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Magnetoelectric phase diagrams have been investigated for rare-earth manganites with orthorhombically
distorted perovskite structure, RMnOs3 (R=Gd, Tb, and Dy). A variety of magnetic and electric phases emerge
with varying R-site ion, temperature, and magnetic field in these systems. The magnetoelectric phase diagram
varies sensitively with the direction of a magnetic field relative to the crystallographic axes. Although the
ground state of GdAMnO; with the largest ionic radius of R(rg) is not ferroelectric in zero magnetic fields (H
=0), a ferroelectric phase with electric polarization (P) along the a axis appears by applying H(>~1 T) along
the b axis. Both TbMnO5 and DyMnO; show a ferroelectric order with P along the ¢ axis even at H=0 below
a lock-in transition temperature where nonzero wave vectors for magnetic and lattice modulations become
nearly constant. These systems also exhibit a flop of the ferroelectric polarization (Pllc to Plla) when H is
applied along the a or b axis. By contrast, the application of H above ~10 T along the ¢ axis completely
suppresses the ferroelectricity in TbMnOj5. Possible origins of the observed evolution of magnetoelectric
phases are discussed in consideration of magnetism and lattice distortion in the perovskite rare-earth

manganites.
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I. INTRODUCTION

The study of magnetic ferroelectrics where both magnetic
and ferroelectric orders coexist attracted a great deal of in-
terest in 1960s and 1970s,! as the coupling between the mag-
netization and electric polarization can provide an additional
degree of freedom in “magnetoelectric” device design.” In
the past several years, there has been a revival of interest in
magnetoelectric research of magnetic ferroelectrics®”’ that
are recently referred to also as magnetoelectric
multiferroics,®® motivated in part by extensive studies on
exploring for spin-electronics materials. Although several
magnetoelectric multiferroics have been identified to date,'?
there have been no practical applications of magnetoelectric
phenomena due mainly to the small magnitude of the mag-
netoelectric or magnetocapacitive effects.!® In most of the
earlier magnetoelectric multiferroics listed in Ref. 1, the tem-
perature scale for ferroelectric order is much larger than for
magnetic order. This leads to only weak coupling between
magnetism and ferroelectricity in these systems.

More recently, gigantic magnetoelectric and magnetoca-
pacitive effects have been found in certain rare-earth manga-
nites having antiferromagnetic (AF) orders with long wave-
lengths as compared to their chemical unit cell.''~!° These
interactions provide an approach to engineering the cou-
plings between magnetism and ferroelectricity. Recent theo-
retical and experimental studies of a series of rare-earth man-
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ganites with orthorhombically distorted perovskite structure
(RMnOj; where R is a trivalent rare-earth ion) revealed that
the ferroelectricity originates from competing magnetic inter-
actions which produce a long-wavelength AF spin order and
accordingly lattice modulations with nonzero wave vector
through magnetoelastic coupling.?’ This coupling between
magnetic order and lattice distortions which produces ferro-
electricity gives rise to strong magnetoelectric coupling and
resultant gigantic magnetoelectric and magnetocapacitive ef-
fects.

In this paper, we provide an overview of the magnetoelec-
tric phase diagrams of the orthorhombic rare-earth mangan-
ites, RMnO; (R=Gd, Tb, and Dy), which we determined
from measurements of the magnetization, dielectric constant,
and electric polarization in external magnetic fields. In
RMnO;, a decreasing of ionic radius of the R(rg) enhances
the competition in magnetic interactions, i.e., ferromagnetic
(FM) between nearest-neighboring Mn sites and AF between
next-nearest-neighboring sites.?’ Figure 1 shows the mag-
netic phase diagram of RMnOjs as a function of rg. (Here, we
take rg for XR** jon from Ref. 21). Around R=Gd, Tb, and
Dy, the competing interactions give rise to a long wavelength
AF order, which produces ferroelectricity in these mangan-
ites  through  magnetoelastically  induced  lattice
modulations.'? The present systematic study of magnetoelec-
tric phenomena provides a coherent picture of how magnetic
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FIG. 1. Magnetic phase diagram for RMnOj; as a function of
ionic radius of R. Open and closed triangles denote the Néel tem-
perature for Mn moments Tp(Mn) and the lock-in transition tem-
perature T}, respectively. Crosses denote the Néel temperature for
R moments Txn(R). These magnetic ordered phases can be charac-
terized by propagation vectors (0,kyp,1) where ky, is O at the
A-type AF phase, is temperature dependent between 0 and % for the
incommensurate AF phase, and is locked at values between O and %
for the long wavelength nearly-lock-in AF phase.

fields affect dielectric and ferroelectric properties in certain
magnetoelectric multiferroics.

II. EXPERIMENTAL PROCEDURES

Crystals of orthorhombic RMnO; (R=Gd, Tb, and Dy)
were grown by the floating zone method at a feed rate of
10 mm/h. GAMnOj5; and TbMnOj; crystals were grown in a
flow of 6N-purity Ar gas. For DyMnO;, growths in an Ar
atmosphere produced not the perovskite like but the hexago-
nal phase. Therefore, we performed the growth of DyMnO;
in air as reported previously,?? or in ~10 atm O, gas. We
measured powder x-ray diffraction patterns of the obtained
crystals at room temperature, and confirmed that all the
samples used for magnetic and electric measurements have
the Pbnm orthorhombic structure. The crystals were oriented
using Laue x-ray diffraction patterns, and cut into thin plates
with the widest faces perpendicular to the crystallographic
principal axes (typical dimension ~2X2X1 mm?). The
magnetization was measured using commercial magnetome-
ters. For the measurements of the dielectric constant & and
electric polarization P, silver electrodes were vacuum depos-
ited onto the widest faces, and were baked in a flow of Ar at
400 °C for about 2 h. We measured ¢ at 10 kHz using an
LCR meter. Some of measurements in magnetic fields above
9 T were performed at National High Magnetic Field Labo-
ratory in Los Alamos National Laboratory. To obtain the
temperature T (magnetic field H) dependence of P, the py-
roelectric (magnetoelectric) current was measured with an
electrometer while sweeping T at a rate of ~5 K/min
(sweeping H at a rate of 0.72-1.2 T/min). These current
measurements were performed after poling the crystals
(~200 V/mm) while cooling from a temperature above the
Néel temperature for Mn moments [7x(Mn)]. Before mea-
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surements, the poling electric field was removed (except for
one of measurements shown in Fig. 14). P was obtained by
integrating the pyroelectric or magnetoelectric current as a
function of time.

III. RESULTS
A. TbMnO;

First, we review the magnetic, structural, and ferroelectric
properties of TbMnO; in the absence of external magnetic
fields. The Mn moments in TbMnO; undergo an AF transi-
tion at Ty(Mn) ~41 K. In a model proposed for the magnetic
structure,” the Mn moments are aligned along the b axis and
show sinusoidal order with a propagation wave vector
(0,kyin> 1) in the Pbnm orthorhombic unit cell. The
kyn(~0.29) is incommensurate at T,(Mn) and decreases
with decreasing 7, and becoming nearly locked-in at ky,
~0.28 below Tj,~28 K. A recent neutron diffraction
measurement’* revealed that weak satellite reflections asso-
ciated with ky, exist in Brillouin zones of C-type (h+k
=2p+1,1=2p) and F-type (h+k=2p,I=2p) below Txn(Mn)
in addition to those of A-type (h+k=2p,l=2p+1) and
G-type (h+k=2p+1,l1=2p+1) reported previously.®> Al-
though all the components emerge below Ty(Mn), for tem-
peratures between Ty(Mn) and T}, only the A-type compo-
nent is evident. The G-, C-, and F-type components are
significantly enhanced below T),.. In addition, magnetic re-
flections at (0, ky,,0) have been observed below T).. These
results by Kajimoto and co-workers?* suggest the existence
of multiple magnetic phases or a complex noncollinear mag-
netic order (e.g., spiral) below T, Together with the mag-
netic ordering, TbMnO; shows an incommensurate lattice
modulation below 7,(Mn).2 This lattice modulation with
wave number k;(=2kyg,) can be regarded as a second har-
monic of the sinusoidal AF structure, and below T},
~28 K k; is also locked in accordance with the AF lock-in
transition. In TbMnOs, ferroelectric order with spontaneous
polarization along the ¢ axis develops at Ty, (=T¢) where a
sharp peak is observed in & measured along the ¢ axis.!!
Upon further decreasing T below Tn(Tb)~7 K, the mag-
netic moments of Tb show quasi-long-range ordering with a
different propagation vector (0, ~0.42,1) from that of Mn
moments.>>>* Although a small anomaly is observed at
T\(Tb) in the temperature dependence of & and P,'? the di-
rection of P was not changed by the magnetic ordering of the
Tb moments.

In the previous paper,'! we discussed the effects of mag-
netic fields on & and P only for H along the b axis, and
magnetoelectric phase diagram only for the Hllb configura-
tion. In the following we present a complete set of data.
Figure 2 displays the temperature profiles of & along the a, b,
and ¢ axes in a range of magnetic fields (0-9 T) parallel to
the a, b, and ¢ axes for TbMnOs;. A corresponding set of P
data is shown in Fig. 3. Regardless of the direction of H, the
dielectric constant along the b axis (g;,) is almost indepen-
dent of H [Figs. 2(d), 2(e), and 2(f)], and no electric polar-
ization along the b axis (P,) is ever induced by the applica-
tion of H. [Tiny anomalies observed in &,(P,) may be caused
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by the components of &, or &, (P, or P,.) due to small mis- ferroelectricity having a spontaneous polarization along the ¢

alignment of sample axes.] By contrast, &,, &, P,, and P, are axis is robust against H, up to 9 T, although some magnetic-

strong functions of H.

field effects are observed in magnitude of P..

When H is applied along the a axis (H,), &, and &, in- For H applied along the b axis (H,), more remarkable
crease slightly around Ty, [see Figs. 2(a), 2(g), 3(a), and  changes are observed in g,, &, P,, and P,. The results of this
3(g)]. However, the dielectric anomalies just at Ty, (kink in ~ configuration have already been reported in the previous
g, or sharp peak in &) are almost independent of H,,. Indeed, report.!! We briefly summarize the main features below. Al-
the onset temperature for the ferroelectric transition 7.  though the sharp peak at T,y in &. is not sensitive to the
shows minimal H dependence, as seen in Fig. 3(g). The P application of H,, another peak feature appears in g. at a
data displayed in Figs. 3(a), 3(d), and 3(g) indicate that the ~ temperature (Tg,,) below Tj, above 5 T [Fig. 2(h)]. Ty,
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FIG. 4. (Color online) Tem-
perature profiles of (a)—(c) dielec-
tric constant and (d)—(e) electric
polarization along the c¢ axis at

high magnetic fields (9-14 T)
along the a, b, and ¢ axes for
TbMnOj crystals.
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increases with increasing H,. ¢, also exhibits a dielectric
anomaly at Ty, [Fig. 2(b)]. The dielectric anomalies at T},
are attributed to a magnetic-field-induced electric polariza-
tion flop, where the ferroelectric polarization vector is
switched from pointing along the ¢ to the a axis by the ap-
plication of H, [see Figs. 3(b) and 3(h)]. It is also worth
mentioning that e, shows a sharp increase below ~7 K at
H,=2~4 T [Fig. 2(b)], which may be related to the change
of ordeing structure of the Tb moments.

Applying H along the ¢ axis (H,) considerably decreases
Tiock (—25 K at 9 T), as seen in Figs. 2(i) and 3(i). Such a
large shift in 7}, is not observed when H is applied along
the a or b axis. One of the most striking H effects appears in
g, above ~8 T. As highlighted in Fig. 2(c), &, shows a steep
drop at a temperature T, (e.g., T, ~17 K at 8 T) below
Tiock» While &, exhibits a small peak structure at T, [Fig.
2(1)]. T, tends to increase with increasing H,. Correspond-
ing to these dielectric anomalies, P, also varies with H.
above ~8 T. As shown in Fig. 3(i), the spontaneous polar-
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ization along the ¢ axis is rapidly suppressed above ~8 T,
and almost vanishes below T,. Although the suppression of
P. by H, is similar to that produced by an application of H,,
[compare Fig. 3(i) and Fig. 3(h)], the behavior of P, is com-
pletely different between the applied field directions, H,
[Fig. 3(b)] and H. [Fig. 3(c)]. No spontaneous polarization
develops along the a axis by applying H,, as seen in Fig.
3(c). These results indicate that the system becomes not
ferroelectric, i.e., paraelectric or antiferroelectric, below Tx,
by applying H,. above ~8 T.

We were also interested in exploring the dielectric and
ferroelectric features at higher magnetic fields. In Figs. 4 and
5, we display the temperature profiles of € and P along the ¢
and a axes at magnetic fields up to 14 T.?° With the applica-
tion of sufficiently large H along the a axis, the peak struc-
ture at T}, in &, is suppressed [Fig. 4(a)], whereas a pro-
nounced peak structure grows at Ty, in &, [Fig. 5(a)]. This
conversion of peak features at T}, from €, to g, is ascribed
to switching P from the ¢ axis to the a axis, as illustrated in
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Figs. 4(d) and 5(d).?® A similar magnetic-field-induced polar-
ization flop from the ¢ axis to the a axis is also observed with
a large H,. Thus, both the applications of H, and H, cause
the conversion of the direction of P to switch from the ¢ to
the a axis.

The effect of a high H along the ¢ axis is distinct from
along the a and b axes. The dielectric anomaly in &, ob-
served at T, becomes more evident with increasing H above
9 T [Fig. 4(c)], and the T, increases monotonically with H.
Intriguingly, & shows remarkable changes below T, (en-
hancement of &, [Fig. 4(c)] and suppression of g, [Fig.
5(c)]). No similar features were observed for H applied along
the a and b axes. Another remarkable feature is that g, is
enormously enhanced when 7, merges into 7}, at ~25 K
and ~12 T. As clearly seen in the P data [Figs. 4(f) and
5(f)], the polarization almost vanishes for all crystallographic
directions and for all temperatures with H above 13 T. We
conclude that TbMnO; becomes not ferroelectric by apply-
ing sufficiently large H..

To explore the relationship between magnetism and these
observed dielectric and ferroelectric properties, we measured
the isothermal magnetization (M) and polarization as a func-
tion of magnetic fields at selected temperatures. As displayed
in Figs. 6(a)-6(c), single or double metamagnetic transitions
can be seen in M—H curves at 2 or 4 K, depending on the
orientation of H. With the application of H,, double meta-
magnetic transition has been observed. The first transition
shows a distinct jump of M at ~1.7 T [the main panel of Fig.
6(a)], and the second one only exhibits a small change in M
at ~10 T [the inset of Fig. 6(a)]. The application of H,, also
gives rise to double transitions around ~1 and ~4.5 T [Fig.
6(b)]. The enhancement of g,, as observed at H,=2-4 T be-
low 7 K, occurs in the intermediate phase between the two
metamagnetic transitions. With increasing 7, the steps in the
M-H curves become indistinct. Applying H,. causes a single
metamagnetic transition above 5 T, as shown in Fig. 6(c).
This metamagnetic transition in H,. is accompanied by a
large field hysteresis at low temperatures, and the increase of
M at the transition is ~0.2 up/f.u. We will discuss the ori-
gin of the metamagnetic transitions later. Comparing the
M-H curves with the P-H curves in Fig. 6, it is clear that the

— (f:) function of an external magnetic
7] fields parallel to the a, b, and ¢
axes at fixed temperatures. The in-
set of (a) shows a magnified view
at high H region.

- 10
Magnetic Field (T)

metamagnetic transitions give rise to the large changes in P.
These results clearly demonstrate the strong interplay be-
tween magnetism and ferroelectricity in TbMnOs.

To summarize our experimental results on the dielectric
and ferroelectric properties of TbMnO;, we show the mag-
netoelectric phase diagrams for directions of magnetic fields
along the a, b, and ¢ axes in Figs. 7(a), 7(b), and 7(c), re-
spectively. A possible mechanism of the magnetic-field effect
on dielectric and ferroelectric properties will be discussed
later in more detail.

B. DyMnO;

The magnetic, structural, and ferroelectric properties of
DyMnO; are similar to those of TbMnO;. DyMnO; also
shows an incommensurate crystallographic superstructure
below Tx(Mn) ~ 39 K corresponding to sinusoidal AF order-
ing of the Mn moments.”’ The wave number k; for the su-
perstructure with a propagation vector (0,k;,0) is ~0.72 at
Ty(Mn), increases with decreasing T, and becomes nearly
constant (k;~0.77) below T~ 18 K. By analogy with
TbMnO;, the superstructure in DyMnO; can also be ascribed
to a magnetoelastically induced lattice modulation. At T, (
=T), ferroelectric order develops with a spontaneous polar-
ization along the b axis.'> Anomalies in & and P has also
been observed around Ty(Dy) <10 K.'2

In Figs. 8 and 9 we show temperature profiles of € and P
of DyMnO; along the a and ¢ axes in a range of magnetic
fields (0-9 T) parallel to the a, b, and ¢ axes. No substantial
T and H dependences were observed in g, and P;, except for
small contributions from other directions due to sample mis-
alignment. In TbMnO3, a suppression of P, was observed at
H>7T for H applied along the ¢ axis, [Fig. 3(i)]. In
DyMnOs;, however, P, does not vanish up to H.=9 T al-
though slight suppressions of T and P, are observed with
increasing H,. [Fig. 9(f)]. The application of H, and H,
causes the ferroelectric polarization vector to switch from the
c to the a axis [Figs. 9(a), 9(b), 9(d), and 9(e)], as observed
in TbMnOs;. In these two configurations, the magnetic-field
effect on the ferroelectric properties in DyMnQOj is similar to
TbMnOs. It should be noted that g, is drastically enhanced
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FIG. 7. Magnetoelectric phase diagram of TbMnO; with mag-
netic fields along the (a) a, (b) b, and (c) ¢ axes. Circles, triangles,
and diamonds represent the data obtained by measurements of di-
electric constant, pyroelectric (or magnetoelectric) current, and
magnetization, respectively. Open and closed symbols denote the
data obtained with decreasing temperature (or increasing a magnetic
field) and increasing temperature (or decreasing a magnetic field),
respectively. Gray regions indicate ferroelectric phases.
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around Tj,, in magnetic fields along the a and b axes. By the
applying H,, in particular, the maximum value of g, almost
reaches ~200 around the tricritical point (~19 K, ~5 T) at
which the paraelectric incommensutate AF, the ferroelectric
(Pllc), and the ferroelectric (Plla) phases meet with each
other [Fig. 8(b)]. Consistent with the large value of ¢,, P, in
H, is larger (~2500 uC/m?) at low T than what we mea-
sured in TbMnQOs, as seen in Fig. 9(b). Figure 10 displays ¢,
and P, as a function of H,, which indicates that a gigantic
magnetocapacitive effect [Fig. 10(a)] is associated with the
magnetic-field induced polarization flop phenomenon [Fig.
10(b)] where large P, is induced by relatively low H
(~2500 uC/m? at 2 K below 2 T).

Observation of hysteresis loop in P—FE curve is generally
taken as a measure of the degree of ferroelectricity. Hence, it
is interesting to measure and compare the P—E curves in
magnetic fields below and above magnetic-field-induced po-
larization flop. Figure 11 shows the 4.2 K P-FE curves ob-
tained at O and 6 T. Here, magnetic fields were applied along
the b axis while electric fields were parallel to the a axis. No
hysteresis loop was observed at 0 T (red line in Fig. 11).
However, a clear hysteresis loop characteristic of ferroelec-
trics was observed in a magnetic field of 6 T. The results are
essentially consistent with those obtained by pyroelectric
current measurements which revealed that the ferroelectric
polarization vector switch from the ¢ to the a axis by apply-
ing H,.”

To summarize the magnetic-field effect on the ferroelec-
tric properties in DyMnOj;, we display the magnetoelectric
phase diagrams of DyMnOj for the directions of H along the
a, b, and c axes in Figs. 12(a), 12(b), and 12(c), respectively.
For H applied along the a and b axes, the essential features
of the phase diagrams are almost identical with those in
TbMnO5. Namely, H switches the ferroelectric polarization
vectors from the ¢ to the a axis. However, the magnitude of
H for the transitions is smaller in DyMnOj; than that in
TbMnO;. [Compare Figs. 7(a), 7(b), 12(a), and 12(b).] With
Hllc, we did not observe any electric phase transitions up to
9 T. We also measured magnetization up to 14 T, but no
metamagnetic transition was observed in the configuration
with Hllc. That is distinct from the case of TbMnOj3. A pos-
sible origin of the difference will be discussed later.
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FIG. 8. (Color online) Tem-
perature profiles of dielectric con-
stant along the a and ¢ axes at

N
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C. GAMnO;

GdMnOs also exhibits a lattice modulation characterized

netic phase diagram for RMnQ5.?° In addition, a recent mag-
netization study of GdMnO; also indicates the existence of
A-type AF order on Mn sites below Tj,.2® GAMnO; may not

by a propagation vector (0,k;,0) below Txn(Mn)~43 K. The
k; is ~0.48 at Tn(Mn), which decreases with decreasing 7,
then abruptly jumps from ~0.39 to 0 at 7}, ~23 K. This
means that the long wavelength modulated structure vanishes
below Ty, The lattice modulation between Ty(Mn) and
Tocx Suggests that there may be a modulated spin structure
with a propagation vector (0,kp,, 1)[2kyn=k;] in this tem-
perature range, as we found in TbMnO; and DyMnO;. How-
ever, the disappearance of the lattice modulation below 7},
implies that the long wavelength modulated spin structure is
transformed to another structure in GAMnO;. While we have
no specific information regarding the spin structures of
GdMnO;, we propose that the sinusoidal AF structure
(~0.2<kpy< ~0.24) above Ty, changes into A-type AF
order (ky=0) below Ty, motivated by the known mag-

be ferroelectric in the absence of a nonzero wave vector lat-
tice modulation below Tj,,. Concerning the ordering of Gd
moments, Hemberger and co-workers?® proposed that long-
range order of Gd moments evolves below Ty(Gd)~ 6.5 K,
yielding a canting of the Gd moments with a FM component
FM moment of the canted Mn spins. The
ac-susceptibility data of our GAMnOj crystal exhibit a peak
at ~5.1 K (not shown), suggesting T(Gd) ~ 5.1 K (for tem-
perature increasing run). The location of GdMnOs in the
magnetic phase diagram is in the immediate vicinity of the
phase boundary between A-type and long-wavelength AF
). This may make the ferroelectric proper-

antiparallel to the

phases (see Fig. 1

ties of the system complicated.

In Fig. 13, we plot & along the a and ¢ axes as a function

200

150

100

a
[=]

Dielectric constant g,

3000

C/m?)

22000

1000

Polarization P,

Magnetic Field (T)

FIG. 10. (Color online) Magnetic-field-induced change in (a)

dielectric constant and (b) electric polarization along the a axis at
selected temperatures for a DyMnOs crystal. Magnetic fields are
applied along the b axis.

of T at fixed H applied along the a, b, and ¢ axes. At H
=0,&, shows a steep increase at Ty(Mn) toward Ty, fol-
lowed by a sudden drop at T},. Upon further decreasing 7,
another dielectric anomaly is observed in &, around Ty(Gd).
At T, We also observe a sudden increase of e.. These
dielectric anomalies around Ty, and T(Gd) accompanies a
remarkable thermal hysteresis. As shown in Figs. 13(a) and

T I T I T I T I T I T
& 41 DyMnO3 : -
E L P - 6T -
Q o HIb o1
= I i
{ O_- ------
S | |
Sof -
s ! .
0(2_4_ 1 42K -
T I N B
-3 -2 -1 0 1 2 3

Electric Field E; (MV/m)

FIG. 11. (Color online) P-E curves obtained at magnetic fields
of 0 T (red) and 6 T (blue) for a DyMnOj crystal. The measure-
ments were done at 4.2 K and 100 Hz. Magnetic and electric fields
are applied along the b and a axes, respectively.
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data obtained with decreasing temperature (or increasing a magnetic
field) and increasing temperature (or decreasing a magnetic field),
respectively. Gray regions indicate ferroelectric phases.
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13(d), applying H, shifts the dielectric anomaly at T,y to-
ward higher T and suppresses the anomaly around 7y(Gd).
The application of H,, also slightly increases Tj, [Figs.
13(b) and 12(e)]. It is also worth noting that the anomaly in
g, around T,(Gd) changes its character by applying H,, al-
though a steep increase of g, toward lower T in finite H), is
similar to that at H=0. At H=0,¢, decreases in a stepwise
fashion upon increasing 7 from 2 K, and seems to have two
transitions (at ~5 and ~8 K) below 10 K. The application of
H,, appears to suppress the lower-T transition and reduces the
hysteresis region around 7y(Gd) and the magnitude of g, in
the ground state. The anomaly around 7,(Gd) gradually
shifts toward higher 7 with increasing H,,.

The most striking magnetic-field effect on & of GdMnO;
was for H applied along c. As seen in Figs. 13(c) and 13(f),
the application of H. also shifts the dielectric anomaly at
Tocx toward higher T as was observed for H, and H;,. How-
ever, the temperature of the anomaly, i.e., T),c, more rapidly
increases with increasing H,. (Tj,~33 K at 9 T). In addi-
tion, the application of H, significantly enhances the magni-
tude of &, below T}, The anomaly around Ty(Gd) is extin-
guished by applying H,, as well as H,,.

We also investigated the effect of applying H, on P. In
GdMnOs;, a finite P was observed only for the configuration
with P along the a axis and H along the b axis in magnetic
fields below 9 T. In Fig. 14, we display the T dependence of
the polarization for a range of magnetic fields in this con-
figuration. To begin with, let us explain the data at H=0. In
the previous paper,'? we mentioned that GAMnOj is basically
paraelectric in the absence of magnetic fields. This was be-
cause GdMnO; does not show remarkable spontaneous po-
larization as TbMnO; and DyMnOs;. Here, we present more
detailed data, which indicate that electric property of
GdMnOs; is rather complicated. Two different P-7 data at
H=0 are shown in Fig. 14 (black and red dots). For the P-T
data denoted by black dots (07T_A), the poling electric field
was always applied during the measurements. The data de-
noted by red dots (07_B) were taken by the normal proce-
dure, in which electric fields were removed before measure-
ments. However, the poling was done only down to 6.5 K.
The 07_A data shows a bump structure at temperatures be-
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FIG. 13. (Color online) Tem-
perature profiles of dielectric con-
stant along the a and ¢ axes at

N
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FIG. 14. (Color online) Temperature profiles of electric polar-
ization along the a axis at various magnetic fields (up to 8 T) along
the b axis for a GdAMnOj; crystal. Except for the data denoted by
black dots (07_A), all the data were taken at zero electric fields
after poling the crystal. The measurements for the 07_A data
(black) were done while always applying an electric field
(~200 V/mm). The inset shows a magnified view.

tween Ty(Gd)~5.1 K and T¢3~8.2 K. The feature can be
reversed by sign change of electric fields. This result sug-
gests that GAMnO;5; shows ferroelectric order with P along
the a axis at Ty(Gd) <T< T although the maximum value
of P(~40 uC/m?) is by more than an order of magnitude
smaller than those in TbMnO; and DyMnOs.

It is also worth mentioning that the small spontaneous
polarization disappears below Ty(Gd). This is related to the
reason why we poled the crystal only down to 6.5 K, i.e.,
ferroelectric phase, for the measurements of 07_B data. If
the poling electric field is removed below Ty(Gd), namely at
nonferroelectric phase, ferroelectric single-domain state can-
not be realized during the measurement. One of the most
intriguing features in the 07_B data is that weak polarization
persists at higher temperatures and disappears around 7,
~23 K (the inset of Fig. 14). Since GdAMnOj is located near
the phase boundary between the A-type AF and the long-
wavelength nearly-lock-in AF phases in the magnetic phase
diagram'? shown in Fig. 1, it is possible to consider that the
observed weak polarization is attributed to a minor long-
wavelength nearly-lock-in AF phase included in the sample.

The low-T nonferroelectric phase below Ty(Gd) survives
at H,<~1 T, but the application of H, above ~1 T sup-
presses the phase and makes the ground state ferroelectric.
That feature is clearly seen in the 4.2 K P-E curves dis-
played in Fig. 15 where the data were taken with the Ella and
HIIb configuration at H=0 and 6 T. With increasing H,, both
T and Py, gradually increase with T3 reaching ~14 K
above ~7 T. As seen in the inset of Fig. 14, the anomaly in
P around T, shifts toward higher temperatures with in-
creasing H, the feature which is in accordance with the
anomaly in & [Figs. 13(b) and 13(e)]. The close relationship
between magnetism and the induced ferroelectricity can be
seen in the comparison between M—H and P-H curves at
fixed temperatures (Fig. 16). Metamagnetic features are also
observed in M—H curves at the onset field of the field-
induced ferroelectric order.

In Fig. 17, we summarize the results of GdMnO; by
showing the magnetoelectric phase diagrams. (In the phase
diagrams, we do not classify the phase showing weak spon-
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FIG. 15. (Color online) P-E curves obtained at magnetic fields
of 0 T (red) and 6 T (blue) for a GAMnOs crystal. The measure-
ments were done at 4.2 K and 10 Hz. Magnetic and electric fields
are applied along the b and a axes, respectively.

taneous polarization at To3 <T<Tj,. as ferroelectric.) Un-
like TbMnO5 and DyMnOs, the ground state of GAMnOs is
not ferroelectric in the absence of magnetic fields. However,
ferroelectric order can be induced by the application of a
rather low magnetic field (<~ 1 T) along the b axis [Fig.
16(b)]. The ferroelectric phase with P along the a axis in-
duced by H,, is identical with those in TbMnO; and DyMnO;
[compare Fig. 17(b) with Figs. 7(b) and 12(b)]. The weak but
complex ferroelectric behavior of GdAMnOj; can be a result of
where GdMnOj sits in the magnetic phase diagram of
RMnOs.

IV. DISCUSSION

A. Electric polarization flop by applying magnetic fields along
the a and b axes in TbMnO3; and DyMnOj;

To understand the mechanism responsible for switching of
the polarization direction with magnetic fields along the a

Magnetization (uy/f.u.)
D
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o
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o 1 2 3 4 5
Magnetic Field (T)

FIG. 16. (Color online) (a) magnetization and (b) magnetic-

field-induced change in electric polarization along the a axis for

GdMnO; crystals as a function of an external magnetic field parallel
to the b axis at fixed temperatures.
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FIG. 17. Magnetoelectric phase diagram of GdMnO; with mag-
netic field along the a (a), b (b), and ¢ (c) axes. Circles, triangles,
and diamonds represent the data obtained by measurements of
dielectric constant, pyroelectric (or magnetoelectric) current, and
magnetization, respectively. Open and closed symbols denote the
data obtained with decreasing temperature (or increasing a magnetic
field) and increasing temperature (or decreasing a magnetic field),
respectively. Gray regions indicate ferroelectric phases.

and b axes in TbMnO; and DyMnOs;, we need to examine
the metamagnetic transitions which accompany abrupt
change in electric polarization [Figs. 6(a) and 6(b)]. Since
there are no published results on the magnetic structures of
these rare-earth manganites in an external magnetic field, we
infer these structures from the results of other orthorhombic
terbium perovskites. Similar metamagnetic transitions also
show up in TbFeO;,>3" in which the metamagnetic transi-
tions for H along the a and the b axis have been interpreted
as the magnetic reversal of Ising Tb moments. In TbFeOs;,
the Tb ions occupy four inequivalent positions, and are po-
larized along two Ising axes within the ab plane at §=54°
from the b axis. The magnetic configuration of Tb sites in
TbFeO; below T(Tb) were given as the type A,G, in Ber-
taut’s notation®! (the irreducible representation I's of the
space group DéZ—anm) [Figs. 18(a) and 18(b)]. With H
along the a axis in TbFeOj;, a single transition occurs at

FIG. 18. (a) Schematic magnetic configurations at H=0 on Tb
ions in TbFeOj3. (b)—(e) Evolution of Tb moment arrangements pro-
jected for the ab plane by applying magnetic fields along the a and
b axes in TbFeOs. (f) and (g) Spin reversal of Tb moments and spin
reorientation of Fe moments by applying magnetic fields along the
a axis in TbFeO;.

~0.5 T as Tb moments at two of the sites, say the sites 2 and
3, are reversed (the type F,C,) [Fig. 18(c)]. With H along the
b axis in TbFeOs, the moment reversal occurs in two stages.
First, the moments at one of Tb sites, say the site 2, becomes
reversed at ~0.7 T [Fig. 18(d)]. Then the moment at the site
4 is reversed at ~1.7 T (the type C,F,) [Fig. 18(e)]. In co-
incidence with the spin reversal of Tb moments in TbFeOs,
there occur spin-reorientation transitions in the Fe moments,
as shown in Figs. 18(f) [for H=0] and 18(g) [for H,>
~0.5T].

In the case of TbMnOj; investigated in the present work,
the ordered structure of Tb moments having long wavelength
AF order with the wave vector (0, ~0.42,1) at H=0 is dif-
ferent from that in TbFeOj as illustrated in Fig. 18(a). How-
ever, the Tb moments in TbMnO; similarly lie along two
Ising directions with respect to the b axis (#=57°) within the
ab plane? as in TbFeO;. As mentioned above, little work has
been done on the spin structures in TbMnO; under applied
magnetic fields. However, metamagnetic features similar to
those observed in TbFeO; suggest the similar reversal pro-
cess of the Tb moments and spin reorientation of Mn mo-
ments by applying H along the a and b axes.

In the previous paper,'? we discussed the importance of
lattice modulation with nonzero wave vector for ferroelec-
tricity in TbMnO; and DyMnQOs, as in conventional improper
ferroelectrics.3>33 The lattice modulation in these manganites
can be regarded as a second harmonic that is magnetoelasti-
cally induced by long wavelength AF order, and can break
the spatial inversion symmetry. To understand why the spon-
taneous polarization appears along the ¢ axis, we need to
analyze symmetry of the modulated magnetic and crystallo-
graphic structure. However, the detailed magnetic and crys-
tallographic structures of the ferroelectric phase of TbMnO;
have not been solved even for H=0 mainly because of their
complexity such as the long wavelength magnetic structure
and the existence of multiple magnetic components.”*

At present, we speculate that the electric polarization flop
produced by applying H along the a or b axis is related to the
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change of the wave number k; at the Tb spin reversal. There
are several examples that show an electric polarization flop
accompanying the change of a wave number for lattice
modulation. [N(CHj3),4],ZnCl, (Ref. 34) and
(CH3)3NCH,COO-CaCl,-2H,0O (Ref. 35) (BCCD) are di-
electric compounds that show an incomplete devil’s staircase
where a wave number for lattice modulation changes in a
stepwise shape with varying 7.3° In these compounds, nu-
merous long wavelength commensurate phases with different
modulation wave numbers appear with changing 7. (Here,
commensurate phase means the phase in which the modula-
tion wave vector can be represented as the quotient n/m of
two integers.) The direction or magnitude of polarization
changes with the variation of the modulation wave number.
For instance, in BCCD having the fundamental space group
Pbnm, the commensurate phases with modulation wave vec-
tor (6,0,0)[6=1/4,2/9,1/5,...] exhibit polarizations along
the b and ¢ axes, and zero polarization, ..., respectively.?’-38
By means of a symmetry analysis, Perez-Mato® explains the
successive changes in the polarity of BCCD, and predicts
that the polarity of a modulated commensurate phase having
wave number d=n/m (n and m; integers) depends on the
parity of the function &, 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 applied to the
field-induced electric polarization flop in RMnO; (R=Tb and
Dy).

The spin reversal and/or spin reorientation generally
involve a change in magnetic symmetry as well as irreduc-
ible representation, as spin flop transitions where sudden
change of the direction of magnetoelectrically induced polar-
ization has been observed in several conventional
magnetoelectrics.>!? It is possible to consider that the varia-
tion of magnetic symmetry brings about the change in wave
vector of lattice modulation which is tied with crystallo-
graphic symmetry so as to remove the discrepancy between
the direction of electric polarization determined by magnetic
symmetry and that by crystallographic one. Considering the
strong interplay of lattice modulation and magnetic order,
which is described by the relation of k;=2k, (k,: modulation
wave number of magnetic order), the spin reversal and/or
spin reorientation may also act on the magnetic modulation
as well as the lattice one. Thus, we can speculate that the
spin reversal and/or spin reorientation trigger sudden
changes of electric polarization such as the electric polariza-
tion flop in RMnO; (R=Tb and Dy). Furthermore, it is also
possible to infer that the lock-in transition at Ty, (=T() is
ascribed to a change of magnetic symmetry which is sug-
gested by the appearance of the G-, C-, and F-type compo-
nents at 7}, in TbMnO5.2* However, further detailed inves-
tigations of the crystallographic and magnetic lattice
structures are needed to test this suggestion.

B. Disappearance of ferroelectricity by applying a magnetic
field along the ¢ axis in TbMnOj;

As shown in Fig. 7(c), ferroelectric order vanishes in
TbMnO; when high magnetic fields are applied along the ¢
axis. Here, we discuss a possible origin of this field-induced
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FIG. 19. (Color online) Temperature profiles of magnetization at

various magnetic fields for crystals of (a) GdMnOj3, (b) TbMnOs3,

and (c) DyMnOs. Steep increases of magnetization around dotted
lines denote the onset of the canted A-type AF order.

disappearance of ferroelectricity. Let us begin with a system-
atic discussion of the magnetic properties for perovskite rare-
earth manganites. Figure 19 displays the T profiles of M at
selected H applied along the ¢ axis for RMnO; (R=Gd, Tb,
and Dy). In GdMnO; [Fig. 19(a)], M shows a sudden jump
(AM~0.2ug/f.u.) at ~24 K and 0.1 T. The temperature
corresponds to T}, Where the system undergoes a transition
from a sinusoidal AF to canted A-type AF order for the Mn
moments.’%? Such a sudden jump of M at Tj,, was not
observed with H along the a and the b axes (not shown).
These results indicate that the canting moment (~0.2u/Mn
site) is along the ¢ axis, which coincides with the case of a
typical A-type AF LaMnO5.*° The origin of the canting mo-
ment along the ¢ axis in the A-type AF LaMnO; has been
discussed in terms of the Dzyaloshinskii-Moriya
interaction.’>*? With increasing H., the magnetization jump
shifts monotonically toward higher 7. This shift can be un-
derstood in terms of the stabilization of the A-type AF state
with the canting moment along the ¢ axis by applying H,. If
we compare the magnetization data with the corresponding
dielectric constant data, we find that the sudden jump of M
accompanies that of & [Figs. 13(c) and 13(f)].

As seen in Fig. 19(b), no special features are observed in
M below 6 T for TbMnO5. However, some increase of M at
~16 K can be seen in 7 T data, and a steep increase of M
(~0.2up/Mn site) can be observed above 8 T. As in
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GdMnOs, the steep increase of M is shifted toward higher 7
with increasing H,. By analogy with GAMnOs, the steep in-
crease of M may signal the onset canted A-type AF order.
This means that the ground state of TbMnO5; becomes A-type
AF at high H.. In fact, this magnetization increase corre-
sponds to the metamagnetic transition shown in Fig. 6(c).
From the comparison between magnetic and ferroelectric
properties, we can conclude that the disappearance of ferro-
electricity with application of H,. in TbMnOs is attributed to
the transition to a canted A-type AF state (ky,=0) which
cannot support a lattice modulation with nonzero vector.
Moreover, the T profiles of g, and &, at high H for TbMnO;
[Figs. 5(c) and 4(c)] bear close resemblance to those at low
H for GAMnOj [Figs. 13(c) and 13(f)] as regards a sharp
peak structure at T,y in &, and enhancement of &. below
Tlock'

Applying H,. will shift the magnetic phase diagram shown
in Fig. 1. This magnetic field may expand the A-type AF
phase region and shift the boundary between the A-type AF
and the ferroelectric long-wavelength commensurate AF
phases to right side (see Fig. 1). As clearly seen in Fig. 1,
DyMnO; is located far from this phase boundary. This is the
reason why the canted AF phase has not been observed in
DyMnOj; at magnetic fields up to 14 T [Fig. 12(c)], but we
expect that still higher magnetic fields may induce the A-type
AF phase and suppress the ferroelectric phase in DyMnOj as
well.

V. SUMMARY

We have investigated magnetic-field effect on magnetic,
dielectric, and ferroelectric properties for single crystals of
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RMnO; (R= Gd, Tb, and Dy) with orthorhombically dis-
torted perovskite structure. Magnetoelectric phase diagrams
of these orthorhombic rare-earth manganites have been de-
termined from measurements of magnetization, dielectric
constant, and electric polarization for magnetic fields along
different crystallographic directions. Our systematic investi-
gation shows that several types of metamagnetic transitions
[e.g., the reversal of R f-electron moments, transition from
long wavelength antiferromagnetic to layered-type (A-type)
antiferromagnetic states of Mn d-electron moments] produce
the magnetic-field-induced changes in dielectric and ferro-
electric properties. In these rare-earth manganites, we can
either induce or suppress ferroelectric order by applying a
magnetic field. In addition, we can switch the direction of the
ferroelectric polarization vector by using a magnetic field. A
variety of magnetic-field induced magnetoelectric phase
transitions are realized by fine tuning of the subtle balance of
competing magnetic interactions that produce complex
modulated magnetic structures with long wavelength. The
results presented here indicate that magnetic insulators with
long-wavelength magnetic structures provide a route to de-
sign of magnetoelectric multiferroics showing gigantic mag-
netoelectric phenomena.
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