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Abstract

We investigated the low-frequency dielectric properties of a Pb3sMn;O 5 single crystal with
manganese ions in the mixed-valence state (Mn**/Mn**). Dielectric relaxation was found in
the frequency window from 20 to 100 kHz in the temperature range 110-180 K. The dielectric
spectra of the crystal were analyzed using a Debye model. Estimations made within the model
and analysis of resistivity data suggest that the relaxation behavior of the dielectric constant is
related to polaronic charge carrier hopping. Around 250 K, charge ordering occurs in the crystal
when the Mn** and Mn** ions are arranged in a specific order among the crystal sites. With a
decrease in temperature, an ac electric field can induce a charge hop between the equivalent
lattice sites available, related to crystal symmetry. This hopping is equivalent to the
reorientation of an electric dipole that yields Debye-type behavior of the complex dielectric
constant. The observed anisotropy in the behavior of the dielectric properties and resistivity can
be attributed to a pronounced two-dimensional character of the crystal structure.

1. Introduction

At present, materials with a strong coupling between the
magnetic and electrical subsystems attract much attention
due to the rich physics originating from this feature [1].
The interest in these materials, well known as multiferroics,
is provoked by their great application potential. Indeed,
the magnetic control of electric polarization and the electric
control of a spin state open new perspectives in the
development of electronic devices such as magnetic (electric)
memory controlled by electric (magnetic) fields, new types of
attenuators, and filters.

Searching for the systems that would be characterized
by both magnetic and electric orders and, possibly, their
interrelation, we have focused on lead-based manganese
oxides, in particular, a PbsMn;0,5 compound [2]. As is
well known, the ferro- or antiferroelectric ordering state arises
because the centers of positive charges in a crystal lattice
do not coincide with those of negative charges. Pb*" ions
in the oxide contain a 6s2 lone pair of electrons [3], which
strongly influence coordination; the resulting distorted lead
coordination causes the occurrence of spontaneous electrically
polarized states.  On the other hand, the presence of
paramagnetic Mn ions in the compound may cause the
formation of long-range magnetic ordering; consequently, one
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may expect the coexistence of magnetism and ferroelectricity
in the system. Moreover, a pronounced correlation between the
magnetic and electrical order parameters is also not improbable
in the mentioned compounds. Similarly, a 6s> lone pair of
electrons contained in Bi** ions plays a crucial role in the
magnetoelectric properties of such bismuth-based materials as
BiFeO3 and BiMnOs [4].

Much interest in PbsMn;O;s is also caused by the
simultaneous presence of manganese ions in different
oxidation states (Mn** and Mn**). The ordering of Mn** and
Mn** cations in specific lattice sites yields charge localization
that may affect the magnetic state of a crystal, similar to the
case of doped perovskite-like manganites [5]. On the other
hand, charge ordering under the specific conditions when the
centers of ions with different valence do not coincide in a
unit cell of the charge superstructure may cause spontaneous
electric polarization [6]. Obviously, such ferroelectricity
originating from density modulation is strongly coupled with
the degrees of freedom of electrons; consequently, it can be
effectively controlled, for example, by a magnetic field that
determines the state of the magnetic subsystem. Thus, the
mixed-valence manganese oxides can be considered promising
for a variety of applications as materials with multiferroic
properties.

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Previously, we made some studies on the crystallographic
structure, heat capacity, and magnetic properties of the
PbsMn;0;5 single crystal [2, 7, 8]. The present study focuses
on its dielectric properties and their possible correlation with
the magnetic state. ~We measured Pb3Mn;O;s dielectric
susceptibility as a function of temperature, frequency, and
magnetic field. As is known, dielectric spectra are extremely
sensitive to the behavior of spontaneous polarization.
Moreover, they can be used for probing even the local dipole
moments of clusters with short-range ordering [9]. In addition,
the dielectric constant gives us much information on the charge
transport and charge ordering process in the materials.

2. Experimental details

Single crystals of PbsMn70;5 were grown by a flux method.
A sintering procedure was described in detail previously [2].
The crystallographic structure of the stoichiometric compound
has a pronounced two-dimensional character and can be
described well within an orthorhombic space Pnma group
with the lattice parameters ¢ = 13.5513 A, b = 17.1490 A
and ¢ = 10.0909 A. The crystal symmetry was studied
by high-resolution synchrotron powder diffraction in the
temperature range 15-295 K [8]. Recall that until recently
the structural properties of PbsMn7O;5 have been the subject
of debate. Different research teams described the structure
of the crystal alternately within hexagonal and orthorhombic
symmetries [10-12]; only synchrotron radiation data will
apparently put an end in this controversy. In the last,
refined model, manganese ions enter the crystal in two
oxidation states (Mn** and Mn**) in the ratio 4:3 and occupy
nine crystallographically nonequivalent sites, each being
coordinated by oxygen atoms in the octahedral configuration.
A more detailed description of the synchrotron measurements
and data obtained is given elsewhere [8]. Dielectric and
transport measurements were performed on plate samples 3 X
4 x 0.2 mm? in size. The sample surfaces coincided with either
(001) or (100) planes of the crystal, which allowed independent
measurement of the dielectric properties along the a axis and
within the b—c plane.

The dielectric measurements were performed with a
Precision Agilent LCR-meter, model E4980A, in the frequency
range 10-100 kHz. Silver paint electrodes annealed at 150 °C
were applied to the opposite surfaces of the samples. The
transport measurements within the range 150-350 K were
performed by a conventional dc four-probe method using
a physical property measurement system (PPMS, Quantum
Design, USA).

3. Results and discussion

The measurements of the complex dielectric constant ¢ =
¢ + ie” show a pronounced anomaly in the temperature
dependences within the range 110-180 K. In the dependence
of the real part &', the anomaly represents a sharp step-like
drop with decreasing temperature. This drop coincides with
a peak of dielectric loss ¢”. Figure 1 shows the temperature
dependences of the real and imaginary parts of the dielectric
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Figure 1. Temperature dependences of the real ¢’ (a) and imaginary
¢” (b) parts of the dielectric constant along the a axis; the measuring
frequencies are 1, 10, and 100 kHz. The dashed lines are the
temperature dependences of €}, (£}, = 0uc/(g0w)).

constant measured at three frequencies. The noticeable
dielectric anomaly shifts towards higher temperatures with
increasing frequency. This behavior indicates that in
the system under study a characteristic relaxation process
occurs, which can be attributed, for example, to an ion-
jump mechanism [13] or localized hopping of an electron
between lattice sites with a characteristic timescale [14].
The characteristic relaxation behavior is also observed in
the frequency dependences of & and &” (figure 2). Thus,
the frequency dependence of the dielectric loss reveals a
peak, which shifts towards higher frequencies with increasing
temperature. The inverse peak frequency corresponds to
the characteristic relaxation time of the relaxation process
occurring in the sample. The data presented in figures 1 and 2
were obtained with the measuring ac field parallel to the a
axis. When the measuring field direction lies in the b—c plane
of the crystal, the dependences have a similar form but the
anomaly in the frequency and temperature dependences of &’
and ¢&” differs in position and size from that obtained for the
field directed along the a axis. Figure 3 shows the difference
in the temperature dependences of ¢" and &” for two different
directions in the crystal. The anisotropy of the dielectric
properties is also seen in the frequency dependences of &’ and
¢”. Generally, the anisotropy of the dielectric response of the



J. Phys.: Condens. Matter 22 (2010) 375901

N V Volkov et al

250
within b-c plane

Frequency (kHz)

Figure 2. Frequency dependences of the real ¢’ (a) and imaginary &”
(b) parts of the dielectric constant within the b—c plane for selected
temperatures. The lines fit the Cole—Cole function, as described in
the text.

PbsMn;0O;5 crystal was expected from its pronounced layered
structure.

Study of the dielectric properties in a magnetic field
showed that at temperatures above 80 K magnetic fields up to
9 T have no noticeable effect on ¢’ and ¢”. Yet, this does not
allow definite conclusions about the direct correlation between
the anomaly in the dielectric properties observed near 150 K
and the feature of magnetic susceptibility that manifests itself
as a broad maximum at the same temperatures [2].

Note that in the high-temperature region &” starts growing
fast with an increase in temperature (figure 3(b)). This growth
may be attributed to the increase in static conductivity of the
sample o4 with temperature. The conductivity contribution
to dielectric loss sgc is determined as a ratio between oy, and
frequency f at which the dielectric properties are measured:
gl = 04c/(gow), where w is the angular frequency (v =
2r f). The assumption is quite consistent with the character
of the &”(T) dependence at different frequencies: as f
grows, the dielectric loss growth in the high-temperature
region slows down (figure 1). At the same time, one may
conclude from figure 3 that, together with the anisotropy of
the dielectric properties, Pb;Mn; O 5 has substantially different
conductivities along different crystallographic directions. For
the direction within the b—c plane, the background loss coming
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Figure 3. Temperature dependences of the real ¢’ (a) and imaginary
¢” (b) parts of dielectric constant at a measuring frequency of 1 kHz
for two different directions in the crystal: along the a axis and within
the b—c plane. The dashed lines are the temperature dependences of
8& (d{c = 04c/(0w)).

from dc conductivity is appreciably higher than that for the
direction along the a axis. This implies higher conductivity
of the crystal along the MnOg layers [8] (within the b—c plane)
than in the direction perpendicular to them (along the a axis).
The above consideration made us perform direct
measurements of conductivity for the crystal in the temperature
range where the dielectric properties were measured in the
two chosen directions. The temperature dependences of the
dc resistivity p4c(7) both within the b—c plane and along
the a axis demonstrate a semiconductor behavior; however,
as we expected, there are some qualitative differences. The
explicit &7 (T) dependences calculated on the basis of the
experimental pq.(7") dependences are presented in figures 1
and 3. The analysis shows that the pq.(7') dependences deviate
from a thermally activated behavior for both directions in the
crystal; nevertheless, they are described satisfactorily under the
assumption of a small polaron hopping type of conductivity.
In this case, if at 7 > 250 K the temperature dependence of
the resistivity follows a nearest neighboring hopping (NNH)
model, then at T < 250K a variable range hopping (VRH)
model is appropriate (figure 4). The NNH model predicts
the following: p4c(T) = poT exp(Ea/ksT) [15] where py is
the temperature-independent coefficient, E, is the activation
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Figure 4. DC resistivity scaled to the NNH (a) and VRH (b) models.
E¢ and EY~¢ are the activation energies obtained by NNH fitting of

the resistivity dependences measured along the a axis and within the
a

b—c plane, respectively. E¢;., and Eppc are the Mott hopping
energies obtained by VRH fitting of the resistivity dependences
measured along the a axis and within the b—c plane, respectively.

energy, and kg is the Boltzmann constant. Within the VRH
model, we have pu.(T) = poexpl[(To/T)'/*] [16], where po
is the pre-exponential factor and 7 relates to the hopping
energy as Enoq = 0.25 kgT,*T*. Figure 4 depicts the
results of fitting within both models for the data of resistivity
measurements within b—c plane. A similar result was obtained
for the direction within the a plane (not presented here).
Using NNH fitting of the resistivity dependences, we
estimated the activation energy of small polaron hopping.
Contrary to our expectations, E, for the two different directions
in the crystal varies insignificantly: E{/kg = 3690 K and
Eb=¢/ky = 3600 K for the directions along the a axis
and within the b—c plane, respectively. However, one can
see that the potential barrier to polaron hopping within the

MnOg layers is lower than that across the layers. Recall
that previously [7] we observed the anomaly of heat capacity
and irregular change in the lattice parameter near 250 K,
where the conductivity character changes. We attributed these
features to the cooperative lattice distortion caused by polaron
ordering at this temperature. Obviously, this distortion can
cause considerable changes in the height of the potential
barriers to polaron hopping at temperatures below 250 K,
where dielectric relaxation takes place. Hence, the above
estimations of the activation energy at 7 > 250 K may not
appear quite right for temperatures below 250 K. One may use
VRH fitting and estimate the hopping energy of the polarons.
At an average temperature of 160 K near which dielectric
relaxation is observed, we obtain Ef; /kg = 2380 K and
Eyc/ky = 2245 K for the directions along the a axis and
within the b—c plane, respectively. One can see that these
values are considerably different from the activation energies
estimated above within the NNH model. It must be noted,
though, that the choice of temperature for the Eyo calculation
is arbitrary to a certain extent, so the presented estimates are
rather approximate.

Now, we return to the analysis of the dielectric properties.
Polaron mobility in ionic crystals, being responsible for
conductivity, can also induce dielectric dispersion. Below
the temperature of polaron ordering, the ac electric field can
induce charge hopping between the equivalent lattice sites
available, related to the crystal symmetry. This hopping is
equivalent to reorientation of an electric dipole, which yields a
frequency-dependent complex dielectric constant with Debye-
type behavior. Thus, one may quite reasonably assume that
the relaxation-type features in the temperature and frequency
dependences of & and &” are related to hopping of the
localized polarons between the specific lattice sites. In order to
make quantitative estimations of the characteristic relaxation
times and potential barriers determining charge transfer, we
applied a generalized Debye model. This model implies a
distribution of the relaxation times as compared to the only
relaxation time in the conventional Debye theory. In this case,
the ¢’(f) and &¢”(f) dependences can be described by the
phenomenological Cole—Cole equation with the extra-width
parameter « characterizing symmetrical broadening of the
Debye relaxation related to the distribution of the relaxation
times:

€0 — €0
1 + (iwt)' 2"

Here g9 and &4 are the dielectric constants for the low-
and high-frequency limits, respectively, @ is the angular
frequency, t is the characteristic relaxation time. An example
of fitting the experimental &'( f) and &”(f) dependences by
the Cole—Cole equations is illustrated in figure 2. Here we
show the data for the direction along the a axis; a similar
procedure was applied to the dependences obtained in the
direction within the b—c plane. During fitting, we took
into account dielectric loss &, related to the conductivity of
a sample. The temperature dependences of the relaxation
times resulting from the fitting follow well the Arrhenius
law 7 = toexp(E./kgT) (figure 5(a)), where E, is the
activation energy, kg is the Boltzmann constant and 7y is the

(D

£ =¢€x +
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Figure 5. (a) Arrhenius behavior of the relaxation times for the
dielectric relaxation process. (b) Temperature variation of the
broadening factor (power-law parameter in the Cole—Cole equation)
extracted from the data for the two different directions in the crystal:
along the a axis and within the b—c plane.

attempt time. The aforesaid evidences a thermally activated
mechanism of charge transfer in the crystal; E, corresponds to
the barrier to polaron hopping. Using the fitting procedure,
we obtained E¢/kg = 2795 K and E'~¢/kg = 3266 K
for the directions along the a axis and within the b—c plane,
respectively. These values lie approximately half-way between
the activation energy estimations obtained within the NNH and
VRH models using the pq.(7T) data. Surprisingly, the activation
energy of polaron hopping within the b—c plane appeared
considerably higher than that along the a axis. However, the
anisotropy is determined not only by the height of the potential
barriers but, to a great extent, by the pre-exponential factor
Ty characterizing the polaron excitation frequency ((to)~' is
the attempt frequency of jumps) as a result of the interaction
with phonon modes in the crystal. In our case, the attempt

frequency within the b—c plane ((19) ™' = 5x 10'° Hz) is higher
by a factor of over 100 than that along the a axis ((1p) ™' =
2 x 10% Hz). First of all, owing to the anisotropy of the
pre-exponential factor, at a fixed temperature the characteristic
time of dielectric relaxation is lower by almost an order of
magnitude for the direction within the b—c plane than that for
the direction along the a axis.

The anisotropy is also revealed in the value of the low-
frequency limit of the dielectric constant &y. Since this value
is determined by a ratio between the charge carrier density 7,
and the charge carrier effective mass m,,, (g9 — £c0) X np/myp,
the analysis of the ¢y behavior allows us to make definite
conclusions concerning the features of the polaron transport in
the crystal; gy does not exhibit strong temperature dependence
(in the temperature range where the relaxation behavior is
observed) for the two selected directions. This is evidence
of the invariability of n, and m, upon temperature variations.
At the same time, it is reasonable to attribute the anisotropy
of & to the anisotropy of the effective polaron mass m,, as
the quantity of the centers participating in polaron motion (a
number of equivalent positions in the crystal) should remain
invariable.

Regarding the phenomenological parameter «, which
characterizes the deviation of the relaxation process from
the Debye single relaxation process, it is considered that
there may be several reasons increasing this parameter, i.e.,
broadening the distribution of the relaxation times in the
system. First, this parameter is nonzero when the system
is characterized by a certain distribution of energy barriers
(the barriers to polaron hopping), as often takes place in
electronically disordered systems. Second, an increase in o
may suggest the development of the correlation between the
relaxation units. In this case, polaron hopping is not individual
but collective. The correlations between polaron hops result in
efficient reduction of the activation energy. Finally, parameter
o will be nonzero if the system under study consists of several
analogous subsystems with different but close parameters.
Such a situation may be implemented, in particular, when
there are several nonequivalent positions in the crystal and the
polaron hopping processes occur inside each of them along the
equivalent sites. One can see in figure 5(b) that in our case the
o (T) dependences for the directions within the b—c plane and
along the a axis are different. This result is quite expected;
the surprise was the presence of sharp kinks at 150 and 170 K
in the dependences for the directions within the b—c plane and
along the a axis, respectively.

To gain insight into the dielectric relaxation mechanism,
one should consider the PbsMn;O;5 crystal structure. It is
clear from the above arguments that the relaxation process
observed in the crystal was attributed to localized polaron
hopping between the lattice sites. Note that the chemical
formula PbsMn;O,5 in itself suggesting the mixed-valence
(3+/4+) of manganese ions makes it possible to consider
electron hopping between Mn** and Mn** as a key mechanism
of both dielectric dispersion and conductivity in the crystal.
At high temperatures, Mn** and Mn** ions randomly occupy
the equivalent positions. In the vicinity of 250 K, complete
or partial charge ordering occurs, which is evidenced by the
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features of the behavior of specific heat, lattice parameter,
and conductivity. Below 250 K, the charge motion may be
attributed to localized polaron hopping between the lattice
sites with a characteristic timescale. When the frequency of
the ac electric field coincides with the inverse characteristic
relaxation time of the polarons, the real and imaginary parts of
dielectric constant exhibit the features typical of the relaxation
process discussed above.

Note that charge ordering can occur inside the specific
lattice sites related to the same equivalent position. As our last
study showed [8], a unit cell of the PbsMn;O, 5 crystal contains
nine nonequivalent positions. The situation can be even more
complicated because to date there is no final conclusion about
the distribution of the Mn** and Mn*" ions between the
positions. We cannot be sure in which positions the mixed
state of the manganese ions is implemented and whether charge
ordering occurs in one or several nonequivalent positions. It
is not improbable that for different positions the transition to
the charge-ordered state will occur at different temperatures: a
sufficiently broad transition area may be evidence for this. The
relaxation motion of the polarons inside each nonequivalent
position will also be characterized by its own set of parameters.
Specifically, the activation energy will be determined mainly
by a degree of distortion of MnOg octahedra; the attempt
frequency in the Arrhenius formula, by the interaction with
phonon modes in the crystal; and the contribution to the
broadening parameter & made by the correlations in polaron
motion will be determined, for example, by the ratio between
Mn** and Mn** within a nonequivalent position.

As far as the anisotropy of the properties is concerned, it
is certainly connected with a pronounced layered structure of
the crystal. The above estimation shows that the anisotropy is
determined not only by the difference in heights of the potential
barriers for polaron hopping along different directions in the
crystal, but mainly by the attempt frequency. The origin of
such a behavior should be searched for in the anisotropy of
the phonon spectra of the crystal. Returning to the behavior of
parameter «, currently the origin of the observed sharp kinks
in the temperature dependences cannot be unambiguously
determined with regard to a whole set of the contributions to
its value.

4. Conclusions

Having investigated the dielectric properties of the Pb3sMn;O5
single crystal, we discovered a pronounced feature in the
behavior of the real and imaginary parts of the dielectric
constant. The character of the frequency and temperature

dependences of the dielectric constant allow one to attribute
this anomaly to the low-frequency dielectric relaxation
process. Study of the crystal structure, the analysis of the
results of dielectric measurements using the Debye model, and
the data from the resistivity measurements give us grounds
to relate the relaxation process to localized polaron hopping
between specific lattice sites in the crystals. The anisotropy
in the behavior of the dielectric and transport properties is
connected with the pronounced crystal anisotropy with the
alternating single layers of MnOg octahedra and PbO sheets.
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