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Abstract
Temperature-dependent and frequency-dependent dielectric investigations have been
performed in TbMnO3 polycrystals sintered in either oxidative or reductive atmospheres. The
results revealed the occurrence of two dielectric anomalies above 100 K, which are caused by
the thermal activation of charge carriers and their motion in grain cores and grain boundaries.
The temperature dependence of the bulk dc conductivity was also analysed and indicates that
charge carriers move between inequivalent sites according to a variable-range-hopping
mechanism. Also, a strong correlation between dielectric properties and crystalline structure
was observed. Furthermore, a low-temperature dielectric relaxation, commonly reported in
rare-earth manganite crystals, was observed in both samples. This relaxation follows the
empirical Cole–Cole model and was attributed to small-polaron tunnelling. Polaron motion
was observed to be affected by the magnetic transitions, structural properties and intrinsic
anisotropies in TbMnO3. It is also worth mentioning that the dielectric anomaly due to motion
of charge carriers in grain boundaries is the only one of extrinsic origin, while the anomalies
related to carrier motion in grain cores and small-polaron tunnelling are intrinsic to TbMnO3.

1. Introduction

Magnetism and ferroelectricity are essential to many forms of
current technology, and the search for multiferroic materials,
where these two phenomena are intimately coupled, is
of great technological and fundamental importance [1].
However, these two phenomena tend to be mutually
exclusive and interact weakly with each other when
they coexist [2]. The control of electric properties by

magnetic fields was recently achieved in an unexpected
class of materials known as ‘frustrated magnets’, such
as the perovskites RMnO3, RMn2O5 (R: rare earths),
Ni3V2O8, delafossite CuFeO2, spinel CoCr2O4, MnWO4,
and hexagonal ferrite (Ba,Sr)2Zn2Fe12O22 [3–9]. The reason
for the observed high sensitivity of the dielectric properties
to an applied magnetic field lies in the magnetic origin
of their ferroelectricity, which is induced by complex
spin structures [10], characteristic of frustrated magnets.
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TbMnO3 (TMO) is one of the rare-earth manganites which
exhibits magnetoelectric and magnetocapacitance effects. It
presents several magnetic transitions at low temperatures.
An incommensurate sinusoidal antiferromagnetic (AFM)
ordering of Mn3+ moments takes place at ∼41 K, which
becomes commensurated at ∼27 K, where the magnetic
modulation wavevector is locked at a constant value
(lock-in). The incommensurate–commensurate transition
is also related to the appearance of ferroelectricity in
this material. And, at ∼7 K, the magnetic ordering of
Tb3+ moments occurs [11]. As first reported by Kimura
et al [3], a spontaneous electric polarization along the
c-axis of TMO single crystals is observed below the
lock-in temperature. It is generally accepted that ferroelectric
polarization is induced by the cycloidal spin ordering, which
breaks inversion symmetry [10]. However, three different
mechanisms have been considered in order to explain the
occurrence of ferroelectricity: magnetoelastically induced
lattice modulation [3, 12], inverse Dzyaloshinskii–Moriya
interaction [13, 14], and spin current [15]. Furthermore,
evidence of magnetoelectric coupling, such as the magnetic-
field-induced ferroelectric polarization flop and electric
control of spin helicity, was also observed [3, 16], further
revealing the magnetically activated origin of the electrical
polarization.

In perovskite manganites, one of the most prominent
magnetocapacitive effects is a strong anomaly of the
temperature-dependent dielectric constant ε′ in the vicinity
of magnetic transitions. Here, either a steplike behaviour
or sharp peaks are observed, the latter being taken as
evidence of ferroelectric ordering. These effects arise along
the crystallographic a and/or c directions, but not along b.
Also, a relaxation behaviour is observed for the electric field
direction E ‖ c. It shows up as a steplike increase of ε′,
shifting to higher temperatures with increasing frequency
[12, 17, 18]. It has been suggested that these relaxations
are due the motion of multiferroic domain walls [19, 20],
migration of localized charge carriers [12], off-centre motion
of Mn ions [18], and the Maxwell–Wagner effect related to
isolated impurities [17]. The relation between these anomalies
and the magnetic transitions, however, remains disputable. In
fact, Park et al [17] have argued that the dielectric anomalies
should not have a frequency dependency if originating
from a magnetic transition. Moreover, these anomalies are
observed at temperatures above the ferroelectric transition,
making it difficult to attribute them to ferroelectricity, and
the fact that those anomalies were observed only along
a specific crystallographic direction indicates that they are
not due to the inclusion of randomly oriented impurities in
the crystals. However, the mentioned studies were mainly
focused on single-crystal samples. Concerning microstruc-
tural and dielectric inhomogeneity, the dielectric response
of polycrystalline ceramics is a rather more challenging
open issue. Although there are few dielectric investigations
of TbMnO3 [21], DyMnO3 [22], and DyMn1−xFexO3 [23]
polycrystals, with the exception of the recent work by
Yang et al [22], the reported dielectric data were mainly
concentrated in the fairly high temperature range above

100 K. Considering the rich physical phenomena at low
temperatures, extending dielectric studies to lower temper-
atures is of fundamental interest. Systematic investigations
could help elucidate the correlations between dielectric
properties, electrical transport and magnetic ordering, and
provide new insights into the nature of magnetoelectric and
magnetocapacitive effects in rare-earth manganites.

In this paper we report the results of a detailed
temperature-dependent (10–300 K) and frequency-dependent
(20 Hz–2 MHz) dielectric investigation on TMO ceramics
sintered in either O2 or Ar atmospheres. The dielectric
responses of both samples are due to the motion of charge
carriers, and a strong correlation between the dielectric
properties and crystalline structure is observed. A dielectric
relaxation below 90 K, commonly reported for rare-earth
manganites crystals, was also observed in both samples. The
results indicate that this relaxation is due to small-polaron
tunnelling. Furthermore, polaron motion was observed to be
affected by the magnetic transitions, structural properties and
intrinsic anisotropies in TMO.

2. Experimental details

TMO powders were processed by high-energy ball milling
for 12 h by using analytical graded Tb4O7 and MnO2
precursors (Aldrich). The milled powders were calcined at
1200 ◦C for 1 h. The preparation of the powders and their
structural characterizations will be published elsewhere. The
calcined powders were ball remilled for 24 h and then
isostatically pressed into circular pellets. The green pellets
were sintered at 1400 ◦C for 5 h in either O2 or Ar flux.
The electrical conductance and susceptance of the samples
were measured in the temperature range 10–300 K and
frequency range 20 Hz–2 MHz using a Janis CCS-400H/204
cryogenic system and an Agilent E4980A LCR meter.
Sputtered gold was used as electrodes. High-resolution
x-ray powder diffraction (HR-XPD) and x-ray absorption
fine-structure (XAFS) measurements were carried out at the
Brazilian Synchrotron Light Laboratory (LNLS, Campinas).
The wavelength of the incident beam (λ = 1.549 56 Å)
for HR-XPD was determined with a standard alumina
powder (676a-NIST) and the data were acquired at room
temperature in the range 2θ = 18◦–130◦. XAFS analyses
were realized at the Mn K edge (6539 eV) for powdered
remilled samples. The XAFS analyses were carried out in
transmission mode with a Si(111) monochromator, leading
to an energy resolution of about 2 eV [24], and at least
three scans for each sample were collected and averaged to
increase the quality of experimental data. Neutron diffraction
patterns for remilled TMO samples were collected at 50 K
using the E9 high-resolution powder diffractometer at the
BERII reactor (Helmholtz-Zentrum-Berlin) in the angular
range 2θ = 20◦–140◦ with a neutron wavelength of λ =
1.7980 Å [25].

3. Results and discussion

Figure 1 shows the temperature-dependent dielectric
properties of TMO ceramics annealed in O2 and Ar

2



J. Phys.: Condens. Matter 25 (2013) 475401 L G D Silveira et al

Figure 1. Temperature dependence of the dielectric constant and
loss tangent for TbMnO3 ceramics annealed in O2 (a) and Ar (b) at
some typical frequencies. Full symbols denote ε′ experimental data;
open symbols denote loss tangent experimental data. Lines are
guides for the eyes.

atmospheres, from which two dielectric anomalies can be
observed emerging in the temperature ranges ∼100–175 and
∼200–250 K, at 1 kHz. The loss tangent spectra of the
sample annealed in Ar (figure 1(b)) exhibits an additional
peak between 100 and 200 K. In both cases, the behaviours
are dominated by a typical relaxation characteristic: ε′(T)
undergoes a steplike increase towards a large plateau value at
higher temperatures, with marked dielectric dispersion. These
anomalies are accompanied by broad relaxation peaks in the
loss spectrum and the peak maximum position shifts towards
higher temperatures with increasing frequency, indicating a
thermally activated dynamics. Also, the peaks in tan δ become
almost indistinct due to the exponential-like increasing
background, a behaviour related to hopping conductivity. In
fact, localized charge carriers hopping between potentials not
only produce conductivity but also give rise to dipolar effects.
An additional peak is also observed in the loss tangent below
90 K.

According to Wang et al [21], the dielectric behaviour
of TMO ceramics is associated with the polarization of the
charge carriers. It is well known that when charge carriers
hop to the vicinity of grain boundaries or electrodes to form
space charges, the relaxation of the space charges will result
in an apparent giant dielectric constant due to the internal
barrier-layer capacitance mechanism. A dielectric anomaly
for the electric field direction E ‖ c was also observed at

Figure 2. Complex impedance plots at 150 and 200 K for TbMnO3
ceramics sintered in O2 atmosphere. Open circles are the
experimental data. Lines are the resultant fit obtained by using the
equivalent circuit shown in the inset.

Figure 3. Complex impedance plots at 160 and 250 K for TbMnO3
ceramics sintered in Ar atmosphere. Open circles are the
experimental data. Lines are the resultant fit obtained by using the
equivalent circuit shown in the inset.

∼130 K for TMO single crystals by Park et al [17], and
attributed to thermal activation between the valence and
conduction bands. They also observed a broad peak in the
imaginary component of the dielectric constant below 100 K.
This peak is superposed with a sharp peak at the lock-in
temperature. This sharp peak is not present in our results due
to the random orientation of crystals in the ceramics.

Regarding the inhomogeneous nature of polycrystals (due
to the presence of grain boundaries, pores, cracks, etc),
whether the dielectric anomalies come from the grain core or
the grain boundary should first be determined. To evaluate this
point, complex impedance spectra at different temperatures
are presented in figures 2 and 3. It is noticeable that the spectra
of both samples are composed of a small low-frequency arc
and a distorted arc at intermediate and high frequencies.
The experimental data was satisfactorily modelled by the
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Figure 4. Simultaneous plots of normalized Z′′, ε′′,M′′ and tan δ at several temperatures for TbMnO3 ceramics annealed in O2 (a)–(c) and
Ar (d)–(f). Lines are guides for the eyes.

circuit proposed by Lunkenheimer et al [27], shown in the
inset of figure 2. The circuit consists of a leaky capacitor
connected in series with the bulk sample. The intrinsic
bulk response is given by the sum of the high-frequency
dielectric constant ε∞(CB = ε∞C0), dc conductivity and
frequency-dependent ac conductivity, for which the ‘universal
dielectric response’ (UDR) [28, 29] is used. The UDR is
the most common approach to describe the conductivity of
amorphous semiconductors and other disordered systems.
It has been ascribed to relaxation caused by the motion
of electrons, or atoms, hopping or tunnelling between
equilibrium sites [29]. The intrinsic conductivity of the sample
is given by

σ = σdc + σ0f s, (1)

where σdc is the dc conductivity, σ0 is a constant, f is the
frequency, and the exponent s is smaller than 1. From fitting,
the calculated capacitances CGB and CB are of the order of
10−6 and 10−12 F. These values are usually associated to
grain boundaries and bulk respectively [30]. With the values
from the fittings, the dynamics of the process related to grain
boundaries was analysed in the Arrhenius form

τ = τ0 exp(Ea/kBT), (2)

yielding activation energies of 227 meV for the sample
annealed in O2 and 237 meV for the sample annealed in
Ar. With respect to the bulk response, in order to reproduce
the observed behaviour of the sample annealed in Ar, a RC
series branch was added to the equivalent circuit (inset in
figure 3) to represent a localized relaxation process. This
result is consistent with the analysis of simultaneous plots
of normalized Z′′,M′′, ε′′, and tan δ, shown in figure 4.
It can be seen that for the sample annealed in O2, the
peaks in Z′′ and M′′ are partially superposed, indicating that

the dielectric response has both localized and long-range
characteristics, while the same peaks are much further
apart in the Ar-annealed sample’s spectra, indicating the
predominance of localized relaxation processes.

It is worth noting that there is no observable peak in ε′′

above 100 K, ruling out dipolar relaxation processes [31].
In fact, dielectric relaxation phenomena would give maxima
both in the imaginary part of permittivity and of the dielectric
modulus spectra, while a conductivity relaxation is indicated
by the presence of a peak in M′′ not accompanied by a peak
in ε′′ [32]. This fact corroborates the conclusions of Park
et al [17] and Wang et al [21] that the observed dielectric
anomalies for single and polycrystalline TMO are due to
charge carriers.

In order to examine the behaviour of charge carries,
the ac conductivity at 300 K of both samples is presented
in figure 5. It can be seen that conductivity shows two
plateaus and a strong rise between them, which appears
at the same frequency region of the Z′′ peak attributed to
grain boundaries in figure 4. Therefore, the plateau at low
frequencies is due to the conductivity of grain boundaries,
while the second plateau is related to conduction in grain
cores. Comparing the conductivity of both samples at the same
temperature, it is noticeable that the sample annealed in O2 is
more conductive. It is also interesting to note that the grain
boundary conductivity is more evident in the sample annealed
in oxygen. Conductivity in oxides is usually attributed to
the existence of defects in the material, particularly oxygen
vacancies. Our results contradict this assumption, however,
as the sample annealed in Ar atmosphere is expected to
be oxygen deficient and hence present higher conductivity.
Rietveld structural refinement of neutron diffraction data,
figure 6, did not indicate the existence of oxygen vacancies
in the Ar-annealed sample, while an oxygen excess of ∼3.3%
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Figure 5. Ac conductivity at 300 K for TbMnO3 ceramics annealed
in O2 atmosphere (a) and Ar atmosphere (b). Open circles are the
experimental data; solid lines are the fitting results according to
equation (1). The inset displays log σac versus log f at 150 K for
TbMnO3 ceramics annealed in Ar.

was detected in the O2-annealed sample. Oxygen excess could
lead to a change in valence of the Mn ions, which would affect
the electrical properties. However, XANES results, presented
in the inset of figure 7, show that Mn ions, despite the different
atmosphere (oxidative or reductive), showed no oxidation
changes. TMO XAFS spectra for Ar and O2 sintered samples,
and the Mn2O3 (Mn3+) standard are strongly overlapped, as
expected for stoichiometric TMO. In this way, one concludes
that the dielectric anomaly observed in the temperature range
100–175 K is caused neither by the samples’ microstructure
nor the presence of defects, therefore being, in fact, intrinsic
to TMO.

The inset of figure 5(b) shows log σ versus log f at
150 K for the sample sintered in Ar atmosphere, from
which deviations from linearity can be noticed. It has
been demonstrated [33] that when conducting species move
between inequivalent sites, ‘bumps’ can be observed in
σ(f ). The motion of charged species may involve several
distinguishable jump processes, each governed by a different
activation energy. It has also been demonstrated [34] that
in such cases a polarization arises from the inequalities in
jump probabilities, which is related to the RC branch in the
equivalent circuit in the inset of figure 3. From the impedance
data, it is noticeable that the effect of the existence of

Figure 6. Neutron powder diffraction at 50 K and Rietveld
refinement of TbMnO3 ceramics sintered in (a) O2 (χ2

= 0.87,
Rp = 20.6, Rwp = 18.9,Rexp = 20.2) and (b) Ar (χ2

= 0.78,
Rp = 16.1, Rwp = 15.3,Rexp = 17.4) atmosphere. Space group
Pbnm was used in the refinement of both samples’ data.

Figure 7. Temperature dependence of the unit cell volume,
calculated from HR-XPD data, for TbMnO3 ceramics annealed in
O2 and Ar atmospheres. The inset displays XAS results for both
samples, to be compared with MnO, MnO2 and Mn2O3 standards.

inequivalent sites is less evident in the sample sintered in O2.
This fact can be related to the oxygen excess in this sample.
These extra oxygen ions can modify the band structure of the
material and create a ‘smoother’ conduction path. Structural
features might also play an important role. Actually, it is
known that changes in structural characteristics such as the
c/a ratio and cell volume can produce overlapping bands
(or stop the overlapping of two bands, in case of expansion)
inducing a metal–insulator transition [35]. As can be seen in
figure 7, there is a significant difference in unit cell volume
between the samples, with the Ar-annealed sample having

5



J. Phys.: Condens. Matter 25 (2013) 475401 L G D Silveira et al

Table 1. Parameters used when fitting the conductivity data in
figure 6 with equation (1).

T (K) σdc σ0 s

O2-annealed 100 1.57× 10−7 5.96× 10−9 0.60
150 2.89× 10−5 6.51× 10−7 0.43
200 1.45× 10−3 3.27× 10−7 0.63
250 1.95× 10−2 4.26× 10−9 0.98
300 0.11 4.03× 10−9 0.96

Ar-annealed 100 1.57× 10−7 5.76× 10−9 0.60
150 3.32× 10−6 1.99× 10−6 0.35
200 1.25× 10−4 1.87× 10−5 0.37
250 3.11× 10−3 5.06× 10−5 0.40
300 0.04 3.19× 10−6 0.65

a larger cell volume. The fact that ions are more closely
positioned might favour charge conduction and be one of
the factors explaining why the O2-annealed sample is more
conductive. In fact, density functional theory calculations [26]
show that there is a strong hybridization between Tb 4f, Mn 3d
and O 2p states, and the relative position between ions might
affect the electronic band structure. As would be expected,
these structural differences affect the magnetic properties of
the sample as well (magnetic data and their analyses will be
published elsewhere).

The conductivities of the grain cores of both samples
were fitted with equation (1), the obtained fitting parameters at
a few selected temperatures are presented in table 1. One can
notice that all the parameters are very sensitive to temperature.
The exponent s, in particular, does not exhibit a single
tendency in the whole temperature range, suggesting that
UDR alone cannot account for all the observed conductivity’s
features.

In hopping conduction, the nearest-neighbour hopping
obeys the Arrhenius-like law

σdc = σ
′

1 exp(−Ea/kBT), (3)

where σ ′1 is a constant, Ea is the activation energy, kB
the Boltzmann constant, and T the absolute temperature.
Mott [36] first pointed out that at low temperatures the most
frequent hopping process would not be to a nearest neighbour.
Then, Mott’s variable-range-hopping (VRH) conductivity sets
in. The VRH conduction mechanism can be described by the
equation

σdc = σ1 exp[−(T0/T)
1/4
], (4)

where σ1 and T0 are constants and T0 is given by [37]

T0 = 24/[πkBN(EF)ξ
3
], (5)

where N(EF) is the density of localized states at the Fermi
level, and ξ is the decay length of the localized wavefunction.
This approach has been used in the interpretation of
conductivity data of several oxides [37–39], including
DyMnO3 [22].

The temperature dependence of the dc conductivity of
both samples, obtained by equation (1), was analysed with
equations (3) and (4). From Arrhenius plots (figure 8), the

Figure 8. Arrhenius plot of σdc. Symbols are the experimental data;
solid and dashed lines are fitting results according to equation (3)
for TbMnO3 ceramics annealed in O2 and in Ar respectively. The
vertical dashed line shows the position T = 80 K at which a
dielectric relaxation becomes evident (see text).

calculated conductivity’s activation energy is 154 meV for the
O2-annealed sample and 133 meV for the sample annealed
in Ar. However, a slightly better agreement was achieved
by using equation (4). Mott’s VRH mechanism gives two
relations [36]

W = 3/[4πR3N(EF)], (6)

R = ξ1/4/[8πN(EF)kBT]1/4, (7)

where W and R are the hopping energy and hopping range
respectively. According to equations (5)–(7), we obtain

W = 1.6kBT1/4
0 T3/4, (8)

R = 0.27ξ
(

T0

T

)1/4

. (9)

The obtained values of T0 are 9.68 × 108 K and 5.77 ×
108 K for the samples annealed in O2 and Ar respectively.
The occurrence of VRH might be related to the existence of
inequivalent sites, as evidenced by conductivity and complex
impedance data analyses. The dependence of W with T
is plotted in the inset of figure 9. Further experiments,
such as EPR or band-structure calculations, are necessary
to determine N(EF), ξ , and R. It is interesting noting that
both Arrhenius and VRH mechanism analyses gave higher
values of activation energy for the sample annealed in O2
atmosphere, which indicates that barriers between sites are
higher in this sample. In this case, the lower conductivity
observed in samples sintered in Ar can be related to
inequivalent sites trapping the charge carriers.

Below 100 K both M′′ and ε′′ spectra present
maxima, indicating the occurrence of a dielectric relaxation
phenomenon of dipolar nature. Figure 10 shows the complex
plane plot at 40 K of the dielectric constant of the O2-annealed
sample. It is composed of a depressed semicircle and a
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Figure 9. Temperature dependence of dc conductivity. Symbols are
the experimental data; solid and dashed lines are fitting results
according to Mott’s variable-range-hopping mechanism,
equation (4), for TbMnO3 ceramics annealed in O2 and Ar
respectively. The inset shows the hopping energy versus temperature
according to equation (6). The vertical dashed line shows the
position T = 80 K at which a dielectric relaxation becomes evident
(see text).

low-frequency tail, indicating high losses in the material. The
semicircle could be satisfactorily fitted with the Cole–Cole
equation [40]

ε = ε∞ + (εs − ε∞)/[1+ (iωτ)1−α], (10)

where εs is the static permittivity, τ is the mean relaxation
time, and α represents the degree of distribution of relaxation
times. From the fitting, the mean relaxation time was
calculated at several temperatures in the range 12–50 K and
its temperature dependence was analysed with the Arrhenius
relation (equation (2)). This result is shown in the inset
of figure 10. It can be clearly seen that the relaxation
dynamics changes in the vicinity of 41 and 27 K. These are,
respectively, the temperatures at which an incommensurate
sinusoidal AFM ordering of Mn3+ moments appears and the
incommensurate–commensurate transition occurs. The latter
is also related to the appearance of ferroelectricity in TMO.
The calculated activation energies are 2.13 meV between 40
and 26 K and 0.67 meV between 26 and 12 K.

It is worth mentioning that from figures 8 and 9 it
can be noticed that σdc becomes practically independent of
temperature below ∼80 K, in the temperature range where
the aforementioned dielectric relaxation appears. The two
phenomena might have the same origin. It is known that
small-polaron tunnelling becomes independent of temperature
at low temperatures (far below the Debye temperature).
Localization of charge carriers can lead to the formation of
small polarons if the presence of the carrier produces a local
lattice distortion in such a way that the total energy of the
system (electronic + distortion) is thereby lowered by an
amount Wp, the polaron energy. Polaron formation is usually
attributed to the trapping of charge carriers in randomly

Figure 10. Cole–Cole plot at 40 K for TbMnO3 ceramics annealed
in O2. Open circles are the experimental result; the solid line is the
fitting result according to the equivalent circuit shown in the inset in
the upper left corner. The inset in the upper right corner displays the
temperature dependence of the relaxation time τ . Solid lines are the
fitted result according to the Arrhenius’ relation, equation (2).
Vertical dashed lines mark the position of the AFM transition (41 K)
and the lock-in temperature (27 K).

distributed structural defects. However, if every atomic site
can in principle act as a trapping site for carriers, the centres
between which polarons move are not randomly distributed
spatially, thereby hopping between nearest neighbours or
possibly next-nearest neighbours is expected. The effect of a
non-random distribution of centres on small-polaron motion
would be to introduce a peak in the dielectric loss function ε′′,
if the hopping length is comparable to the first few interatomic
spacings [29]. Therefore small-polaron tunnelling can explain
the observed behaviour of conductivity and the dielectric
relaxation below ∼80 K. At low temperatures the relaxation
time of small-polaron tunnelling is given by [29]:

τ = τ0 exp

(
Wh

1
4 h̄ω0

)
exp(2βR), (11)

where Wh is the activation energy for polaron transfer, ω0
is the vibrational frequency describing the lattice distortion
(phonon frequency), β is the polarizability of a pair of sites
and R is the distance between sites. Far-infrared spectroscopy
results have demonstrated that a strong spin–phonon coupling
exists in TMO [41], and the frequencies of some phonon
modes exhibit a strong temperature dependence. Moreover,
ion displacements are assumed to play a major role in the
occurrence of ferroelectricity in TMO [42, 43]. These facts
suggest that the parameters ω0 and R, in equation (11), are
affected by the magnetic transitions, explaining the behaviour
observed in figure 10. One last question remains: can small-
polaron tunnelling justify the appearance of the dielectric
relaxation along a specific crystalline direction? In anisotropic
crystals, the electron–phonon interaction is also anisotropic,
which makes polarons motion more probable along a
specific crystalline direction [44]. In fact, TMO exhibits
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high electronic and bonding anisotropies, as demonstrated
by polarization-dependent far-infrared spectroscopy [41]
and x-ray absorption spectroscopy [45–47] measurements,
consequently leading to the existence of a more favourable
tunnelling direction.

4. Conclusions

Three dielectric anomalies have been observed in the
temperature range 10–300 K for TMO ceramics. Two of
them appear above 100 K and are caused by the thermal
activation of charge carriers and their motion in grain cores
(∼100–175 K) and grain boundaries (above 200 K). The
results evidenced that, in grain cores, carriers move between
inequivalent sites according to Mott’s VRH mechanism.
The effects of the inequivalent sites, and consequently, the
electrical and dielectrical properties of the samples are highly
dependent on their structural properties. As the temperature is
lowered, the carriers become trapped, forming small polarons,
which are responsible for the dielectric relaxation that appears
below ∼90 K, commonly observed in rare-earth manganites
crystals. There is evidence of an anisotropic electron–phonon
interaction affecting the small-polaron tunnelling—this fact is
responsible for the low-temperature relaxation being observed
only along a specific crystalline direction. It is also worth
mentioning that the dielectric anomaly due to the motion of
charge carriers in the grain boundaries is the only one of
extrinsic origin, while the anomalies related to carrier motion
in the grain cores and small-polaron tunnelling are intrinsic to
TMO.
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