PHYSICAL REVIEW B 87, 014429 (2013)

Magnetoelectric responses induced by domain rearrangement and spin structural change
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Dielectric and magnetic properties have been investigated for single crystals of triangular-lattice antiferromag-
nets Nil, and Col,. For Nil,, the proper screw spin order with the magnetic modulation vector g ~ (0.138,0,1.457)
induces electric polarization (P) along the in-plane direction with respect to the triangular lattice basal plane.
The P shows monotonic increase as a function of the poling magnetic field (H) along the in-plane direction,
suggesting the H-induced rearrangement of the multiferroic domain out of six possible domains. For Col,, both
in-plane and out-of-plane components of P emerge in the helimagnetic ground state, in which two cycloidal
magnetic phases with g1 = (35, 15,3) and g2 = (.0, %) are supposed to coexist. The application of the in-plane H
induces two-step metamagneticlike transitions, which probably goes through another ferroelectric helimagnetic
phase as well as a paraelectric spin-collinear phase. Such distinctive magnetoelectric responses in the two simple
triangular lattice antiferromagnets demonstrate that even a slight difference in the balance of magnetic interactions

leads to a dramatic change of resultant magnetoelectric response in frustrated magnets.
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I. INTRODUCTION

Magnetoelectric (ME) effects, i.e., magnetic (electric)
control of dielectric (magnetic) properties, have been studied
extensively from the viewpoint of both fundamental physics
and potential application to spintronics.! A possible strategy
to obtain a large ME effect is the employment of multiferroics,
i.e., materials with both magnetic and dielectric orders.?
However, such multiferroics turned out to be rather rare and
the coupling between these orders is very weak in general. One
recent breakthrough is the discovery of magnetically-induced
ferroelectricity in several frustrated magnets, where helical
spin texture induces electric polarization.® Because of strong
coupling between spin texture and electric polarization (P),
giant ME responses such as reversal, flop, and rotation of P by
external magnetic field (H) can be obtained.* So far, the most
successful microscopic model to explain the magnetically in-
duced P in helimagnets is the inverse Dzyaloshinskii-Moriya
(D-M) model,® which originates from relativistic spin-orbit
interaction. This model predicts local electric polarization
p;; induced between two neighboring spins §; and §; in
the form of Dij X ejj X (8; x §;), where e;; is the unit
vector connecting the neighboring spins. This mechanism
successfully explains the ferroelectricity and ME natures in
several cycloidal helimagnets such as RMnO3,”# Ni3V,0g,’
and MnWO,,'% in which the spins rotate within the plane
including the magnetic modulation vector g.

In contrast, still yet to be clarified is the magnetoelectric
coupling in triangular lattice antiferromagnets, one of the most
typical and simplest examples of frustrated spin systems.
When only the nearest neighbor exchange interaction is
considered, the neighboring classical spins on triangular
lattice make an angle of 120° with respect to each other.
While the inverse D-M scheme predicts P = 0 for such a
120° spin texture, the appearance of nonzero P has recently
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been reported for yavapaiite RbFe(MoOy),'! and delafos-
site CuCrO,.!>'* The further introduction of next nearest
and interplane interactions as well as magnetic anisotropy
leads to the formation of more versatile spin textures. For
example, delafossite CuFe;_,Ga, O, shows proper screw spin
texture, where spins rotate within a plane normal to magnetic
modulation vector ¢ [(110).">!'® Whereas the inverse D-M
model denies the ferroelectricity in such a proper screw spin
state, emergence of P || ¢ has recently been reported for
CuFe;_,Ga,0,. The origin of spin-driven ferroelectricity in
the above delafossite compounds has been ascribed to the
recently proposed mechanism of spin-dependent metal-ligand
hybridization'”"!° which also stems from spin-orbit interaction
to give rise to the local electric polarization in the form
of p;; o (eij - Si)Si — (ei; - $;)S;. Nevertheless, the general
relationship between spin texture and electric polarization on
a triangular lattice still remains elusive.

Our target materials, transition metal dihalides MX, (M:
transition metal, X: halogen), have long been studied as
one of the prototypes of antiferromagnets with a triangular
lattice.?>>! While early studies focus on their magnetic and
optical properties, recent discovery of the coupling between
helimagnetism and ferroelectricity in triangular lattice antifer-
romagnets MnlI,?? and NiBr,?? as well as Jahn-Teller distorted
CuClL,** and CuBr,? highlight MX, as the first example of
multiferroic halides. In this paper, we investigate magnetic
and dielectric properties of triangular lattice helimagnets Nil,
and Coly, as characterized by the proper screw and cycloidal
spin texture, respectively. We found that both compounds
show ferroelectricity at their helimagnetic ground states.
The H-induced rearrangement of helimagnetic domains is
observed for Nil,, while the H-induced transition into another
helimagnetic phase is observed for Col,. Each phenomenon
leads to a unique response of P under external H despite
the similarity in the original crystal lattice, thereby indicating
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FIG. 1. (Color online) The crystallographic unit cell of (a) CdCl,
type and (b) CdI, type structure. (c¢) The (001) projection of a
triangular-lattice layer of M** ions (filled circles) and two adjacent I~
layers (open circles). Plus (minus) signs indicate that the position of
the I atoms is above (below) the M>* layer. The symmetry elements at
an M7 site are also indicated: reflection mirrors (i), twofold rotation
axes (2), and a threefold rotation axis along the [001] axis with an
inversion center (a triangle with a small circle).

that even a slight difference in the magnetic interactions is
critically reflected in the respective magnetoelectric response
in frustrated magnets.

II. STRUCTURAL AND MAGNETIC PROPERTIES

Most of transition metal dihalides MX, with X = Cl, Br,
and I crystallize into a Cdl, type (P3ml1) or CdCl, type
(R3m) structure, where each element forms a triangular
lattice and stacks along the [001] axis in the sequence
of —(XMX) — (XMX)—. The difference between these two
structures is in the stacking pattern of (XMX) blocks; the
CdCl, type structure is of the rhombohedral form with a
repeating stack of three (XMX) layers [Fig. 1(a)], while the
CdI, type structure does the straight stacking [Fig. 1(b)]. The
magnetic properties are dominated by M** ions, which are
surrounded by the octahedron of X~. Since each magnetic M
layer is separated by two adjacent nonmagnetic X layers, these
compounds can be considered as a quasi-two-dimensional spin
system.

Nil, crystallizes into the CdCl, type structure [Fig. 1(a)]
with a magnetic Ni2* ion (S = 1), and undergoes two succes-
sive antiferromagnetic phase transitions at Ty; = 76 K, and
Tn2 = 59.5 K228 under zero magnetic field. The proper screw
magnetic structure is realized at the magnetic ground state
below Ty, where spins rotate within the plane perpendicular
to the magnetic modulation vector g ~ (0.138,0,1.457). This
means that the g vector is slanted off from the triangular-lattice
basal plane. Correspondingly, the spin-spiral plane is also
canted from the plane including the [001] axis [Fig. 2(a)]. For
simplicity, hereafter, we define g, as the in-plane component
of the ¢ vector [Fig. 2(b)].
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FIG. 2. (Color online) (a) and (b) Schematic illustration of the
proper screw spin order with the magnetic modulation vector g ~
(0.138,0,1.457) reported for Nil,, viewed from the (a) [110] direction
or (b) [001] direction. Blue bars in (a) indicate the spin-spiral plane.
The compatible symmetry element as well as the allowed electric
polarization (P) direction is indicated in (b). Closed (open) circles
indicate Ni (I) atoms. (c) Six possible multiferroic domains with
P ||(110), (D~(VI). Corresponding in-plane magnetic modulation
vector g;, and spin chirality (denoted as R or L) are also indicated.

In contrast, Col, crystallizes into the CdI, type structure
[Fig. 1(b)]. Magnetism is determined by Co?*, which is
in the high spin configuration (t;%¢,%).>**? The spins are
confined in the (001) plane due to the easy-plane anisotropy,
which is confirmed by magnetization measurements and
the Mossbauer spectroscopy.?®3 A previous powder neutron
diffraction study®® suggested the emergence of cycloidal
spin order with commensurate magnetic modulation vector
q= (%,0,%) below 8 K, where the spin spiral plane lies in
the triangular-lattice plane [Fig. 7(g)]. On the other hand, the
subsequent single crystal neutron diffraction study** reported
that Col, undergoes successive magnetic phase transitions at
Tny = 11 K and Ty, = 9.4 K while keeping two magnetic
reflections at ¢, = (11—2,1—12,%) and ¢, = (é,O,%) below Tyi.
This suggests the presence of a multiple-g state or coexistence
of two different single-g states, although the details are still
yet to be clarified.

III. EXPERIMENTAL DETAILS

Single crystals of Nil, and Col, were grown by the
Bridgman method. Because of their moisture sensitivity, the
handling of the sample was mostly performed in a glove box
filled with Ar gas. The typical dimension of the crystal is
5S5mm X 5 mm x 5 mm for Nil, and 3 mm x 3 mm x 1 mm
for Col,. They were cleaved along the (001) plane, and cut
into a rectangular shape with additional faces perpendicular
to the (001) plane. The in-plane crystal orientation was
determined by the x-ray Laue method for Nil,, but not for
Col, due to high instability of the sample in the air. Silver
paste was painted on the selected surfaces as the electrodes.
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FIG. 3. (Color online) (a)—(c) The temperature dependence of
magnetic susceptibility x, the [110] component of & (g[;10;), and
electric polarization P measured for Nil,. The [110] component of P
(Pp110)) was measured in the warming process without E and H after
the field cooling with E || [110] and H || [110] (denoted as Hygc).
(d) and (e) Favorable domain distribution under the electric field (E)
and the magnetic field (Hygc).

The P value was deduced by the time integration of the
polarization current measured by an electrometer with constant
rates of temperature (7') sweep (1~ 5 K/min). To enlarge the
population of a specific P domain, the poling electric field
(E =70 ~ 120 kV/m) was applied in the cooling process
and removed just prior to the measurements of polarization
current in the warming process. Unless specified, the H was
kept unchanged during both procedures. Dielectric constant &
was measured at 10-100 kHz using an LCR meter. M was
measured with a SQUID magnetometer.

IV. RESULTS AND DISCUSSION
A. Nil,

First, we investigate the magnetic and dielectric nature of
Nil, at the magnetic ground state around H = 0. Figures 3(a)—
3(c) show the T dependence of magnetic susceptibility
x(= M/H), the [110] component of dielectric constant &
(er1107), and [110] and [001] components of electric polariza-
tion P (Pyy10; and Pyoo1)). x shows a broad peak at Ty ~ 76 K
and a sudden drop at Ty» ~ 58 K both for H || [110] and
H | [001], which are consistent with the previous reports.
The latter anomaly signals the onset of the proper screw
spin order with q,-n||(110). Simultaneously, the {110 shows
a peak and Pjj0) begins to develop. The sign of P can
be reversed with an opposite direction of poling E, and no
dielectric anomaly is detected along the [001] direction. These
results suggest that the proper screw magnetic ground state
induces ferroelectric polarization along the in-plane direction,
while the intermediate magnetic state between Ty and T3 is
paraelectric in nature. This behavior can be justified from the
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viewpoint of symmetry. In the case of Nil,, the original crystal
structure possesses centrosymmetric site symmetry 3m at
magnetic Ni sites [Fig. 1(c)]. The proper screw magnetic order
with gi,||(110) breaks several symmetry elements including
the inversion center, and only the twofold rotation axis
perpendicular to both the gj, vector and the [001] axis remains
unbroken. Thus, the emergence of P | [110](Llgi,) can be
allowed [Fig. 2(b)]. The inverse D-M model predicts P = 0 for
the simple proper screw magnetic order where the g vector is
along the high-symmetry axis (e.g., [110] or [110]). However,
given that the interlayer coupling is much weaker than the
intralayer coupling, the inverse D-M mechanism can be the
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FIG. 4. (Color online) (a) The temperature dependence of Py
measured for Nil, under various magnitudes of H applied along the
[110] axis. Pyj1o was measured in the warming process without E
after the field cooling with E || [110], while applied H was unchanged
during both procedures. The small open triangle indicates the onset
of the magnetically-induced hump structure in the P-T curve.
(b) Magnetic field dependence of Py;1¢; value at 10 K, obtained from
the P-T scans in Fig. 4(a) (open squares) and Fig. 3(c) (triangles).
The data points taken with the same magnitude of poling magnetic
field Hyc (=3 T or 14 T) are connected by dashed arrows.
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origin of nonzero Pj1g; due to the canting of the spin spiral
plane towards the triangular-lattice plane. On the other hand,
the metal-ligand hybridization model may also be relevant
to the observed ferroelectricity of magnetic origin. Similar
coupling between in-plane P and proper screw spin order with
gin 11(110) has recently been reported for a triangular lattice
helimagnet Mnl, .

Next, we discuss the effect of magnetic field cooling.
Figure 3(c) summarizes the temperature dependence of Pjjq)
in the warming run, measured without E and H after the field-
cooling procedures with E || [110] and various magnitudes
of H || [110] (Hugc, the suffix MEC standing for magneto-
electric cooling). We found that Pjj;9; becomes larger as
the magnitude of Hygc increases. This behavior probably
originates from the H-induced rearrangement of multiferroic
domains as discussed below. In general, the transition from
paramagnetic to magnetically ordered state generates multiple
domains, which can be converted into each other by the
symmetry element that is broken by magnetic order.’®> Due
to the symmetry of triangular lattice, Nil, can host six
helimagnetic domains characterized by the unique set of three
possible gi, || (110) and two spin-chiral (helical sense) degrees
of freedom, which have the one-by-one correspondence to the
six ferroelectric domains with P ||(110)_L gi,. In Fig. 2(c), the
relationship among g;, direction, vector spin chirality, and P
direction for each multiferroic domain is summarized. Note
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that the reversal of spin chirality always gives the opposite
direction of P. When the specimen is cooled only with the
poling E | [110], the ferroelectric domains with polarization
component parallel to E [(I), (IV), and (VI) in Fig. 3(d)]
should be selected. Thus, the finite Pjj1; is observed in the
P-T scan with Hygc = 0 T [Fig. 3(c)]. On the other hand,
the in-plane H should favor the domain with P lgi,|| H
in the present case of the proper screw magnetic order with
gin | (110), since antiferromagnetically aligned spins prefer to
lie within a plane perpendicular to the applied H. When the
specimen is cooled with both E || [110] and Hygc || [110], the
domain-(I) is dominantly generated [Fig. 3(e)]. By comparing
Figs. 3(d) and 3(e), the enhancement of Pj;;o; as a function of
Hyiee || [110] can be reasonably explained in this way.
Figure 4(a) shows the T dependence of P;¢; under various
magnitudes of H || [110]. This time, Pj110) was measured
in the warming process without E after the cooling with
E || [110], while the applied H was kept unchanged during
both procedures. As H increases, the value of Pjjjo) mono-
tonically increases and saturates above H = 6 T. Figure 4(b)
summarizes the H dependence of Pjjg; at 10 K (denoted as
square symbols) deduced from the P-T profile in Fig. 4(a). In
the same figure, also plotted are the Pj;1¢; values (triangles) at
10 K obtained from Fig. 3(c), i.e., measured at H = 0 after the
field cooling with Hyc. For both 3 T and 14 T, the removal
of external H after the field cooling (indicated with dashed
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FIG. 5. (Color online) (a) The temperature dependence of M/H taken for Nil, under various magnitudes of H || [110]. The data (except
for the one at 1 T) are arbitrarily offset for clarity. Solid (open) circles are data obtained in the cooling (warming) run. Open triangles indicate
anomalies observed in the warming runs. The M/ H profiles, except for the one with H = 1 T, are arbitrarily offset for clarity. (b) 7-H phase
diagram for Nil, with H || [110], determined by various 7 scans of M and P.
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FIG. 6. (Color online) The temperature dependence of M /H and
Ppi10) near the magnetic transition temperature at H = 14 T.

arrows) keeps the Pjjjo; value almost constant, suggesting
the observed H dependence of P originates from the domain
rearrangement, not from the change in spin texture.

Figure 5(a) shows the T dependence of M/H (=yx)
under various magnitudes of H || [110]. We found that the
anomalies in M corresponding to 7y; and Ty survive up
to 14 T. In Fig. 5(b), the H-T phase diagram for H || [110]
determined from the various 7 and H scans of M and P
is indicated. The boundary of the ferroelectric phase (FE)
always coincides with that of the helimagnetic ground state,
which proves the strong correlation between ferroelectricity
and helimagnetism in this system. Note that with H higher
than 9 T, the T dependence of Pjjjg; is not monotonic, but
has a hump structure slightly below the ferroelectric transition
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temperature [Fig. 4(a)]. In Fig. 6, the expanded view of T
dependence of M/H and P at 14 T is indicated. We see
the enhancement of Pjjjq; for 47 K< T' <Tny ~ 58 K, where
the M /H profile also shows noticeable anomalies with clear
hysteresis. Since such behavior is not observed in the P-T
scan performed at H = 0 after the magnetic field cooling
[Fig. 3(c)], the observed nonmonotonous enhancement of
P just below Ty, probably reflects the deformation of the
magnetic structure under H. Such anomalies in the P-T
profiles for various H values are also plotted in the H-T phase
diagram [Fig. 5(b)], which implies the existence of another
multiferroic phase in the high-H region (shaded area). In the
case of triangular lattice helimagnet Mnl, with the analogous
spin texture,**’ the in-plane H induces a change of stable g;,
direction from g;, || (110) to gi, || (110) while keeping the proper
screw spin structure.”” A similar situation seems to occur for
Nil,, yet a further investigation of magnetic structure under
H would be necessary to fully clarify the origin of observed
magnetoelectric response.

B. COIZ

Next, we investigate the magnetic and dielectric properties
of triangular lattice helimagnet Col,. Figures 7(a)— 7(c) show
the 7' dependence of y, the in-plane component of ¢ (ej,), and
the in-plane and the out-of-plane component of P (Pj, and
Pioo11) measured for the magnetic ground state at H ~ 0. As
T decreases, x shows a sudden drop at Txz ~ 9 K, signaling
the onset of the helimagnetic ordering. Simultaneously, both
Py, and Pygo1) begin to develop, while a possible anomaly in
&in 15 too small to be detected. Since the ratio of Pjgoj to P,
is appreciable (~0.3), the observed Pjop;; may not simply be
ascribed to the leakage component of P;,. The sign of P can
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FIG. 7. (Color online) (a)—(c) The temperature dependence of y, the in-plane component of ¢ (¢;,), and P for Col,. (d)—(i) Schematic
illustrations of possible magnetic structures in Col,, viewed from the [001] direction. Upper (lower) row indicates the ones with ¢ ||{110)
(g 1{110Y). In the magnetic ground state, the spin-spiral plane is confined within the (001) plane [(d) and (g)]. Application of in-plane H is
expected to reorient the spin spiral into the (110) plane [(e) and (h)] or the (110) plane [(f) and (i)]. For each configuration, the compatible
symmetry element and the possible electric polarization direction are indicated. Red or blue bars in (e), (f), (h), and (i) denote the spin spiral

plane perpendicular to the (001) plane.
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be reversed with an opposite direction of poling E. While the
previous neutron diffraction study suggested the existence of
the intervening spin-ordered state between Txy < T <Tn; ~
11 K, no corresponding magnetic or dielectric anomaly at
Tn1 can be detected in the current measurements. Our present
results suggest that only the helimagnetic ground state hosts
the ferroelectricity, and the intermediate phase is paraelectric
in nature.

Following the result of a former neutron diffraction
study,”®** we assume the coexistence of two cycloidal spin
orders with g ||{110) or g ||{110) to discuss the origin of
induced P, as shown in Figs. 7(d) and 7(g). Both spin textures
break most of the symmetry elements of the original crystal
lattice characterized by the site symmetry 3m at magnetic
Co**site; the cycloidal order with ¢ ||(110) leaves only the
m' (mirror followed by time reversal) normal to ¢ unbroken,
and thus allows emergence of both Pj;i(L ¢) and Pygoq;. In
the cycloidal order with g ||(110), on the other hand, only the
in-plane two-fold rotation axis normal to g survives, therefore,
and Pj110)(L ¢g) may appear. By considering the coexistence of
these two kinds of spin textures, we can naturally explain the
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FIG. 8. (Color online) (a) The temperature dependence of M/ H,
measured for Col, under various magnitudes of H applied perpendic-
ular to the [001] axis. (b) The temperature derivative of magnetization
dM /dT for the data taken in (a). (c) Magnetic field dependence of
M measured with H L [001] at various temperatures. (d) Magnetic
field derivative of magnetization dM /dH for the data taken in (c).
The triangles represent the transition points. In each figure, the data
are arbitrarily offset for clarity, except for the ones taken at 1 T [(a)
and (b)] or at 2 K [(c) and (d)].
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observed emergence of both the in-plane and the out-of-plane
components of P in the helimagnetic ground state. In terms
of the microscopic origin of ME coupling, the inverse D-M
mechanism can predict only the in-plane component of P.
By contrast, the metal-ligand hybridization scheme can be
relevant to the appearance of Pjgo;; as well. A similar situation
has recently been reported for NiBr, which hosts cycloidal
spin order with ¢ ||(110).%3

We further investigated the development of P and M
under the in-plane H. Figure 8(a) shows the 7" dependence of
M /H under various magnitudes of H applied perpendicular
to the [001] axis. As H increases, T, (characterized by a
sudden drop of M /H) gradually decreases and the transition
at Ty, finally vanishes above 9 T. In Fig. 8(b), we plotted
the corresponding profile of dM/dT (temperature derivative
of M). Notably, in addition to the peak anomaly at Ty, (green
triangles), we found another peak structure (red triangles) for
the magnetic field range of 6 T < H < 8 T. Such a two-step
metamagneticlike transition can also be identified in the H
dependence of M below T, [Fig. 8(c)]; the H derivative of
M (dM/dH) clearly shows the two peak structures [Fig. 8(d)]
as in the case of the T scan. Based on various H and T scans of
M, we have summarized the H-T magnetic phase diagram of
Col, under the in-plane H (Fig. 9). At the lowest temperature,
at least three magnetic phases can be identified under the
applied H up to 14 T. To elucidate the dielectric nature of
each magnetic phase, we measured the 7' dependence of P;,
under various magnitudes of in-plane H. Here, H is applied
normal or parallel to the electrode, which corresponds to
P 1 H [Fig. 10(b)] or P || H [Fig. 10(d)] setup, respectively.
For both conditions, the ferroelectric transition temperature
decreases as H increases, and an additional anomaly in the P
profile emerges for 6 T < H < 8 T. These phenomena can be
identified from the double-peak structure in the pyroelectric
current (I,,) profile [Figs. 10(a) and 10(c)], which corresponds
to the T derivative of P. Such anomalies in P-T profiles
are plotted in the H-T magnetic phase diagram as shown
in Fig. 9. The magnetic anomalies always accompany the
dielectric anomalies, confirming the strong magnetoelectric
coupling in this system. Our measurements of P;, revealed

Col, HL [001]

}2 T T T T T T
13k M-T M-H P-T  P-T ||
Q H I PM/PE o a (PLH)PIHH
fm = = = ey A o o H
S 10 AFPE —o___ o K
= 9 =
2 8t i
E 7t cycloid/FE2
a 6 F e
g 5t -
S af ]
3L cycloid-A, -B/FEI ]
1L AF2/PE

0 1 1 1 1 1 1 1 1 1 1 1
01 2 3 45 6 7 8 9 1011 12

Magnetic Field (T)

FIG. 9. (Color online) The T-H phase diagram for Col, under
H applied perpendicular to the [001] axis. The phase boundaries
are determined by various 7 and H scans of M and P. The
horizontal broken line represents the presumed phase boundary
between paramagnetic (PM) and antiferromagnetic (AF) phases
suggested by the neutron diffraction experiment in Ref. 34.
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FIG. 10. (Color online) (a) The temperature dependence of the
in-plane component of (a) pyroelectric current I, and (b) electric
polarization (P,,) measured for Col, in the warming process without
E, after the cooling with E. Here, the in-plane H is kept unchanged
during both processes, which is applied normal to E. The correspond-
ing data taken with the E || H poling condition is also shown in (c)
and (d). In (a) and (c), the I,-T profiles are arbitrarily offset for clarity,
except for the ones at 10 T.

that not only the helimagnetic ground state (FE1) but also
the first H-induced magnetic phase (FE2: shadowed region)
can induce electric polarization. P finally vanishes for the
second H-induced magnetic phase (AF2), which may signal
the collinear nature of spin arrangement in this H-T region.
In the following, we discuss the possible magnetic structure
in the H-induced FE2 state. In general, the antiferromagnetic
spins (or spin spiral plane) favor to lie normal to the external
H . Thus, the application of in-plane H can cause the flop of the
spin spiral from the triangular basal plane into the plane normal
to H. To check the validity of the above scenario of spin flop,
we measured the H-direction dependence of M /H at various
T under H =6 T [Fig. 11(a)]. Here, H is rotated around
the [001] axis, and 6y is defined as an angle between the H
direction and the arbitrarily chosen in-plane crystallographic
axis. We observed the oscillations of M/H with the cycle
of 60° in the FE2 phase (T = 6 K), while not in the FE1
phase (T = 5 K). A similar oscillation of M/H with the cycle
of 60° has recently been reported for the triangular-lattice
spiral magnet CuFe;_,Ga,0,,>® where the rotation of the

FIG. 11. (Color online) (a) The H-direction dependence of M /H
measured at 6 T for Col,. Here, H is rotated around the [001] axis, and
Oy is defined as the angle between the H direction and an arbitrarily
chosen in-plane crystallographic axis. (b) Temperature dependence
of the in-plane component of P measured in the warming process
without E, after the cooling down to 6 K with E. During both
processes, in-plane H (applied parallel or normal to E) was kept
unchanged. (c) Temperature dependence of the [001] component of P
under the in-plane H . The solid (dashed) line represents the procedure
that the specimen was cooled with the poling field of E from 15 K
to 6 K (2 K); then E was switched off prior to the measurement
in the T-increasing run. (d) Six possible multiferroic domains with
unique in-plane P directions expected for the spin texture shown
in Fig. 7(h). Corresponding in-plane magnetic modulation vector
gin and spin chirality (denoted as R or L) are indicated. Favorable
domain distributions under various combinations of H and E are
also indicated in (e) and (f).

in-plane H causes the flop of the in-plane ¢ so as to keep
the spin-spiral plane normal to the external H. Note that this
behavior is expected only when the spin spiral is normal (not
parallel) to the triangular basal plane, since applied H cannot
lift the degeneracy of in-plane ¢ when the spin spiral lies in the
(001) plane. The presently observed 8y dependence of M/H
suggests that the phase transition from FE1 (e.g., at 5 K and
6 T) into FE2 (e.g., at 6 K and 6 T) corresponds to the flop
of the spin spiral plane from the (001) plane into the plane
including the [001] axis.

In Figs. 7(e), 7(f), 7(h), and 7(i), we indicate the four
possible spin-flopped states deduced from the cycloidal
magnetic ground state with ¢ [|(110) or ¢ ||(110). Based on
the symmetry analysis as in the case of Nil, (see caption
of Fig. 7), we can predict the relationship Py, || H for the
q |1(110) state [Figs. 7(e) and 7(f)] and P, L H for the
g |I{110) state [Fig. 7(h) and 7(i)], respectively. Here, each
spin texture can host six possible ferroelectric domains with
unique in-plane P directions, and the application of E and
H should enable the domain selection. As an example, in
Figs. 11(d)-11(f), we show the expected correspondence
among the six possible ferroelectric and helimagnetic domains
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as well as the development of domain distribution under the
external E and H for the spin texture shown in Fig. 7(h).
To determine the plausible spin texture, we measured the T
dependence of P;, in the FE2 state withthe P L. Hand P | H
setup at 6 T [Fig. 11(b)]. Much larger P;, is observed in the
P | H setupthanthe P || H setup, implying that the g ||(110)
state favoring the P, L H relationship is stabilized in the
FE2 phase [Fig. 7(h) and 7(i)]. We further measured the T
dependence of Pjg;; in the FE2 state at 6 T [Fig. 11(c)]. The
symmetry analysis allows the emergence of nonzero Pjy; at
least for the spin texture shown in Fig. 7(h), which is consistent
with experimental observation and hence plausible as the spin
texture for the FE2 phase. To fully establish the H-induced
development of the spin texture in the Col,, however, more
detailed study including neutron diffraction experiments on
single crystal is highly demanded.

V. CONCLUSION

In summary, we investigated magnetic and dielec-
tric properties of single crystals of the triangular-lattice

PHYSICAL REVIEW B 87, 014429 (2013)

antiferromagnets Nil, and Col,. We found that both Nil, with
screw spin order and Col, with cycloidal spin order show
spin-driven ferroelectricity in the helimagnetic ground state.
In-plane H induces rearrangement of six possible multifer-
roic domains for Nil,, and deformation of the helical spin
texture for Col,, each of which causes unique and distinctive
magnetoelectric response. In consideration of the structural
similarities in these two triangular lattice systems, the spin
ordering pattern as well as the resultant magnetoelectric
behavior is determined on the delicate balance of magnetic
interactions. Our present results demonstrate that even the
simplest triangular lattice antiferromagnets can host a rich
variety of multiferroic behaviors, which promises the further
discovery of unique ME functions in frustrated magnets.
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