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Low bismuth doping in lanthanum manganite is studied in detail for its unusual electrical conductivity
and dielectric properties. The direct current electrical conductivity measurements exhibit proper semi-
conducting (or insulating) nature without any phase transitions. The low temperature direct current
electrical conduction is due to the Mott-variable range hopping mechanism in the absence of the mag-
netic �eld (H = 0 T). However, in the presence of magnetic �eld (H = 8 T) the direct current electrical
conduction switches to the Shklovskii�Efros-variable range hopping mechanism. The high-temperature
direct current electrical conduction is governed by the Greaves-variable range hopping mechanism both
at H = 0 T and 8 T. The dielectric properties studied as a function of temperature and frequency
exhibit a multiple relaxation process, which can be attributed due to the Debye + Maxwell�Wagner
relaxation mechanisms. The frequency-dependent alternating current conductivity studied under con-
stant temperatures further correlates with polaronic hopping transport mechanisms, as observed in
direct current electrical conductivity measurements.

topics: direct current (DC) and alternating current (AC) conductivity, polaronic transport, variable
range hopping, dielectric constant

1. Introduction

The perovskite oxide materials that correlate
with properties such as magnetism and ferroelec-
tricity have gained signi�cant interests from long
time due to their exceptional device applications
and intriguing underlying physics [1]. One such ox-
ide material is BiMnO3, which is studied extensively
for its simultaneous exhibition of ferromagnetic
and ferroelectric properties [2]. The ferromagnetic
properties are understood to be originating from
the double exchange (DE) or super-exchange (SE)
interactions between the nearest neighboring Mn
cations via oxygen forming as a bridge associated
due to the speci�c d2z orbital ordering in Mn3+ (or
Mn4+). Whereas the ferroelectric property arises
due to the highly polarized and isolated 6s2 lone
pair electron of Bi3+ ions, which induces signi�cant
structural distortions [3]. Compared to BiMnO3,
the d2z orbital in LaMnO3 undergoes anti-ferro dis-
tortive charge ordering and results in orthorhombic
(O′) or rhombohedral (R3̄c) crystal structure [3, 4].
Previous studies of LaMnO3, explained in [5],
showed that if the percentage of Mn4+ exceeds a
signi�cant amount (> 20%), the room temperature
structure becomes rhombohedral. In the context
of lanthanum bismuth-based perovskite mangan-
ite oxides, the relationship between the structural

ordering and the in�uences of magneto-transport
properties have gained considerable interests [6].
Potential manganite perovskites, which show simul-
taneous ferromagnetic and insulating properties,
are considered as a signi�cant material for spin-
tronics technology [7]. The recent surge of inter-
est in these types of materials is also due to the
necessity of using electronic microdevices, which is
why the focus has been on the production of read
heads in spintronic components for data recording
and reliable data storage components that can oper-
ate at room temperatures and under extreme con-
ditions [7]. In such materials, the correlation be-
tween the electrical charge and spins of the elec-
trons are used to bring about spin-dependent elec-
tronic functional property, such as colossal mag-
netoconductive phenomenon. The highly-insulating
states around the critical temperature TC in some
manganites are very responsive to the applied mag-
netic �eld, which in�uences the transport properties
and provides the means to understand the mech-
anism such as magnetoconductivity [8]. The cre-
ation of tetravalent manganese ions (Mn4+) when
substituted with divalent/trivalent cations results
in the improvement of the transport property via
DE or SE. Many researchers [8�10] tried to explain
the in�uence of the magnetic �eld on the electri-
cal transport phenomenon based on the electron
band transport mechanism for most compounds.
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In the present case, however, this mechanism may
not apply suitably because of the insulating behav-
ior of some manganites around TC . Due to these
factors, compound comprisin both lanthanum and
bismuth-based manganites are interesting to study
their physical properties and understand the role of
di�erent mechanisms responsible for the electrical
transport. The La0.9Bi0.1MnO3 compound synthe-
sized from LaMnO3 by the necessary substitution
for trivalent La ions with trivalent Bi ions belongs
to the separate group of manganites, which exhibits
robust physical properties. Unlike divalent substi-
tution at La site, these manganites are useful for
their practical purposes in device fabrications and
advanced technological applications in storage and
sensors [11].

2. Experimental setup

The studied sample La0.9Bi0.1MnO3 is syn-
thesized using a conventional solid-state reaction
method [12, 13]. The basic ingredients of La2O3,
Bi2O3 and MnO2 are procured from SIGMA
ALDRICH & Co. with a purity of 99.9% each. Fol-
lowing the individual ingredients of La2O3 (pre-
heated around 900◦C to remove moistures and im-
purities), Bi2O3, and MnO2 were stoichiometrically
weighed and mixed in an agate mortar in the pres-
ence of acetone to get compositional mixtures. The
greyish sample mixture was then �red in furnace at
600◦C, followed by sintering at 750◦C with intermit-
tent grindings. The greyish powdered sample turned
dark grey and was pelletized using a 13 mm die at an
applied pressure of 98 kilo-Pa and sintered at 850◦C
for 45 h with slow heating cycles due to the volatil-
ity of Bi. This step was repeated twice in order to
get a perfect pellet without any breaks and internal
cracks. To verify the phase purity of the sintered
sample, X-ray di�raction measurement was carried
out using a Cu Kα radiation source. The sample
crystalizes into a rhombohedral perovskite's crystal
symmetry belonging to the R3̄c space group with
lattice parameters a = 5.529 Å, b = 5.529 Å and c =
13.378 Å � further, the cell volume is calculated to
be V = 409.06 (Å)3. To verify the morphology and
composition of the sample, a scanning electron mi-
croscopic (SEM) imaging technique was employed,
equipped with an energy dispersive X-ray spectro-
scopic (EDS) measurement system. From the SEM
image, the grain shapes are found to be spheri-
cally symmetric with no signi�cant porosity as re-
ported in [13]. Direct current (DC) electrical con-
ductivity measurement both as a function of tem-
perature and magnetic �eld were carried out using
an Oxford Spectromag 10 T superconducting mag-
net with the standard four probe contact method.
Frequency-dependent complex dielectric measure-
ments at constant temperatures were carried out us-
ing a Novo-control alpha impedance analyzer RMS

Fig. 1. DC electrical conductivity measurements
for the sample studied at the magnetic �elds
H = 0 T and 8 T are shown on a y-logarithmic
scale.

AC voltage of 1 V (AC � alternating currect). The
sample in the pellet form was sandwiched between
the electrodes of a Novo-control BDS 1200 sample
cell.

3. Results and discussions

In Fig. 1, the smooth variation of the DC elec-
trical conductivity (σ) vs temperature (T ) mea-
sured at the constant applied magnetic �eld values
H = 0 T and 8 T is shown, from room tem-
perature (T = 300 K) up to low temperature
(T = 100 K). Below T = 100 K the con-
ductivity measurements exceeded the instrumental
limit ((×10−6) [(Ω cm)−1]) and started to show ran-
dom �uctuations. It can be observed that the sam-
ple shows an insulating (semiconducting) nature
throughout the measured temperature range with-
out any speci�c phase transition. From this nature,
it follows that low concentration of Bi3+ substitu-
tion slightly disrupts the Mn�O octahedra and ham-
per cooperative Jahn�Teller (JT) distortions [14].
The in�uence of constant applied magnetic �eld

(H = 8 T) improves σ compared to the original data
without the application of magnetic �eld (H = 0 T).
But at temperature T = 204 K, hereafter referred
as reversing temperature (TR = θD/2) the σ val-
ues measured at H = 8 T show crossover e�ect
and the values of σ decreases well below the val-
ues of σ measured at H = 0 T. This behaviour is
distinctively observed for polaronic (small or large)
hopping conduction and depends on thermally acti-
vated energies. Further it can be understood as the
temperature increases the Bi3+ ions in the sample
starts to hamper the conduction process through
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TABLE I

The computed and �tted values obtained from various experimental models have been enlisted for La0.9Bi0.1MnO3.

H [T] Temp. EA [eV]

SPHC

model

ED [eV]

J/φ γp
Critical

exponent ν

Rh

[nm]

Eh × 10−3

[eV]

Mott's model

N(EFM
)× 1024

[eV−1m−3]

Greaves model

N(EFG
)× 1024

[eV−1m−3]

0
T < TR 0.125 0.135 0.173 15.306 0.961 − − 0.46 −
T > TR 0.207 0.216 0.108 24.490 1.115 0.322 6.182 − 0.42

8
T < TR 0.106 0.119 0.196 13.531 0.883 − − 0.89 −
T > TR 0.184 0.196 0.119 22.222 1.074 0.307 6.119 − 0.86

signi�cant vibrations and distortion of the Mn
cationic polaron pathways. This eventually de-
creases electrical conductivity even in the presence
of H = 8 T due to the random distributions of the
available neighbouring sites and signi�cant thermal
�uctuations. Hirashima et al. [15] expressed `θD' as
the Debye temperature designated for the vibra-
tional energy spectrum of a polycrystalline sample,
de�ned as

hν0 = kBθD =
hν

2π

(
6π2N

V

) 1
3

, (1)

where h is Planck's constant, ν0 is the optical
phonon frequency, N is the number of atoms per
unit cell, V is the volume and kB is the Boltzmann's
constant. Also, the polaronic transport in the stud-
ied compound depend upto a certain level of speci�c
phonon vibrational energy (ν0) and which is also op-
tically active falling in the range of 1012�1014 s−1.
The calculated value of ν0 from the above relation
is found to be 4.26× 1012 s−1, which further satisfy
the above criteria. This type of feature is unique
in such kind of Bi3+ doped LaMnO3 manganites,
where previously not been fully explored and can
be distinctively observed for the polaronic type of
conduction which depends on the temperature de-
pendent activation energies [16].
To calculate the activation energies required for

this type of polaronic transport, the thermally ac-
tivated conduction (TAC) model has been studied,
which can be expressed as

σ (T ) = σ0 exp

(
−EA

kBT

)
, (2)

where EA is the activation energy, and the pre-
exponential factor σ0 can be expressed as

σ0 =
f0NDe2R2

p

kB

(
S(1−S)

)
exp (−2αRp) , (3)

where f0 is the longitudinal optical frequency, Rp is
the distance between nearest neighbouring sites,
α is the inverse localization length used for localized
states at Mn3+/Mn4+ cations, S is the fraction of
available sites occupied by the polaron, and ND is
the Mn3+/Mn4+ ion density [17]. In Fig. 2, the TAC
data were plotted on a logarithmic scale and linearly
�tted in separate, distinct regions where the slopes
get changed both at H = 0 T and 8 T for lower

Fig. 2. The plot of ln(σ/[Ω cm]) vs 1000/T [K−1]
for the studied sample at the magnetic �eldH = 0 T
and 8 T is shown. The solid lines are the thermally
activated conduction model �ts.

temperature (T < TR = θD/2) and higher tem-
perature (T > TR = θD/2) regions to extract the
EA values, as shown in Table I. From the obtained
values of EA it can be ascertained that the con-
duction of polaronic charge carriers between Mn3+

and Mn4+ is due to thermally activated hopping
phenomena over the energy barriers [17]. This also
indicates that the tunnelling of the charge carriers
over the nearest neighbouring sites is not favoured
and is usually forbidden. Further Schnakenberg et
al. [18] gave a theoretical description of the adia-
batic small polaronic hopping model, where the po-
laron disordered energy ED ̸= 0.
The acoustical single-phonon-assisted hopping

process is attributed for electrical conduction at
lower temperatures (T < TR = θD/2), and the op-
tical multi-phonon-assisted hopping phenomena is
attributed for electrical conduction at higher tem-
peratures (T > TR = θD/2). The Schnakenberg adi-
abatic small polaronic hopping model describes the
temperature-dependent DC electrical conductivity
given by the relation

σT = σ0 exp

(
−ED

kBT

)
. (4)
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Fig. 3. The plot of ln(σT/[Ω cm/K]) vs 1/T [K−1]
for the sample studied at H = 0 T and 8 T is shown
for T < TR = θD/2. The solid lines are the model
�ts.

Fig. 4. The plot of ln(σT/[Ω cm K−1]) vs 1/T
[K−1] for the sample studied at the magnetic �eld
H = 0 T and 8 T is shown for T > TR = θD/2. The
solid lines are the model �ts.

Here,

σ0 =

√
sinh

( hν0
kBT

)
exp

[(−4Eloc

hν0

)
tanh

(
hν0
4kBT

)]
(5)

with Eloc being the localized polaronic hopping en-
ergy, and ED � the disorder in the hopping energy
arising from the energy gradient between two near-
est neighbouring sites due to the lattice distortions
or weakening of DE. The best �ts to the plot of
ln(σT/[Ω cm K−1]) vs 1/T [K−1] for the sample
studied at both magnetic �elds H = 0 T and 8 T
are shown in Fig. 3 for T < TR = θD/2 and in Fig. 4
for T > TR = θD/2.
Also, it can be observed that the Schnakenberg

adiabatic small polaronic hopping model does not
�t the entire range in both temperature regimes

Fig. 5. The local polaronic hopping energy (Eloc)
versus temperature T at an applied magnetic �eld
of 0 T and 8 T for the studied sample is shown.

described above at the applied magnetic �elds
H = 0 T and 8 T. This can be attributed to
the temperature-dependent strong electron�phonon
coupling, which in�uences the polaronic hopping
over a wide range of polaronic band width be-
tween the nearest neighbouring sites [19]. Also,
the Schnakenberg qualitative equation predicts a
temperature-dependent localized polaronic hopping
energy (Eloc), which increases with an increase in
the temperature and attains random �uctuations
at higher temperatures, as shown in Fig. 5. In order
to identify these inequalities of polaronic hopping
phenomena between the polaronic band width (J)
and critical energy bandwidth (φ), the well-known
Holstein model [20] has been adopted.
The Holstein's relation for inequalities between J

and φ is given as
J

φ
= 1.33

kBθD
ED

. (6)

If the ratio J/φ < 1, then it indicates that the
hopping mechanism is non-adiabatic type; and if
J/φ > 1, the polaronic hopping conduction be-
tween the nearest neighbouring sites is adiabatic.
From the obtained values of J/φ, shown in Table I,
it is clear that the values of J/φ are less than one
(J/φ < 1) but very close to zero � this means
that the Schnakenberg adiabatic small polaronic
hopping model is not su�cient to explain the pola-
ronic hopping conduction, while simultaneously rul-
ing out the non-adiabatic small polaronic hopping
transport. Also, more clarity on this type of obser-
vation can be gained from another method, in which
polaronic conduction other than the Schnakenberg
adiabatic small polaronic hopping model can be
determined by estimating the dimensionless small
polaron coupling constant (γp). The parameter γp
is a measure of electron�phonon coupling given as
γp = 2ED/(hν0) and the tabulated values are listed
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Fig. 6. Critical analysis of the electrical conduc-
tivity data for T < TR is shown. Solid lines are the
model �ts.

Fig. 7. Critical analysis of the electrical conduc-
tivity data for T > TR is shown. Solid lines are the
model �ts.

in Table I. When the obtained values of γp lies in
between 13 to 11, it indicates a very strong electron�
phonon coupling [21] and ensures the formation of
small polarons, which hop di�erently from the type
described by Schnakenberg's adiabatic small pola-
ronic hopping model. But the values of γp does not
fall in the above phenomenal limit and are very un-
physical, thus indicating di�erent type of polaronic
hopping model must be responsible for the electrical
conduction process. Furthermore, the ratio of pola-
ronic mass (mp) to the rigid lattice e�ective mass
(m∗) have been tabulated, using the relation given
by the generic relation

mp =
h2

8π2JR2
exp (γp) = m∗ exp (γp) . (7)

The obtained values of mp/m
∗ exceeds the classical

limit ∼ 105 for H = 0 T and 8 T in both tem-
perature regimes. The obtained values are found to
be very large, which again suggests the existence

of strong polaron�phonon coupling. It means that
the hopping polaronic conduction is due to the
non-Schnakenberg adiabatic small polaronic hop-
ping process and gives rise to critical nature.
In order to understand criticality in polaronic

hopping conduction, the critical scaling analysis has
been utilized, de�ned as

σ (T ) ∼ 1−
[
T

/(
θD
2

)]−ν

, (8)

where ν is considered the critical exponent [22].
In Figs. 6 and 7 the logarithmic plots of critical
behaviour for T < TR = θD/2 and T > TR = θD/2,
respectively, atH = 0 T and 8 T are shown. The lin-
ear �ts to these data points yield values of the crit-
ical exponent equal to ν = 0.961 for H = 0 T and
ν = 0.883 for H = 8 T in the temperature regime
T < TR = θD/2 and similarly equal to ν = 1.115 for
H = 0 T and ν = 1.074 for H = 8 T in the temper-
ature regime T > TR = θD/2. It can be observed
from the obtained values of ν decreases with the
application of the magnetic �eld and increases with
the increase in temperatures above TR = θD/2. This
clearly establishes that the activation energies are
consistent with polaronic hopping processes and the
hopping of charge carriers over the energy barriers
is the only essential type of conduction mechanism
when charge carriers are thermally activated.
Further, Mott [23] suggested that in the dominant

process the activation energy decreases due to the
interaction between polarons and lattice phonons.
And according to Mott and Davis [24], the hopping
of charge carriers occurs beyond the nearest neigh-
bouring available sites at signi�cantly low tempera-
tures T < TR = θD/2 using a process called Mott's-
variable range hopping (MVRH) mechanism. The
MVRH mechanism has been described mathemati-
cally by an Arrhenius-type equation and is given by

σ = σ0 exp

(
−B
4
√
T

)
, (9)

where

B = 4 4

√
2α3

9πkB N(EFM
)
,

σ0 =

√
e2

2
√
8π

ν0
N(EFM

)

αkBT
.

(10)

In (10), N(EFM
) is referred to as the density of

states (DOS) of charge carriers at the Fermi level.
In Fig. 8, plots of ln(σ) vs 4

√
1/T with linear �t show

the experimental data for both H = 0 T and 8 T in
the temperature regime T < TR = θD/2; �t yields
a slope `B'. Using the value of 1/α = 10 Å for the
localized states and the slope (B) obtained from
linear �tting of the conductivity data, the values of
N(EFM

) are found and are listed in Table I for both
H = 0 T and 8 T. It can be observed that the values
of N(EFM

) increase with the applied magnetic �eld,
which infers that DOS between the available vari-
able sites also increases [24, 25]. Further, it can be
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Fig. 8. The plot of ln(σ/[Ω cm]) vs 1/T 0.25

[K−0.25] for the studied sample at the magnetic �eld
H = 0 T and 8 T are shown for T < TR. The solid
line is the MVRH model �t.

clearly observed that the MVRH model �ts the ex-
perimental data perfectly for H = 0 T, but deviates
at low temperatures for H = 8 T.
This can be understood because at signi�cant

low temperatures, the thermal activation becomes
insu�cient for the polarons and gets altered in
the nearest neighbouring sites due to the varia-
tion in DOS under the application of magnetic �eld
H = 8 T, which does not follow MVRH mecha-
nism. Hence, in order to understand the hopping
phenomena under the in�uence of magnetic �eld,
the Shklovskii�Efros variable range hopping (SE-
VRH) mechanism is used. The SE-VRH model can
be described as

σ = σ0T
−l exp

(
−T 0

T

)q

, (11)

where

σ0 =
[
C ξ11T

(7+n)q
0

]−1

. (12)

The best �t to the ln(σT l/[Ω cm K−l]) vs 1/T q

[K−q] data to the SE-VRH model can be obtained
by choosing l = 4.5 and q = 0.5, as shown in Fig. 9.
Here also it can be observed that for the conduc-

tivity data measured at H = 0 T the linear �t does
not converge fully for the SE-VRH model, whereas
for the conductivity data measured at H = 8 T
the SE-VRH model �ts perfectly throughout the
whole temperature range of T < TR = θD/2. The
SE-VRH model becomes valid when the activation
energy is smaller than the coulomb gap (ΓCG) de-
scribed as
ΓCG = kB (T0TV )

0.5
, (13)

where TV is the onset of the VRH temperature. The
values of ΓCG is found to be 17.37 meV for the con-
ductivity data measured at H = 0 T and 16.18 meV
for H = 8 T, respectively. Even though there is
not much signi�cant di�erence in the values of ΓCG

Fig. 9. The plot of ln(σT 4.5/[Ω cm K−4.5]) vs
1/T 0.5 [K−0.5] for the studied sample at the mag-
netic �eld H = 0 T and 8 T are shown for
T < TR = θD/2. The solid line is the SE-VRH
model �t.

both for H = 0 T and H = 8 T, based on the
goodness of �t, the hopping conduction is due to
the SE-VRH mechanism for H = 8 T. Further, the
DC electrical conductivity above T > TR = θD/2
neither the MVRH nor SE-VRH model fully �t the
data points (�gures not shown here), which ruled
out the contributions of these two models above
T > TR = θD/2.
Hence the suitable model proposed by

Greaves [26] was used to analyse the hop-
ping conduction in this temperature regime
(T > TR = θD/2). The theoretical expression
proposed by Greaves is given as

σ T 0.5 = σ0 exp

(
−D

T 0.25

)
, (14)

where D is a constant and can be expressed as

D = 2.1

[
α3

kB N(EFG
)

]0.25
. (15)

In Fig. 10 the plots of ln(σT 0.5) vs T−0.25 with
linear �tting the experimental data have been
shown for both H = 0 T and 8T in the temper-
ature regime T > TR = θD/2 which yields the
value of the slope D. From the goodness of the
�tting the conductivity data the value of N(EFG

)
is calculated and listed in Table I.
From Table I it can be observed that the values

of N(EFM) and N(EFG) obtained from Mott's vari-
able range hopping (MVRH) and Greave's variable
range hopping (GVRH), respectively, are found to
be comparable, even though they tend to operate in
two di�erent temperature regimes T < TR = θD/2
and T > TR = θD/2, respectively. This may be
due to the thermal agitation occurring between the
phonon-assisted polaronic hopping, which collide
frequently while �nding the nearest neighbouring
sites. In order to understand the e�ect of thermal
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Fig. 10. The plot of ln(σT 0.5/[Ω cm K−0.5]) vs
1/T 0.25 [K−0.25] for the studied sample at the mag-
netic �eld H = 0 T and 8 T are shown for
T > TR = θD/2. The solid line is the model �t.

Fig. 11. Temperature-dependent real part of di-
electric permittivity, ε′, as a function of frequencies
are displayed for various temperatures.

agitation in�uencing the nearest neighbouring sites
the mean hopping distance Rh and the hopping en-
ergy Eh required for conduction is calculated using
the relations given by

Rh =
3

8
α

(
B

T

)0.5

(16)

and

Eh =
1

4
kBT

3/4 B1/5, (17)

for both H = 0 T and 8 T. The obtained values
of Rh and Eh are shown in Table I. They are al-
most comparable for both H = 0 T and H = 8 T,
which indicates the negligible e�ect of the applied
magnetic �eld since high temperature random �uc-
tuations are predominant.
In Fig. 11, the temperature-dependent real part

of dielectric permittivity, ε′, as a function of
frequencies measured for various temperatures is

Fig. 12. Frequency dependent dielectric permit-
tivity ε′′ at various temperatures. Solid lines are
the experimental �t.

shown. It can be observed that the ε′ values in-
crease with increasing temperatures and decreases
with increasing frequencies. The high value of the
dielectric permittivity ε′ in the low frequency re-
gion is due to the overwhelming dominance of the
electrode polarization region when it is subjected
to the time dependent electric �eld. Upon increase
in the frequency, the decrease in the values of ε′

can be attributed to the various dielectric relaxation
processes, which creates a complex region for the
dipoles to align under the application of the elec-
tric �eld. The higher value of ε′ at low frequencies
is due to the enhancement of the polaronic conduc-
tivity and follows the theoretical relation given as
σk =

∑
k(qknkµk). Also, the imaginary part of the

dielectric permittivity, ε′′, plotted against frequen-
cies is shown in Fig. 12 at variable temperatures. It
can be clearly observed that value of ε′′ decreases
with increasing frequencies, which can be attributed
due to the di�erent relaxation mechanisms occur-
ring in the sample.

In order to get the clear understanding of the
role of di�erent mechanisms, we analysed the ε′′

data with the combined Debye + Maxwell�Wagner
(DMW) relaxation mechanisms, which is given
by [26]

ε′′ =

(
f
f0

)
(εS − ε∞)

1 +
(

f
f0

)2 +
σ

2πϵ0f
, (18)
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Fig. 13. The plots of log(f0) and log(σ) vs 1000/T
[K−1]. Solid lines are linear �tting to the Arrhenius-
type plots.

Fig. 14. Frequency dependent real part of the AC
conductivity (σ′) at variable temperatures for the
studied sample are shown. Solid lines are the exper-
imental �ttings.

where f0 is the relaxation frequency, ϵ0 is the per-
mittivity in the free space, εS is the static permit-
tivity, ε∞ is the relative permittivity at in�nite fre-
quency, and σ is the conductivity of the sample and
depends on Maxwel + Wagner contributions [27].
It can be observed that the experimental data sat-

is�es the combined relation for di�erent high tem-
peratures at lower and intermediate frequencies, but
fails at higher frequencies, indicating the absence
of space charge polarization. The best �t param-
eters of f0 and σ, obtained by �ts to the experi-
mental data of ε′′, can theoretically be considered
to be in accordance with the Arrhenius law [28].
Linear �tting to the plot of log(σ) and log(f0)
vs 1000/T (shown in Fig. 13) yields the activa-
tion energy (EA) and relaxation time (τ). The ob-
tained values are found to be EA = 0.135 eV and
τ = 3.55× 10−6 s, which correlates with the values
of EA obtained from the DC electrical conductivity
data for T < TR.

Fig. 15. Frequency dependent imaginary part of
the AC conductivity (σ′′) at variable temperatures
for the studied sample are shown. Solid lines are the
experimental �ttings.

Further, the AC conductivity (σAC) vs frequency
at variable temperatures was studied to understand
the complex transport phenomena and establish a
suitable correlation with the DC conductivity. Con-
ductivity measurements are considered to be the
most prominent representation in order to corre-
late macroscopic analysis of microscopic transport
properties [29]. The AC conductivity has been com-
puted from the real and imaginary parts of the
impedance data measured at various temperatures.
The total complex conductivity σ∗(ω) is expressed
as σ∗ (ω) = σ′(ω) + iσ′′(ω). As shown in Fig. 14,
σ

′
(ω) exhibits two distinct features, i.e., one at low

frequencies where the increase in σ′(ω) is associated
with the electrode polarization region and the other
at high frequencies the polaron possess short-range
path. For any given speci�c frequency, the transi-
tion from the long-range to short-range path can
be termed as the hopping frequency and a success-
ful hopping occurs when the polaron hops to a new
site [29].
The high-frequency Jonscher power law is also in-

corporated to the mentioned equations of the real
and imaginary part of the AC conductivity. This re-
sults in

σ′(ω) = σp

[
1 +

(
ω

ωq

)n]
(19)

and
σ′′ (ω) = Bωm, (20)

where the exponents n and m have the values less
than unity [30]. Equations (19)�(20) are used to �t
σ′(ω) and σ′′(ω) under constant temperatures, as
shown in Figs. 14 and 15, respectively. The expo-
nents n and m ranging from 0.897 to 0.989 was
obtained satisfying the Jonscher power law depen-
dency condition. In order to understand the corre-
lation between DC conductivity, the temperature
dependent real part of the AC conductivity data
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Fig. 16. The plot of ln(σ′) vs 1000/T [K−1] plots
for di�erent frequencies are shown. Solid lines are
model �t.

Fig. 17. Variations of the activation energies with
respect to the measured frequencies are shown.

was extracted for di�erent frequencies in the range
of 1�5 MHz and analysed using the TAC model as
explained earlier [16]. The linear �ts to the plot
ln(σ′) vs 1000/T [K−1] shown in Fig. 16 yield the
thermally activated hopping energies (Eh). The ob-
tained values of Eh, which are few meV for low fre-
quencies (see Fig. 17), are agreeable with the the-
oretically calculated values of Eh listed in Table I
for DC conductivity. Hence, correlations between
DC and AC conductivity in the studied sample is
possible.

4. Conclusions

In the present work the electrical transport and
dielectric properties of the sample is studied in de-
tail. The sample exhibits insulating (semiconduct-
ing) nature throughout the measured temperature
range without any phase transition. This nature is
common observed in the samples containing Bi3+ as

dopant at La site in the original sample of LaMnO3

group, which hampers the local ordering due to the
existence of isolated 6s2 lone pair of electrons which
disrupts the oxygen octahedra structure. Even low
concentration of Bi3+ also produces enough hy-
bridization of the 2p orbitals of octahedra, which in
turn induces frustrations. The low-temperature DC
electrical conduction is due to the MVRH polaronic
hopping mechanism in the absence of the magnetic
�eld (H = 0 T). But under the presence of mag-
netic �eld (H = 8 T) the DC electrical conduction
switches to the SE-VRH polaronic hopping mecha-
nism due to various competing localized structures.
The high-temperature DC electrical conduction is
governed by the GVRH polaronic hopping mecha-
nism both at H = 0 T and 8T. The variation in the
values of dielectric permittivity with the increase
in the frequencies can be attributed to the di�er-
ent relaxation mechanisms, in particular the com-
bined e�ect of DMW type. Furthermore, the AC
conductivity studies correlate with the DC electrical
conductivity measurements via activated polaronic
hopping mechanism.
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