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Ferroelectric polarization reversal in multiferroic MnWOQ, via a rotating magnetic field up to 52 T
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A long-standing issue in multiferroic MnWOy is the electric polarization reversal when magnetic field is
applied along the magnetic easy axis (H ||u). In this work, we performed comprehensive ferroelectric polarization
measurements on MnWOy in fields up to 52 T and with rotating field direction in the ac plane. When the field
is rotated from H||c to H||u, the induced high-field phase (—P||b) favors a sign reversal relative to the low-field
+P||b phase, which is attributed to the vector spin chirality changing from one side of the spin connecting
vector to the other. Particularly, further slight deviation of the field from the magnetic easy axis towards H ||a
causes an abrupt reversal of the high-field phase from —P||b to +P||b. We assume that this unusual angular
dependence of polarization behavior can be understood by magnetic control of the helicity of the chiral plane
with opposite conical spin structures. In addition, we also propose electric-field control of the chiral plane close
to the ferroelectric phase transition at high fields. This study results in an overall understanding of this important
multiferroic material and sheds light on field-induced polarization switching in related compounds.
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I. INTRODUCTION

One of the most intriguing phenomena in multiferroic
materials is the magnetic-field (H) induced electric polariza-
tion (P) switching, reorientation of P by 90 ° (flop) or 180°
(reversal), that has been observed since the discovery of mag-
netoelectric coupling in the rare-earth manganites [1,2]. This
magnetic control of ferroelectricity without changing the H
direction has so far been observed in RMnO3; (R = Tb, Dy)
[1,3], RMn,;0s5 (R = Tb, Tm, Yb, Bi) [2,4-6], MnWOq [7,8],
and other multiferroic materials [9—12]. Due to the complexity
of the spin structures, however, theoretical explanations of
these effects are a challenge [13—16]. Recently, the observa-
tion of the P switching in Co,V,07 was assumed to correlate
with magnon Bose-Einstein condensation [17]; the concept of
multiferroic quantum criticality was proposed and accounted
for the high-field P reversal in BiMn,Os [6,18]. To date,
understanding the microscopic interplay between magnetism
and electricity in these materials is essential and still an open
issue.

The huebnerite MnWOy is a very rare multiferroic material
that exhibits not only polarization flop but also reversal by
application of a magnetic field. Specifically, this compound
crystallizes into a monoclinic P2/c space group with B be-
tween a and ¢ being ~91° [19]. As shown in Fig. 1(a),
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the MnOg octahedra form zigzag chains along ¢ with the
nonmagnetic WOg located between the chains. At H = 0,
MnWO, undergoes three transitions at 13.5, 12.7, and 7.6 K
with magnetic ordering of the Mn>* (S = 5/2) ions into in-
commensurate (AF3, AF2) and commensurate (AF1) phases
[7,19]. The magnetic easy axis (u axis) lies in the ac plane
and tilts at an angle of ~55° from the ¢ axis, as illustrated
in Fig. 1(b). In AF1 and AF3, the spins are antiferromagneti-
cally aligned along the easy axis whereas in AF2 an elliptical
spiral spin configuration towards the b axis is formed. Thus,
AF?2 is ferroelectric (FE) and spontaneous P is induced along
b according to the Dzyaloshinskii-Moriya mechanism: P o
e;j X (8; x §;), where e;; is a vector that connects the spins S;
and S; [20]. When H is applied along the b axis, polarization
flop is observed by a change of the P direction from b to a at
Hy = ~ 11T [7]. This corresponds to a FE phase transition
from AF2 (P||b) to the so-called X phase (P||a) [21]. Another
interesting discovery is the P reversal when H is applied along
u (normal to the b axis) at 4.2 K. Apart from a nonpolar-
ized HF phase, a FE phase of IV (P||b) was explored at
H = 38—-48T and found to show opposite polarity to that of
AF?2 [8]. Although experimental and theoretical efforts have
been made [22-25], the reason for this high-field polarization
reversal remains unclear.

Rotation of the H direction yields more interesting infor-
mation regarding MnWO,. When H is rotated in the ab plane,
a small deviation of H from the b axis (—2° to +2°) causes a
P reversal of the flopped X phase [26]. Further, a continuous
scan of H from a to —a within the ab plane gives rise to a
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FIG. 1. (a) Crystal structure of MnWO, showing the zigzag
chain along the ¢ axis. The oxygen atoms surrounding each W are
not shown for clarity. (b) Schematic magnetic structure of the AF2
phase with a spontaneous electric polarization P (the orange arrow)
along the b axis. The green arrows represent spins showing elliptical
spiral structure in the ub plane while the u axis is the magnetic
easy axis and canted to the ¢ axis by ~55° [7]. Note that the spin
connecting vector e;; is parallel to c.

P reversal of AF2 for H > Hy [27]. These results seem to
closely combine the P flop and reversal via rotating the H
direction in a peculiar crystallographic plane. Taniguchi ef al.
proposed two possible spiral spin structures for the X phase
[26], where the P direction is determined by the vector spin
chirality C(= S; x §;). Consequently, magnetic control of the
C direction leads to the P reversal in slanted magnetic fields
accompanied by a magnetoelectric memory [27].

In this contribution, we adopt a different strategy to rotate
the H direction in the ac plane where large frustrations exist.
Particularly, we extend magnetic fields up to 52 T to inves-
tigate a long-standing issue-the P reversal of phase IV. Our
results elucidate how this reversal appears when H is rotated
from ¢ to u without considering the P flop and the memory
effect. Remarkably, we uncover that, when H is further canted
towards the a axis, phase IV suddenly changes its polarity,
which is attributed to a change of the helicity of the spiral
spin structure under a strong magnetic field.

II. EXPERIMENT

Single crystals of MnWO, in dark red were grown by
a flux method and characterized by the x-ray single-crystal
diffraction. The crystals are oriented and cut into thin plates
with a dimension of 2x1.5x0.2 mm?. High-field electric po-
larization was measured by the pyroelectric technique using
a 10.5-ms pulsed magnet at the Wuhan National High Mag-
netic Field Center (WHMEFC), China. In the experiments, the
sample was first cooled down under a finite electric field
(E). As the sample reaches the ferroelectric AF2 phase, this
electric field was removed before the pulse shot and the vari-
ation of P with H was measured. While as the sample is in
the paraelectric AF1 phase, the electric field was maintained
during the pulse in order to fully polarize the FE domains
induced by a magnetic field. When P occurs in a pulsed field
charges will flow in the circuit and a pyroelectric current was
detected by a 10-kS2 shunt resistor, which was then integrated
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FIG. 2. (a) The P (H) curves measured in various temperatures.
Magnetic field is applied along the magnetic easy axis (H||u). A
bias electric field of E = + 500kV/m is applied and maintained
during each pulse shot. The red (black) curve denotes the increasing
(decreasing) fields. Data are offset vertically. (b) The H-T phase
diagram constructed from the rising field sweeps. The FE phases
(AF2 and IV) are marked in colors. The dashed boundaries for phases
AF3 and V are taken from Ref. [23].

to obtain the P (H) curve. This experimental technique has
been successfully developed in the WHMFC and more details
may be found elsewhere [28]. A high precision quartz rotator
was used in our experiments for the angular dependent mea-
surements of P (H).

III. RESULTS
A. Magnetic phase diagram at H ||u

We first measured the electric polarization (P||b) of
MnWOy; in magnetic fields applied along the magnetic easy
axis (H||u). Figure 2(a) shows the P (H) curves measured at
various temperatures. At 1.6 K, two magnetic field-induced
FE phases are clearly observed as indicated by AF2 and IV.
In a rising sweep (the red curve), AF2 (2—13T) and IV
(43—51T) have opposite polarities whereas in a falling sweep
(the black curve) AF2 and IV both reverse the P direction,
signifying a “oo”-type loop in one field cycle. In a test experi-
ment at 4.2 K, we find that the P directions of AF2 and IV are
always reversed independent with the peak magnetic fields or
applied electric fields. As temperature is increased, AF2 and
IV connect to each other at 8 K and finally converge at 12 K.
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FIG. 3. (a), (b) The H dependence of P in the rising sweep at 4.2 K by rotating H in the ac plane (E = + 1MV/m). 6 is the angle between
H and the ¢ direction. Data are vertically offset with the grey lines at P = (. The red curve for 55° is a subsequent measurement with £ = 0.
(c) The H-0 phase diagram at 4.2 K. The solid dots are derived from the magnetic transitions in (a) and (b) while the dashed lines show the
phase boundaries. The colors show the polarity of P. The polarity of the small grey area at ~50 T is sensitive to E. The red arrows represent

several paths with rotating H direction.

Note that even at a temperature up to 11 K AF2 and IV exhibit
opposite polarities for either the rising or the falling sweep.
Derived from Fig. 2(a), we construct the H-T phase dia-
gram of MnWOy for H||u and show the result in Fig. 2(b).
Besides AF2 and IV, the nonpolarized AF1 and HF phases are
obtained. Another two paraelectric ordered phases (AF3 and
V), which were determined previously [23], are also shown
for a comparison. It is found that our experimental data for
H||u and the corresponding phase diagram are basically in
agreement with those reported in previous papers [8,23,29].

B. Magnetic angular rotation in the ac plane at 4.2 K

The most striking observation in our experiments is that as
the magnetic field direction is a little more canted from the
magnetic easy axis in the ac plane the P reversal of phase
IV suddenly disappears. Instead, the polarizations of AF2 and
IV are both positive for either increasing or decreasing fields
which is completely different from the behavior for H||u.
This unusual angular dependence of the P switching motivates
us to perform a systematic measurement by rotating the H
direction from c to a.

Figure 3(a) shows the P (H) curves of MnWOy, by rotating
H from ¢ (0 = 0°) to u (60 = 55°), where 0 is defined as the
angle between ¢ and H. For & = 0°, H induces a FE phase
transition at ~2 T and then P is reduced to almost zero up to
52 T. For 6 = 20—40°, a negative P begins to appear above
15—20T. In a higher field, it undergoes a transition to a
paraelectric state at ~50 T. From 6 = 40°, a plateau emerges
between the positive and the negative P, which becomes large
and maintains at P = 0 for 6§ = 45—55°. Consequently, the
evolution of P with the H angles (0 — 55°) well presents the
formation of the four magnetic ordered phases (AF2, HF, 1V,
and V) as shown in Fig. 2(b), in particular the P reversal
between AF2 and IV. Figure 3(b) shows the data for rotating H
from 57° to 90° (nearly the a axis). It is noteworthy that the P
reversal as shown in Fig. 3(a) is no longer observed for angles
6 > 57°. By contrast, the P direction of IV remains positive
like that of AF2. As 6 is increased, the two FE phases are

somehow enhanced for the field range and the P amplitude.
For 6 > 85°, the HF phase disappears while AF2 and IV
converge.

Our experimental results evidently reveal two different sce-
narios due to rotating H in the ac plane. One is for 8 < 55°
that P favors a sign reversal in applied fields, while the other is
that P preserves its direction for 6 > 55°. For a better view of
this angular dependent relation, we summarize the H-6 phase
diagram at 4.2 K in Fig. 3(c). We find that this H-6 phase
diagram is helpful to understand the early experimental results
as shown in later discussion.

C. Magnetic angular rotation in the ac plane at 8.8 K

In order to verify the above angular dependence, we further
measured the polarization behavior of MnWQ, at 8.8 K. At
this temperature, a spontaneous P exists at H = 0 and no HF
phase will be induced by magnetic fields as seen in Figs. 2(a)
and 2(b). Figure 4(a) shows the P (H) data for several
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FIG. 4. (a) P (H) measured at 8.8 K for selected H directions. (b)
The H-0 phase diagram at 8.8 K derived from the data for increasing
fields. The dashed line shows the peak anomaly in the P (H) curve.
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FIG. 5. Electric-field control of the P reversal in five successive
pulses (from up to bottom, |E| = IMV/m). The arrow shows the
anomaly at the FE transition to the nonpolarized state. The red
(black) curve is for increasing (decreasing) fields. Data are vertically
offset.

H rotation angles. For 6 < 55°, it is found that the polar-
ities of AF2 and IV are opposite, indicative of a reversal
of P. In addition, the H-decreasing curve is also oppo-
site to the H-increasing curve, showing a “co”-type loop.
For 6 > 57°, however, this relation between AF2 and IV
is suddenly removed. Interestingly, AF2 and IV both show
a positive polarization with a maximum value at ~15 T
which corresponds to a phase transition from AF2 to IV.
Furthermore, the “oco”-type loop disappears and the H-
increasing and -decreasing curves almost overlap (see the
data for 57° and 70°). We assume that a relative big noise
occurs in the decreasing field and results in a small devi-
ation of the data for 6 = 65°. These distinct polarization
behaviors between 0 < 55° and 6 > 55° at 8.8 K are con-
sistent with those experimental observations at 4.2 K [see
Figs. 3(a) and 3(b)], demonstrating a unique magnetic an-
gular dependence associated with the magnetic easy axis
(u axis) in MnWOQOy.

The derived H-6 phase diagram at 8.8 K is presented in
Fig. 4(b). Due to lack of the HF phase, the phase boundary
of AF2 to IV is nearly angular independent and the resultant
diagram looks simple in comparison with the result of 4.2 K
in Fig. 3(c).

D. Polarization reversal by an electric field

As shown in Fig. 3(a), an anomaly with a small component
of +P is visible at ~50 T upon application of E = 4 IMV/m
for 8 = 45°—55°. For 6 = 55°, we performed a subsequent
measurement with £ = 0 (the blue curve). Except for the
anomaly, P (H) is fully recovered owing to a memory effect.
Nevertheless, this kind of anomaly is not observed at ~50 T
for 6 > 55° as shown in Fig. 3(b). Following the work in
Ref. [28], we performed electric-field control of the polar-
ization reversal in MnWOQy at 4.2 K by successive five pulse
shots. Figure 5 displays the P reversal under the influence of
E measured for 6 = 65°. For the first pulse, P (H) in a falling
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FIG. 6. Schematic evolutions of proposed field-induced spin
structures for 6 = 55° (upper) and 57° (bottom). (a), (b) denote 4.2
and 8.8 K. The conical spin structures are responsible for the AF2
and IV phases, where the green and the red arrows represent the spin
and the vector spin chirality (C = S; x §j).

sweep almost follows the trace of the rising sweep except a
hysteresis seen at the first-order transition. When E is reversed
to —E, P (H) in the rising sweep is almost retained due to the
memory effect. However, at the IV-V phase transition (see the
arrow) an anomaly with a —P component appears, similar to
the observation for 8 = 55°. Since the IV-V transition is of
the second order, we do not need to consider the existence of
ferroelectric embryos above 50 T. Thus the polarization po-
larity in the falling sweep can be switched by applied electric
field. Under the next —FE, P (H) in the rising sweep is also
reversed. The above process is repeatable when we continue
to reverse the electric field from —E to +E. Indeed, a small
+P component again appears at the IV-V transition which
leads to a P reversal in the falling sweep. For the fifth pulsed
field under +E, P (H) is recovered to the initiate state. These
experimental results, reminiscent of a two-step polarization
reversal in NizV,0g [28], demonstrate that the polarization
polarity close to the IV-V phase transition (second order) can
be switched by an electric field.

IV. DISCUSSION

Mitamura et al. proposed a phenomenological model to
explain the sign reversal of phase IV for H||u [23]. As il-
lustrated in Fig. 6 (the blue curve), in AF2 spins initially
rotate elliptically (clockwise) in the ub plane and then form
a conical spin arrangement in magnetic fields. Considering
P o e;j x C(e;j = caxis), a positive P along b will occur. A
strong magnetic field may change C from the left side of e;;
to the right, leading to a reversal of P in phase IV. At 8.8 K
[Fig. 6(b)], C varies continuously and a P = 0 state is expected
for C|le;;. At 4.2 K [Fig. 6(a)], the nonpolarized HF phase
emerges which has spins approximately oriented along b as
demonstrated theoretically and experimentally (the spins are
further aligned towards the H direction in a high magnetic
field) [24,30]. Our angular data in Fig. 3(a) support this model
perfectly. Indeed, rotating H from u to ¢ suppresses the neg-
ative P; for H||c, no reversal is observed because C cannot
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move to the right side of ¢;;. To understand the results for
6 > 55°, we consider a different situation as depicted in Fig. 6
(the red curve). In this H direction, the conical spin structure
of AF2 is naturally opposite to that for 8 < 55° under the
field alignment. Due to the fact that C is gradually modulated
by H, it is essential that the helicity of the conical structure
should be transformed to anticlockwise when H is rotated
across the u axis. In the low-field region, the AF2 phase still
shows a positive value in agreement with the experimental
observation. However, in this case C gradually deviates away
from e;; as H is further increased, in contrast to the movement
of C for the case of & < 55°. It is noted that even in a strong
magnetic field C is located on the left side of ¢;;. Recalling
the relation P oc ¢;; x C, this explains why the polarity of
phase IV remains positive; the maximum of P at 8.8 K is due
to the fact that C is perpendicular to ¢;; exactly [Fig. 6(b)].
Another interesting observation is that the dP/dH of AF2
also depends on the H direction: dP/dH < 0 for 6 < 55°
and dP/dH > 0 for 6 > 57°. Similar dP/dH behavior was
observed by Taniguchi et al. for H applied along the a and ¢
axes [31]. We attribute these to the change of relative angle
between C and e¢;;, again supporting the proposed spin models
in Fig. 6. Note that the small negative dP/dH for 57° is likely
a combination result of the movement of C and close of the
conical umbrella structure in applied magnetic fields.

Here we discuss the H-6 phase diagram and consider three
measurement paths as the displayed red arrows in Fig. 3(c).
For H = 15T, a rotation of H (H||la — H|lu — Hl|c) will
result in P (f) to be +P — 0 — +P. As H is increased
to 30 T, P (@) then changes to be +P — 0 — —P. This P
reversal in a dependence of 6 resembles the previous study
by Taniguchi et al. [27]: when H is rotated in the ab plane
(H|la — H||b — H|| —a), P is reversed above Hy ~ 11 T
accompanied by a magnetoelectric memory effect. In a sepa-
rate work, it is observed that when H is a little tilted across the
b axis in the ab plane the H-induced X phase (P||a) suddenly
changes its polarity [26]. This phenomenon is similar to the P
reversal of phase IV at around H||u, as shown in the third
path for H = 45T. On the other hand, it was assumed by
Mitamura et al. that phase X (H||b) and phase IV (H||u)
may arise from the same origin and can be transformed to
each other by rotating H in the ub plane [23]. Based on these
results, we argue that the two methods of H rotation in the
ac and ab planes are actually equivalent in controlling the
vector spin chirality C of MnWOy,. Nevertheless, early study
of the spin-wave excitations infers that magnetic frustration
along either the ¢ or a axis is actually much stronger than that
between chains along the b axis [32]. A perturbation by ex-
ternal fields may destroy the balance of magnetic interactions
and therefore yield an unexpected magnetoelectric response.
In this respect, rotating H in the ac plane in present study
employs a simple approach for the P reversal since it does
not involve the P flop and the complex memory effect in
the process. These results are also valuable to understand the
mechanism of the P reversal in TbMnO3 with rotating H in
the ab plane (H||b — H||a — H|| — b) [33,34].

Our experiments also provide insight into the early theo-
retical calculation on MnWO, by Quirion et al. [24]. Using
a nonlocal Landau free energy approach, they reproduced
the high-field phase diagrams of MnWQ, which are in good
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FIG. 7. A comparison of the previous theoretical result (a) and
our experimental data (b). The curves in (a) are for & = 55° and
reproduced from Ref. [24] while those in (b) are for 6 = 57°.

agreement with the experimental observations. This model
includes a simplified low-order magnetoelectric coupling term
Fy g with the free energy Fg expressed as

F 1P? 1P,,2+1P3+F
E— 5 A A~ ME >
20 2x0 2 X

where a — ¢ represent the principal axes and x is the sus-
ceptibility. Figure 7(a) presents the numerical calculations of
PH) atT=0and T = 0.6 for & = 55° (H||u). The fact
that the result is inconsistent with the experimental obser-
vations of a sign reversal of P suggests the existence of a
high-order magnetoelectric coupling term ¢PPyzm? (sixth
order) for & = 55° [24]. However, this theoretical result is
surprisingly in excellent agreement with our data for 6 =
57¢° as shown in Fig. 7(b). This implies that the high-order
term Q‘PPMEm2 should be missing when H is rotated to 6 >
55°. This probably reflects why the “co”-type loop in P (H)
suddenly disappears for 8 > 55° while it always appears for
6 < 55° even in absence of an electric field (see Fig. 4). Al-
though, as shown in Ref. [24], the fourth-order Landau model
without considering the magnetization (m) and the electric
polarization (P) coupling is sufficient to reproduce the phase
diagrams, these results indicate that due to the large value
of the magnetization in a high-field region the contribution
of ¢ PPyzm? or higher order terms are important to describe
the polarization behaviors of MnWOy at high fields. Detailed
theoretical investigation based on these experimental data is
highly desirable to clarify this point. Further, the Landau the-
ory predicts a switch of the chiral plane from the ub plane in
AF?2 to a perpendicular plane in IV, which qualitatively agrees
with the proposed spin models in Fig. 6.

We finally discuss the electric-field control of the polar-
ization reversal in MnWOy,. This effect has a direct influence
on the IV-V transition for a rising sweep, i.e., the anomalies
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at ~50 T. Though it remains tiny, we point out that this
anomaly plays a crucial role in the process of a falling sweep
leading to a dramatic change of the polarity in zero electric
field. As reported from a neutron diffraction experiment, an
electric field may control the spin chirality of MnWO, near
the AF2-AF3 phase transition [35,36]. With a view to the fact
that spins are nearly field aligned at ~50 T, it is likely that an
electric field changes the helicity of the conical spin structure
in phase I'V. We believe that in Co,V,07 a similar anomaly at
the FE phase transition and the loop in P (H) originate for the
same reason [17].

V. CONCLUSION

In summary, we have measured electric polarization of
MnWOy, in magnetic fields up to 52 T and identified distinct
polarization behaviors of the high-field ferroelectric phases
with a rotating magnetic field in the ac plane: it shows a

sign reversal for & < 55° but sustains the polarity for 6 > 55°.
These different scenarios are attributed to a direct modulation
of the spin chiral plane (the ub plane) with opposite spin
helicities. This was further demonstrated by an electric-field
control of the chiral plane close to the high-field ferroelectric
phase transition. These experimental findings improve under-
standing of the early experimental and theoretical results.
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