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We have studied the dielectric properties of YbFe2O4 single crystals, which exhibits ferroelectricity due

to charge ordering. The dielectric constant of both the c-axis and ab-plane exhibit a large dielectric

dispersion, and is greatly suppressed by applying a small DC bias electric field, which leads to a giant

dielectric tunability. Due to the layered structure, a strong anisotropy between the c-axis and ab-plane

is observed in the dielectric constant, tunability, and loss tangent. The origin of the giant dielectric

tunability and dielectric loss is discussed based on the nature of electronic ferroelectricity.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Ferroelectric materials with a high dielectric tunability are of
technologic importance due to their potential usefulness for
tunable devices. A high tunability, usually described as a strong
dependence of the dielectric constant on the applied DC bias
electric field, has been observed in a variety of ferroelectric
materials like Sr1�xBaxTiO3 and K(Ta1�xNbx)O3 [1–3]. However, in
these conventional ferroelectrics, a high tunability usually
requires a large dc electric field in the order of tens of kV/cm.
Moreover, the temperature dependence of dielectric tunability in
these ferroelectrics often shows a sharp peak, which means that a
high tunability only remains in a narrow temperature interval.
These disadvantages are the main obstacles for practical applica-
tions. Recently, a giant dielectric tunability effect in LuFe2O4 was
discovered by our group [4]. The dielectric constant of bulk
ceramic samples with a thickness of around 1 mm can be
remarkably depressed by a 50 V/cm dc bias field, which is in
strong contrast to conventional ferroelectrics. Furthermore, the
high tunability in LuFe2O4 remains in a broad temperature
interval across room temperature. These features make LuFe2O4

a promising material for tunable device applications.
LuFe2O4 belongs to the mixed-valence oxide RFe2O4 family

(R¼Ho, Er, Tm, Yb, Lu and Y) with a rhombohedral structure
(space group R-3m) [5]. The ferroelectricity in RFe2O4 originates
from a peculiar arrangement of Fe2 +/Fe3 + ions on a triangular
lattice. This charge-order-induced ferroelectricity is termed as
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‘‘electronic ferroelectricity’’, which is in contrast to conventional
ferroelectricity where the polarization is due to the displacement
of cation and anion pairs [6–8]. The dielectric tunability in the
system could be understood in terms of the modification of charge
order by electric fields. Moreover, such a modification of charge
order by external electric fields may also cause a remarkable
change in other physical properties, such as conductivity, and
even in magnetization [9,10].

Apart from LuFe2O4, it would be worthwhile to investigate the
dielectric tunability in other members of the RFe2O4 family.
Moreover, since the system has a layered structure, a strong
anisotropy in the dielectric properties would be expected, but has
not yet been clarified. We recently investigated the doping effects
in LuFe2O4 and found that Mg doping could finely tune the giant
dielectric tunability [11]. Both the high permittivity and the high
tunability are retained in slightly Mg-doped compounds while the
tunability peak is broadened so as to obtain a better temperature
stability in the widened operating temperature interval. In this
work, we have successfully fabricated single crystals of YbFe2O4,
another member of the RFe2O4 family [12–14], and studied the
anisotropy in dielectric properties and the tunability. The results
confirm the giant dielectric tunability as well as the strong
anisotropy related to the crystal structure.
2. Experimental procedure

Polycrystalline YbFe2O4 samples were prepared by traditional
solid state reaction method. A stoichiometric mixture of high-
purity Yb2O3 (99.95%), Fe2O3 (99.99%), and Fe (99.99%) metal
powders was well ground. The pelletized samples were sintered
at 1100 1C in evacuated quartz tubes for 48 h. Single crystals of
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YbFe2O4 were grown by optical floating-zone melting method in a
flowing argon atmosphere. X-ray diffraction at room temperature
proved that the samples are single phase with a structure consis-
tent with previous reports. The YbFe2O4 crystals for dielectric
measurements were prepared by attaching Cu wires on the
polished surfaces of the crystals using silver paste. The dielectric
response was measured using an NF ZM2353 LCR meter at
selected frequencies (from 10 to 200 kHz) with an excitation of
100 mV from 150 to 350 K. A Keithley 2400 source meter was
used to supply DC bias voltage. The temperature during the
dielectric measurements was controlled by a quantum design
magnetic property measurement system.
3. Results and discussion

The temperature dependence of dielectric constant of a YbFe2O4

single crystal is shown in Fig. 1. The dielectric constant was measured
with the AC excitation applied either parallel or perpendicular to the
c-axis of the crystal, as shown in Fig. 1(a) and (b), respectively. In both
cases, the dielectric constant exhibits a strong frequency dependence,
i.e, a dielectric dispersion. The dielectric constant measured at differ-
ent frequencies tends to coincide at adequately low temperatures and
undergoes a quick rise at elevated temperatures. The transition shifts
to higher temperatures with increasing frequency. The large dielectric
dispersion in RFe2O4 has been proposed to origin from the electron
hopping or polarization fluctuation on iron ions [6]. A strong aniso-
tropy in dielectric constant is observed. The c-axis dielectric constant
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Fig. 1. Temperature dependence of dielectric constant of a YbFe2O4 single crystal

at different frequencies with the AC excitation applied (a) along the c-axis and (b)

in the ab plane.
shows a transition at relatively higher temperatures and increases
smoothly with increasing temperature. In contrast, the ab-plane
dielectric constant shows a much sharper transition at lower
temperatures and increases slightly at high temperature. Compared
with previous report in polycrystalline YbFe2O4 sample [12], the
dielectric constant in single crystal samples at high temperatures is
much smaller, which indicates that the grain boundaries may
contribute significantly to the dielectric response in polycrystalline
samples.

Fig. 2 shows the temperature dependence of dielectric loss
tangent measured with the AC excitation applied either parallel or
perpendicular to the c-axis of the crystal. At a given frequency,
a characteristic peak was observed in the loss tangent at low
temperatures. As shown in the inset of Fig. 2(a), the frequency
dependence of the characteristic temperature follows an
Arrhenius relation:

f ¼ f0expð�Q=kTÞ ð1Þ

where f is the frequency, kT is the thermal energy, f0 is a prefactor,
and Q is the activation energy. The obtained activation energy is
�0.23 eV for both the c-axis and ab plane. The small value of
activation energy is consistent with the fact that electron
fluctuation of the iron ions plays a central role in the dielectric
response and the motion of the ferroelectric domain boundary [6].
We note that the activation energy obtained in our single crystal
sample is slightly lower than that of polycrystalline samples
previously reported (in the range 0.26–0.30 eV) [6,12], implying
possible grain boundary effects in the polycrystalline samples.
a

b

Fig. 2. Temperature dependence of loss tangent for (a) c-axis and (b) ab plane. The

inset shows that the frequency dependence of the peak temperature follows an

Arrhenius relation.
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Fig. 3 shows the influence of DC bias electric fields on the
dielectric constant of YbFe2O4 at a frequency of 100 kHz.
In Fig. 3(a), both the AC excitation and the DC bias fields were
applied parallel to the c-axis of the crystal. Above 260 K, the
dielectric constant is remarkably suppressed by applying a small
DC bias field (20 or 40 V/cm), leading to a giant dielectric
tunability effect. In Fig. 3(b), both the AC excitation and the DC
bias fields were applied perpendicular to the c-axis, i.e., in the ab

plane. The dielectric constant in the ab-plane shows a sudden rise
at a lower temperature than the c-axis. Above 200 K, the dielectric
constant is greatly suppressed by applied DC bias fields. These
results demonstrate that the dielectric constant of both c-axis and
ab plane is very sensitive to applied DC bias fields.

The relative tunability nr is defined as

nr ¼
eð0Þ�eðEÞ

eð0Þ � 100% ð2Þ

where e(0) and e(E) are the dielectric constant measured without
and with a DC bias field E, respectively. Fig. 4 shows the relative
dielectric tunability, nr, as a function of temperature. For both the
c-axis and ab-plane directions, the relative tunability exhibits a
broad peak, which is in contrast to conventional ferroelectric
materials where the tunability usually shows a sharp peak in a
narrow temperature range. The tunability peak of ab-plane
locates at a lower temperature (�220 K) than the c-axis
(�270 K), but the peak value is in the same order. Above 300 K,
the tunability of the c-axis keeps increasing with temperature. As
a result, a high tunability remains in a broad temperature range
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Fig. 3. Dielectric constant of YbFe2O4 under DC bias fields. (a) Both the

AC excitation and the DC bias fields were applied along c-axis. (b) Both the AC

excitation and the DC bias fields were applied in ab plane.
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Fig. 4. Relative dielectric tunability nr of YbFe2O4 for (a) the c-axis and (b) the ab

plane.
across room temperature. This feature makes the c-axis direction
more favorable for practical applications.

In addition to a high dielectric tunability, the dielectric loss
should also be taken into consideration for practical applications.
Fig. 5 shows the temperature dependence of the dielectric loss
tangent under various DC bias fields. The loss tangent shows a
peak around 250 K for c-axis direction, and increases slightly at
high temperature in a bias electric field. In contrast, for the
ab-plane, the loss tangent shows a peak around 200 K and
increases remarkably in a bias electric field. The higher loss
tangent in ab plane is consistent with the higher conductivity in
the ab-plane than the c-axis. The high dielectric loss, especially in
bias fields, is an obstacle for practical applications. The major
challenge of making these materials sufficiently insulating, for
example, by making YbFe2O4 based composites or hybrid
structures, to reduce the dielectric loss deserves further studies.

The anisotropy presented in the dielectric constant, tunability
and loss tangent suggests an intrinsic nature of the electronic
ferroelectricity, which originates from the polar arrangement of
electrons on iron ions. The electron arrangement, actually a
density modulation of d electrons is realized by the valence
fluctuation on the frustrated triangular lattice [6]. The electron
hop may be a thermally assisted process over a potential barrier
due to the localization effect of charge ordering. The low activa-
tion energy (�0.23 eV) of electron motion indicates less coupl-
ing of polarization switching with the lattice distortion. Thus,
the high dielectric constant and high tunability in YbFe2O4 are
primarily ascribed to the polarization contribution of hopping
electrons with the charge distribution sensitively influenced by
external fields. The hopping transition is physically and mathe-
matically indistinguishable from the rotation of corresponding
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dipoles or polar regions. The response correlated with
electron motions should be responsible for the frequency
dispersion yielding a typical characteristic of order–disorder type
ferroelectricity.
4. Conclusion

In summary, we have investigated the dielectric tunability in
YbFe2O4 single crystals. A giant dielectric tunability has been
observed in both the c-axis and ab-plane directions. The relative
tunability nr and the loss tangent in the ab-plane show a peak at
lower temperature than the c-axis. The loss tangent of c-axis is
smaller than that in the ab-plane around room temperature. The
strong anisotropy in the temperature dependence of the dielectric
response and tunability is consistent with the bilayer structure of
YbFe2O4. These peculiar dielectric properties are ascribed to the
electronic ferroelectricity in the RFe2O4 compounds.
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