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The magnetic-field dependence of the ferroelectric polarization and the spin-lattice coupling in multiferroic
MnWO, have been investigated. The ferroelectric transition from the low temperature paraelectric phase
occurs when the magnetic field is applied along the a, ¢, and the spin easy axes. The ferroelectric polarization
in the magnetic field along the a and the ¢ axis shows a contrasting behavior depending on the field direction,
possibly reflecting the relative configuration between the crystallographic axis and the magnetic principal axis
in the ac plane. Incommensurate lattice modulation observed in the ferroelectric spiral-spin phase confirms the
existence of spin-lattice coupling in MnWO,. The lattice modulation indicates that the ferroelectric AF2 phase
also takes the incommensurate magnetic structure in a magnetic field. In the high-field phase, which appears in
high magnetic fields above 12 T along the easy axis, the magnetic-field-induced ferroelectric polarization

disappeared.
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I. INTRODUCTION

In recent years, a new class of multiferroic materials, in
which magnetic order induces a ferroelectric (FE) phase tran-
sition, has attracted much attention, since they often show
the gigantic magnetoelectric effects.'”!! The common feature
of these materials is the FE phase appearance in the long-
wavelength magnetic order phase with noncollinear spin
configuration. In particular, recent neutron diffraction studies
in perovskite RMnO; (R=Tb,Tb,_,Dy,)'>!® show that the
ferroelectricity arises from the cycloidal spiral-spin structure,
in which the spin rotation axis is not parallel to the magnetic
modulation vector. This correlation between the ferroelec-
tricity and the cycloidal spiral-spin structure is in accord with
the theory associated with the Dzialoshinski-Moriya
interaction.'*~'® According to the microscopic model pro-
posed by Katsura et al.,'* the canted spin moments on two
neighboring sites, S; and S, should induce an electric dipole
moment,

p=Ae; X (S;X8§)). (1)

Here, e;; denotes the unit vector connecting the two sites.
The coefficient A is a constant, which depends on the spin-
orbit coupling and superexchange interaction. Equation (1)
indicates that the macroscopic electric polarization can ap-
pear when a magnetic order phase takes the cycloidal spiral-
spin structure. Recent studies have reported that some sys-
tems other than perovskite RMnO; (R=Tb,Dy), also belong
to this type of multiferroic material.*-3

MnWQ, is one of the multiferroic materials in which the
cycloidal spin structure induces ferroelectricity.® This mate-
rial is crystallized in a wolframite structure, which belongs to
the monoclinic space group P2/c¢ with 8~91° at room tem-
perature (see Fig. 1).!” The crystal structure is characterized
by alternative stacking of manganese and tungsten layers
along the a axis [Fig. 1(a)]. As shown in Fig. 1(a), MnOg4 and
WOg octahedra are aligned in zigzag chains along the ¢ axis.
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MnWO, is known as a frustrated magnet with only one kind
of magnetic ion, Mn?* (S=5/2). The ratio of the Weiss tem-
perature () to the Néel temperature (7)) is reported to be
5-6,51819 indicating that the magnetic interactions are mod-
erately frustrated in this system. While other wolframites
MWO, (M=Fe,Co,Ni) show only one magnetic transition
to the commensurate magnetic (CM) state with a propagation
vector k=(1/2,0,0), MnWO, undergoes successive mag-
netic phase transitions at ~13.5 K (Ty), ~12.7 K (T3), and
~17.5 K (T)), related to three long-wavelength magnetic or-
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FIG. 1. (Color online) (a) Crystal structure of MnWO, viewed
along the b axis: each cation [Mn: purple (dark gray); W: gray] is
surrounded by an oxygen [red (dark gray) small sphere] octahedron.
(b) Collinear magnetic structure in AF1: magnetic moments lie in
the ac plane and cant to the a axis by ~35°. The magnetic principal
axes in the ac plane, which are the easy and hard axes, are also
displayed.
©2008 The American Physical Society
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dering states, AF3, AF2, and AF1.2° According to neutron
diffraction results,”® AF1 (T<T,), AF2 (T, <T<T,), and
AF3 (T, <T<Ty) are a commensurate (C) collinear antifer-
romagnetic (AFM) phase, an incommensurate (IC) elliptical-
spiral phase, and an IC-collinear AFM phase, respectively.
The respective propagation vectors are k=(*=1/4,1/2,1/2)
for AF1 and k=(-0.214,1/2,0.457) for AF2 and AF3. In
AF1 and AF3, magnetic moments collinearly align in the ac
plane, forming an angle of about 35° with the a axis [Fig.
1(b)], whereas in AF2, an additional component in the [010]
direction exists.”’ Therefore, the magnetic principal axis set-
ting, which is the orthogonal one, is different from the crys-
tallographic monoclinic setting. In this study, we define the
magnetic principal axes within the ac plane as the easy and
the hard axis, respectively, as shown in Fig. 1(b). In this
definition, the easy axis (u) is parallel to the spin-aligned
direction within the ac plane, and the hard axis (v) is per-
pendicular both to the easy axis and to the b axis.

In the present study, we have investigated the correlation
between the FE polarization and the spin order in MnWO, in
magnetic fields through synchrotron radiation diffraction and
the electric-polarization measurements. MnWOy, is the pro-
totype system for the investigation of the magnetic-field ef-
fect on the spiral-spin-induced FE phase, since MnWO, con-
tains only one kind of magnetic ion, Mn?*, and has a simple
crystal structure with only one crystallographic site. We have
observed a FE phase transition induced by the application of
a magnetic field (H) along the easy axis. The induced FE
polarization disappears again in the high-field (HF) phase
above 12 T. We have found that the FE phase transition is
also induced by the magnetic field parallel to the a or the ¢
axis. This fact indicates that the easy axis component of a
magnetic field, which stabilizes the FE AF2 phase, is more
dominant than the hard axis one in the ac plane. The C-IC
change of the lattice modulation vector has been confirmed
simultaneously. The magnetic field has induced phase transi-
tion from AF1 to AF2 phase. We have also observed that the
magnetic-field dependence of the FE polarization in Hlla is
different from that in Hllc.

II. EXPERIMENT

Polycrystalline rods of MnWO, were synthesized by a
conventional solid-state reaction at 1000 °C in air starting
from MnO and WOs;. Single crystals were grown by the
floating-zone method in airflow with a feed speed of
3 mm/h. A typical size of single crystals was 5 mm ¢
X4 cm. The resulting crystals appear to be blood red and
transparent in the thin section. They were oriented using
Laue x-ray photographs and cleaved into thin plates with the
widest faces perpendicular to the crystallographic principal
axis b. Off-resonant single crystal x-ray diffraction measure-
ments were performed on beam line 3A at Photon Factory,
Japan. X-ray beams monochromated to 14 keV by utilizing a
Si (111) double-crystal monochromator were focused on a
(010) surface of the sample in a He-flow cryostat equipped
with a superconducting magnet. The superlattice reflections
were surveyed in the reciprocal space of (h,-5,/) in a mag-
netic field applied along the ¢ axis. For the measurement of
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FIG. 2. (Color online) Intensity contour map of IC and C super-
lattice peaks observed by the synchrotron x-ray diffraction measure-
ments in the (h,-5,) zone with h~1/2, [~0. [(a) and (b)] 5 K
(AF1), [(c) and (d)] 8.2 K (AF2), (¢) 12.8 K (AF3), and (f) 14 K
[paramagnetic (PM) phase]. Data were collected in a warming
process.

electric polarization P, gold electrodes were sputtered onto
the opposite faces of the samples. The crystals with the gold
electrodes were annealed at 500 °C for 1 h. We obtained P
by integration of pyroelectric or magnetoelectric current,
which was measured with an electrometer (Keithley 6517A)
applying an electric field of 500 kV/m [except for the data
shown in Fig. 3(d)]. The measurements of P in a magnetic
field up to 14.5 T were performed at the High Field Labora-
tory for Superconducting Materials, Institute for Materials
Research, Tohoku University, Japan. We applied magnetic
fields along one of the two crystallographic principal axes,
the a or the ¢ axis, or the magnetic easy axis, which forms an
angle of 35° with the a axis in the ac plane. Magnetization
was measured by a commercial superconducting quantum
interference device magnetometer.

II1. RESULTS AND DISCUSSION
A. Spin-lattice coupling at zero magnetic field

Figure 2 shows contour maps of C and IC superlattice
peak intensities around Q=(k,-5,l) with h~1/2, [~0 in
each magnetic phase. An intense C superlattice peak is dis-
cernible in the AF1 phase, whereas an IC superlattice peak is
observed in the AF2 and AF3 phases. The emergence of the
C and IC lattice modulation seems to correspond to the mag-
netic modulation, since the lattice propagation vector (g') of
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FIG. 3. (Color online) Temperature dependences of [(a) and (b)]
lattice propagation vectors qi and qi, (c) integrated intensities of IC
(closed circles), C (open circles) superlattice peaks, and (d) electric
polarization along the b axis (P;,) at 0 T. P, was obtained by inte-
grating the pyroelectric current with respect to time. The pyroelec-
tric current measurements were performed after poling the crystals
(500 kV/m) during the cooling process from a temperature above
the Néel temperature down to 10 K. Before measurements, the pol-
ing electric field was removed.

each phase is almost twice the magnetic propagation vector
(g™ obtained from a neutron diffraction measurement.?”
This relationship between ¢’ and ¢™, g'=2q", is also reported
in many other multiferroic materials’-'3?! and indicates that
the magnetic modulation induces the lattice modulation
through the spin-lattice coupling termed exchange striction.
Comparing Figs. 2(c) and 2(e), the position of superlattice
peaks are slightly different between AF2 (8.2 K) and AF3
(12.8 K). The ¢' values of the two phases are
(-0.430,0,0.912) and (-0.426,0,0.909), respectively. This
result is consistent with a previous neutron diffraction mea-
surement of a single crystal.”> The temperature dependence
of the superlattice propagation vector ¢’ is shown in Figs.
3(a) and 3(b). The x and z components of the lattice propa-
gation vector, qi and qi, continuously shift from the AF3 to
the AF2 phase around 7,, whereas qi and qi discontinuously
change to C values, qi=—0.5 and qi: 1, around the ICM-CM
transition temperature (7,) from the AF2 to the AF1 phase.
This ICM-CM transition is known to be of first order.?’ Fig-
ure 3(c) shows the temperature dependence of the integrated
intensities for the C and IC superlattice peaks, (1+qi,—5,
-1 +qlz). The IC peak gradually grows in intensity below Ty
until the development of the superlattice peak intensity is
suppressed below T,. The coexistence of C and IC superlat-
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tice peaks is observed between 7.2 and 7.8 K. The observed
two phase coexistence corresponds to the fact that the mag-
netic phase transition between the AF1 and the AF2 at 7 is
of a first-order type. In the following, we consider the corre-
lation between the exchange striction and the temperature
dependence of the IC peak intensity in the AF2 and AF3
phases. In these phases, the spin S; on the ith Mn site is
described as

S; =845y cos(2mq™ - R;) + S, sin(27mg" - R)). (2)

Here, S, and S, are the spin components parallel to the
magnetic easy and crystallographic b axis, respectively. R;
represents the ith Mn site position. The magnetic structure in
each phase is described by introducing the ellipticity, which
is defined as 7=S,/S,,,- In the spiral phase (AF2), 7 has a
nonzero value, whereas 7=0 in the sinusoidal phase (AF3).
In both phases, the exchange striction, which is proportional
to S;-S;;1, induces the lattice modulation. Since the 2¢™
component of §;-S;,, is proportional to ngy(l—nz) in the
magnetic structure described by Eq. (2) and S, develops in
the cooling process, the suppression of the peak intensity
development below 7, would be ascribed to the suppression
of the lattice modulation caused by the fact that 7+ 0 in the
AF2 phase. A similar phenomenon is also observed in the
x-ray diffraction measurements of TbMnO;.! As shown in
Figs. 3(c) and 3(d), both the IC peak intensity and the elec-
tric polarization increase in the cooling process. Since the
magnetic propagation vector g™ hardly changes, as shown in
Figs. 3(a) and 3(b), the electric polarization deduced from
Eq. (1) in the spiral-spin structure described by Eq. (2) is
proportional to Siasy 7. For the simultaneous increase of both
the IC peak intensity and the electric polarization in the
spiral-spin phase, as observed in Figs. 3(c) and 3(d), S,
alone should develop with an almost constant ellipticity 7.
This scenario has recently been confirmed by a spin-
polarized neutron diffraction study.?®

B. Magnetic-field-induced phase transition in H||easy axis

Figures 4(a) and 4(b) display the temperature dependence
of P, which is the electric polarization parallel to the b axis,
in several magnetic fields parallel to the easy axis (u). For
the magnetic field between 3 and 12 T, the P, gradually
grows down to the lowest temperature, as reported in the
previous research.’* The disappearance of the paraelectric
AF]1 phase indicates the stabilization of the AF2 phase by the
application of magnetic field parallel to u, along which the
spins antiferromagnetically align in the collinear AF1 and
AF3 phases. This behavior can be easily understood because
the magnetic field along u tends to induce the [010] compo-
nent of spin, which is perpendicular to u. We can also con-
firm the slight decrease of P, above 3 T, which has been
previously reported.?* In Fig. 4(b), we show the P, behavior
in the high magnetic fields up to 14.5 T. The FE polarization
along the b axis disappears again above 13 T in the low
temperature range. The temperature range for the FE AF2
phase becomes narrower with increasing the applied mag-
netic field. Some new phase is stabilized by magnetic fields
along u higher than 13 T. The observed new phase without
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FIG. 4. (Color online) [(a) and (b)] Temperature dependence of
electric polarization along the b axis (P,) in several magnetic fields
along the easy axis. Py, (a) for 3, 4, 6, and 8 T in almost overlap, (b)
as well as that for 10, 11, and 12 T. (c) Magnetic-field-induced
change in P, as a function of an external magnetic field parallel to
the easy axis at 5 K.

FE polarization along the b axis should correspond to the HF
phase previously reported based on a magnetization
measurement.”” Since this HF phase merges into the AFI
phase when the magnetic field is applied to the intermediate
direction between the b axis and u, the same translational
symmetry for both phases is suggested in Ref. 22. This fact
indicates that the HF phase would also be a nonpolar one, as
well as the AF1 phase, in which the FE polarization disap-
pears. In Fig. 4(c), we display the magnetic field (Hllu) de-
pendence of P, in an H-increasing process at 5 K. Around
2.1 T, P, increases steeply. The appearance of P, corre-
sponds to the phase transition from the AF1 to the spiral AF2
phase. With further increasing H, P, is suddenly suppressed
around 12.4 T. This suppression agrees with the phase tran-
sition from the AF2 to the HF phase. Speculating from the
fact that the FE phase appears only in the spiral-spin phase in
MnWO,, the magnetic structure of the HF phase would be a
spin canted structure along u, which would correspond to the
spin-flopped state of the AF1 phase. The speculated spin
canted state is also consistent with the fact that the HF phase
merges into the AF1 phase for the magnetic field, which
forms the angle of about 45° with u in the plane spanned by
the b axis and u.?? In this magnetic-field direction, the spin
canted AF1 and HF structures would coincide. In accordance
with the discontinuous jump of P, a hysteretic behavior is
observed around the boundary between the AF2 and HF
phases.

We summarize the magnetoelectric phase diagram for the
magnetic field along the easy axis (u) in Fig. 5. Closed and
open squares represent the data points obtained from pyro-
electric or magnetoelectric current measurements in the cool-
ing (or H decreasing) and warming (or H increasing) runs,
respectively. The magnetic phase boundary between the AF3
and paramagnetic phases is also represented by the closed
triangles (excerpts from Ref. 24). This phase diagram is very
similar to the magnetic phase diagram reported by Ehrenberg
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FIG. 5. Magnetoelectric phase diagram in magnetic fields par-
allel to the easy axis (u). Closed and open squares represent the
data points in the cooling (or H decreasing) and warming (or H
increasing) runs of pyroelectric and magnetoelectric current mea-
surements, respectively. Closed triangles show magnetic phase tran-
sition temperatures (excerpts from Ref. 24).

et al.”> Here, we can reconfirm that the FE polarization ap-
pears only in the AF2 phase but not in the HF phase.

C. Magnetic-field-induced phase transition in H|le and ¢

In Figs. 6(a) and 6(b), we display the temperature depen-
dence of P, in several magnetic fields applied parallel to the
a and c axes, respectively. In both cases, the temperature
range, where nonzero P, appears, becomes broader as the
magnetic field increases. When the magnetic field higher
than 3 T (4 T) is applied along the a (c) axis, the FE phase
is stabilized down to the lowest temperature, ~4.2 K. The
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FIG. 6. (Color online) [(a) and (b)] Temperature dependence of
electric polarization along the b axis (P,,) in several magnetic fields
along the a and c¢ axes. (c) Schematic drawing of the conical struc-
ture in the magnetic field parallel to the a axis. The spin rotation
axis is also displayed. (d) Magnetic-field-induced change in P, as a
function of an external magnetic field parallel to the a axis. (e)
Magnetic-field dependence of the magnetization along the a axis at
5 K.
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magnetic field along the a or the ¢ axis stabilizes the spiral-
spin structure with ferroelectricity as in H|leasy axis. In Figs.
6(d) and 6(e), the magnetic-field (Hlla) dependence of P,
and that of magnetization (M) are shown, respectively. As
magnetization shows a jump upon the phase transition from
AF1 to AF2 at around 2.6 T, P, appears. The same behavior
is also observed in the Hll ¢ case (not shown). This simulta-
neous FE phase transition with the magnetic transition again
confirms that the FE phase coincides with the AF2 phase
with spiral-spin structure.

The magnetic-field dependence of P, in Hlla and Hllc
shows a contrasting behavior. As displayed in Figs. 6(a) and
6(b), P, increases in Hlla (dP/dH,>0), whereas it de-
creases in Hllc (dP/dH.<0). When the magnetic field is
applied parallel to the a or the ¢ axis, a ferromagnetic com-
ponent is appended to the spiral structure. We approximately
regard this magnetic structure as conical, as shown in Fig.
6(c). In the conical structure, spin S; on the ith Mn site is
described as

S;=Ssin 0, cos(2mg"™ - R))u, + S sin 0, sin(27q™ - R;)u,
+ S cos 01”3. (3)

u; (i=1,2,3) is the orthogonal unit vector. us is directed
to the spin rotation axis of the conical structure, and u, is
parallel to the crystallographic b axis. 6, represents the cone
angle in the conical spin state. S is the spin amplitude. In the
following, we consider the simple situation at low tempera-
tures, where S fully develops and is regarded as a constant
value. Taking into account that the Mn>* one-dimensional
chain is along the ¢ axis, the predicted P, from Eq. (3) in the
conical state is proportional to sin #sin” 6, sin(mq!"). Here,
the parameter 6 represents the angle between the crystallo-
graphic ¢ axis and the spin rotation axis. As shown in Figs.
7(a) and 7(b), the lattice modulation shows little change in
the ICM-AF2 phase in the magnetic field. Since this behav-
ior indicates that the magnetic field hardly affects the z com-
ponent of the magnetic propagation vector (g.'), P, would be
approximately proportional to sin @ sin> ;. In both cases in
Hlla and Hlle, sin? 0, decreases as the conical umbrella
structure is closed by the applied magnetic fields. Therefore,
the contrasting behaviors of P, in Hlla and Hllc should be
dominated by the parameter 6. In Hlla and Hllc, the spin
rotation axis would approach the applied magnetic-field di-
rection and finally become parallel. 6 approaches ~90° in
Hlla, whereas it approaches 0° in Hllc. As a result, P, in-
creases in Hlla, while it decreases in Hllc. This prediction
based on a simple model is qualitatively consistent with the
contrasting behavior of P, shown in Figs. 6(a) and 6(b).

In Fig. 7, we compare the magnetic-field dependence of
the superlattice reflection with that of P, in Hllc at 6 K. The
integrated intensities of the superlattice peak is displayed in
Fig. 7(c). Around 3 T, where the magnetic field induces FE
phase transition [Fig. 7(d)], the C-IC phase transition, which
corresponds to the phase transition from AF1 to AF2, is ob-
served, as shown in Figs. 7(a)-7(c). We can confirm that the
FE AF2 phase in a magnetic field also takes the incommen-
surate magnetic structure. In addition, the two phase coexist-
ence, which reflects the first-order-type magnetic phase tran-
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FIG. 7. (Color online) Magnetic-field dependences of [(a) and
(b)] lattice propagation vectors qi and qi, (c) integrated intensities
of IC (closed circles), C (open circles) superlattice peaks, and (d)
electric polarization along the b axis (P;) at 6 K. The magnetic field
is applied along the ¢ axis.

sition from AF1 to AF2, is also confirmed at 3 T [Fig. 7(c)].
As shown in Fig. 7(c), the intensity of the superlattice peak
decreases with increasing magnetic field as well as the elec-
tric polarization in the AF2 phase. As discussed in Sec. IIT A,
the simultaneous decrease of the peak intensity and the elec-
tric polarization can be attributed to the decrease of S sin 6,
which is the amplitude of the spin component perpendicular
to the spin rotation axis in the magnetic field parallel to the ¢
axis.

Figures 8(a) and 8(b) show the magnetoelectric phase dia-
grams for the magnetic-field direction along the a and the ¢
axis, respectively. Closed and open squares represent the data
points obtained from pyroelectric and magnetoelectric cur-
rent measurements in the cooling (or H decreasing) and
warming (or H increasing) runs, respectively. Hysteresis is
observed at the boundary between AF1 and AF2, reflecting
the first-order-like change of the electric polarization. The
phase diagrams in Figs. 8(a) and 8(b) resemble the magne-
toelectric phase diagram in Hlleasy axis shown in Fig. 5.
Since the magnetic principal axes in the ac plane are not
identical with the crystallographic axes, as shown in Fig.
1(b), the applied magnetic field along the crystallographic
axis, which is the a or the ¢ axis, is decomposed to the two
components, H, and H,, which are the easy axis and the hard
axis components of the magnetic field, respectively. Taking
into account that the H, component stabilizes the FE AF2
phase and the H, component stabilizes the nonpolar AF1
phase,???* the phase diagrams shown in Fig. 8 indicate that
the magnetic-field component along the easy axis (H,) is
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FIG. 8. Magnetoelectric phase diagram in magnetic fields par-
allel to (a) the a axis and (b) the ¢ axis. Closed and open squares
represent the data points in the cooling (or H decreasing) and warm-
ing (or H increasing) runs of pyroelectric and magnetoelectric cur-
rent measurements, respectively. Closed triangles show the mag-
netic phase transition temperature, determined by the magnetic
susceptibility measurements in a cooling run.

more dominant than that of the hard axis (H,) for both cases
in Hlla and Hllc. Comparing the phase diagram in Fig. 8(a)
with that in Fig. 8(b), the transition magnetic fields from AF1
to AF2 are smaller in Hlla than in Hl c. This difference can
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be explained by the relative configuration of the a, ¢, and
easy axes. Since the a axis is closer to the magnetic easy axis
than the ¢ axis, the easy axis component is larger in H|la than
in Hllc.

IV. CONCLUSION

In summary, we have investigated the magnetic-field de-
pendence of the FE phase and the spin-lattice coupling in
MnWOQO,. The HF phase, which appears when the magnetic
field is applied along the easy axis, turned out to be a non-
polar phase. From this electric property, we can deduce the
magnetic structure in the HF phase as a canted spin 1
through the magnetoelectric relationship. It has been ob-
served that the magnetic fields parallel to the a or the ¢ axis
also induce FE phase transition. This means that the easy
axis component of the magnetic field is more dominant than
the hard axis one in the ac plane, since the easy axis com-
ponent of the magnetic field alone stabilizes the FE AF2
phase. The contrasting magnetic-field dependence of the FE
polarization for Hlla and Hllc seems to be explained quali-
tatively by taking into account the relative configuration be-
tween the crystallographic axes and the magnetic principal
axes in the ac plane. We have also confirmed that the AF2
phase accompanies the IC lattice modulation regardless of
the magnetic field. This fact indicates that the magnetic-
field-induced AF2 phase also takes the ICM structure.
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