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The real part of ac conductance R(T, f) of yttrium-doped mixed-valent polycrystalline manganite
systems La1xy Yy Cax MnO3 with x ¼ 0.33 and 0.05 and y ¼ 0.07 and iron doped LaMn1x Fex O3
with x ¼ 0.15 is measured as a function of frequency f by varying zero-frequency Ohmic conductance
R0 by T. The former shows a metal-insulator transition, whereas the latter exhibits insulating
character throughout the measured temperature range. At a fixed temperature T, R(T, f) remains
almost constant to the value R0 up to a certain frequency, known as the onset frequency fc
and increases from R0 as frequency is increased from fc. Scaled appropriately, the data for R(T, f) at
different T fall on the same universal curve, indicating the existence of a general scaling formalism
x
for the ac conductance. fc scales with R0 as fc  R0f ; where xf is the nonlinearity exponent
characterising the onset. With the help of data for ac conduction, it is shown that xf is very much
phase sensitive and can be used to characterize the different phases in a manganite system originated
due to change in temperature or disorder. Scaling theories and existing theoretical models are used to
C 2014 AIP Publishing LLC.
analyze the results of ac conduction and the nonlinearity exponent xf. V
[http://dx.doi.org/10.1063/1.4885875]
I. INTRODUCTION

The real part of ac conductance R(P, f) of a disorder sample remains almost constant to its Ohmic value R(P, 0)(¼R0)
at low frequency and deviates 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.
This dispersion behaviour of R(P, f) with frequency f is
expressed in the following form:
RðP; f Þ ¼ RðP; 0Þ þ Af s ;

(1)
1,2

where the exponent s lies in the range 0 < s < 1, and the
coefficient A varies with temperature in an Arrhenius way.3,4
The parameter P stands for the variable used to vary zerofrequency zero-voltage conductance R(P, 0)(¼R0) such as
temperature T, disorder D, and annealing time t. At high temperature, 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.3,5 This
represents a constant loss and is referred to as “second universality” (SU). The intermediate region represents a superposition of Jonscher and constant-loss behaviour and is described
by a double-power law.6 This has been observed in a wide variety of systems2,4,7–10 above room temperature and arises
due to hopping dominated transport occurring among more
than two localized states during an electric field period.10 The
a)
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values of the indices corresponding to the double-power law
are always lower than one and decrease with the increase in
temperature. A number of scaling formalisms11–16 have been
proposed to obtain the master curve of ac conductance data
and to extract the possible ac universal properties. These scaling formalisms can be put in the following general form:
 
RðP; f Þ
f
¼g
;
(2)
fc
RðP; 0Þ
where g is a scaling function and fc is the characteristic frequency which has different expressions in different scaling
formalisms. In “Taylor-Isard scaling,” fc is given by fc ¼ R0/C
with C being a constant. Equation (2) has been used by many
authors to get the master curve in various systems such as
amorphous semiconductors,17 metal cluster compounds,18
electron conducting disordered solids,19 ion conducting
glasses,2,20 and alkali borate glasses ðNa2 OÞx ðB2 O3 Þ1x 14
with C proportional to 1/T. To include the concentration of a
particular component in a disordered sample, Roling et al.14
proposed an improved version of the scaling law given by
Eq. (2) with fc ¼ R0 T/x which did indeed collapse the sodium
borate spectra to a common curve for 0.1 < x < 0.3.
Sidebottom21 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 composites,13 porous silicon,22 polyaniline films,9 electron conducting polymer systems,2 poly
(3-decylpyrrole),10 and polycrystalline manganites.23 For
f < fc, the scaling function g(y)  1 corresponds to the fact
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that the conductance increases very little from the zero frequency value R0. At larger frequency f  fc, g  1. Thus, the
frequency fc can be called a crossover (characteristic) frequency such that it separates the linear regime from the
non-linear regime along the frequency axis. This crossover
frequency fc scales with initial conductance R(P, 0) as10,13,23
fc ðTÞ ¼ AT RðP; 0Þxf ;

(3)

where R(P, 0) is same as in Eq. (1) and AT is a constant
whose value is determined by the criterion that fixes the frequency scale fc. xf is known as the nonlinearity exponent
characterizing the strength of nonlinearity near the onset of
nonlinear conduction and has value of the order of unity.23
Doping by divalent cations (A ¼ Sr, Ca, and Ba) in the
La–site of the parent compound LaMnO3 results in the formation of perovskite system La1xCaxMnO3 (with A ¼ Ca),
and the valence state of Mn is partially changed from 3þ to
4þ in order to preserve electrical neutrality.24 The doubleexchange mechanism (coupling between Mn3þ and Mn4þ
ions through O2 orbitals) gives rise to the ferromagnetic
ordering of such hole doped manganite systems. The appearance of Mn4þ in the mixed valent manganites shows a metalinsulator transition with a ferromagnetic metallic (FMM)
ground state at lower temperature which has been explained
by double-exchange (DE)25 and paramagnetic insulating
(PMI) state at high temperature. Apart from the dependence
of transition temperature TMI on the fraction of divalent cation, it has also been observed that the Mn3þ – O – Mn4þ
bond lengths and the bond angles play a crucial role in determining the magnetotransport properties in such manganites.
The substitution of smaller trivalent ions, such as Y3þ (ionic
(1.18
radius ¼ 1.018 A) and Ho3þ (1.015 A) for La3þ p
ﬃﬃﬃ A),
modifies the tolerance factor t, defined as rLaO = 2rCaO
and fills the three dimensional network of MnO6 octahedra.25
The resulting structure is represented by La1xy
Yy Cax MnO3 . The internal strain induced with such partial
substitution of La with Y lowers the transition temperature
and increases substantially the magneto-resistance (MR) at
low fields.26,27 The low field MR has usually been ascribed
to the spin polarized tunneling (SPT) of carriers across the
grain boundaries28 and is mostly affected by the grain size,
their distribution, and hence on the preparation conditions.29–31 Colossal magneto-resistance (CMR) is an another
physical phenomenon observed in hole-doped manganites
and explained by the presence of ferromagnetic metallic
clusters embedded in insulating matrix. This property opens
up a large field of applications of these materials as magnetic
recording devices. The compound La1xy Yy Cax MnO3 has
attracted renewed attention due to their strain-induced giant
and reversible extrinsic magnetocaloric effects,32 non-Ohmic
dc electrical conduction with different nonlinearity exponents in PMI and FMM phases,33,34 CMR near the Curie
temperature TMI,24,35 dramatic increases of sound velocities
and anomalous attenuation peaks in both longitudinal and
transverse modes near TMI.37
Substitution of transition elements such as Fe, Cr, Co,
and Ni on the Mn site results in the polycrystalline sample
LaMn1–xFexO3, and this produces a change in the average

electron concentration and a shift in the position of the eg
and t2g sub-bands.5,38–40 The most favourable site for Fe is
that of Mn because of their compatible ionic radii and characteristics d-shell chemistry that stabilizes the perovskite
configuration via typical MnO6 octahedra. The symmetric
doublet with quadrupole splitting of 0.43 mm/S and isomer
shift of 0.36 mm/S indicate that Fe is in Feþ3 with the
high-spin state ðt32g e2g with S ¼ 5/2).24,38,39 Fe substitution
also changes the magnetic property which varies with the
strength of substitution x of Fe.39 In LaMn1–xFexO3, ferromagnetic (FM) interaction is dominant for x < 0.15 and a
cluster-glass-like state is observed for x ¼ 0.30. At x ¼ 0.50,
FM and antiferromagnetism (AFM) coexist as a result of the
formation of Mn-rich or Fe-rich clusters and complex glassy
magnetic behaviour is observed.39 The compounds with
x > 0.50 show a dominant character of AFM super exchange
interaction.
In this paper, the real part of ac conductance is measured
in the polycrystalline manganite systems La1xy Yy Cax MnO3
with x ¼ 0.33 and 0.05 and y ¼ 0.07 and LaMn1–xFexO3 with
x ¼ 0.15 in the temperature range from 80 to 350 K and in the
frequency range from 20 Hz to 2 MHz. The choice of these
two systems stems from the fact that the former shows a transition from paramagnetic insulating to ferromagnetic metallic
state as temperature is lowered, whereas the latter exhibits
insulating character over the studied temperature range.
Experimentally, the following points are demonstrated: (i) at
each temperature, there exists a characteristics frequency fc
separating the linear from the nonlinear region; (ii) scaling
function g(y), given in Eq. (2) is applicable in both FMM
and PMI phases; (iii) temperature does not enter explicitly
into the scaling but does so through temperature-dependent
of R(T, 0); and (iv) FMM and PMI phases in La1xy
Yy Cax MnO3 system are characterized by two different values
of the nonlinearity exponent xf whereas the insulating phase
in LaMn1–xFexO3 is characterized by a single value of xf
signifying the possible use of xf as a probe for the identification of the phases in manganites. We apply this scaling
approach also to various disordered systems, examine its
validity and extract the nonlinearity exponent xf. In addition,
some published data from literature have also been processed
for comparison. Experimental details are given in Sec. II.
Data are presented and analyzed mainly by a scaling function
in Sec. III. Results so obtained are then discussed in Sec. IV.
Finally, conclusions are given in Sec. V.
II. EXPERIMENTS

The polycrystalline samples of La0.60Y0.07Ca0.33MnO3,
La0.88Y0.07Ca0.05MnO3, and LaMn0.85Fe0.15O3 (here-after
referred as LYCMO–1, LYCMO–2, and LMFO, respectively)
were prepared using high purity starting materials such as
La2O3 (Aldrich, 99.99%), Y2O3, CaCO3,MnO2 (Aldrich,
99þ%) powders, and Mn (Aldrich, 99þ%) and Fe (Alfa
Aesar, 99.998%). For the preparation of LYCMO–1 and
LYCMO–2 samples, the stoichiometric amounts of the respective ingredients corresponding to each of the above compositions were weighed and mixed thoroughly using
isopropanol. The mixtures corresponding to each of the
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compounds were then pressed into pellets and calcined at
1000  C for 12 h in air with repeated intermediate grindings.
Finally, the calcinated pellets were sintered at 1300  C for
24 h in air and then slowly cooled down to room temperature
by furnace cooling. The LMFO samples were prepared by
the standard sol-gel technique. The details are described in
Refs. 23 and 40. For the preparation of LMFO sample,
La2O3 (Aldrich, 99.99%), Mn (Aldrich, 99þ%), and Fe
(Alfa Aesar, 99.998%) were used as the starting materials
which were dissolved in hydrated nitric acid for preparing
metal nitrate solution. Citric acid was then added to get homogeneous mixture or metal citrate precursor which was
dried and heated at 550  C. The final heat treatments were
performed in the form of pellets (1.1 cm in diameter and
approximately 1 mm in thickness) at 1000  C for 12 h in air
followed by furnace cooling down to room temperature. The
end products of each compound were then examined by
powder X-ray diffractometer with Cu Ka radiation using
AXS powder X-ray diffractometer (model 8D-ADVANCE).
Under the resolution of X-ray diffraction (XRD) technique,
the study indicated that the prepared LYCMO–1 and
LYCMO–2 samples are single phase. X-ray diffraction patterns in LMFO samples were indexed by rhombohedral
structure (R
3c) for x  0.50, whereas orthorhombic structure
(Pbnm) was observed for x  0.70 which are consistent with
the reported results.41 Conductance measurements were carried out in the frequency range from 20 Hz to 2 MHz using
an Agilent E 4980 A LCR meter connected to a computer for
automated data acquisition. The measurement was carried
out in the temperature range from 80 K to 300 K using a low
temperature cryo-cooler (Advanced Research Systems,
USA) wired with coaxial cables. All samples were circular
discs, and the electrical contacts were fabricated using air
drying silver paint. The silver electrodes along with the sample were cured at 150  C for 4 h.
III. RESULTS

For phase identification and structural characterization,
XRD studies along with Transmission Electron Microscopy
(TEM) have been carried out. The range of scanning in XRD
studies with CuKa radiation (k  1.54 Å) is 10 –80 in steps
of 0.05 , and the typical XRD spectrum of LYCMO-1 sample is shown in Figure 1(a). The average grain size of the
samples has been estimated to be 22.42 6 0.0082 nm using
Scherrer’s formula. TEM image of the same sample taken at
50 nm resolution is shown in Figure 1(b). The average grain
size of the sample has been estimated to be
18.479 6 0.035 nm from TEM image. This clearly shows the
crystalline characteristics along with patches of several
amorphous islands. These characteristics features of the
structure confirmed from XRD pattern and TEM images are
used to explain the behaviour of non-linear ac conduction
and its mechanism.
Figure 2 illustrates the variation of dc ohmic conductances
R0 versus temperature T for two samples—La0.60Y0.07Ca0.33
MnO3 (LYCMO–1) and La0.88Y0.07Ca0.05MnO3 (LYCMO–2).
R0 – T curve of LYCMO–1 sample reveals that R0 decreases
with the decrease in temperature T from 350 K and becomes

FIG. 1. (a) X-ray diffraction pattern at room temperature of LYCMO–1 sample. (b) TEM images of the same sample at room temperature.

FIG. 2. Variation of zero-voltage ac conductance R0 vs. temperature T of
LYCMO samples.
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minimum at a certain temperature T, say TMI. With further
decrease in T, R0 increases up to the measured temperature.
The region between 350 K and TMI corresponds to paramagnetic insulating phase and that from TMI to the measured temperature corresponds to ferromagnetic metallic phase. Similar
features of R0 – T curve are also observed in LYCMO–2 sample. The values of TMI for LYCMO–1 and LYCMO–2 are,
respectively, 160 K and 225 K and are very close to Curie temperature indicating a strong correlation between electrical
transport and magnetism. Nearly the same value of TMI for
LYCMO–1 sample has also been reported by Zhu and Zheng.37
The variation of R0 with T for two samples clearly indicates
that TMI changes with composition of the samples. Ohmic conductance of LaMn1–xFexO3 sample follows Mott’s law42 of
variable range of hopping conduction23,40 as a function of
temperature.
The variation of the real part of ac conductance R(T, f)
as a function of frequency of the polycrystalline sample
LYCMO–1 is shown in Figure 3 at different temperatures
ranging from 80 K to 350 K. The sample has a zero-voltage
linear conductance R(T, 0) of 0.06 S at room temperature.
The basic features of the curves at different temperatures are
qualitatively similar. A typical behavior at a constant temperature is that the conductance R(T, f) remains constant to
its Ohmic value R0 up to a certain value of frequency and
then starts increasing with increase in frequency. The value
of the frequency at which conductance R(T, f) starts deviating from R0 is known as the onset frequency fc. A criterion
to determine fc is discussed below. With further increase in
frequency, conductance continues to increase monotonically.
Further, it is known that with the decrease in temperature
from 350 K, R0 decreases and the sample becomes nonlinear
at a frequency smaller than the one required at a higher temperature, i.e., fc decreases with decreasing temperature up to
TMI. Below TMI, R0 increases with decrease in T and the sample shows non-Ohmic behavior at a larger value of fc. This
feature continues up to the measured temperature. Further, it
is observed from Figure 3 that the increase in conductance
DR (¼R(T, fm) – R0) from R0 (R(T, fm) is the conductance at

FIG. 3. Variation of ac conductance R(T, f) vs. frequency f in LYCMO–1
sample at different temperatures as indicated.

J. Appl. Phys. 115, 243707 (2014)

the highest frequency fm measured) is larger near the transition temperature TMI and as one moves away from TMI either
in the ferromagnetic metallic side or in the paramagnetic
insulating side, DR decreases. It is observed from Figure 3
that the overall shape of the curves near TMI appears to be
convergent as frequency approaches fm. This converging feature indicates eventual temperature independence of conductance at higher frequencies. Similar behaviors were also
observed for the LYCMO–2 sample.
Figure 4 shows the result of making the data in Figure 3
collapse into a single curve following the data collapse
method23,33,34 which is described in detail below. The temperature 160 K at which conductance of LYCMO–1 sample is
minimum is considered as appropriate starting temperature
as the increase in conductance from Ohmic value R0 is maximum. The conductance corresponding to this temperature
was scaled by its Ohmic value R0. For the frequency, any arbitrary choice (e.g., 1) for fc would do as far as data collapse
is concerned. For the next lower temperature in the ferromagnetic metallic side, the conductance was scaled by R0 as
before but fc was adjusted in such a way that this set of data
merged with the earlier one as best as possible. The same
procedure was then repeated for all the other temperatures in
decreasing order below TMI. Similar procedure was also followed for the R(T, f) – f data in the paramagnetic insulating
side above TMI. Figure 4 shows that R(T, f) – f data for both
paramagnetic insulating and ferromagnetic metallic regions
follow the same scaling behaviour given by Eq. (2). It is to
be noted that in the data collapse method, onset frequency fc
is determined only upto a constant value. The excellent data
collapse up to about R(T, f)/R0  4.5 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 the following
equation:
gðyÞ ¼ 1 þ Bys ;

with

B ¼ A=RðP; 0Þ;

(4)

FIG. 4. Scaled plot of normalized conductance R(T, f)/R0 vs normalized frequency f/fc of LYCMO–1 sample by varying Ohmic conductance R0 by temperature T at a fixed disorder D. 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.
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where y ¼ f/fc, g(y) is the same scaling function given in
Eq. (2). The values of B and s are, respectively, 1.2  1011
and 1.815. This fitting is remarkably well within the measured range of frequency and conductance. fc thus obtained
following the above criterion is plotted with log-log axes as
a function of the corresponding R0 in the inset. The solid
x
lines indicate power law fits to the expression fc  R0f with
the exponents xf being equal to xf(PI) ¼ 0.78 6 0.01 and
xf(FM) ¼ 1.16 6 0.05, respectively, in the paramagnetic insulating and ferromagnetic metallic sides. Both these exponents are positive. Results thus validate the scaling as given
in Eqs. (2) and (3). Figure 5 shows the log-log plot of scaled
conductance as a function of scaled frequency for the sample
LYCMO–2. It is observed from the figure that the data nicely
scale up to R/R0  1.3 while the scaled frequency f/fc covers
six orders of magnitude. The solid line in the figure is a fit to
Eq. (4) with B ¼ 1.35  1011 and s ¼ 1.64. This fitting is
remarkably well up to R(T, f)/R0  1.3. In the inset, onset
frequency fc is shown in a log-log plot as a function of the
corresponding Ohmic conductance R0. Power law fits to the
x
expression fc  R0f provide xf(PI) ¼ 0.77 6 0.01 and
xf(FM) ¼ 0.92 6 0.022, respectively, in the paramagnetic
insulating and ferromagnetic metallic sides. Onset exponents
xf(PI) for both the samples in the paramagnetic insulating
phase are almost equal but in the ferromagnetic metallic
phase, xf(FM) are different.
Figure 6 shows the log-log plot of normalized conductance R/R0 vs normalized frequency f/fc of the real part of
ac conductance R(T, f) of a polycrystalline sample of
LaMn0.85Fe0.15O3 taken at temperatures ranging from 80
to 300 K. The raw data corresponding to the variation of
conductance as a function of temperature at different temperatures are not shown here. The data are scaled following
the data collapse method, and it is observed from the figure
that the data collapsed nicely up to about R/R0  2. In
the inset, log-log plot of onset frequency fc as a function of
the corresponding R0 provides the onset exponent xf

J. Appl. Phys. 115, 243707 (2014)

FIG. 6. Scaled plot of normalized conductance R/R0 vs normalized frequency f/fc of LaMn0.85Fe0.15O3 sample by varying Ohmic conductance R0
by temperature at a fixed disorder. The solid line is a fit according to Eq. (4).
Inset shows the variation of onset frequency fc with R0. Solid line is a
power-law fit to the data with the slope xf as indicated.

equal to 1.05 6 0.016. The solid line in Figure 6 is a fit
according to Eq. (4) with B ¼ 3.50  108 and s ¼ 1.05.
This fitting is remarkably well up to R/R0  2. Beyond this
value, the scaled conductance data increase at a slower rate
than predicted by Eq. (4). This is due to the step like features of ac conductance originated as a result of the grain
boundary effect40 corresponding to this frequency (well
above the characteristic frequency fc). A relaxation peak is
also observed40 in the spectrum of imaginary part of permittivity at this frequency which increases with the
increase in temperature. As for example, this frequency is
6  104 Hz at temperature 86 K, 2  105 Hz at temperature 97 K, 7  105 Hz at temperature 110 K, etc. Because
of this step like feature, there is discrepancy between the
scaled data above y ¼ f/fc  101 and the functional form
given by Eq. (4).
IV. DISCUSSION

FIG. 5. Scaled plot of normalized conductance R(T, f)/R0 vs normalized frequency f/fc of LYCMO–2 sample by varying Ohmic conductance R0 by temperature T at a fixed disorder. 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 last section dealt with the results of the real part of
the ac conductivity in polycrystalline manganites such as
LYCMO–1 and LYCMO–2, and LFMO. R0 – T curves of the
LYCMO–1 and LYCMO–2 samples show that a transition in
phase from paramagnetic insulating to ferro-magnetic metallic occurs at a temperature TMI when temperature is
decreased. The values of TMI for LYCMO–1 and LYCMO–2
are, respectively, 160 K and 225 K and are very close to
Curie temperature indicating a strong correlation between
electrical transport and magnetism.33 The observed value of
transition temperature TMI for LYCMO–1 sample is very
close to that reported by Maignan et al.36 and Zhu and
Zheng.37 Figure 2 shows that TMI decreases with the increase
in the amount of calcium x at a fixed value of yttrium concentration y. Similar decrease in TMI with the increase in y at
a fixed x in the polycrystalline manganite L1xy Yy Cax MnO3
has been reported by Maignan et al.36 Authors36 have shown
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that with the increase in y (y  0.20) at a fixed x, TMI and the
width of the ferromagnetic metallic region below TMI
decrease and finally tend to disappear.36 It is observed from
Figure 2 that increase in resistance with x at a fixed y is relatively small compared to the increase in resistance (several
orders of magnitude) with y at a fixed x and at constant temperature T.36 This is also reflected in dc non-Ohmic conduction.33 The shift in TMI and increase in resistance with y at a
fixed x can be understood in the following way: according to
Millis’s calculation,46 the substitution of Y for La decreases
the effective d–d overlap and increases the electron-phonon
interaction leading to the increase in resistance. The substitution also results in a reduction of the tolerance factor and a
contraction of lattice which reduces ferromagnetic coupling
and the transition temperature TMI.47 The electrical conduction in LYCMO proceeds by electron hopping between Mnþ3
and Mnþ4 ions through the O2 ions,25 and this hopping
probability for an electron to jump from a Mnþ3 to a Mnþ4 is
proportional to cos(h/2), where h is the angle between the
spins of the two ions. In the paramagnetic insulating phase, h
varies randomly from 0 to 180 and the electrical conductivity is small but different from zero.48,49 As T decreases
towards the transition temperature TMI starting from the
higher side, small polaron hopping probability decreases due
to random orientation of spins and results in the increase in
resistivity up to TMI. In the ferro-magnetic phase, with
decrease in T from TMI the spins are more aligned improving
the hopping probability and as a result, the electrical resistivity is reduced.
The temperature dependence of conductance of LFMO
obeys Mott’s law42 of variable range hopping with the characteristic temperature T0 increasing with the increase in Fe
concentration.23,40 This increase is not monotonic rather
change in slope occurs at x ¼ 0.70 which is associated with
the structural change for x  0.70.40 With the increase in
iron content, conductance decreases. Fe replaces Mn from
their sites in the LaMnO3 matrix and remains in the Fe3þ
state forming the compound LaMn1–xFexO3. In the pristine
state, conduction in this compound occurs via electron hopping as the Mn eg (up) band is electronically active. The
replacement of Mn by Fe fills completely the Fe eg (up)
band, and electron hopping from Mn3þ to Fe3þ is forbidden
and as a result, number of trapping centers are created for eg
electrons. These trapping centers block some of the bonds
between Mn3þ ions which otherwise would participate in
the transport and in the ferromagnetic interaction. At the
low value of x  0.30, the internal arrangement of Mn3þ and
Mn4þ ions participating in the double exchange is practically unaffected and the conductance changes by a very
small amount.23 As x increases, the number of Fe3þ ions
increases and the clusters of anti-ferromagnetic alignment
of the parent LaMnO3 break readily into small clusters
because of their weak spin correlation. Number of these
clusters increases with the increase of Fe content and results
in a decrease in conductance.38,39 At a finite x, the LFMO
system may be considered as a mixture of some conducting
bonds of Mn3þ – O – Mn4þ responsible for dc conductance
and some insulating bonds of Fe3þ – O – Mn4þ separating
the finite conducting clusters and contribute to the ac
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conductance. This simplified picture helps to understand the
variation of ac conductance with frequency.
A. Scaling and onset frequency fc

Figure 3 shows that at a particular temperature, the real
part of the ac conductance R(T, f) in these systems remains
constant up to the characteristic frequency fc and increases
monotonically as frequency is increased beyond fc. This
behaviour is observed in both PMI and FMM phases in
LYCMO and in the insulating phase of LFMO at the measured temperatures. This similarity in the variation of R(T, f)
as a function of frequency f indicates that R(T, f) vs f data
could be scaled appropriately by a suitable scaling function
as given in Eq. (2). The scaled plot shown in Figures 4–6
clearly indicates the validity of the scaling function given by
Eq. (2), signifying the existence of a single frequency scale
in any given sample at least within the experimental ranges
of frequency and conductance spanning more than four
orders of magnitude. This characteristic frequency fc
increases with the increase in Ohmic conductance R0 which
can be qualitatively understood in the following way: the
measurement of ac conductance at a given frequency probes
a typical length scale Lf in the system. At low frequencies
(corresponding to long time periods), the carriers travel long
distances in one-half of ac cycle and the probed length scale
Lf becomes longer. On the other hand, at high frequencies, Lf
is shorter. Considering the motion of the carriers in such a
network of conducting and insulating bonds at a finite disorder, the characteristics length scale n at a frequency f may be
written as: n  f1=2.55 At low frequencies, Lf > n and the
probed length scale spans multiple clusters of different size
with varying insulating space among them which contribute
significantly to the resistance. Hence, the conductance is
small and is equal to the dc conductance. As the frequency
increases, Lf becomes smaller than n and the insulating phase
contributes less to the total resistance and conductance
increases with frequency. In this frequency range, the intrinsic property of conducting clusters dominates the measurement. Figure 3 shows that there is a transition of the real part
of ac conductance from nearly frequency-independent linear
region to frequency-dependent nonlinear region as frequency
is changed 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 increase in x, conductance
decreases (see Figure 1 of Ref. 23) and the average distance
between conducting clusters, the correlation length n,
becomes larger and the onset frequency fc decreases. This is
consistent with the result that fc decreases with the decrease
in R0 in LFMO sample. This model55 successfully explains
the observed variation of onset frequency fc with R0.
B. Nonlinearity exponent xf

The data collapse, according to Eq. (2), shown in
Figures 4–6 indicate that there exists a single frequency scale
in any given sample at least within the experimental ranges
of frequency and temperature. This frequency scales with R0
x
as fc  R0f with xf as the onset exponent. Insets of the
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TABLE I. Onset exponents xf for nonlinearity in ac conduction in various disordered systems. P stands for the variable used to vary R0: T—Temperature and
D—Disorder.
Systems

P

xf

LaMn0.85Fe0.15O3
La0.60Y0.07Ca0.33MnO3
La0.60Y0.07Ca0.33MnO3
La0.86Y0.07Ca0.05MnO3
La0.86Y0.07Ca0.05MnO3
LaMn1–xFexO323
LaMnO323
LaMn0.70Fe0.30O323
LaMnO3 (single crystal)52
BaTi2O3 (Glass)51
50Lif  30KF  20AlðPO3 Þ3 (glass)2
Na2O: 3SiO2 (glass)4
Li0.5Bi0.5MnO3 (ceramics)50
O2-annealed Li0.5Bi0.5MnO3 (ceramics)50
TDAE–C60 (ferromagnetic single crystal)53
Polyurethane doped NH4CF3SO3 (film)2
Polyaniline film9
HDPE-CNF nanocomposite43
PVC – PPy (composite)44
0.56Li2S þ 0.44Si2S (fast-ionic conductor)54
0.0023K2O: 0.9977GeO2 (ionic conductor)45
0.2K2O: 0.80GeO2 (ionic conductor)45
CeO2: 6%Gd2O3 (O2-ionic conductor)7

T
T
T
T
T
D
T
T
T
T
T
T
T
T
T
T
D
T
D
T
T
T
T

1.05 6 0.016
0.78 6 0.01(PI)
1.16 6 0.05(FM)
0.77 6 0.01(PI)
0.92 6 0.022(FM)
0.98 6 0.043
0.79 6 0.01
1.10 6 0.012
0.93 6 0.02
1.028 6 0.011
1.02 6 0.007
0.97 6 0.007
0.93 6 0.008
0.97 6 0.01
0.86 6 0.02
1.11 6 0.0.15
0.72 6 0.012
1.04 6 0.047
0.92 6 0.008
1.06 6 0.023
0.99 6 0.03
1.00 6 0.005
1.01 6 0.008

Figures 4–6 indicate that the values of xf are very much
phase sensitive and have different values in the PMI
(xf ¼ 0.78 6 0.01) and FMM (xf ¼ 1.16 6 0.05) phases of
LYCMO samples and also in the insulating phase of LFMO
sample (xf ¼ 1.05 6 0.016). The nonlinearity exponent xf for
ac conduction can be used for the identification of different
phases in disordered systems. The values of xf for the different disordered systems (mentioned in column I of Table I)
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 of the
table 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 can be qualitatively
understood from the knowledge of widely used BartonNakajima-Namikawa (BNN) relation56
R0 ¼ pD0 2pfc ;

(5)

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.
Such universal scaling descriptions of ac conduction in various disordered systems consisting of phases with different
conductance 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 extend over longer distances and is
limited by bottlenecks of relatively poor conducting regions.
It is evident from the Figures 4–6 that Eq. (2) can be

successfully used for the scaling description of the ac conductance data in both phases of polycrystalline manganites
LYCMO and in the insulating phase of LFMO 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.
V. CONCLUSION

A comprehensive quantitative description of the behaviour of alternating conductance R(T, f) of polycrystalline systems such as La1xy Yy Cax MnO3 with x ¼ 0.33 and 0.05 and
y ¼ 0.07 and LaMn1–xFexO3 with x ¼ 0.15 is presented over
the temperature range from 80 K to 300 K and in the frequency range from 20 Hz to 2 MHz. Initial conductance R0
was varied by temperature T at a fixed disorder D. R(T, f) – f
curves were 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 R0 with an exponent xf and is solely
determined by R0. Dependence on T comes through R0. The
values of the nonlinearity exponent xf in the FMM and PMI
phases of La1xy Yy Cax MnO3 and in the insulating phase of
LaMn1–xFexO3 are different implying that xf can be used to
identify the different phases in manganites. The normalized
conductance R/R0 vs normalized frequency f/fc curves are
accurately described by a single-power law given by Eq. (4)
within the measured range of temperature. It is also shown
that Eqs. (2)–(4) are applicable to different phases in manganites. Detailed theoretical understanding of the
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nonlinearity exponent xf in different phases in polycrystalline
manganites is required.
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