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We have investigated the frequency-dependent dielectric properties of DyMnO; single crystal in the tempera-
ture region from 100 K to 320 K. The material shows a large dielectric permittivity in the low-frequency range
around room temperature. The dielectric permittivity exhibits a strong temperature dependence at all frequency
and two anomalies which can be associated with the Debye-type relaxation with activation energies of 0.66
eV and 0.23 eV in the higher (around 300 K) and lower (around 150 K) temperature regions, respectively.
The high value of activation energy around room temperature suggests that the relaxation is associated to the

charge carriers hopping resulting from the second ionization of oxygen vacancies. However, the impedance
analysis suggests that the low-temperature relaxation is due to the Maxwell-Wagner type effects originating

from the dipoles at the surface.

1. Introduction

For the past few decades, perovskite manganites RMnO; (where R =
Rare earth elements) have been a subject of great interest for both the
technological application as well as to develop theoretical understand-
ing of the complex mechanism of various coupled ordering phenomena.
Firstly, the presence of different functional properties like magnetore-
sistance, magnetocaloric effect, multiferroicity, large dielectric con-
stant, makes the manganites promising material for multifunctional
device such as magnetic memory device, spintronic application, mag-
netic refrigeration, etc [1-5]. Secondly, being a class of complex oxides
with rich phase diagram and various coupled ordering phenomena, it is
a potential system to achieve a clear theoretical understanding [6-8].

These multifunctional rare-earth manganites having very rich phase
diagram often show structural phase transition, as a result, various
interesting properties are observed around the transition temperature.
Generally, RMnO; crystallizes either in orthorhombic or hexagonal
structure depending on the rare-earth ionic radius [9,10]. The com-
pounds with larger rare earth ion (R = Tb, Dy) crystallize in orthorhom-
bic structure, whereas hexagonal structure is more stable for smaller
ionic radius of R (R = Ho to Lu,Y) though they can be synthesized in
orthorhombic structure by applying different growth conditions [11].

Recent studies on dielectric properties of RMnO; can be divided
into two branches where some studies were concentrated on the mul-
tiferroicity of hexagonal RMnO; (R = Y, Ho, Er, Tm, Yb, Lu, and
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Sc) family [10,12]. On the other hand, orthorhombically distorted
perovskite rare-earth manganites RMnO; (R = Tb, Dy) was reported to
exhibit gigantic and intrinsic magnetoelectric couplings [1,13]. How-
ever, the origin of dielectric relaxation remains unclear in both types
of RMnO;. For example, in polycrystalline TbMnOs3, it is claimed that
high-temperature relaxation is due to the internal barrier-layer capac-
itor effect, whereas the low-temperature relaxation was ascribed to
the dipolar effect induced by charge-carrier-hopping motions inside
the grains [14]. In case of HoMnO; thin film, those behaviors were
explained in terms of the hopping conductivity and the dipolar ef-
fect induced by the charge carriers [11]. Reports on the dielectric
relaxation of polycrystalline YMnO; suggest that, hopping or space
charge polarization through electrically inhomogeneous structure re-
sulting from grain/grain boundary interfaces is responsible for this
behavior [15,16]. Whereas the detail study on YMnO; single crystals
suggests that the low-temperature relaxation is due to the Maxwell—
Wagner type effect while the high temperature one is originated from
hopping of charge carriers resulting from the second ionization of
oxygen vacancies [10].

Recently, from the study of the temperature dependent dielec-
tric/impedance spectroscopy of polycrystalline DyMnO;, Yang et al.
and Wang provided a new insight into the dielectric properties. They
have correlated the low-temperature relaxation process to short-range
polaronic variable-range-hopping induced dipolar-type relaxation in
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grains, whereas the high-temperature one is to the Maxwell-Wagner
relaxation at grain boundary/interfaces [9,17].

In this work, we have investigated the dielectric relaxation of the
single crystalline DyMnO; to get the insight into the dielectric behavior
in the temperature region 100 K-320 K. The material shows a large
dielectric permittivity of the order of 10* in the low-frequency range
around room temperature and two dielectric anomalies: one around
300 K and another around 150 K. Though all these features in poly-
crystalline DyMnO; have been attributed to the interfaces between the
grains and the grain boundaries, it cannot be the possible origin as
we have studied the dielectric properties in single crystalline material
and observe a Maxwell-Wagner (MW) type relaxation around 100 K to
225 K similar to that observed in single crystalline YMnO;. We suggest
that the low-temperature relaxation process in this system is originated
from the dipoles at the surface and the feature present around 300
K can be related to the hopping of charge carriers resulting from the
second ionization of oxygen vacancies as in the case of YMnOj; single
crystal [10].

2. Experimental details

Initially, single phase polycrystalline DyMnO; sample was pre-
pared following the standard solid-state reaction method. Stoichiomet-
ric amount of high purity Dy,0; and Mn;0, were mixed thoroughly
and the mixture was heated at 1100 °C for 15 h. Then, the material
was reground and heated again at 1200 °C for 24 h. The product was
reground into fine powder to make two ceramic rods of 4-8 cm in
length and about 6 mm in diameter for crystal growth by filling it
into rubber tubes and subjecting them to a hydrostatic pressure of 60
MPa. These cylindrical rods were sintered at 1350 °C for 15 h prior
to growth. During the polycrystalline sample preparation, we used a
uniform heating and cooling rates of 120 °C/h. Single crystal was
grown from these polycrystalline rods by traveling solvent floating zone
technique using an image furnace (NEC SC-M15HD). In this method,
the radiation from four infrared lamps is focused at their common focal
point to melt the junction of the ceramic seed and feed rods of DyMnOs.
Unlike the flux growth and chemical vapour transport techniques, the
floating zone is a non-contact method and there is no scope to record
the temperature profile of crystal growth. During the growth, the seed
and feed rods were rotated at 25 rpm in opposite directions. At a
growth rate of 4-5 mm/h, crystal of typical dimensions 3-4 cm length
and 4-5 mm diameter was obtained. Growth was performed in the air
ambience.

The crystal structure of the grown sample was determined by X-ray
diffraction (XRD) of powdered sample at room temperature by an x-ray
diffractometer with CuK, radiation. Diffraction pattern was recorded
in the range 20-90 degree (20) with 0.02 degree step size and 2 s
per step. The orientation of the single crystalline samples has been
confirmed from the magnetic susceptibility measurement as described
in our earlier report [18]. For the dielectric measurements, as prepared
samples have been cut into a piece with dimensions 6 mm X 9 mm as
shown in the left inset of Fig. 1 and silver paste was applied to this piece
to form a paralleled-plate capacitor. The temperature and frequency
dependence of dielectric properties were measured using Wayne Kerr
6500B impedance analyzer (Wayne Kerr Electronic Instrument Co.).
Data were taken in the frequency range of 20 Hz-1 MHz from 100
K to 320 K with signal amplitude of 50 mV. Sample temperature was
controlled using a temperature controller (Lakeshore 340) in a liquid
nitrogen cryostat.

3. Results and discussion

Fig. 1 shows the room temperature XRD pattern of the powdered
sample along with the fitting using Rietveld analysis. From the fig-
ure, we see that the experimental data can be fitted well with the
Pnma orthorhombic structure. The results obtained from the Rietveld
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Fig. 1. Room temperature observed and Rietveld refined powder XRD pattern of
DyMnO;. The Bragg position and the difference between the observed and calculated
patterns are plotted at the bottom. Left inset shows the typical dimension of the sample
for dielectric measurement and right inset shows the crystal structure of DyMnO;.
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Fig. 2. Temperature dependence of (a) dielectric constant and (b) dielectric loss of
DyMnO; single crystal at various frequencies.

refinement are listed in Table 1 which are in accordance with the
previously reported results [19]. The calculated bulk crystalline density
as estimated from the XRD analysis is 7.74 g/cc. The crystal structure
of DyMnO; has been shown in the inset of Fig. 1.

Fig. 2(a) shows the temperature dependence of the dielectric per-
mittivity ¢, at different frequencies. As the temperature increases, &,
increases up to a particular temperature, then a saturation-like behavior
starts to appear. Upon further increase in temperature, ¢, increases up
to the highest measured temperature. With increasing frequency, the
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Table 1
Structural parameters obtained from the Rietveld refinement of the XRD pattern for
DyMnO; sample.

Atoms X y Z

Dy 0.01403 0.08075 0.25000

Mn 0.50000 0 0

o1 0.11365 0.47453 0.25000

02 0.69533 0.31099 0.04813

Cell dimensions a(A) b(A) c(A)
5.2834(3) 5.8358(3) 7.3895(4)

R, =12 R,, = 16 R,, = 11.8 x? =197

magnitude of ¢, decreases and the temperature at which the saturation
starts to appear, shifts toward the higher temperature. Overall, these
features indicate a relaxor-type behavior.

Thermal variation of dielectric loss (tan§) at different frequencies
is shown in Fig. 2(b). tané vs T shows two distinct anomalies in our
measured temperature range. These two anomalies shift towards the
higher temperature side with increasing frequency, indicating a ther-
mally activated charge dynamics. In general, for a thermally activated
relaxation process, the temperature dependence of the relaxation time
can be described in terms of the Arrhenius relation,

T =1y explE,/kgT], 1

where 7, E, and kp are the relaxation time at infinite temperature, ac-
tivation energy and Boltzmann constant, respectively. At peak position
(T= Tp)’ we get,

In(wr) =0 (2)
Using Egs. (1) and (2), we can write,
InQx f70) + E,/k T = 0. 3)

One can estimate the activation energy for the dielectric relaxation
from the above equation. In order to understand the mechanism of
dielectric relaxation, we have calculated the activation energy from
the In(f) versus 1000/T, curves (Fig. 3) for both the regions sepa-
rately. It can be seen that the slope as well as the intercept are very
different for the lower and higher temperature regions which suggest
different mechanisms for these two regions. The activation energy E,
and relaxation time at infinite temperature 7, in the low-temperature
region can be estimated as 0.23 + 0.05 eV and 4.44 x 10711 s which
are in good agreement with the previously reported results (0.24 eV)
for polycrystalline DyMnO; [9,17]. The low value of activation energy
could be related to the universal Maxwell-Wagner relaxation due to a
complex surface phenomenon as described in polycrystalline DyMnO;
and also for single crystalline YMnO;. However, the values of E, and
7, which have been estimated from the Arrhenius plot around room
temperature are 0.66 + 0.03 eV and 0.9 x10~!3 s respectively. The
estimated value of E, is different from that reported (0.32 eV) by Wang
for polycrystalline DyMnO; [17]. Rather it is closer to the value (0.66
eV) for the single crystalline YMnO; in the high temperature region.
E, in the range of 0.6-1.2 eV has also been observed for Pb-based
perovskite ferroelectrics and Sr,_; 5, Bi, TiO; where it is associated with
the double-ionized oxygen vacancies [20,21]. Therefore, we suggest
that in this region, the hopping entities are electrons resulting from
the second ionization of oxygen vacancies.

The Cole-Cole equation is a relaxation model that is often used to
get insight into the dielectric relaxation for these types of systems.
According to this model, the complex dielectric permittivity can be
written as,

— &

1+ (iw7)l-o’ “)

8Y
g(w)=¢€4 + -

where ¢, and ¢, are the static and infinite frequency dielectric permit-
tivity, o is the angular frequency and 7 is a time constant. The exponent
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Fig. 3. Arrhenius plots for relaxations of DyMnO; single crystal for two different
temperature regions.
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Fig. 4. Frequency dependences of (a) ¢ and (b) ¢” at various temperatures for DyMnO,
single crystal. The solid lines represent the best fits to Eqs. (5) and (6) respectively,
which include both a Cole-Cole relaxation and a complex conductivity contribution.
Inset of (a) shows the frequency dependence of tan ¢ at different temperatures and the
inset of (b) shows Frequency dependences of &' (left y-axis) and &” (right y-axis) at
290 K.

a describes different spectral shapes, which can take any value between
0 and 1. Furthermore, an electrical conductivity term (ﬁ) is added
to the relaxation Eq. (4), when the electrical conductivity is large, o is
the complex conductivity and s is a constant and it can have a value
between 0 and 1 [22,23]. The complex permittivity, after adding the
conductivity term, may be decomposed into real and imaginary parts
as,

(&5 — €)1 + (@)~ sin(ar /2)] o,
1+ 2(wt)! " sin(an/2) + (wr)?"2¢  gyw’

)

() =€, +
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Fig. 5. (a) Frequency dependences of Z' and Z” at 250 K (b) Nyquist plot of complex
impedance at 250 K. Insets in (b) depicts the equivalent circuit model. Solid lines in
(a) and (b) are the results of the equivalent circuit model fitting.

and
(e, — eoo)(a)r)l“’ cos(arx/2) o}
1 + 2(wr)! = sin(az /2) + (w7)?~2

6"((0) —

= (6)
EQw
where ¢, is the conductivity due to the free charge carrier and o, is the
conductivity due to the space charges.

Frequency dependence of real (¢') and imaginary component (&)
of dielectric permittivity have been shown in Fig. 4(a) and (b) respec-
tively. The real part shows a step-like behavior whereas the imaginary
part decreases monotonically with increase in frequency. However,
both the parts are weakly dependent on temperature in higher fre-
quency region. As shown in the inset of Fig. 4(a), the frequency
dependence of tané§ plot shows a distinct peak which can be associ-
ated with the step-like dielectric permittivity. We have analyzed the
frequency dependence of dielectric data using the Egs. (5) and (6). The
fitting results using Egs. (5) and (6) are shown with the solid lines in
Figs. 4(a) and 4(b), respectively. The parameters obtained from the best
fitting are summarized in Table 2 at different temperatures. We found
that except at high frequency, e(w) fitted well with the experimental
data for both £'(w) and £”(w). As shown in the table, ¢, and ¢, increase
with increasing temperature but the exponent « is almost independent
of temperature and the value is ~0.17. The small value of a suggests a
Debye like nature of relaxation because the Cole—Cole model reduces to
the Debye model for a« = 0. The inset of Fig. 5(b) shows the frequency
dependence of dielectric data at 290 K along with the fitting using
Egs. (5) and (6). The value of 7, has been estimated using Eq. (1) and
from the 7 value obtained from fitting as 0.2 x 10712 s which is a good
agreement with the values 0.5—7x 10~!2 s observed by Ang et al. [20].

In order to search the origin of the low-temperature relaxation be-
havior for single crystalline YMnOj3, it is concluded from the electrode
dependence low-frequency dielectric constant that electrode-sample
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Table 2
£, £, a and s obtained from the best fitting with the modified Cole-Cole relaxation
for DyMnO;.

T(K) £ £ a s

140 7 +0.2 0.1 + 0.04 0.18 + 0.006 0.89 + 0.003
160 70 £ 1 0.1 + 0.009 0.17 + 0.003 0.96 + 0.0001
200 300 + 3 0.2 + 0.02 0.16 + 0.004 0.98 + 0.0008
250 919 + 4.1 0.5 + 0.06 0.18 + 0.001 0.99 + 0.0002

interface dipoles govern the low-frequency response [10]. Now, we
analyze the impedance spectra at different temperatures in the low-
temperature region. Fig. 5(a) and (b) show one representative complex
impedance spectra for DyMnO; single crystal at 250 K. The spectrum
has been resolved into two semicircles, and dielectric response may
be attributed to the combined effect of bulk at high frequency (small
semicircle) and interfaces at low frequency (large semicircle). Large
semicircle at low frequency is due to the different electrical conductiv-
ities of bulk and the electrode, the charge carriers would be localized
and accumulated at the interfaces of the bulk and the electrode surfaces
under an external ac field. This type of process could give rise to MW
interfacial relaxation [24,25] known as extrinsic effect. Whereas the
small semicircle at high frequency is the intrinsic dielectric responses
arising from the bulk DyMnOj; single crystal. The dielectric response is
described by equivalent circuit model, as shown in the inset of Fig. 5(b),
which is in the frame of MW model and it is composed of series of two
circuits, one with parallel interfaces resistance (R;) and a capacitance
(C,) and the other with parallel bulk resistance (R,), capacitance (C,),
and constant phase element (CPE1). The equivalent circuit model fits
well with the experimental data at 250 K. Values of the best fitting
parameters are R; = 2.4 k2, R; = 20.5 k@, C, =10.6 nF, R, = 2 k€,
C, = 71.1 pF. We have calculated the activation energy (E,) from the
temperature dependent interfacial resistance (R;) in the region from
120 K to 250 K. The activation energy estimated from the relation
(p = poexp(E,/kgT)) is 0.2 eV which is close to the value estimated
from the Arrhenius plot.

4. Conclusion

In conclusion, we have concentrated to determine the origin of the
dielectric relaxation behavior of orthorhombic DyMnO; single crystal
in the temperature range between 150 K and 320 K using frequency-
dependent dielectric measurements. The material exhibits a large di-
electric permittivity in the low-frequency range around room tem-
perature which makes the material suitable for optical applications
but high values of tané makes it little disadvantageous. Two differ-
ent anomalies are present in the measured temperature region. The
behavior associated with lower-temperature region can be related to
the Maxwell-Wagner relaxation mechanism due to a complex surface
phenomenon. And the hopping of charge carriers resulting from sec-
ond ionization of oxygen vacancies is responsible for the relaxation
anomalies around room temperature.
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