as porous

silicon,32 polyaniline films,18 electron conducting polymer
systems20 and poly(3-decylpyrrole).24 Bardhan et al.17 used
Eq. (2) to scale R(D, f) data obtained in samples of carbonwax composite at room temperature. Nandi et al.16 and
Ghosh et al.30 also used Eq. (2) to scale R(T, f)  f data of
Fe-doped manganites LaMn1x Fex O3 and yttrium-doped
mixed valent polycrystalline manganite La1xy Yy Cax MnO3 ,
respectively. The scaling description of R(T, f)  f data leads
to a set of values of onset frequency fc corresponding to each
set of R(T, f)  f data at various temperatures. fc(T) at each
temperature follows a phenomenological relation16,17,30 given
by
fc ðTÞ ¼ AT R0 xf ;

(3)

where AT is a constant whose value is determined by the criterion that fixes the frequency scale fc and xf is the onset
exponent for alternating current conduction. For f < fc, the
scaling function g(f/fc) given by Eq. (2) has value of the
order of unity which corresponds to the fact that the conductance increases very little from R0. At larger frequencies,
f  fc, g  1. Thus, at fc, the scaling function g(f/fc) indicates
a crossover from the Ohmic to the non-Ohmic regime along
the frequency axis. It is to be noted that temperature does not
enter explicitly in Eq. (3) but does so through temperaturedependent R0(T). Thus, according to Eq. (3), the frequency
scale for nonlinearity is determined solely by the Ohmic conductance R0. In order to find the form of the scaling function
g(y) and the nonlinearity exponent xf, the scaled conductance
RðT;f Þ
f
R0 versus scaled frequency fc data are fitted by the following modified form:16,17,30
gðyÞ ¼ 1 þ Bys ; with B ¼ A=R0 ;

(4)

where y ¼ f/fc, g(y) is the same scaling function in Eq. (2)
and s is same as defined in Eq. (1).
In recent years, DPs like La2NiMnO6(LNMO) and
La2CoMnO6 (LCMO) have attracted considerable attention
to the scientific community because of their potential applications in magneto-dielectric capacitor,33 spintronic devices,34,35 spin tunneling junctions,36 and even the possibility
of having high temperature superconductivity.37 These DPs
have also several interesting physical properties such as large
room temperature (colossal) magneto-resistance,38 coexistence of ferroelectricity and ferromagnetism,39 and high
ionic conductivity.40 Bulk LNMO is a ferromagnetic semiconductor with sufficiently high TC  280 K and its magnetic
properties can be well explained by Kanamori-Goodenough
rules.41 This high value of TC provides a scope for the material
to be used in commercially available solid-state thermoelectric
(Peltier) coolers.33 Ferromagnetic resonance studies42 above
TC confirm the presence of magnetic ordering in the thin film
of the LNMO compound at room temperature. Ferromagnetic
LNMO crystallizes in an ordered double perovskite structure
in which NiO6 and MnO6 octahedra are arranged in a rock salt
configuration. This ordered structure gives rise to FM interactions between Ni2þ(d8, S ¼ 1) and Mn4þ (d3, S ¼ 3/2) ions producing interesting magnetic, electronic, and structural
properties.43,44 Either in bulk or films, the local environment
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of Ni/Mn disorder plays a key role in the co-existence of
multiphases with various interesting features in this compound. In particular, Zhu et al.45 have established the ferromagnetic semiconductor nature with Ni/Mn ordering along
the (111) direction. Besides, these materials being magnetodielectric in nature are suitable for future device applications as their dielectric properties critically depend on the
applied external magnetic field. Recently, Choudhury
et al.46 have shown that the partially disordered LNMO is
an intrinsically multiglass system having a large magnetodielectric coupling over a wide temperature range including
the room temperature.
In this paper, the real part of ac conductance is measured
in nanocrystalline double perovskite La2NiMnO6 in the temperature range from 125 K to 300 K and in the frequency
range from 20 Hz to 2 MHz. Primary focus is paid to address
the following physical observations in details: (i) non-Ohmic
nature of R(T, f)  f data at various T; (ii) existence of a characteristic frequency fc at each T separating the Ohmic and
the non-Ohmic region; (iii) existence of a temperatureindependent scaling function g(y) for achieving the master
curve of R(T, f)–f data at various T; (iv) an onset exponent xf
obtained from the scaling description with different values in
ferromagnetic insulating (FMI) and paramagnetic insulating
(PMI) phases and its gradual crossover from one phase to
another signifying the existence of a Griffiths-like phase in
the intermediate temperature range from 185 K to 225 K
(Griffiths-like phase in this nanocrystalline DP is predicted
from the magnetization measurement48) and (v) the possible
use of onset exponent xf as a probe for identifying the different phases in disordered systems. This scaling description is
also applied to different types of disordered systems with
similar conduction mechanism to test its validity in extracting the nonlinearity exponent xf. Synthesis and characterization of the nanocrystalline samples and the details of the
process of transport measurement are provided in Section II.
Results are presented and discussed with the help of scaling
formalism in Section III. Finally, conclusions are given in
Section IV.
II. EXPERIMENTAL DETAILS

Single phase nanocrystalline double perovskite LNMO
were prepared by the standard sol–gel technique. This synthesis process is similar to the Pechini method adopted in
Ref. 51. Stoichiometric amounts of high purity lanthanum nitrate La(NO3)3  6H2O, nickel nitrate Ni(NO3)2  6H2O, and
manganese acetate Mn(CH3COO)2  4H2O were mixed with
citric acid and dissolved with distilled water. A green gel
was formed after several hours under the condition of water
bath at 60  C. The dry gel was frothed, fumed, and finally
formed into powder. This powder was then annealed at
600  C to obtain the nanoparticles of La2NiMnO6.
In order to identify the structure and phase purity of the
as prepared nanocrystalline LNMO, X-ray diffraction (XRD)
was carried out with CuKa radiation (Seifert XRD 3000P) at
room temperature. The typical XRD spectrum of the nanocrystalline LNMO sample is shown in Figure 1. Reflection
lines corresponding to those of the single perovskite phase
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FIG. 1. Rietveld analysis results of XRD pattern for La2NiMnO6 double perovskite: experimental, calculated, difference, and Bragg position. Space
group: Pbnm; crystal structure: orthorhombic with a ¼ 5.490 Å, b ¼ 5.460 Å,
and c ¼ 7.760 Å.

are observed confirming the single phase character of the
compound. No extra lines corresponding to impurities are
recorded. Structural analysis via Rietveld refinement47 confirmed the orthorhombic Pbnm space group of the nanocrystalline LNMO with the following values of the lattice
parameters: a ¼ 5.490 Å, b ¼ 5.460 Å, and c ¼ 7.760 Å. These
results are consistent with the orthorhombic crystal structure
of low temperatures synthesized LNMO as reported earlier.48
These characteristic features of the nano-structure confirmed
from XRD pattern are used to explain the behaviour of nonlinear ac conduction and its mechanism.
Well isolated and monodisperse character of the nanocrystalline LNMO sample is visualized through the image
obtained from the experiment of high resolution transmission electron microscopy (HRTEM, JEOL TEM 2010).
Analysis of the HRTEM image shown in Figure 2 with the
help of ImageJ software49 provides an average size of
the clusters of the nanocrystal of the order of 25 nm
and the average size of the space between the different clusters was found to be 14.57 6 4.50 nm. High crystalline
character of the nanocrystal is evident from the facets displayed in the HRTEM micrograph. Selected area electron
diffraction (SAED) data taken from individual particles
(not shown here) show the presence of sharp diffraction
spots, which are indicative of the formation of crystalline
region of the LNMO sample.48 The observed crystalline
facets characterize (020) and (002) plane reflections
observed along the (100) zone axes in orthorhombic crystal
structure.11
A sputtered gold electrode was used for the transport
measurements. The electrical contacts with the sample were
made using high quality silver paste. For the measurement of
electrical resistivity as a function of temperature, the standard four-probe technique was used and the temperature was
varied in the range from 125 to 300 K. During the measurement, the temperature was controlled with an accuracy of
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FIG. 2. High resolution transmission
electron microscopy (HRTEM) image
showing the clusters of nanocrystalline
La2NiMnO6 sample with average size
25 nm.

60.01 K using a Lakeshore 332 temperature controller. The
real part of ac conductance was measured in the frequency
range from 20 Hz to 2 MHz and in the temperature range
from 125 to 300 K using an HP4192A impedance analyzer
interfaced with a computer.

becomes smaller as the temperature is increased. Further, it
is observed that the curves at different temperatures, particularly at low T, approach each other as frequency f approaches
fm indicating a converging nature of the curves. This converging feature indicates eventual temperature independence
of conductance at higher frequencies. Similar variation of

III. RESULTS AND DISCUSSION

Figure 3 shows the variation of the real part of alternating current conductance R(T, f) as a function of frequency f
of the double perovskite sample LNMO at different temperatures ranging from 125 K to 300 K. The zero-voltage Ohmic
conductance R0 of the sample at room temperature is
0.0097 S. It is observed from the figure that the basic nature
of the variation of R(T, f) with f at different T is qualitatively
similar. At a constant temperature, conductance R(T, f)
remains constant to its Ohmic value R0 at lower frequencies.
As the latter is increased beyond a certain value, conductance starts increasing from R0 and this frequency is termed
as the onset frequency fc. A criterion to determine fc is discussed below. With further increase in frequency, conductance continues to increase monotonically. With the increase
in temperature T, Ohmic conductance R0 increases. At
higher temperature, the sample becomes non-Ohmic at a
larger frequency fc, i.e., with increase in T, fc increases as
indicated by the solid line in Figure 3. A notable feature seen
in Figure 3 is that the increase in conductance DR (¼R(T, fm)
– R0) from R0 (R(T, fm) is the conductance at the highest frequency fm measured) is larger at low temperature and

FIG. 3. Variation of the real part of ac conductance R(T, f) as a function of
frequency f in the nanocrystalline LNMO sample at different temperatures as
indicated. The solid line is a guide to eye to indicate the movement of onset
frequency fc with temperature T.
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R(T, f) with f at various T has also been observed in various
disordered systems such as amorphous semiconductors,51
metal cluster compounds,52 electron conducting disordered
solids,53 ion conducting glasses,20,27 alkali borate glasses
ðNa2 OÞx ðB2 O3 Þ1x ,27 iron doped LaMn1x Fex O3 ,16 and
yttrium-doped mixed-valent polycrystalline manganite systems La1xy Yy Cax MnO3 with x ¼ 0.33 and 0.05 and
y ¼ 0.07.30 Some of the systems are mentioned in column I
of Table I. Such results have also been reported by Bardhan
et al.17 in a composite system by varying Ohmic conductance by disorder D. This common feature of R(T, f) vs f data
varied by either T or by D implies that the data could be
scaled appropriately by a suitable scaling function as given
in Eq. (2).
Figure 4 shows the result of making the data in Figure 3
collapse into a master curve following the data collapse
method.16,54,55 The temperature 125 K at which conductance
of LNMO sample is minimum is considered to be the appropriate starting temperature as the increase in conductance
from its Ohmic value R0 at this temperature is maximum.
The conductance corresponding to this temperature is scaled
by its Ohmic value R0 and the value of the onset frequency fc
is determined to be 255.5 Hz as at this frequency, R(T, f)
increases from its Ohmic counterpart for the first time. For
the next higher temperature, the conductance is scaled by R0
as before but fc is adjusted in such a way that R(T, f)/R(T, 0)
vs f/fc data corresponding to this temperature merge well
with the earlier set of data (corresponding to 125 K) as best
as possible. The same procedure is then repeated for the conductance versus frequency data at other temperatures in
increasing order of temperature to merge them on the same
curve. Such master curve in Figure 4 shows that R(T, f) – f
data all over the measured temperature range follows the
same scaling behaviour given by Eq. (2). The excellent data
collapse up to about R(T, f)/R0  103 and over nine orders of
TABLE I. Onset exponents xf for nonlinearity in alternating current conduction in various disordered systems. P stands for the variable used to vary R0:
T—temperature and x—stoichiometric amount.
Systems

P

xf

La2NiMnO6
La2NiMnO6
LaMn0.85Fe0.15O3 (Ref. 16)
La0.60Y0.07Ca0.33MnO3 (Ref. 30)
La0.60Y0.07Ca0.33MnO3 (Ref. 30)
La0.86Y0.07Ca0.05MnO3 (Ref. 30)
La0.86Y0.07Ca0.05MnO3 (Ref. 30)
LaMn1x Fex O3 (Ref. 16)
LaMnO3 (Ref. 16)
LaMn0.70Fe0.30O3 (Ref. 16)
LaMnO3 (single crystal) (Ref. 56)
50Lif  30KF  20AlðPO3 Þ3 (glass) (Ref. 20)
Na2O: 3SiO2 (glass) (Ref. 15)
Polyurethane doped NH4CF3SO3 (film) (Ref. 20)
Au55–III compound (Ref. 52)
Pd561–Phen37O200 (Ref. 52)
PVC–PPy (composite) (Ref. 57)
0.2K2O: 0.80GeO2 (ionic conductor) (Ref. 58)

T
T
T
T
T
T
T
x
T
T
T
T
T
T
T
T
x
T

0.518 6 0.071(PMI)
1.025 6 0.006(FMI)
1.05 6 0.016
0.78 6 0.01(PMI)
1.19 6 0.042(FMM)
0.775 6 0.0105(PMI)
0.92 6 0.022(FMM)
0.98 6 0.043
0.79 6 0.01
1.10 6 0.012
0.93 6 0.02
1.02 6 0.007
0.97 6 0.007
1.11 6 0.0.15
1.001 6 0.008
1.08 6 0.007
0.92 6 0.008
1.00 6 0.005

FIG. 4. Scaled plot of normalized conductance R(T, f)/R0 vs normalized frequency f/fc of LNMO sample by varying Ohmic conductance R0 by temperature T. The solid line is a fit according to Eq. (4). Inset shows the variation
of onset frequency fc with R0. Solid lines are power-law fits to the data with
the slopes xf as indicated.

magnitude of frequency seen in Figure 4 proves the existence
of a frequency scale at each temperature. The solid line in
Figure 4 is a fit according to Eq. (4) and the values of B and
s are found to be 0.35 and 0.885, respectively. The fitting
over several decades is remarkably good within the measured range of frequency and temperature. fc thus obtained
following the above criterion is plotted in log-log axes as a
function of the corresponding R0 and is shown in the inset of
Figure 4. The solid lines indicate power law fits to the
x
expression fc  R0f with the exponents xf being equal to
xf ¼ 1.025 6 0.006 and xf ¼ 0.518 6 0.071, respectively, in
PMI and FMI phases. Both these exponents are positive.
Results thus validate the scaling as given in Eqs. (2) and (3).
The nanocrystalline LNMO sample shows insulating
behaviour throughout the measured temperature range from
125 K to 300 K (see Figure 8) and possesses various magnetic phases depending upon the range of temperature. It
exhibits PMI and FMI phases, respectively, in the temperature range from room to 225 K and from 185 K to 125 K. In
the intermediate temperature range between 185 K and
225 K, a mixed phase coexists. In PMI phase, the sample follows small polaron hopping as the conduction mechanism48
given by R0 ðTÞ ¼ R1SPH T expð 10kmeV
Þ with R1SPH as the conBT
ductance prefactor and in FMI phase, the related conduction
mechanism is Mott’s law of variable range hopping48 given
 0:25
by R0 ðTÞ ¼ R1Mott expð TT0
Þ. Here, R1Mott and T0 are the
conductance prefactor and the characteristic temperature,
respectively. The ferromagnetic Curie temperature obtained
from the extrapolation of magnetization versus temperature
curve is TCF  185 K, whereas the extrapolation of the
inverse of susceptibility versus temperature gives paramagnetic Curie temperature TCP  225 K.48 The existence of
these two temperatures implies that the ferromagnetic to
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paramagnetic transition is not sharp but blurred due to the
formation of spin clusters.59 Within this temperature range
of 185 K to 225 K, a kind of magnetic short range order of
the spins exists within the matrix of spin disorder. It should
be pointed out here that the observed value of transition temperature TCP for the nanocrystalline LNMO is distinctly different from that of the value (280 K) reported by several
authors in bulk LNMO samples.33 This lower value of TCP is
believed to be due to the nano-sized disorder.60 Such variation of FM to PM transition from 160 to 280 K has also been
observed in LNMO system.50 The crystal structure of LNMO
is biphasic with a high temperature rhombohedral phase that
transforms at low temperatures to a monoclinic or orthorhombic phase; the latter depends upon the arrangement of
the Ni/Mn B-site sublattice.50 These Ni and Mn ions are randomly distributed over the octahedral sites of the perovskite
structure with rhombohedral (R-3c) and orthorhombic
(Pbnm) space groups while in structures with rhombohedral
(R-3 or R-3m) and monoclinic (P21/n) space groups, the
ordering of Ni and Mn is observed in distinguishable sites.
Both high temperature rhombohedral and low temperature
monoclinic/orthorhombic phases coexist over a wide temperature range.50 The nanocrystalline LNMO in this study has
the rhombohedral (R-3c) structure at high temperatures and
orthorhombic (Pbnm) at low temperatures.48 This physical
picture is used to model the LNMO sample to simulate the
non-Ohmic character of ac conductance.
Figure 3 shows that at a particular temperature, the real
part of the ac conductance R(T, f) of the LNMO sample
remains constant up to the characteristic frequency fc and
increases monotonically as frequency is increased beyond fc.
Such monotonic increase in R(T, f) beyond fc is also
observed in different phases such as PMI, FMI, and the intermediate Griffiths-like phase. The existence of such a frequency scale at each temperature in samples with fixed
disorder D or at each disorder with fixed temperature has
also been observed in various disordered systems such as
amorphous semiconductors,51 metal cluster compounds,52
electron conducting disordered solids,53 ion conducting
glasses,20,27 alkali borate glasses ðNa2 OÞx ðB2 O3 Þ1x ,27 iron
doped LaMn1x Fex O3 ,16 and yttrium-doped mixed-valent
polycrystalline manganite systems La1xy Yy Cax MnO3 with
x ¼ 0.33 and 0.05 and y ¼ 0.07.30 Some of the systems are
shown in column I of Table I. It is observed from Figure 3
that at different temperatures, R(D, f) varies in a similar way
with frequency f which implies that R(D, f)–f data could be
scaled appropriately by a suitable scaling function given in
Eq. (2). This is indeed true as observed in Figures 4 and 5. It
should be mentioned that such scaling approach has been
successfully applied to different types of disordered systems
by many authors.16,18,20,24,30,32 Figure 4 clearly indicates that
this scaling description given by Eq. (2) is also valid in various phases of the nanocrystalline LNMO and signifies that
there exists a single frequency scale in any given sample at
least within the experimental ranges of frequency and conductivity spanning more than five orders of magnitude. This
scaling formalism provides a unique description to find out
the characteristic frequency fc in different phases of a system
even when Ohmic conductance R0 is not experimentally

J. Appl. Phys. 118, 035103 (2015)

FIG. 5. Scaled plot of normalized conductance R(T, f)/R0 vs normalized frequency f/fc of a La1xy Yy Cax MnO3 sample by varying Ohmic conductance
R0 by temperature T. The solid line is a fit according to Eq. (4). Inset shows
the variation of onset frequency fc with R0. Solid lines are power-law fits to
the data with the slopes xf as indicated. The data are taken from Ref. 30.

accessible. It should be mentioned here that this scaling
description is applicable in different phases of a single system with different conduction mechanisms. This was
observed in iron doped LaMn1x Fex O3 (Ref. 16) and
yttrium-doped mixed-valent polycrystalline manganite systems La1xy Yy Cax MnO3 with D ¼ 0.33 and 0.05 and
y ¼ 0.07.30 Figure 5 shows the digitized scaled conductance
R(T, f)/R0 versus scaled frequency f/fc data of the latter in
both PMI and ferromagnetic metallic (FMM) phases.30 The
excellent data collapse up to about R(T, f)/R0  4.5 and the
existence of a frequency scale at each temperature shows
that R(T, f)–f data follow the same scaling behaviour given
by Eq. (2). The solid line in Figure 5 is a fit according to Eq.
(4) with B ¼ 1.66 101 and s ¼ 1.78. This fitting is remarkably well within the measured range of frequency and conductance. fc thus obtained is plotted with log-log axes as a
function of the corresponding R0 in the inset. The solid lines
x
indicate power law fits to the expression fc  R0f with the
exponents xf being equal to xf ¼ 0.775 6 0.0105 and
xf ¼ 1.19 6 0.0425, respectively, in the PMI and FMM
phases. Both these exponents are positive. Results thus validate the scaling as given in Eqs. (2) and (3).
In order to test the validity of the scaling function given
by Eq. (2) in other disorder systems, metal cluster compounds such as Pd561Phen37O200 (Ref. 52) and Au55 (Ref.
52) with the same conduction mechanism of small polaron
hopping as that of the nanocrystalline LNMO were considered. These metal cluster compounds have unique features to
study the effect of dc and ac nonlinear conductance as a
function of the size of clusters over a wide range of applied
bias and temperature.52 The ac conductance data of these
two metal cluster systems were digitized and scaled following the data collapse method and were found to be described
nicely by Eq. (2). The slope of log-log plot of onset
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frequency fc against Ohmic conductance R0 provided the values of the exponents xf to be 1.001 6 0.008 and
1.08 6 0.007, respectively. These values are shown in column 3 of Table I.
R(T, f)–f data presented in Figure 3 and that of Au55III,
Pd561Phen37O200, and La1xy Yy Cax MnO3 (raw data not
shown here) indicate that the characteristic frequency fc
increases with the increase in Ohmic conductance R0. This
feature can be qualitatively understood from a model introduced by Kilbride et al.61 in the following way: in a disordered sample, a typical length scale is probed by the
measurement of ac conductance at a given frequency. At low
frequencies (corresponding to long time periods), the carriers
(small polarons in the PMI phase and electrons in the FMI
phase in the present study) travel long distances in one-half
of ac cycle and longer length scales (Lf) are scanned in the
experiment, whereas at high frequencies, the carriers travel
short distances in one-half of ac cycle and the probed length
scale Lf is shorter. A sample with finite disorder contains
interlinked networks of conducting and insulating bonds and
the motion of the carriers in such a complicated network is
restricted and the characteristics length scale n at a frequency
f follows a relation:61 n  f1=2. At low frequencies, Lf > n
and the probed length scale spans multiple clusters of different sizes with varying insulating space among them which
contribute significantly to the resistance. Hence, the conductance is small and becomes equal to the dc conductance. As
the frequency increases, the probed length scale Lf becomes
smaller than n and the insulating phase contributes less to the
total resistance and conductance increases with frequency.
At higher frequencies, the intrinsic property of conducting
clusters dominates the measurement. It is observed from
Figure 3 that there is a transition of the real part of ac conductance from nearly frequency-independent linear (Ohmic)
region to frequency-dependent nonlinear region as frequency
is increased from low to high value. This transition is characterised by the onset frequency fc which is expected to be that
where carriers scan an average distance of the order of the
correlation length n. With decrease in T, both the prefactor
and the exponential term in the small polaron hopping model
increase causing a decrease in conductance (see Figure 8).
Under this situation, the correlation length n becomes larger
and the onset frequency fc decreases. This is consistent with
the experimental results obtained in the nanocrystalline
LNMO sample.
The data collapse, according to Eq. (2), shown in
Figures 4 and 5 indicates that there exists a single frequency
scale in these samples at least within the experimental ranges
of frequency and temperature and this is a unique feature of
the real part of ac conductance.16,20 This frequency fc scales
with R0 with the onset exponent xf. It is observed from the
inset of Figure 4 that xf has different values in
PMI(xf ¼ 0.518 6 0.071) and FMI(xf ¼ 1.025 6 0.006) phases
of LNMO sample and is very much phase sensitive. It is to
be noted that the values of xf in both PMI and FMI phases
can be determined from Eq. (1) used to fit the experimental
R(T, f)–f data. Such fits are shown in Figure 6 at four selective temperatures corresponding to FMI phase of the LNMO
sample with a fixed value of s ¼ 0.885 and a temperature
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FIG. 6. Log-log plot of conductance R(T, f) vs frequency f of LNMO sample
at selective temperatures: 125 K, 135 K, 155 K, and 185 K. The solid lines
are fit according to Eq. (1). Inset shows the variation of the parameter A with
R0. Solid line is a power-law fit to the data with the slope m as indicated.
See text for detail.

dependent parameter A. The values of A obtained from fitting
are plotted in a log-log scale against the corresponding R0 in
the inset of Figure 6. This shows that A increases with R0 following a power law relation given by
AðTÞ ¼ CT R0 m ;

(5)

with m ¼ 0.095 6 0.003. CT is a constant. Equation (1) indicates that the onset of non-Ohmic conduction sets in when
R0  Afcs . This condition together with Eq. (5) yields the following relation for fc:
fc  RðT; 0Þ

1m
s

:

(6)

Comparing Eqs. (3) and (6), one has xf ¼ 1m
s . Using the values of m and s in Eq. (6), xf is found to be 1.02 in FMI phase
which is almost equal to the value obtained from the slope of
the log-log plot of fc versus R0 shown in the inset of Figure
4. Following the similar procedure, R(T, f)–f data corresponding to PMI phase above 225 K were fitted with Eq. (1)
with the same value of s(¼0.885) and temperature dependent
parameter A. The value of m was determined from the slope
of the log-log plot of A versus R0 (not shown here) to be
0.536. This provided xf to be 0.47 in the PMI phase and was
found to be within the error bar of the value shown in the
inset of Figure 4.
The characteristic features of nonlinear ac transport of
LNMO nanocrystal with different values of nonlinearity
exponent xf in PMI and FMI phases with small polaron and
variable range hopping as the conduction mechanism is successfully reproduced with the help of a model based on the
average grain size obtained from the HRTEM image are
shown in Figure 2. This image reveals that this nanocrystalline system contains conducting nanoregions with average
size 25 6 5.3082 nm separated by insulating nanoregions of
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average size 14.57 6 4.50 nm. This physical picture is utilized to model this nanocrystalline DP with the help of an
electrical circuit consisting of resistor and capacitors shown
in the inset of Figure 7. The conducting and the insulating
nanoregions are, respectively, represented by a resistor R1
and a parallel combination of a resistor R2 and a capacitor
C2. This parallel combination of R2 and C2 is connected in
series with R1 and the overall combination provides the impedance of the system. Resistors R1 and R2 are both functions of temperature T. In PMI phase above 225 K, R1 varies
according to the small polaron hopping model48 R1 ¼


with R1SPH ¼ 1 but in FMI phase, R1
R1SPH T1 exp 10kmeV
BT

obeys48 Mott’s law of variable range hopping given by
 0:25
Þ. Here, R1Mott and T0 are the resistR1 ¼ R1Mott expð TT0

ance prefactor and the characteristic temperature of the system, respectively. The values of these parameters are found
to be 104 and 105, respectively, and are consistent with the
values reported earlier.48 Throughout the whole range of
temperature, variation of resistor R2 is considered to be of
63
and
is
given
by
activated
Arrhenius

 type

R2 ¼ R2ARN exp

10 meV
kB T

. Here, R2ARN is the prefactor of R2

and varies with temperature T. The activation energy considered in the small polaron hopping for the variation of R1
with T is determined in the following way: the charging
energy Ec of a carrier is related to the minimum hopping distance Rmin by the following equation:64
Ec ¼

2e2
;
p0 KRmin

(7)

where K is the dielectric constant and has the value 45 for
this nanocrystalline LNMO. Within the error bar, Rmin is of
the order of the thickness of the insulating nanoregions and
has value  18–19 nm. Using these two values in Eq. (7), Ec
comes out to be 13.47 meV. In the model, a value of 10 meV
is used for the activation energy. A similar model was been
considered by Nadeem et al.21 to reproduce the impedance
plane plot in Fe doped CMR manganite La0.65Ca0.35MnO3 at
different temperatures. However, authors21 considered a
decrease in the value of C2 with an increase in T which contradicts our experimental observations.48 To simulate the
observed variation of the real part of 1 with T in
Tb2NiMnO6, Hariharan et al.63 proposed a model consisting
of a resistor and a capacitor in parallel and the final impedance was calculated by the series combination of such three
parallel R–C combinations. These R-C combinations represent intrinsic contribution, external contribution from the
grain boundaries, and the sample-electrode interface contribution, respectively. Authors63 assumed that the capacitors
are independent of temperatures but the resistors vary in an
Arrhenius way66 and the effect of the capacitor in parallel
with the resistor R1 of the intrinsic conducting region was
not considered since it has a very small value. Sdiri et al.65
considered a model consisting of an equivalent circuit
formed by the parallel combination of a resistor Rg and a capacitor (Cg þ A0). Here, Rg and Cg are the resistance and capacitance of the grain, respectively, and A0 is the capacitance
of the constant phase element (CPE). This model network
was used to fit only the Nyquist plots of the CMR SP manganites La0:7 Ca0:3x Kx MnO3 with x ¼ 0.00, 0.05, and 0.10 at
different temperatures corresponding to PMI and FMM
phases. However, no attempt was made by the authors65 to
extract physical information about the variation of ac conductance with frequency, temperature, and stoichiometric
amount x of potassium.
Within the context of above scenario, we have considered the model network shown in the inset of Figure 7 to
reproduce the ac conductance data as a function of frequency
at different temperatures. At a particular temperature T, the
real part of ac conductance R(T, f) of this model network is
given by
Rð f ; T Þ ¼

FIG. 7. Log-log plot of scaled conductance R(T, f)/R0 vs. scaled frequency
f/fc obtained from R–RC model at the temperatures indicated in the inset of
the figure. Inset shows the log-log plot of fc against R0. The solid lines are
power law fits to the data with the slopes shown in the figure. The model circuit is also shown in the inset. See text for detail.

1 þ 4p2 f 2 R22 C22
:
R1 þ R2 þ 4p2 f 2 R1 R22 C22

(8)

Using this Eq. (8), R(T, f)–f data of the model network were
generated at selective temperatures shown in the inset of
Figure 7. The values of the parameters R2ARN and C2 are
shown, respectively, in column two and three of Table II. It
is observed that with T, R2ARN decreases whereas C2
increases. The generated R(T, f) data corresponding to the
PMI phase in the temperature range from 225 to 300 K
closely reproduce the nature of variation of the experimental
data shown in Figure 3 at low frequency. But at high frequency, a distinct difference is observed. The generated R(T,
f) data at low temperatures (100 K, 125 K, and 150 K in
Figure 7) corresponding to FMI phase show saturation at
high frequency due to very low reactance of C2 connected in
parallel with the resistor R2. But no such saturation was
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TABLE II. First three columns represent the values of the parameters of R–RC model and the next three columns show parameters related to Griffiths-like
phase in different systems. GP stands for Griffiths phase, TCG is the Griffiths temperature, and TMO is the magnetic ordering temperature.
T (K)

R2ARN ðXÞ

100
125
150
170
190
250
275
285
300

109
108
5 107
7 106
105
7 103
3 103
1.5 103
103

System

TMO

Range of T for GP

La2NiMnO6 (nano)
Tb2NiMnO6 (Ref. 9)
Pr0.5Eu0.5MnO3 (Ref. 7)
Nd0.5Eu0.5MnO3 (Ref. 7)
Sm0.5Eu0.5MnO3 (Ref. 7)
La2NiMnO6(bulk) (Ref. 10)
La0.67Mn0.33O3
La2NiMnO6(bulk) (Ref. 10)
…

185 K(FMI)
111 K(FMM)
67 K(AFM)
60 K(AFM)
41 K(AFM)
277 K(FMI)
225 K(FMM)
277 K(FMI)
…

185 to 225 K
111 to 164 K
67 to 100 K
60 to 125 K
41 to 95 K
277 to 295 K
225 to 375 K
277 to 295 K
…

C2(F)
3.162
3.162
3.162
3.162
2.915
2.236
2
3.162
3.163

10–13
10–13
10–13
10–13
10–12
10–11
10–11
10–13
10–11

observed in the experimental data within the measured range
of frequencies. However, these differences in no way affect
the main results since the primary focus of this study is near
the onset of non-Ohmic conduction.
Figure 7 shows the result of making the generated
R(T, f)–f data at different temperatures collapse into a master
curve following the data collapse method.16,30 To achieve
the master curve, 100 K is considered as the starting temperature as the increase in conductance DR from Ohmic value
R0 is maximum at this temperature. The data nicely scale up
to R(T, fc)/R(T, 0) ¼ 2 101 and over a scaled frequency
range covering more than seven orders of magnitude. Inset
of Figure 7 shows the log-log plot of onset frequency fc as a
function of Ohmic conductance R0 for both FMI and PMI
phases corresponding to the generated data. The values of xf
were found to be 0.98 6 0.019 and 0.539 6 0.088 in FMI and
PMI phases, respectively. In the intermediate range of temperature, this nanocrystalline DP behaves like a spin-glass
system and the generation of R(T, f) data using the above
expression becomes ambiguous as the variations of R1 and
R2 with temperature are not known. Such a model explains
quite satisfactorily the variation of onset frequency fc with
temperature T, values of onset exponents xf in FMI and PMI
phases, respectively.
Results presented so far indicate that the non-Ohmic
alternating current conduction in manganites, both SP and
DP, is characterized by the onset frequency fc and the nonlinearity exponent xf. The values of xf for the different disordered systems are shown in column III of Table I. The
variables used to vary the Ohmic conductances are mentioned in column II of the same table. It is clearly observed
from column III that the systems having a single phase
within the measured range of temperature or disorder have a
single value of xf of the order of unity, whereas the systems
undergoing change of phase while probed as a function of
temperature have different values of xf in the respective
phases. The single value of xf of the order of unity is qualitatively understood from the knowledge of widely used
Barton-Nakajima-Namikawa (BNN) relation62
r0 ¼ p0 D2pfc ;

Such universal scaling descriptions of ac conduction in various disordered systems consisting of phases with different
conductivity are often ascribed due to the motion of the
localized charge carriers which take maximum advantage of
well conducting regions at high frequencies, while at lower
frequencies charge transport extends over longer distances
and is limited by bottlenecks of relatively poor conducting
regions. It is evident from Figures 4 and 5 that Eq. (2) can be
successfully used for the scaling description of the ac conductance data in both phases of polycrystalline manganites
La1xy Yy Cax MnO3 (LYCMO) and in the insulating phase of
LNMO sample. The scaling function given by Eq. (2) and the
nonlinearity exponent xf for ac conduction defined in Eq. (3)
are fundamental property of the polycrystalline manganites
with localized states.
The phase sensitive character of xf is clearly exhibited in
Figure 8 which shows the variations of onset frequency fc
and Ohmic conductance R0 with temperature T. Straight
lines were drawn through the data points as a guide to the
eyes to indicate the corresponding deviation from the respective phases. These two sets of data shown in the figure have
very close similarity. In FMI phase, data corresponding to fc
and R0 deviate at the same temperature of 185 K, which is

(9)

where p is a numerical constant of the order of unity. The
dielectric loss strength D is much less temperature dependent than fc or r0 which implies that fc / r0 signifying xf ¼ 1.

FIG. 8. Log-log plot of linear conductance R0 and onset frequency fc as a
function of temperature T. The solid lines are guide to eyes to indicate
clearly PMI, FMI, and Griffiths-like phase in the intermediate temperature
range. See text for detail.
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the ferro-magnetic Curie temperature TCF. Similarly, in PMI
phase also data deviate from the straight lines at a temperature of 225 K, which corresponds to paramagnetic Curie temperature TCP in this nanocrystalline DP.48 The region
between two vertical lines drawn through the temperatures
of 185 K and 225 K indicates the existence of Griffiths-like
phase. This observation clearly signifies the correlation
between the magnetization and the electrical transport data.
Such correlation has also been established by several
authors9,11,33 through magneto-dielectric effects (MDEs).
Rogado et al.33 have observed 12% MDE near the Curie
temperature TC ¼ 280 K in bulk polycrystalline La2NiMnO6
sample with applied magnetic field in the range of 0.1–1 T.
Such strong coupling between the magnetic, electronic, and
dielectric properties has also been observed through the magnetoresistance and magnetocapacitance effects in this ferromagnetic insulating compound in bulk. In thin films of
LNMO, the variation of magnetodielectric constant (MDC)
with temperature at fixed frequency and fixed magnetic field
shows a peak near 120 K indicating a strong correlation
between magnetic and dielectric effects.67 This phase sensitive character of xf is not only observed in this nanocrystalline LNMO system with separate conduction mechanisms
but also in La1xy Yy Cax MnO3 (Ref. 30) with
xf ¼ 0.78 6 0.01 in PMI and xf ¼ 1.19 6 0.042 in FMM
phases. In the present study, correlation between the magnetic and the electronic properties and characterization of
different phases in nanocrystalline LNMO sample are sought
through the measurement of the real part of alternating current conduction.
IV. CONCLUSION

A comprehensive study of alternating current conductance R(T, f) of a nanocrystalline double perovskite
La2NiMnO6 is reported over the temperature range from
125 K to 300 K and in the frequency range from 20 Hz to
2 MHz. Variation of Ohmic conductance R0 with T confirms
the presence of different phases in different temperature
range: paramagnetic insulating at the higher temperatures,
ferromagnetic insulating at the lower temperatures, and a
Griffiths-like phase in the intermediate temperature range.
R(T, f)–f curves are found to be nonlinear at a particular frequency fc, which is determined by merging all the R(T, f)–f
curves corresponding to each temperature to a master curve
by data collapse method following Eq. (2). This characteristics frequency fc scales with Ohmic conductance R0 with an
exponent xf determined solely by R0. Dependence on T
emerges through R0. The values of the nonlinearity exponent
xf in FMI and PMI phases of the nanocrystal are different
with a crossover in the intermediate temperature range. This
temperature range corresponds to the region where a
Griffiths-like phase appears. These observations lead to the
conclusion that xf can be used to identify the different phases
in double perovskite manganites. The normalized conductance R(T, f)/R0 vs normalized frequency f/fc curves are satisfactorily described by Eq. (4) with a single-power law within
the measured range of temperature. It is also shown that Eqs.
(2), (3), and (4) are applicable to different magnetic phases

J. Appl. Phys. 118, 035103 (2015)

in other disordered systems as demonstrated in Table I.
Current investigation demonstrates that nonlinear AC conductivity is a sensitive probe to identify various magnetic
phases in the system pointing to a significant correlation
between magnetic and electric degrees of freedom.
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