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Ferroelectricity and Giant Magnetocapacitance in Perovskite Rare-Earth Manganites
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The relationships among magnetism, lattice modulation, and dielectric properties have been
investigated for RMnO; (R = Eu, Gd, Tb, and Dy). These compounds show a transition to an
incommensurate lattice structure below their Néel temperature, and subsequently undergo an
incommensurate-commensurate (IC-C) phase transition. For TbMnO; and DyMnO; it was found
that the IC-C transition is accompanied by a ferroelectric transition, associated with a lattice
modulation in the C phase. DyMnO; shows a gigantic magnetocapacitance with a change of dielectric

constant up to Ag/e ~ 500%.
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In the past several years there has been a revival of
interest in understanding magnetic ferroelectrics [1-3]
because of their potential in novel magnetoelectric and
magneto-optical devices. Most of the recent studies, how-
ever, revisit conventional magnetic ferroelectrics, as
listed in a review [4] by Smolenskii and Chupis in 1982.
The recent observation of large magnetoelectric and
magnetocapacitive effects in TbMnO; provides a novel
approach to the mutual control of magnetization and
electric polarization in magnetic ferroelectrics [5].
TbMnO; has the orthorhombically distorted perovskite
structure (space group Pbnm) at room temperature,
and shows an incommensurate (IC) lattice modulation
at the Néel temperature (Ty ~ 41 K) for sinusoidal
antiferromagnetic (AF) ordering. At lower temperatures,
ferroelectric order develops at the incommensurate-
commensurate (or lock-in) transition. This close relation-
ship between lattice modulation and ferroelectricity is
common to so-called “improper ferroelectrics™ such as
K,SeO, and RbZnCl, [6,7]. Here, the lattice modulation
in TbMnO; can be regarded as a second harmonic of the
sinusoidal AF spin structure [5]. It is likely, therefore, that
the ferroelectricity in TbMnOj; originates in magnetic
interactions, through lattice modulations. Supporting this
view of TbMnOj; is the novel phenomenon, which we
call “magnetic-field-induced electric polarization flop,”
where the direction of ferroelectric polarization can be
switched from the ¢ to the a axis by the application of
magnetic field [5].

To elucidate the relationship between ferroelectricity
and magnetoelastically induced lattice modulation in a
broader range of magnetic ferroelectrics, we report in this
Letter an investigation of the electric properties of single
crystals of the perovskite rare-earth manganites RMnOj;
(R = Eu, Gd, Tb, and Dy). Since the lattice modulation in
RMnO; is strongly dependent on the ionic radius of R (rg)
[8], this systematic study enables us to clarify the origins
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of the ferroelectricity and the magnetic-field-induced
electric polarization flop in these systems. In the course
of this study, we discovered giant magnetocapacitance in
one of these compounds, DyMnO;.

First, we briefly review the magnetic phase diagram of
orthorhombic RMnO; (R = rare earth) as a function of
Mn-O-Mn bond angle ¢ (or rp) [8—11]. As displayed in
Fig. 1, the decrease of ¢ suppresses layer-type (A-type)
AF order (left lower inset) among the Mn spins. Alter-
natively, sinusoidal AF order appears at intermediate ¢
(R = Tb and Dy), and then zigzag-type (E-type) AF order
(right lower inset) in R = Ho. Recently, the magnetic
phase diagram of RMnO; was explained in terms of
spin frustration caused by the combination of GdFeO;-
type distortion and staggered orbital order [8]. In accord
with the modulated magnetic structures, magnetoelasti-
cally induced lattice modulations appear in small-rg
compounds. We show in the upper left inset of Fig. 1 a
diffraction feature in the reciprocal-space (0kl) zone. The
Bragg peaks of the Pbnm orthorhombic structure are
shown as open circles. Satellites of the Bragg peaks
with modulation wave vector (0, §,, 1) are magnetic
(crosses), and those of (0, §;,, 0) with §; = 28, are crys-
tallographic (closed circles). The upper right inset of
Fig. 1 displays the temperature dependence of wave num-
ber (§; or 26,,) in RMnOj; with smaller rg. As clearly seen
in the inset, these systems undergo a lock-in transition at
a temperature (7},.) below Ty as indicated by arrows.

Single crystals of RMnO; (R = Eu, Gd, Tb, and Dy)
were grown by the floating zone method. The crystals
were oriented using Laue XRD patterns, and cut into thin
plates with the widest faces perpendicular to the crystal-
lographic principal axes. Ag electrodes were then vacuum
deposited onto these faces. The dielectric constant € was
measured over a range of frequencies using an LCR
meter. The temperature (7) dependence of the electric
polarization P was obtained by measurements of the
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FIG. 1. Magnetic phase diagram for RMnOj; as a function of

Mn-O-Mn bond angle ¢. Open and closed triangles denote the
Néel and lock-in transition temperatures, respectively. Left
upper inset: Schematic view of the reciprocal space at a phase
with modulated magnetic and crystallographic structure. Open
and closed circles represent nuclear Bragg and superlattice
reflections, respectively. Crosses give locations of magnetic
scattering. Right upper inset: Temperature profiles of the
wave numbers of modulated crystallographic (6;) or magnetic
(6,,) structures. The arrows indicate the lock-in transition
temperatures. Left and right lower insets show schematic
illustrations of the A-type and the E-type AF structures, re-
spectively. The commensurate AF state (gray area) was proved
to be ferroelectric by the present study.

pyroelectric current with increasing 7T, after poling the
crystals (~2 kV/cm) while cooling from a temperature
above Ty.

We display in Fig. 2 the T dependence of & with the
electric field E along the a, b, and ¢ axes for RMnOj5. The
T profiles of € are highly anisotropic in all compounds. g,
(E || @) and g, (E || b) show little frequency dependence
between 0.1 and 100 kHz. Hence, we show only 10 kHz
data for &, and ¢, in Figs. 2(a) and 2(b). By contrast,
g, (E|l ¢) exhibits significant frequency dependence
[Fig. 2(c)], which will be discussed later. Although ¢,
shows little T dependence, e, and &. exhibit sharp
anomalies that are associated with the evolution of modu-
lated magnetic and crystallographic structure. Except for
EuMnOs;, ¢, shows a steep increase at Ty (indicated by
open inverted triangles) toward lower temperatures. In
DyMnOs, g, increases drastically as 7 approaches T,
(indicated by closed inverted triangles). With further
decreasing 7, in EuMnO; and GdMnO; with nonmodu-
lated crystallographic structure (i.e., 6; = 0), &, shows a
sudden drop at T}, In the case of TbMnO; and DyMnO;
with modulated structures (i.e., §; # integer), &, does not
show a significant drop at Tj,., but becomes weakly T
dependent below Tj... In €., no dielectric anomaly ap-
pears at Ty for any of the compounds. At T}, however,
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FIG. 2. Temperature dependence of dielectric constant along
the a (a), b (b), and c axes (c) for single crystals of RMnO;
(R = Eu, Gd, Tb, and Dy). The closed and open inverted
triangles indicate dielectric anomalies at T}, and Ty, respec-
tively. The respective data are vertically offset for clear com-
parison. Absolute values of & were 15-35 at 60 K.

pronounced peak structures in g, are evident in TbMnO;
and DyMnOs;, and also a sharp change in &, appears in
GdMnO; and EuMnO;. Incidentally, we also observed
dielectric anomalies around the magnetic ordering tem-
perature of the R moment [Ty(R) < 10 K] [12], which
suggests the existence of further magnetoelastically in-
duced lattice deformation.

It should also be noted that a distinct dielectric dis-
persion is observed only in €. over a rather wide T range
for all of the crystals, as displayed in Fig. 2(c). Detailed
measurements at different temperatures revealed that the
frequency (w/2m) dependence of &, obeys a Debye
model, e.g., can be described by a single relaxation time
7 [13]. Above Ty, In(T7) vs 1/T plot shows a linear
relation with an activation energy of 16, 17, and 25 meV
for R = Gd, Tb, and Dy, respectively. However, a non-
Arrhenius regime appears below Ty. These results may be
related to dynamics of localized carriers coupled with
lattice that is affected by magnetic ordering.

To clarify the origin of the observed dielectric anoma-
lies, we measured P. The magnitude of P along the a axis
(P,) and the b axis (P,) was negligibly small for all the
compounds in zero magnetic field. By contrast, a charac-
teristic R dependence was observed in P.. We show in
Fig. 3 the T dependence of P.. Although a substantial
signal was not observed in EuMnO; and GAMnOs, a finite
spontaneous polarization is evident below Tj, in
TbMnO; and DyMnO;. Sign reversal of P,. by reversing
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E was also confirmed. It is obvious from the comparison
with Fig. 1 that the ferroelectric order arises at 7T}, only
in the compounds where the wave number of lattice
modulation is fractional (0 < §; < 1) at the commensu-
rate (C) phase below T, [14]. This result confirms that
the ferroelectricity in RMnO; can be discussed in the
framework of improper ferroelectrics [6,7] where P is
generated by secondary atomic displacements induced
by anharmonic couplings to the primary lattice modula-
tion with nonzero wave vector (i.e., 6; # 0).

Although the accurate knowledge about crystal struc-
ture such as atomic position and crystal symmetry in the
ferroelectric phase must be obtained by x-ray and/or
neutron diffraction measurements, we may have, from
the previous [5,8] and present investigations, the follow-
ing scenario for the origin of ferroelectricity in TbMnO;
and DyMnO;. These ferroelectric manganites exhibit the
sinusoidal AF order having long wavelength modulation
of magnetic coupling along the b axis. Considering strong
¢ dependence on superexchange interactions between
nearest neighbor and next-nearest neighbor Mn sites [8],
we can expect that the sinusoidal AF order causes modu-
lation of ¢ along the b axis to minimize total energy (i.e.,
the smallest ¢ at AF-coupled Mn sites across nodes of
sinusoid). In addition, it is possible to regard the modu-
lation of ¢ as the very primary order parameter in these
improper ferroelectrics. The coupling of the primary
order parameter (i.e., modulation of ¢) with the polar-
ization may induce the ferroelectric ordering in TbMnO;
and DyMnOs;. Since oxygen ions are not located at cen-
trosymmetric position in the fundamental Pbnm struc-
ture, the displacement of oxygen ions can change the
space group and produce polar structure.

In ferroelectric TbMnO5; and DyMnOs, as shown Fig. 3,
anomalies in P, were observed around Tx(R) (<10 K,
indicated by arrows), which might be related to those in &
and ascribed to the lattice deformations magnetoelasti-
cally induced by the ordering of the R moment. For
DyMnOs; in particular, we note the 40% difference in
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FIG. 3. Temperature profiles of electric polarization along the
¢ axis for crystals of RMnO;. Solid and dashed lines for
DyMnOj; denote the data obtained after cooling down to 2
and 7 K, respectively. Arrows indicate anomalies around the
magnetic ordering temperature of the R moment.
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P. (7 K) obtained after cooling to 2 and 7 K. This implies
a strong history dependence for the microscopic process
producing ferroelectricity and might bear some relation
to the hysteresis in & shown in Fig. 2.

Finally, we demonstrate gigantic magnetoelectric phe-
nomena observed in DyMnOj. Figures 4(a) and 4(b) show
T variations of P, and P, of DyMnQO; at several magnetic
fields along the b axis, respectively. At 1 T, the anomaly in
P below 10 K disappears and the magnitude of P, at low
T exceeds ~0.2 uC/ cm?. However, with further increas-
ing magnetic field (B), P, is drastically suppressed. Above
4 T, the spontaneous polarization along the ¢ axis totally
disappears in a whole 7T range. By contrast, application of
a magnetic field induces a finite P, [Fig. 4(b)]. These
results indicate that the ferroelectric polarization vector
is flopped from the direction along the c to the a axis by
the application of B, as observed in TbMnOj [5]. The
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FIG. 4 (color). (a)—(c) Temperature dependence of electric
polarization along the ¢ and a axes, and dielectric constant
along the a axis at several magnetic fields for crystals of
DyMnOs. (d) Isothermal magnetocapacitance effect at several
temperatures with electric field parallel to the a axis. Magnetic
field was applied along the b axis.
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onset temperature of a finite P, (Ty,p,) increases with
increasing B and is nearly saturated above 4 T. The
saturated electric polarization along the a axis gradually
decreases with increasing B above 2 T.

Let us mention a possible origin for the flop of electric
polarization. We may apply the symmetry-based analysis
that explains a sequence of polar phases in some ferro-
electric compounds showing an incomplete devil’s
staircase [15], e.g., (CH;3);NCH,COO - CaCl, - 2H,0
(BCCD) [16]. In these compounds, numerous C and IC
phases with different modulation wave numbers appear
with varying temperature. In accordance with the varia-
tion of modulation wave number, the direction or the
magnitude of polarization changes successively. For in-
stance, in BCCD having the fundamental space group
Pbnm, the C phases with the modulation wave vector
(6,0,0) [6 =1/4,2/9,1/5,...] exhibit the polarization
along the b and ¢ axes, and zero polarization . .., respec-
tively [17,18]. By means of a symmetry analysis, Perez-
Mato [16] explains the successive change in polarity of
BCCD, and predicts that the polarity of the modulated C
phase having wave number 6 = n/m (n and m are inte-
gers) depends on the parity of the function 6, i.e., whether
n and m are even or odd, as well as on the phase angle of
the modulation relative to the unit cell. Such an approach
may also be applicable to the magnetic-field-induced
polarization flop in RMnOs. Since the R** moments
also undergo modulated magnetic order [e.g., (0,0.415,
1) in TbMnO; (Ref. [9])], lattice modulation magneto-
elastically induced by the R*" magnetic ordering may
affect the ferroelectricity. This is clearly signaled as
anomalies in € and P around Tx(R). We speculate that
metamagnetic transition of R** moment induced by B
may change the wave number of magnetic and lattice
modulations, alter space group, and then switch the ferro-
electric polarization vector.

The most striking magnetoelectric phenomenon is ob-
served in the effect of B on g,. Figure 4(c) displays T
profiles of €, in several magnetic fields parallel to the b
axis. The application of B causes gigantic enhancement of
€, below Tj and a sudden change in g, at Ty,,. These
are closely correlated with the electric polarization flop,
as clearly seen in Figs. 4(a)—4(c). We show in Fig. 4(d)
the isothermal magnetocapacitance {Ae,(B)/e,(0) =
[e,(B) — &,(0)]/e,(0)} curves at several temperatures.
At each temperature below T, Ae,(B)/e,(0) diverges
with increasing magnetic field then drops suddenly at a
magnetic field (Byp). Biiop s shifted towards higher B
with increasing 7. The maximum value of the magneto-
capacitance ratio exceeds Ae,(B)/e,(0) ~ 500% at 18 K,
which is larger by more than an order of magnitude than
those previously reported (e.g. ~7% in EuTiO; [19],
~10% in TbMnO; [5]).

The data presented here demonstrate the close relation
between the electric properties and magnetoelastically
induced lattice modulation in perovskite rare-earth man-

257201-4

ganites RMnOs;. The ferroelectricity was observed only
in TbMnO; and DyMnO; having modulated commensu-
rate phases, and can be explained as the modification of
the space group by the lattice modulation in the commen-
surate phases. In this context, the magnetic-field-induced
electric polarization flop may be attributed to the change
of modulation wave number by the application of mag-
netic field. We have also observed an extremely high ratio
of magnetocapacitance in DyMnQOs, which implies a path
to new magnetoelectric applications.
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