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ABSTRACT: Orthorhombic perovskites RMnOj are re-
presentative of spin-driven ferroelectrics. When the radius of
the rare-earth ion R is smaller than that of Dy, for instance in
YMnO;, the orthorhombic phase becomes metastable at
ambient pressure, which impedes the crystal growth; thus,
the detailed magnetic and multiferroic properties of the
metastable phase have not been characterized. In this work,
we successfully obtained single crystals of orthorhombic
YMnOj using quasi-hydrothermal conditions under a high
pressure of 5.5 GPa. Magnetic and dielectric measurements
under magnetic fields revealed that the magnetic ground
state is the commensurate E-type antiferromagnetic, while a
cycloidal spin phase likely coexists in the intermediate
temperature range, which enhances the magnetoelectric
response to external fields.

For next-generation memory devices, multiferroic materials
are promising for the electric control of magnetic moments
with low power consumption. Perovskite-type oxides, the most
dominant minerals deep in the earth, have provided a rich variety
of useful functions such as ferroelectricity and magnetism and
moreover have been considered prime candidates for multi-
ferroics." Despite the tendency that ferroelectric and magnetic
orders are exclusive of each other, their coexistence has been
found in specific perovskites, which can be categorized into two
different classes. Members of the first class, exemplified by BIMO,
(M = Fe, NigsMny),” show excellent ferroelectricity emerging
independently from magnetic order. Members of the second class,
exemphﬁed by orthorhombic (0)-RMnO; (R = Tb—Lu)*~ and
GdFeO,,"? show ferroelectricity induced by magnetic order and
thus are often called spin-driven ferroelectrics.

The spin-driven ferroelectrics have attracted great attention
since the discovery of the magnetically controllable ferroelectri-
city in 0-RMnOj; (R = Tb, Dy) with a perovskite-type struc-
ture.”" !> The direction of the electric polarization P induced by
an incommensurate cycloidal spin order through relativistic
spin—orbit coupling can be switched by external magnetlc
fields,"”> " but the P (=|P|) value of ~0.1 #C/cm® is much
smaller than that of the other class (typically several to several tens
of uC/cm®). On the other hand, it has been proposed that P is
potentially gigantic in heavily distorted 0-RMnO; (R = Ho—Lu,
Y), which show a commensurate E-type antiferromagnetic order
(Figure 1b). While the experimentally reported P in the E-type
phase ranges from 0.025 to 0.5 uC/cm?’~° first-principles
calculations considering the electron orbitals have suggested that
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Figure 1. (a) Single crystals of perovskite-type YMnO3. (b) Schematic
crystal structure of the MnO, plane with an E-type antiferromagnetic
order, viewed along the ¢ axis.

P can be as large as 6 £C/cm>'® Although the heavily distorted
0-RMnOj; with the E-type phase is a promising spin-driven ferro-
electric material with potentially large P, the difficulty of crystal
growth under high pressure has hampered the precise estimation
of P and further studies of the multiferroic properties.

As afirst step to clarify the multiferroic properties of the E-type
phase, we prepared polycrystalline samples of 0-Eu; Y, MnO;
and 0-Y,_,Lu,MnO; by a high-pressure technique and estab-
lished the multlferrmc phase diagram of 0-RMnOj as a function
of the radius of the R ion.” In view of the experimental fact that o-
YMnO; is on the verge of the commensurate E-type phase
adjacent to the bc cycloidal spin phase, both polycrystalline bulk
and thin-film samples of 0-YMnO; show a signature of the phase
coexistence of these phases.”'”'® Previous neutron diffraction
studies suggested that the magnetic ground state of 0o-YMnO3 has
an incommensurate sp1n arrangement, which is not compatible
with the E-type phase.'” In this work, we investigated a single
crystal of 0-YMnO; grown at high pressure under quasi-hydro-
thermal conditions, which exhibited multiferroic properties
characteristic of the E-type phase coexisting with the minor
cycloidal spin phase near the critical temperature.

Single crystals of 0-YMnOj3 were grown under high pressure
using the isomeric amblent -pressure phase with a hexagonal
structure as a precursor.”’ A polycrystalline sample of hexagonal
YMnO; was prepared by a solid-state reaction of a mixture of
Y,03; and Mn,05 at 1300 °C in an ambient atmosphere. The
thus-obtained precursor (150 mg) was mixed with KCI (30 mg)
and water (10 mg), and the mixture was subjected to high-
pressure, high-temperature conditions of 5.5 GPa and 1280—
1100 °C for 2 h followed by quenching to room temperature.
The sample was washed in distilled water to dissolve KCI.
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Figure 2. Magnetization curves of perovskite-type YMnO; with ex-
ternal magnetic fields applied along the 4, b, and c axes.

As shown in Figure 1a, black crystals of 0-YMnO; with the largest
dimensions of 0.5 mm X 0.4 mm X 0.4 mm were obtained, and
the crystal orientation was determined by Laue X-ray diffraction.
The shiny facet corresponds to the ¢ plane in the Pbnm setting.
The lattice parameters of the single crystal 0-YMnOj; [a =
5.261(3) A, b =5.843(4) A, ¢ = 7.356(5) A as determined by a
triple-axis diffractometer] were close to those of the polycrystal-
line 0-YMnO5 [a=5.258(1) A, b =5.845(1) A, c=7.356(1) A].°
Detailed structure analyses of both the paraelectric and ferro-
electric phases was reported elsewhere.*' Although the formation
of twin domain boundaries along [110] or [110] in the ¢ plane
was confirmed using a polarized light microscope, one of them
predominantly occupies the crystals. We also tried crystal growth
of 0-YMnOj; using KCI as a flux under the same pressure and
temperature conditions without adding water. However, the
obtained sample was in the polycrystalline form of o-YMnOs.
Since the melting point of KCI increases drastically upon
application of pressure (from 780 °C at ambient pressure to
1450 °C at 4 GPa),” a small amount of supercritical water is
necessary to reduce the melting point of KCI. Recently, single
crystals of 0-HoMnOs; less than 30 #m in size were grown under
conventional hydrothermal conditions, but the crystals were too
small for the multiferroic properties of the E-type phase to be
studied.”

For measurements of the dielectric constant and the electric
polarization P, an LCR meter and an electrometer were used,
respectively. The applied electric field E was perpendicular to the
¢ axis and made an angle 6 of 33.5° with the a axis. Since the
exchange striction working in the E-type phase was expected to
yield P along the a axis, the raw polarization data P,,, were
multiplied by 1/cos 6 (*1.2) for calibration. As a poling
procedure, E (=|E|) of 10 kV/cm was applied at 35 K, followed
by cooling to 2 K. The displacement current, which was
measured as a function of temperature as T increased at a rate
of 5§ K/min, was integrated as a function of time to obtain
P. External magnetic fields were applied during the poling and
measuring procedures. Magnetization was measured using a
SQUID magnetometer.

Figure 2 shows magnetization curves of 0-YMnOj along the
respective crystallographic axes at 2 K. The b-axis component
shows a minimal response compared with the a- and c-axis ones
and is consistent with the proposed spin structure of the E-type
phase having spins nearly parallel to the b axis. Recent studies
based on terahertz spectroscopy and model calculations have
suggested that the Dzyaloshinskii—Moriya interaction and the
single-ion anisotropy yield staggered spin canting that deviates
slightly from the b axis toward the a axis (see Figure 1b).!7>*
The slightly smaller magnetization along the a axis than along the
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Figure 3. Temperature dependence of (a) magnetic susceptibility (data
taken from ref21), (b) dielectric constant at a frequency of 100 kHz, and
() electric polarization for a perovskite-type YMnOj crystal. All of the
measurements were performed with increasing temperature. The mag-
netization data were measured under a magnetic field of 0.1 T applied
along each crystallographic axis, while the dielectric constant and
polarization data were measured under zero magnetic field or magnetic
fields applied along the c axis (green curve) or the direction of the electric
field E (blue curve). The inset in (c) shows the poling electric field
dependence of the polarization at 2 K. For higher poling fields, the
sample breaks down.

¢ axis reflects the staggered antiferromagnetic component along
the a axis.

As shown by the temperature dependence of the magnetic
susceptibility (Figure 3a), the phase transitions from the para-
magnetic phase to the sinusoidal antiferromagnetic phase and
from the sinusoidal ghase to the E-type antiferromagnetic phase
were observed at TX; = 42 K and Ty = 30 K, respectively. The
ferroelectric transition induced by the E-type spin order was
clearly seen in the dielectric and polarization measurements
(Figure 3b,c). The small kink in the dielectric constant (&) at
42 K corresponds to a transition between the paramagnetic and
sinusoidal antiferromagnetic phases. Upon the E-type antiferro-
magnetic ordering at 30 K, the temperature dependences of € and
P show a sharp kink and a sudden increase, respectively, which
are characteristic of the (weakly) first-order ferroelectric transi-
tion. As the temperature decreases below T, P shows a stepwise
increase (as observed for the polycrystalline sample) and reaches
~0.22 uC/cm” at 2 K, which is much larger than the value
reported for the polycrystalline sample.” Notably, P at 2 K does
not saturate with increasing E up to 12 kV/cm (Figure 3c inset),
while the sample breaks down for higher E. Corresponding to the
stepwise increase in P, € shows a change in the slope at ~15 K.
Theoretical analysis of the magnetic phase diagram of 0-RMnOj;
has suggested that the coexistence of the commensurate E-type
phase and the incommensurate cycloidal spin phase may be
realized in 0-YMnO3 in the intermediate temperature range just
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below Tx.'”*® The temperature-dependent volume fraction of
the bc cycloidal spin phase could be the origin of the nonmono-
tonic temperature profile of the observed P, such as the suppres-
sion of P over the temperature range 10—30 K.

Under an external magnetic field H of 14 T applied along
either the ¢ axis or the direction of E (L¢), Ty decreases by 1—-2 K,
as shown in Figure 3a,b. The magnetocapacitance [defined a
Ae(H)/e(0)]is ~145% at 28.3 K for H perpendicular to the c axis.
When H is parallel to the c¢ axis, both € and P show significant
changes over the temperature range 10—20 K, unlike the case of H
perpendicular to the ¢ axis. Given the presence of the minority bc
cycloidal spin phase, which is unstable when H is parallel to the ¢
axis, the enhancement of P in the range 10—20 K for H parallel to
the ¢ axis can be ascribed to the H-induced replacement of the
cycloidal spin phase with the E-type phase. P at 2 K is almost
unchanged when H is applied along either direction, reflecting the
predominance of the E-type phase over the bc cycloidal spin phase
at the lowest temperature.

In summary, we have succeeded in growing single crystals of
0-YMnOj; with the use of quasi-hydrothermal conditions under
high pressure and revealed giant magnetocapacitance and mag-
netoelectric effects. On the basis of the anisotropic features of the
magnetic and dielectric responses, the E-type antiferromagnetic
state with the spin directions parallel to the b axis is clearly
assigned to a major source of the g-axis spontaneous polarization.
Although a spin arrangement in the E-type phase is robust against
the application of H, the magnetoelectric responses are likely
enhanced by the coexistence of the minor phase with the bc
cycloidal spin order.
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