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Using neutron scattering, we elucidate the origins of magnetoelectric effects observed in a triangular lattice
antiferromagnet, CuCrO,, showing a ferroelectricity associated with a spiral-spin order (Ty; ~24 K). Below
T*~16 K, we observed a remarkable difference in the magnetic Bragg reflection and the electric polarization
P between their zero-field-cooling (ZFC) and field-cooling procedures, suggesting that the distribution of
magnetic domains coupled with electric ones depends on their cooling procedure. We further demonstrate that
one of the domains surviving after the ZFC procedure exhibits a sudden flop of the spiral-spin plane by
applying a magnetic field, which is ascribed to the flop of P observed in CuCrO,.
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Recently, it has been widely recognized that frustrated
magnetism can be a source of large magnetoelectric (ME)
coupling.!? The appearance of a noncollinear spiral-spin or-
der induced by a frustration effect breaks the inversion sym-
metry and makes the system multiferroic in some cases.
Most of the spiral-magnetism-induced multiferroics show
cycloidal-spiral-spin structures whose magnetic propagation
vectors ¢ lie in the spiral planes and whose magnetic sym-
metries allow the systems to be polar and ferroelectric.’ The
microscopic origin of such a ferroelectricity can be success-
fully explained by the spin current* and the inverse
Dzyaloshinskii-Moriya (DM) (Ref. 5) mechanisms. In these
multiferroics, the application of magnetic field H causes
large ME effects, i.e., a sudden change in electric polariza-
tion P, which has been discussed in terms of a flop of the
spiral-spin plane,® a microscopic motion of the domain
walls,” and so on. Very recently, however, spiral-magnetism-
induced multiferroics where the above-mentioned mecha-
nisms are not applicable have been found in some triangular
lattice antiferromagnets (TLAs).8"' Among them, CuFeO,
and CuCrO, with a delafossite structure show ferroelectricity
induced by proper-screw spiral magnetic structures, where g
is normal to the spiral plane.'"'> A microscopic theory which
relates the variation in the metal-ligand (d-p) hybridization
with the spin-orbit coupling to P (Ref. 13) has been applied
to explain the proper-screw-spiral-induced ferroelectricity.'*

The compound chosen in this study is one of the multi-
ferroic TLAs, CuCrO,, whose Cr** ions (3d®,5=3/2) form a
triangular lattice. (Indices hkl are described in the reciprocal
space of the hexagonal unit cell.) In CuCrO,, ferroelectricity
with P//q has been observed at temperature 7 below Ty
~24 K, where an incommensurate proper-screw spiral
magnetic order with the spiral plane parallel to the (110)
plane develops [left panel of Fig. 1(a)].'>'® As in other
spiral-magnetism-induced multiferroics such as TbMnO;, a
first-order ME phase transition occurs in CuCrO,, where the

direction of P is flopped from the [110] to the [110] direction

at T much below Ty, by applying H~5.3 T along [110]."7
By considering the magnetic symmetry, it is proposed that
the flop of P arises from the flop of the (110) spin-spiral

plane into the (110) plane. However, no direct evidence has
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been provided for the proposal. Due to a sixfold symmetry in
the triangular lattice plane, the proper-screw spiral structure
is triply degenerated (by neglecting doubly degenerated spin
chirality), i.e., three magnetic domains exist [domains A-C
in Fig. 1(b)]. In the d-p hybridization model, the direction of
P of each domain is perpendicular to the spiral-spin plane.
The existence of such multiple domains makes CuCrO,
unique in terms of its ME response to both magnetic
and electric fields among spiral-magnetism-induced
multiferroics.!>!” In this Rapid Communication, we use a
neutron-scattering technique to examine the origins of the
ME effects observed in CuCrO,. It was found that the distri-
bution of the domains is strongly affected by a magnetic-
field-cooling (FC) procedure below a characteristic tempera-
ture 7%~ 16 K. We also directly demonstrate that the flop of
P is attributed to a flop of the spiral-spin plane, which cor-
responds to a transition from a proper-screw spiral to a
cycloidal-spiral structure.

A single crystal of CuCrO, with dimensions ~5 X3
X 0.8 mm® was grown by a flux method, as reported
previously.”> Nonpolarized and spin-polarized-neutron-
diffraction studies under magnetic fields H were carried out
for the single crystal using the triple axis spectrometer
PONTA installed at the JRR-3 reactor of the Japan Atomic
Energy Agency. An experimental setup for the spin-polarized
neutron measurements is drawn in Fig. 1(c) schematically.
The polarization vector py of the incident neutrons was con-
trolled by a spin flipper. The flipping ratio of the polarized
neutron beam, which was optimized at each H, was 12~21.
The neutron scatterings with the spin flipper on and off cor-
respond to the spin-flip scattering and the nonspin-flip scat-
tering. The crystal was oriented with the [110] and [001]
axes in the scattering plane. By a superconducting magnet,
magnetic fields were applied along a direction vertical to the

scattering plane (H//[110]). The direction of py was set

along [110] or [110]. The peak profile of the %%O magnetic

reflection was measured along the [110] direction. Before the
measurements, the crystal was cooled from 35 K (>Ty;) to
~1.6 K at H=0 or 5.7 T, which we refer to the zero-field-
cooling (ZFC) and FC (5.7 T) processes, respectively. Al-
though the system has an incommensurate proper-screw
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FIG. 1. (a) Schematic magnetic structures of CuCrO,. The di-
rections of the observed spin components are also drawn. (b) Sche-
matic magnetic domains of the proper-screw magnetic structure.
The P direction is perpendicular to the spiral plane. (c) Schematic
spin-polarized-neutron study geometry.

magnetic structure, as shown in Fig. 1(a) at H=0,'? the mag-
netic reflection is described as (l,%,O) in the present study
because the difference from (%,5,0) is negligible. As men-
tioned above, the three magnetic domains [A—C in Fig. 1(b)]
may coexist below Ty, in the absence of magnetic and elec-
tric fields. In the present experimental setup, however, only
the A domain is observable at H=0 because the neutron in-
tensities of the B and C domains with the incommensurate
: 11 12

propagation vector are zero at (3,5,0). To compare the
neutron-scattering results with the ME properties, measure-
ments of P with an electric field E were also independently
performed after the cooling processes similar to those for the
neutron-scattering measurements. In the previous study, we
confirmed that E affects the ratio of the spin-chirality do-
mains but not that of the A—C domains.!?

First, the %%0 magnetic reflection at H=0 was measured
by nonpolarized neutrons after ZFC and FC (5.7 T). The
inset of Fig. 2(a) shows peak profiles of the magnetic reflec-
tion at 1.6 K after these two cooling processes. A clear peak
is observed after ZFC while it disappears after FC (5.7 T).
This demonstrates that the A domain exists after ZFC but
vanishes after FC (5.7 T). The main panel of Fig. 2(a) shows
the 7 dependence of the integrated intensity of the %%O mag-
netic reflection measured with increasing 7" after these two
cooling processes. The integrated intensity after the ZFC
process (closed circles) gradually decreases with increasing
T and becomes zero above Ty, while that after the FC (5.7 T)
process (open circles) emerges with increasing 7 from 1.6 K
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FIG. 2. (a) T dependence of the integrated intensities of %%O
magnetic reflection measured by the nonpolarized-neutron-
diffraction study. The inset shows the magnetic profile measured at
1.6 K. (b) T dependence of P along [110].

and develops with warming up to 7"~ 16 K. The integrated
intensity after FC (5.7 T) reaches a maximum at 7* and
coincides with that after ZFC above T". This indicates that
the A domain once removed by FC gradually develops with
increasing 7 and its volume becomes equal to that after ZFC
above T%. A similar difference between ZFC and FC (5.7 T)
data was also observed in the ME property. Figure 2(b)
shows the T-dependences of P along [110] at H=0 after ZFC
and FC (5.7 and 9 T). At low T, P after FC is smaller than
that after ZFC [~140 uC/m? for ZFC and ~100 uC/m?
for FC (5.7 T) at 5 K]. The difference between the ZFC and
the FC data diminishes with increasing 7" and disappears
above T* where the FC data show a distinct anomaly.
Although the above neutron-scattering result confirms that
the A domain is removed by the FC procedure, no informa-
tion on the B and the C domains can be obtained from the
result. According to the anisotropy of the magnetic suscepti-
bility perpendicular and parallel to the spiral plane of the
proper-screw structure, ' it is expected that the B and the C
domains become more stable than the A domain by FC.
Thus, the region occupied by the A domain after ZFC is
likely to be replaced with the B or the C domains after FC.
This assumption well explains the result of P shown in Fig.
2(b). According to the d-p hybridization model,'* the direc-
tions of the magnetoelectrically induced P of the three mag-
netic domains are restricted, as shown in Fig. 1(b).'>!> Here
we define Py as the electric polarization along [110] for the
crystal occupied only by the A domain. Then if the A, B, and
C domains are equally distributed in volume after ZFC, the
magnitude of P along [110] can be estimated at %Pfun by a
simple geometrical calculation. When it is considered that
only the B and C domains occupy the crystal after FC, as
stated above, P along [110] after FC can be expected as
%Pfuu. The difference of P between ZFC and FC
(PZFC:PFC;%:%) estimated from this assumption is consis-
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FIG. 3. (a) and (b) Q-scan profiles of 7 L l0 magnetic reflection
measured at H=2 T(<Hp,,) and H=5.7 T(>Hﬂop) with increas-
ing H after ZFC. (c) and (d) Q-scan profile of 0 magnetic reflec-
tion measured at H=2 T(<Hﬂop) with decreasmg H after ZFC and
FC (5.7 T).

tent with that observed. Thus, FC procedure removes the A
domain and rearranges the domain structures, which affects
the ME properties of CuCrO,. It is also worth mentioning the
existence of a characteristic temperature 7, above which the
intensity of the 5 L0 magnetic reflection and P along [110]
after FC become equal to those after ZFC. This result indi-
cates that the frozen domain structure consisting of only the
B and the C domains after FC is completely melted by ther-
mal energy above T™.

To further explore the effect of applied H along [110]
(Hp1107) on the magnetic domains coupled with ferroelectric
domains, which are frozen at low 7, we performed spin-
polarized neutron measurements under Hpjo}. In general,
only a magnetic moment perpendicular to the scattering vec-
tor contributes to a magnetic reflection. For polarized neu-
trons with the polarization vector py, furthermore, a mag-
netic moment parallel to py produces a nonspin-flip
scattering, and a moment perpendicular to py does a spin-flip
scattering. The relation between the observed scattering and
the spin components in the present study is drawn schemati-
cally in Figs. 1(a) and 1(c). The [001] component of mag-
netic moment (mq,7) contributes to the spin-flip scattering
while the [110] component (my707) to the nonspin-flip scat-
tering. In the present study, the [110] component cannot be
observed because the scattering vector is parallel to [110].

The H[, 7o) dependence of the 5-0 magnetic reflection was
measured at 1.6 K after both the ZFC and FC (5.7 T) pro-
cesses. First, we discuss the ZFC results. Figure 3(a) shows
Q-scan profiles of the magnetic reflection with the spin-flip
(closed circles) and nonspin-flip (open circles) scattering at a
relatively low H (=2 T) applied at 1.6 K after ZFC. The
intensity of the spin-flip scattering is almost the same as that
of the nonspin-flip scattering, indicating that my, 757 and mggy]
are nearly equal. This result is consistent with the incommen-
surate proper-screw structure [Fig. 1(a)] of the A domain.!?
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FIG. 4. (a) H dependence of the integrated intensities of %%O
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As shown in Fig. 3(b), however, the application of high H
(=5.7 T) causes a distinct change in the nonspin-flip scatter-
ing. The disappearance of the nonspin-flip scattering means
that my; 7o) is zero at 5.7 T applied after ZFC. By contrast,
neither the (3 ,3 ,O) propagation vector nor the intensity of
myoo1] changes at H=5.7 T. These results suggest that a
magnetic structural change with keeping the propagation
vector occurs between 2 and 5.7 T, as discussed later.

To examine the magnetic structural change in more detail,
we show in Flg 4(a) the Hp 17 dependence of the integrated
intensity of 0 magnetic reflection measured at 1.6 K after
ZFC. The closed and open circles denote mjgy) and my;7¢3,
respectively. Both m[g; and my; 1) are almost constant and
equal below ~5 T, indicating that the system has the
proper-screw magnetic structure below ~5 T. With further
increasing H, myjg) is suddenly suppressed at Hpo,=5.3 T
and becomes almost zero above Hy,, while the intensity of
m[oon] has no such change. Since myy; remains at q

(3 »3,0), the transition at Hy,, corresponds to the spin-flop
one where my; 1) parallel to H changes to my, () perpendicu-
lar to H. This means that above Hﬂop 5.3 T, the system has
both mygg;y and myy,g; with g~ (3 ;,0) i.e., the cycloidal
magnetic structure shown in the right panel of Fig. 1(a).
These results indicate that the proper-screw magnetic struc-
ture (=A domain) becomes the cycloidal one at Hy,,

~5.3 T with increasing H along [110], as shown in Fig.
4(c). We define this cycloidal magnetic structure with ¢
along [110] as D domain.

When we decreased H from 5.7 T, the recovery of m; i)
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was observed below Hy,p, as shown in Fig. 3(c). This indi-
cates that the magnetic structural change induced by Hy¢y is
reversible. The results after FC (5.7 T) differ considerably
from those after ZFC. As shown in Figs. 3(d) and 4(a), the
intensities of both mjy7 and my;7y) are almost zero at all the
magnetic fields. This result indicates that the domains with ¢
parallel to [110], such as the A domain, never appear after the
FC procedure.

A remarkable ME effect showing a sudden flop of P from

[110] to [110] has been observed at Hy,,, applied along [ 1 10]
in CuCrO,."” In Fig. 4(b), we show Ps along [110] as a

function of H applied along [110] at 5 K, which was mea-
sured after ZFC or FC (5.7 T). Only in the ZFC data, the
H-dependence of P shows a sudden drop above Hp,,. The
field-cooling procedure suppresses P along [110] below
Hy,p. The H profiles of P measured after the respective cool-
ing procedures are similar to those of the my,7y) component
shown in Fig. 4(a). The sudden change of the spin-polarized
neutron intensity at Hy,, contributes to the flop of P from

[110] to [110], as discussed later.

The above results of both the neutron scattering and the
electric polarization after the ZFC procedure can be ex-
plained by considering that the A domain transforms into the

D domain with the spiral plane perpendicular to [110] at
Hpgp, as illustrated in Fig. 4(c). This transition between the A
and the D domains corresponds to the spiral-plane flop with-
out the ¢ change. The magnetic structure of the spin-flopped
D domain is cycloidal-spiral one with ¢ along [110] and the

spiral axis parallel to [110], as shown in Fig. 1(a). In the
spin-current model, it is expected that this cycloidal mag-
netic structure has P along [001].4!5 However, no P is ob-
served along [001] in the cycloidal magnetic phase (H

> Hy,p), instead P appears along the [110] direction.!” Such
a violation of the spin-current model predictions has never
been observed in known cycloidal-spiral-induced multiferro-
ics. This means that the magnetoelectrically induced P along
[110] in the cycloidal phase of CuCrO, is unique and cannot

be explained by these well established mechanisms. Arima
proposed an idea that a d-p hybridization due to the spin-
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orbit coupling induces P for the proper-screw magnetic
structure in the delafossite TLAs,!* and Seki er al!'®© and
Kimura et al.'> recently discussed a cycloidal-structure-
induced ferroelectricity by a similar symmetry consideration.
By considering the d-p hybridization model, it is expected
that the A domain has a macroscopic P along [110], as stated
above.'?!* On the other hand, the magnetic symmetry of the
D domain is m with the mirror plane normal to [110] and
allows P in any directions normal to [110] in the d-p hybrid-
ization model. Thus, we consider that the flop of P is attrib-
uted to a spiral plane flop in the A domain, which corre-
sponds to a transition from a proper-screw-spiral structure

with P//[110] into a cycloidal-spiral one with P//[110]. It
is also worth noting that after the FC procedure no spiral-
plane flop is observed because only the A domain surviving
after ZFC exhibits the spiral-plane flop.

In conclusion, we have carried out neutron-scattering
measurements to clarify the origins of magnetoelectric ef-
fects observed in spiral-spin ordered phases for CuCrO,. We
found that the distribution of the domains can be controlled
by a cooling process, which contributes to the ferroelectric
polarization. We also demonstrate that the flop of the ferro-
electric polarization observed in one of the magnetic do-
mains arises from the flop of spin-spiral plane, which corre-
sponds to a transition from a proper screw into a cycloidal-
spiral-spin structure. The ferroelectricity of the flopped
cycloidal phase is unique and cannot be explained by the
conventional mechanisms for cycloid-spiral-induced ferro-
electrics. Though coupled magnetic and ferroelectric do-
mains have been investigated for several multiferroics,'®!? a
wider variety of possible domains [at least 3(magnetic q)
X 2(spin chiral) X2(spin flop)] are characteristic ~ of
CuCrO, and are responsible for its soft magnetoelastic re-
sponse to magnetic and electric fields.
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