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The dielectric constant and loss of perovskite DyMn;_,Fe,O3 samples show strong dispersion in
various frequencies, which is indicative of relaxation. The activation energies were obtained
through Arrhenius law fitting and range from 0.213 eV to 0.385eV. The Fe content dependence of
the characteristic frequency fj and the activation energy E, shows two transitions that are well
consistent with the change in orbital ordering. Meanwhile, different magnetic orderings could
affect the relaxation and induce the change in E,. © 2012 American Institute of Physics.

[doi:10.1063/1.3681807]

. INTRODUCTION

The giant magnetoresistance effect has aroused great in-
terest in physics during the past several years and has been
widely used in electronic memory storage.'*” The next gener-
ation memory and computation devices are expected to be
based on multiferroic materials, in which the spin degree of
freedom can be controlled apart from the charge degree of
freedom.” A great amount of work has been done to
explore mutual control of these two degrees of freedoms, the
so-called magnetoelectric (ME) coupling.””” On the other
hand, the dielectric property changes around the magnetic
phase transition can offer a way to achieve magnetodielectric
coupling,'’™" which also provides an alternative way to
achieve more operation of degrees of freedoms. Magnetic
field induced dielectric constant changes are observed in
metastable orthorhombic HoMnO3 and YMnO; below their
incommensurate antiferromagnetic (AFM) transition temper-
ature of 42K."* To achieve real applications based on spin
related dielectric properties, it seems to be necessary to study
their frequency and temperature dependence. Recently,
dielectric relaxation was studied in La,MgMnOg (Ref. 15)
and La,NiMnOg (Refs. 16 and 17) with double perovskite
structure. However, up to now, there have been few system-
atic studies on dielectric relaxation in a magnetic system,
and there are few reports on the relation between dielectric
relaxation and subtle structural change and magnetic order-
ing. In the multiferroic DyMn;_Fe,O5 system, there is con-
tinuous structural and magnetic evolution.'® The static Jahn-
Teller orbital ordering becomes unstable and is replaced by
dynamic orbital ordering as x increases from 0O to 0.5, while
the collinear AFM transition temperature shifts to higher
temperature. Orbital ordering disappears in the samples with
x> 0.5, and the samples show canted AFM ordering and ex-
perience spin reorientation from canted AFM to collinear
AFM at relatively low temperature. Hence, this is a good
magnetic system for spin and structure related dielectric
study. In this article, we report the dielectric relaxation in the
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DyMn,_.Fe, O3 system at low temperature over a wide fre-
quency range. There are two transitions of x dependent acti-
vation energies, which are found to be consistent with the
transitions of orbital ordering, and magnetic ordering as
well. This indicates that there are probably strong correla-
tions between dielectric relaxation, and structural and mag-
netic properties.

Il. EXPERIMENTAL DETAILS

Polycrystalline samples of DyMn;_,Fe,O; (x=0, 0.1,
0.2, 0.33, 0.5, 0.6, 0.67, 0.9) were made by the traditional
solid state reaction method from Dy,03 (99.9%), MnCO;
(99.9%), and Fe,O3 (99.9%) powder bought from Sigma-
Aldrich. Stoichiometric amounts of raw oxide powder were
weighed carefully and mixed in an agate mortar, followed by
pressing into pellets 15mm in diameter at 20 MPa. Samples
were calcined at 950°C for 10h and sintered at 1440 °C for
6 h. The crystal structures of the samples were examined by
x-ray diffraction (XRD, Model: GBC MMA), using Cu Ko
radiation at 4= 1.54056 A. The Rietveld refinement calcula-
tions were conducted via FULLPROF software. An Agilent
4294 A precise impedance analyzer was employed for dielec-
tric property measurements, scanning from 1 kHz to 1 MHz.

IIl. RESULTS AND DISCUSSION
A. Structure

The results of structural characterization of all samples
by XRD are given in Fig. 1(a). We employed Rietveld analy-
sis to refine the diffraction patterns. All XRD patterns can be
assigned to the single phase orthorhombic structure with
space group Pbnm, and no detectable impurity phase is pres-
ent. The lattice parameter dependence on the Fe content,
derived from the Rietveld refinement, is shown in Fig. 1(b).
With increasing Fe content, the b-axis parameter of the unit
cell becomes monotonically shorter, the c-axis parameter
becomes longer in a linear way, and the a-axis parameter
only increases slightly. Consistent with our previous work,'®
the relation b > a > ¢/v/2 is found in samples with x < 0.33,
showing a static Jahn-Teller (JT) distortion (cooperative

© 2012 American Institute of Physics
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antiferroic JT orbital ordering) superimposed on high tem-
perature O-type (i.e., not JT distorted) orthorhombic struc-
ture.'”? As x >0.33, a > ¢/v/2 is found. According to the
reported work, the static orbital ordering is expected to be
absent and replaced by weaker and weaker dynamic orbital
ordering when x varies from 0.33 to 0.5, and the orbital
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FIG. 1. (Color online) (a) X-ray diffraction patterns of all samples, (b) x dependence of lattice parameters.

ordering probably disappears in samples with x > 0.5.

B. Dielectric relaxation

The temperature dependence of the dielectric constant
and loss at different frequencies is shown in Fig. 2 for repre-
sentative samples with x =0.2 (shown in Fig. 2(a) and 2(c))
and 0.9 (shown in Figs. 2(b) and 2(d)). Strong relaxation of
the dielectric constant and loss is observed in the investi-

(a)

gated frequency range, where the temperatures of dielectric
constant/loss peaks shift to higher temperature with increas-
ing frequency. Comparing the relaxation processes between
x=0.2 and x=0.9, it is clear that loss peak at a certain fre-
quency also shifts strongly. This indicates that Fe doping can
introduce significant change into the relaxation processes.

To calculate the activation energy of the relaxation pro-
cess, we employ the modified Debye relaxation model, as
shown in Eq. (1), to fit the experimental data for the sample
with x =0. This is because the loss peak information is diffi-
cult to extract from the loss-frequency curves.
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FIG. 2. (Color online) Temperature dependence of the real dielectric constants and loss for representative samples.
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FIG. 3. (Color online) Frequency dependence of the real dielectric constant
& at various temperatures: scattered symbols, experimental data; lines, the
output of fitting via the modified Debye equation.

where ¢p/e, is the static/very high frequency permittivity, w
is the angular frequency, 7 is the relaxation time, and « is a
parameter to describe the degree of difference from standard
Debye relaxation. The data were only collected below the
temperature of the loss peak in 1kHz. The fitting results are
shown in Fig. 3. A series of relaxation times t were obtained,
and it is found that they follow the Arrhenius law

E,

T = T0exp (kB_T> ,
where 7, is the relaxation time at infinite temperature (pre-
exponential factor), E, is the relaxation activation energy,
kg is the Boltzmann constant, and T is the temperature.
The Arrhenius law fitting results are given in Fig. 4(a)
with E,=0.213eV and 7,=6.43 x 10~ 5. Considering the
relaxation 7y X fy = 1, where f} is the characteristic frequency
at infinite temperature, we can obtain an f; of 1.55 x 10'' Hz
for the sample with x =0.

For all the other samples, the dielectric loss peak can be
well indentified. The frequencies and temperatures of loss
peaks follow the Arrhenius law

2

J. Appl. Phys. 111, 034104 (2012)

while the Arrhenius law fitting results are given in Figs.
4(b)—4(h).

The Fe content dependence of the characteristic frequency
Jo and activation energy FE, is shown in Fig. 5. The characteris-
tic frequency f, decreases sharply from 1.55 x 10''Hz for
x=0 to 3.8 x 10°Hz for x = 0.2, increases dramatically from
x = 0.33 to x = 0.6, and then drop rapidly again when x further
increases. The activation energy E, increases slowly when x
varies from O to 0.2 and then goes up significantly until
x = 0.6, after which it declines quickly. Therefore, two obvious
transitions of f, and E, that are dependent on Fe content can be
indentified clearly, and they are well matched to each other.

IV. DISCUSSION

It is interesting that these two transitions correspond to
structural and magnetic transitions in this system.'® The first
transition between x = 0.2 and x = 0.33 is consistent with the
structural change where static orbital ordering disappears
and is replaced by weaker dynamic orbital ordering due to
weaker Jahn-Teller distortion. The transition between
x=0.5 and x=0.6 is found to correspond to the disappear-
ance of dynamic orbital ordering and the appearance of spin
reorientation. These two transitions are also consistent with
the result reported by Chiang”' erc. In their work, the static
orbital ordering becomes unstable in the sample with x
around 0.3 shown in Fig. 1(b) and begins to disappear in the
sample with x around 0.5 shown in Fig. 4(a) in Ref. 21.
Therefore, the structural variation is probably responsible for
the variation in the characteristic frequency f; and the activa-
tion energy E,. Otherwise, the magnetic orderings seem to
affect the relaxation as well. With x increasing from 0, the
E, increases until x =0.6, during which the AFM transition
temperature increases from 39K to 400K.'"® The enhanced
superexchange interaction restricts the electron transfer and
consequently introduces higher E,. For x > 0.6, spin reorien-
tation (SR, from the canted AFM state to the collinear AFM
state in this system) appears, and the transition temperature

F=frexp (_Eoc> 3) of SR decreases with increasing x.'® The relaxation process
) .
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FIG. 4. (Color online) Arrhenius law fitting for all samples and corresponding activation energies at low temperature.
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