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In polycrystalline BiMn,Os, a broad thermal stimulated depolarization current curve has been
observed in the range from 10K to 300K and the pyroelectric coefficient determined. In magnetic
susceptibility measurements reported in the literature, features appearing in the pyroelectric
coefficient could also be identified for the same temperatures, suggesting a connection between
electric and magnetic data above the Néel temperature. A detailed study of the dielectric constant
from 240K to 700K for an extended range of frequencies revealed a broad maximum at low
frequencies, characteristic of relaxor ferroelectrics, following Vogel-Fulcher relation. A freezing
temperature of the polar nanoregions 7y = 512K has been determined. This high temperature ferro-
electric behavior is attributed to the Bi*" in the distorted BiOg cage. © 2011 American Institute of

Physics. [doi:10.1063/1.3650455]

. INTRODUCTION

In RMn,Os (R=Y, Er, Tm, Tb, Gd, Dy, Ho, and Bi),
the coupling between the ferroelectric and antiferromagnetic
phases, with the Néel temperature (T =40K), and the abil-
ity of a magnetic field to change the electric polarization
have been extensively studied using different techniques.
Thus, most of the studies in these materials focus on the
range of temperatures below 50 K. A transition from a ferro-
electric to a paraelectric phase has been identified very close
to the Néel temperature (T =40 K) of the antiferromagnetic
phase transition in single crystals of RMn,05 by measuring
dielectric constant and electrical polarization when the elec-
tric field is applied along the b-axis direction. Examples of
such transitions are found along the b-axis in TbMn,Os,
DyMn,0s, and HoMn,Os5 compounds.l’2 Evidences of fer-
roelectricity from pyroelectric current measurements have
also been reported by Inomata and Kohn® in GdMn,0s. A
peak in the dielectric constant with the applied electric field
parallel to the b-axis has been seen around 40K by Noda
et al.* in RMn,Os (R =Y, Er, Tm, and Ho). For a BiMn,Os
single crystal, Kim et al.’ have observed a small maximum
in the dielectric constant, with the electric field applied paral-
lel to the b-axis around 40 K, and polarization for the same
direction has been seen to increase from 40K to about
0.66 K. The dielectric constant and the electrical polarization
have also been investigated by applying the electric field
along the c- and g-axis directions. In TmMn,Os (Ref. 6) and
YbMn,Os5 (Ref. 7), a polarization flop from b- to a-axis was
discovered around 5 K. Coexistence of polarization along the
a- and c-axis directions has been reported by Noda ef al.® in
Eug 505Y0.405sMn,Os. Polarization with the electric field
applied along the g-axis and the magnetic field applied along
the c-axis has been observed in Eu0_75Y0_25Mn205.9 In all
these studies, the measurements have been performed in a
range of temperatures below 50 K, except those of Ref. 3, in
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which pyroelectric currents have been recorded in the range
42K to 273 K.

The peak along the b-axis in the dielectric constant close
to the antiferromagnetic transition temperature (40K) has
been interpreted as a ferroelectric to paraelectric phase tran-
sition. In view of the fact that, in the range 40 K-50K, no
b-axis polarization has been observed and due to the observed
connection between the antiferromagnetic and ferroelectric
orders,'™'" most of the authors have assumed that the para-
electric phase of the RMn,O5 begins around 40 K. However,
measurements of pyroelectric effect in the range 77 K-500 K
using single crystals of BiMn,Os with the applied electric
field along the a-axis direction were reported by Zhitomirskii
et al.'? For the measured temperature range, the authors did
not find any polarization along the b-axis, which is not in con-
tradiction with the other measurements reported in the litera-
ture, since they have started their measurements at 77 K.

In the present work, we show the pyroelectric coefficient
of a BiMn,O5 polycrystalline sample that has been poled at
room temperature by applying an electric field of 1.8 kV/cm.
The experiment was performed in the range from 10K to
300K, with a depolarization current being measured in the
whole temperature range of the experiment. The behavior of
the dielectric constant measured for several frequencies is
also discussed in the low-T (10K-216K) and high-T
(240 K-700K) ranges. In the latter case, a detailed study as a
function of the frequency was performed. The dielectric con-
stant exhibits a frequency dependent broad maximum, fol-
lowing the Vogel-Fulcher relation at low frequencies,
characteristic of relaxor ferroelectrics.

Il. EXPERIMENTAL

A polycrystalline BiMn,Os sample was prepared by
mixing stoichiometric amounts of Bi and Mn acetates in dis-
tilled water and a 50 mol% excess of citric acid and ethylene
glycol. The solution was heated at 120 °C, stirred until a gel
was formed, and then dried. The organic material was oxi-
dized for 24 h at 500 °C. The powder was ground in an agate
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mortar for 30 min, heat treated for 30 h at 900 °C, ground for
30min, and heat treated again for 30h at 1000 °C. Finally,
the powder was ground for 30 min, pressed into pellets, and
reacted for 30h at 1100°C. A detailed structural characteri-
zation is given in Ref. 13. The obtained pellets were 440 um
thick and 3mm in diameter. Impedance spectra were
obtained in a Solartron 1260 A impedance analyzer. Two dif-
ferent cryostats were used, Janis CCS-150 for the range
10K-325K and Janis VPE-700 for the measurement from
700K to 240K, both with the sample in vacuum. For the
pyroelectric measurements, the poling procedure was per-
formed by field-cooling the sample with an electric field of
1.8kV/cm down to 10K using a Janis CCS-150 cryostat.
The sample was then short-circuited for one hour. Pyroelec-
tric current and temperature data were taken at 3 s intervals
while the cryogenic refrigerator and heater have been both
turned off, allowing the natural warm-up of the cryostat.

lll. RESULTS AND DISCUSSION

The pyroelectric coefficient p may be written according

to the following equation:"*
Pl = m

A(F)

Here, T is the absolute temperature, A the sample area in mz,
and ¢ is the time in seconds. The pyroelectric coefficient p as
a function of temperature obtained from the short-circuit
pyroelectric current i (see inset) is shown in Fig. 1. It is im-
portant to remark, in view of the fact that we are using a pol-
ycrystalline sample, that the pyroelectric current measured is
the component in the direction of the electrodes. It may be
composed of components of polarization in all directions.
The electrical polarization in the b-axis that has been found
to drive a transition to a paraelectric state is probably domi-
nant for temperatures below 40K. Near 175K, we believe
that the main contribution to the polarization comes from the
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FIG. 1. (Color online) (a) Pyroelectric coefficient vs T; (b) pyroelectric
coefficient vs T performed after the experiment shown in (a) without polar-
ization; (c) pyroelectric coefficient vs T performed after the experiment
shown in (b) with the same polarization of experiment (a). Inset: pyroelectric
current vs T.

J. Appl. Phys. 110, 084101 (2011)

a-axis, in agreement with the data of pyroelectric effect
reported in Ref. 12, already mentioned. A contribution from
the c-axis is not totally excluded, in view of the increasing
behavior of that component of the dielectric constant
reported by Golovenchits et al."> For a single crystal of
EuMn,0s, the same authors have found a broad maximum
(130K-170K) in the dielectric constant with the applied
field along the c-axis direction.

After the measurement shown in Fig. 1(a), a second run
to measure the pyroelectric current has been done without
any electrical polarization field. In Fig. 1(b), the pyroelectric
coefficient of an almost completely depolarized sample is
shown. Then, in order to confirm this pyroelectric current
above 50K, an experiment similar to the first described in
Fig. 1(a), with the sample polarized at the same temperature
and using the same value of electric field, was performed
(Fig. 1(c)). Although not exactly equal, because we have not
started with zero polarization and some small differences
could also show up in the natural warming, Fig. 1(c) con-
firms the pyroelectric behavior that we have observed in Fig.
1(a). The pyroelectric currents are shown in the inset. From
curves (a) and (c), one can observe features in some tempera-
tures. We can find coincident temperatures coming from
magnetic data. Garcia-Flores er al.'® have reported dc-
magnetic susceptibility (y) measurements in the range 2K to
800 K. Performing a fit of the data with a diamagnetic ()
and a Curie-Weiss (C/(T-®Oc¢w)) contribution, they have
obtained Ocw =-253K. Plotting (y — x0)" versus T, they
show that, below this temperature, the data deviates from the
paramagnetic behavior due to magnetic correlations. They
emphasize that the large ratio |@cwl/Ty = 6.3 points toward
magnetic frustration. The temperature derivative of (y —
%0) ' also reveals other features: a maximum around 65K
and a minimum around 160 K. Observing the pyroelectric
coefficient of Fig. 1, a step can be seen in curves (a) and (c)
around 65K and a maximum around 160K in curve
(c) besides the maximum observed in curves (a), (b), and (c)
around 250 K. In this way, we are tempted to conclude that
the magnetic data of Ref. 16 and the pyroelectric coefficient
shown in Fig. 1 suggest a connection between magnetic
behavior and electric polarization in BiMn,0O5 at tempera-
tures above the temperature of the antiferromagnetic
transition.

In Fig. 2, dielectric constant, ¢’, in the range 1-11kHz is
shown for several temperatures. The low temperature data is
in agreement with those reported in the literature for other
RMn,Os5 samples, if we assume that it has contributions from
the three directions. The dielectric constant at low tempera-
ture along the a- and c-axis is smaller than that along the b-
axis."” Assuming the a- and c-axis dielectric constant values
around 10K of 15 and the b-axis dielectric constant to be 25,
a mean value of 18 for our polycrystalline sample is
obtained, which is in good agreement with experimental
data. Besides, for low temperatures, a tendency to a fre-
quency independent value at high frequencies is observed
in Fig. 2(a). There is a tendency to a decrease in the dielec-
tric constant value around 38 K, which can be understood
as a decrease in the contribution of the b-axis dielec-
tric constant to the total dielectric constant due to the
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FIG. 2. Dielectric constant ¢’ vs f at several temperatures: (a) 10K, 17K,
and 50K; (b) 55K, 80K, and 126 K; (¢) 146K, 196K, and 216 K.

ferroelectric-paraelectric phase transition for that direction.
In Figs. 2(b) and 2(c), we can see that the dielectric constant
starts to increase again and becomes more and more fre-
quency dependent. In order to carefully study this frequency
behavior, we have performed measurements in the range
from 100Hz to 1 MHz and from 700K to 240 K. The real
and imaginary parts of the dielectric constant as a function
of temperature are displayed in Figs. 3(a) and 3(b), respec-
tively. Although, in Fig. 3(a), a broad maximum is observed
for all the frequencies shown, no maximum is observed in
Fig. 3(b) for the same frequencies. This behavior for the
imaginary part is due to the conductivity contribution, in
addition to the dielectric loss. In Fig. 4, the conductivity is
displayed as a function of frequency for several tempera-
tures. For the highest temperature shown, 700 K, the conduc-
tivity is almost frequency independent, suggesting a dc
behavior. The 300K and 250K curves show two frequency
dependencies in different ranges that could suggest contribu-
tions from the dielectric loss, in addition to the conductive
process. The peak in the dielectric loss has also been attenu-
ated and shifted to higher temperatures upon doping the fer-
roelectric ceramic PbBi,Nb,Og (PBN) with Ba to yield the
relaxor Pb, gBag ,Bi-Nb,Oy."”

The frequency dependent broad maximum in Fig. 3(a)
in the dielectric constant is clearly seen, suggesting relaxor
behavior. Several models have been used to explain the
relaxor behavior, most of them inspired in those used to
explain the behavior of spin glass systems.'®'? The relaxor
behavior is attributed to existence of polar nanoregions
(PNR), with the mechanisms of their formation not com-
pletely understood yet.”**! One approach is that the relaxor
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FIG. 3. (Color online) Real and imaginary parts of the dielectric constant
from 240K to 700 K.

crystal tends to be ferro- or antiferroelectric at low tempera-
tures, but the quenched disorder prevents the transition and
the PNR appear. Within this context, the PNR are originated
from the local phase fluctuations, forming islands embedded
into the paraelectric matrix below the Burns temperature.”>
The polydispersion of size domains is known to cause a
broadening of the relaxation times, 7, around a mean value
(Tmin <7< rmax),23 which then reflects in the dielectric con-
stant, as proposed by Courtens.”* Other models assume the
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FIG. 4. Real part of the complex conductivity from 100Hz to 1 MHz for
several temperatures.

Downloaded 11 Jul 2013 to 186.217.234.138. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



084101-4 Fier, Walmsley, and Souza

transition to occur in all regions of the crystal, which is so
composed of low symmetry nanodomains separated by do-
main walls.>> Different approaches***’ have been used to
express the distribution of transition temperatures. The
relaxor character can be induced by doping, as can be seen in
Bi-doped SrTi0;.%®

In Ref. 15, a frequency dispersion of the dielectric con-
stant was also observed along the c-axis in a single crystal of
BiMn,0s5 and a relaxor behavior has been proposed. How-
ever, a detailed study of the relaxor behavior could not be
appropriately done, due to the few measured points of fre-
quency and narrow temperature range. In a recent article,
Lin et al.*® have addressed this problem again, using poly-
crystalline samples of BiMn,Os and measuring dielectric
constant in a broad temperature (123K to 523 K) and fre-
quency (1 Hz to 10 MHz) ranges. They also have found evi-
dence of relaxor behavior, but ruled out this possibility,
since the peak temperature obeyed the Arrhenius behavior
rather than the Vogel-Fulcher relation. However, our meas-
urements in the range from 700K to 240K could be fitted
with the Vogel-Fulcher relation for temperatures below
570K and with Arrhenius relation above that temperature.

In Fig. 3(a), one can define T, as the temperature in
which the maximum of &’(T) occurs for each frequency. In
Fig. 5, we plot Inf as a function of T,,,. For lower frequencies,
Inf versus T,, can be well fitted by the Vogel-Fulcher

relation,30
—Evr
P
ki (T — Ty )

Here, fyyE is the saturation frequency for the flipping of the
embedded polar nanoregions, Eyg is the activation energy
related to this relaxation process, and T is the temperature in
which the thermal flips of the polar domains freeze into a
polarizable state, thus shifting their relaxation times t toward
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FIG. 5. (Color online) Inf vs T,,, clearly depicting the change in behavior
around T,,,=565K. Empty circles: experimental data; dotted line: high-
frequency behavior adjusted with an Arrhenius-like relaxation process;
dashed line: low-frequency behavior adjusted with the Vogel-Fulcher rela-
tion for relaxors. Inset: the same data seen as a function of the reciprocal of
temperature.
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macroscopic values.>'? The fitting yielded fovr = 66.2 kHz,
Evg=2.2meV, and T;=512K. Above 570K, an Arrhenius-
like behavior can be observed, according to the following
relation:

-F
far = foar exp ( kB;?R) : 3)

where foar 1S a pre-exponential factor related to the maxi-
mum relaxation frequency for the paraelectric phase and Ear
is the activation energy for the charge carrier hopping. For
this situation, we found fyar=4.76x 10"°Hz and
Ear=1.24¢eV. These parameters reveal the differences in
dynamics for each of the compounding phases.'* In fact, this
paraelectric phase still contains some small polar clusters,
and the Burns temperature is possibly attained above 700 K.
The frequency foar =4.76 x 10> Hz obtained from the
Arrhenius fitting is characteristic of electronic contribution,
which extends from 10'°-10'7Hz at all temperatures in
relaxors.”’ The frequency obtained from the Vogel-Fulcher
fitting foyvr = 66.2 kHz is smaller than the values reported in
most relaxor systems. In BaBisTizFey sNbg 505 ceramics,>
(Tr=558K, fovp=6.5 X 10 Hz) it is interesting to observe
that, for similar values of freezing temperature, the fre-
quency is four orders of magnitude larger than that we have
found in BiMn,Os ceramics. In films of Sri_; 5,Bi, TiO3
(x=0.04, Eyvp=2meV, foyp=2 X 10? Hz), for similar val-
ues of Evg, a much larger frequency is observed.** In the
typical  relaxor  system, PbMg,;Nb,;30;  (PMN)
(Evp=40.7meV, foyr=10"Hz, T;=291K),* the very
high value of the frequency has raised controversies about
the physical meaning of this parameter.>*>" In (1-x)Pb(Mg; 3
Nb,/3)O5-xBi(Zn;;Tiy5) (PMN-xBZT), the increase in the
x content from 0.10 to 0.15 has decreased by one order of
magnitude the value of fyyr.>® Nevertheless, the frequency
we have found in BiMn,Os5 ceramics is closer to the ideal sit-
uation of an infinite relaxation time at the freezing tempera-
ture. Besides, there is a relationship between the increase in
the relaxation time and the increase in the volume of the
PNR."® For PMN, Viehland et al.®® discuss that a volume
increase around 20% would imply a change in relaxation of
four orders of magnitude. In this way, we can speculate that
large volume PNRs are formed in BiMn,Os5 ceramics below
the freezing temperature. The effect of the high electric con-
ductivity in the real part of the dielectric constant can also be
seen in the Arrhenius behavior for high values of T,, shown
in Fig. 5, rather than the Vogel-Fulcher shown for lower tem-
peratures. It seems to indicate that high quality samples with
high resistivities at high temperatures would shift the range of
validity of the Vogel-Fulcher relation to higher temperatures.
We have assumed a connection between polarization
and magnetic order from the data obtained from the pyro-
electric coefficient measured until room temperature, but the
true paramagnetic behavior starts around 250K and the
dielectric constant measurements have shown a relaxor
behavior with a freezing temperature 7r= 512 K. Since there
is no more magnetic order at these temperatures, a possible
origin of this behavior comes from the BiOg contribution.
Granado ef al. in Ref. 13 have stressed that the major
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difference of BiMn,Os, compared to the other RMn,Os, is
the largely distorted BiOg cage, which has been ascribed to
the electron lone pair. This lone pair mechanism of polariza-
tion has been seen in BiMnO5 and BiFeO5.*’ In both, the fer-
roelectric state is observed above room temperature with
transitions to the paraelectric state around 760K*' and
1143 K,** respectively. For single crystals of BiFeOs, values
of polarization typical of normal ferroelectrics (60 uC/cm?)
have been observed at room temperature with large values of
room temperature electrical resistivity.*> Shaldin er al.*
have reported, for single crystals of BiFeO5; showing high
electric conductivity above 200K, pyroelectric coefficients
in the range 120K-160K with a maximum value of
1.2 x 10~* C/m’K around 140 K. This value is very similar
to the maximum value of 1.6 x 10~* C/m?K that we have
found around 160 K for our BiMn,O5 sample. For optimized
BiFeO; ceramic samples, Yao et al.* have reported a room
temperature pyroelectric coefficient value of 0.9 x 10~*
C/m?K. For the same samples, they have observed at room
temperature (P-E) hysteresis loops (electric field up to
1500 V/ecm) with remnant values of polarizations up to
13.2 uC/cm?. The sample quality seems to be of fundamental
importance to make possible the observation of all the ferro-
electric characteristics. Disorder will give rise to relaxor
behavior in BiMn,05 ceramics, and typical Arrhenius behav-
ior is observed as the sample becomes more conductive with
the increase of the temperature. However, signatures of fer-
roelectric behavior can still be observed, even if the sample
does not have a very high resistivity.

IV. CONCLUSIONS

In this work, we have shown that, in a polycrystalline
BiMn,05 sample, a broad curve of depolarization current
has been observed in the whole studied temperature range,
from 10K to 300K, from which the pyroelectric coefficient
has been obtained. The possibility of this ferroelectric behav-
ior to be connected with magnetic correlations above the Néel
temperature is discussed. A frequency dependent dielectric
constant studied in the range 240K to 700K has revealed
relaxor behavior, following Vogel-Fulcher law below 560 K
with a freezing temperature at 7= 512 K. This high tempera-
ture ferroelectric behavior is attributed to the Bi*" in the dis-
torted BiOg cage.
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