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Multiferroicity in NiBr, with long-wavelength cycloidal spin structure on a triangular lattice
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Multiferroic properties have been investigated for single crystals of the triangular-lattice antiferromagnet
NiBr; with long-wavelength (~7 nm) cycloidal spin structure whose spin-spiral plane is parallel to (001). X-ray
diffraction revealed a magnetoelastic lattice modulation with half the periodicity of the magnetic modulation
below the cycloidal ordering temperature (7;c ~ 23 K), indicating the elliptically distorted nature of the transverse
helix. Field-reversible spontaneous polarization (P) appears in the [110] direction perpendicular to the spin
rotation axis (||[001]) below Tic. P shows nontrivial dependence on the magnitude and direction of the poling
magnetic field (H), suggesting the possible H selection of the propagation vector of the helix from the sixfold-
degenerate directions, even for the in-plane cycloidal spin structure, through magnetic domain control in the
higher-temperature spin-collinear antiferromagnetic phase.
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Multiferroic materials have recently been studied exten-
sively from the viewpoints of both fundamental physics and
possible application to devices."> In these studies, magnetic
and/or electric control of the multiferroic domain is one
of the key issues in achieving large magnetoelectric (ME)
responses.> ™ In this context, the spin-spiral magnets (he-
limagnets) are an important class of multiferroics because
their ferroelectric (FE) polarization (P) is induced by the
magnetic order, thus producing strong clamping between
the FE and magnetic domain walls. In the helimagnetic
ferroelectrics, there are two major mechanisms which give
rise to the ferroelectricity. One is the spin current or inverse
Dzyaloshinskii-Moriya (DM) model,”® which explains P in
the transverse spin-spiral (cycloidal) system irrespective of
the symmetry of the underlying chemical lattice. According to
this model, P is expressed as P « Ze,-j x (8; x §;), where
e;j is the unit vector connecting neighboring spins S; and S;.
Another mechanism is based on the spin-dependent transition-
metal-ligand (d-p) hybridization.!*'> The latter mechanism
can also generate P even in the proper-screw system, when
the chemical lattice holds some specific symmetry, as in
delafossite-type CuFeO,."?

In the helimagnetic multiferroics, one way to control
the direction of the magnetically induced P with use of
a magnetic field (H) is to rotate the spiral plane while
keeping the direction of the magnetic modulation vector Q,,
unchanged.'*!> Another way is to change the direction of Q,,
itself with use of H, as reported for systems such as cubic
ZnCr,Sey,’ tetragonal Ba,CuGe,07,'® and trigonal Ga-doped
CuFe0,."” In these systems, the high crystal symmetry of
the paramagnetic phase allows the existence of domains with
different Q,, and P directions (e.g., 60°, 90°, 120°, as well
as 180° domains) when the crystal symmetry is lowered by
the spiral-spin order. In general, application of H stabilizes
the domains with the spiral plane perpendicular to H due
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to the Zeeman energy gain, thereby leading to a flop of
the Q,, and P vectors. In particular, in the case of trigonal
Ga-doped CuFeO,,'” the magnetic structure is proper screw
with the (110) spiral plane and the propagation vector along
the [110] direction. It is this particular spin structure that
allows the magnetic digital flop of P.'7 On the other hand,
the mechanism of control of the P domain by H is highly
nontrivial when the spin system forms the cycloidal structure
which is the other prototypical case of generating P. In
this paper, we report on the multiferroic properties as well
as H control of P domains in trigonal NiBr, with long-
wavelength cycloidal spin structure by measurements of syn-
chrotron radiation (SR) x-ray diffraction, magnetization (M),
and P.

NiBr; crystallizes in a CdCl, structure (space group R3m)
as depicted in Fig. 1(a). In this crystal, edge-shared NiBrg
octahedra form two-dimensional triangular lattice sheets,
which stack along the [001] direction with weak van der Waals
bonding. S = 1 spins of Ni** ions order antiferromagnetically
at Ty = 44 K. In this collinear antiferromagnetic (AF) phase,
the spins on a (001) plane align ferromagnetically, pointing
along the [110] direction [see Fig. 1(c)],'® while showing the
AF stacking along the [001] direction. At Tic ~ 22.8 K, a
second transition occurs from the collinear to the cycloidal AF
phase, in which the spin rotation plane is the (001) plane
and the O, of the helix is (6m 8m 3/2) with 6, = 0.027
at 4.2 K, which corresponds to the periodicity of ~7 nm
[Fig. 1(d)]."! As shown in Fig. 1(d) (see also the later
discussion), the magnetic point group m’ allows P to be
perpendicular to the in-plane propagation vector (gn,). Then,
six possible directional sets of P and g, are degenerate in the
(001) plane, as depicted in Fig. 1(e).

Single crystals of NiBr, were grown by the sublimation
and Bridgman methods. Thin plates (~3 x 3 x 0.1 mm?) with
wide faces perpendicular to the crystallographic [110] and
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FIG. 1. (Color online) (a) Crystal structure of NiBr, shown
schematically. (b)-(d) Schema of the (b) crystal and (c),(d) magnetic
structure and symmetry of NiBr, in the (001) plane. (c) and (d)
depict the collinear layered antiferromagnetic (AF) (Tic < T < Tn)
and cycloidal spin (T < Tic) structures on the triangular lattice,
respectively. Small solid arrows indicate spin directions on Ni** ions.
Closed and open small circles represent Br atoms above and below the
Ni plane, respectively. () Schema of the possible sixfold-degenerate
domains with ¢,,, and P vectors. Here, the opposite direction of g, is
defined as spin modulation with opposite helicity.

[001] axes were cut from the single crystal. Electrodes were
formed on both sides of the plate with silver paste. P was
obtained by integrating the displacement current measured
while sweeping temperature (7), H, or electric field (E).
Single-crystal x-ray diffraction measurements were made
using a four-circle diffractometer on BL-3A at the Photon
Factory, KEK, Japan.

As shown in Figs. 2(a) and 2(b), M | [110] shows an
anomaly at Tic ~ 23 K, below which spontaneous P emerges
along the [110] direction, i.e., perpendicular to the cycloidal
spin rotation axis (|| [001]). While this observation is in
accord with the prediction of the inverse DM model,””
the spin-dependent d-p hybridization mechanism'®"'? can
also produce an in-plane P component along the same
direction, as follows. We observed small but finite P || [001]
[~1 uC/m?; see Fig. 2(b)], which is allowed by the symmetry
m’. This P || [001] can be explained by the spin-dependent
d-p hybridization mechanism,?” but not by the inverse DM
model.”” Assuming that the spin cycloid is of a genuine circle
and taking into account the reported value of &, = 0.027
at 4.2 K," the calculation based on the d-p hybridization
mechanism'*""? yields Pyjoo1)/ Pyj o) = 0.057.% This is com-
parable to the experimentally observed value; some ambiguity
exists because of the experimental difficulty in the quantitative
evaluation of small P || [001]. Presumably, both mechanisms
may contribute to the observed in-plane P, yet it can be safely
said that P resulting from the d- p hybridization mechanism is
dominant.

Evolution of the cycloidal spin order was detected by
SR x-ray diffraction measurements. Figure 2(d) shows the
diffraction profile around (1 2 12) measured at T = 5.3 K.
Superlattice peaks are observed at (—1 £ § 2 & §; 12) with
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FIG. 2. (Color online) (a)—(c) T dependence of (a) M/H mea-
sured at H =5 kOe along the [110] direction, (b) P || [110] and
P || [001] in the absence of H, and (c) §s/2 obtained from SR
x-ray diffraction measurement (this work) together with the reported
Om In Qn = (n m 3/2) [cited from Adam et al. (Ref. 19)]
from neutron diffraction (ND). (d) X-ray diffraction profile around
(12 12) measured at 5.3 K. (¢) T dependence of (—1 + 8 2 + &, 12)
superlattice reflection. In (d) and (e), filled triangles indicate the
suparlattice peaks.

8s ~ 0.051. As T is increased, the position of the superlattice
peaks monotonically shifts toward the (I 2 12) Bragg peak
and finally vanishes at Tjc [Fig. 2(e)]. The T dependence
of §; agrees well with that of twice the reported in-plane
magnetic modulation 8., [see Fig. 2(c)]. The existence of
the magnetoelastic lattice modulation with &s = 28, suggests
the elliptically deformed nature of the spin cycloid.?* (The
d-p hybridization mechanism'® gives rise to 26, charge
modulation, which in turn deforms the spin cycloid elliptically
also.)

Figures 3(a) and 3(c) show the T dependence of M/H
and P || [110], respectively, measured at various H | [110].
As H increases, the FE transition temperature 7. decreases
monotonically. A similar monotonic decrease of 7. is also
observed when H is applied along [110], as shown in Fig. 3(b).
For these P-T measurements under H, the sample was cooled
under E and H from 30 K in the collinear AF phase for
the poling, and E was switched off at 5 K prior to the T-
increasing run. Interestingly, while the value of P || [110] at
the lowest T' (5 K) shows monotonic reduction as H || [110]
is increased, that measured in A || [110] initially increases up
to H = 15 kOe and then starts to decrease in spite of the same
poling E. This means that the FE domains in this system are
difficult to align solely by E: While the application of E ||
[110] may favor three P domains in which P - E > 0 holds, it
is difficult to lift the degeneracy among these three [Fig. 3(d)].
Application of H || [110] in addition to E during the poling
procedure appears to further lift this degeneracy and tends to
align P vector along the E direction [Fig. 3(e)]. Figure 3(f)
shows isothermal M-H and P-H curves at 2K for H || [110].
M shows a metamagneticlike first-order transition at around
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FIG. 3. (Color online) T dependence of (a) M/H | [110] and
(b),(c) P || [110] measured at several H values. Prior to the P-T
measurements, the sample was cooled once with the poling field of E
and H from the collinear AF phase at 30 K, and then £ was removed at
5 K. In (b) and (c), H is applied along [110] and [110], respectively.
(d),(e) Schema of the FE domain population after cooling under
E || [110] and H along (d) [110] and (e) [110], respectively. Short
closed (open) arrows indicate P directions of majority (minority)
domains. (f) Isothermal P-H and M-H curves measured at 2 K.
H is applied along the [110] direction and P along the [110]
direction. (g) ME phase diagram for H || [110] obtained from M and
P measurements.

of the domain walls of the cycloidal magnetic structure.
The remanant P values deduced from the P-E measurements
are plotted against 7 in Fig. 5(c), together with the P value
obtained from the pyroelectric current measurement. The
data show relatively good agreement above 10 K but exhibit
deviation below 10 K. To observe the effect of H during
the cooling procedure on the FE cycloidal magnetic domains,
we compare P-E hysteresis curves measured at H = 0 after
zero-field cooling and after field cooling of H = 20 kOe in
Fig. 5(b). As the sample is cooled in H, the initial curve of
the P-E loop tends to be soft, compared with that observed
after the zero-field cooling. In addition, a slight increase in the
27 kOe, at which P abruptly vanishes. This is ascribed to saturation P is observed.

the transition from cycloidal to collinear AF. P in the H-

decreasing run does not fully recover to the initial value. While H=0, E || [170]
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in contrast to the case of H || [110], indicating strong magnetic :
anisotropy in this compound. These are opposite tendencies to - : : ] * * * 0
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(110) plane.’'The resultant ME phase diagram for H || [001]

is displayed in Fig. 4(c).

In Fig. 5(a), P-E hysteresis loops measured at several
temperatures are shown. The opening of the loops observed
below Tic clearly shows that P can be directly reversed with E.
The coercive force is about 15-20 kV/cm above 10 K, which
is larger than that of cycloidal multiferroic MnWO4,>* but
comparable to that of DyMnOs under H || b of 60 kOe.>> At
5 K, however, the P-E curve shows no discernible hysteresis
loop up to 25 kV/cm, probably because of the reduced mobility

57101520 25 30
T(K)

FIG. 5. (Color online) (a) P-E hysteresis loops measured at
several temperatures. For clarity, the data are appropriately offset.
(b) P-E hysteresis loops measured at H = 0 and at 12 K. Black and
light blue (gray) curves indicate the data measured after cooling under
H.,o = 0 and 20 kOe, respectively. Dashed and solid lines represent
initial and second runs, respectively. The E-linear component of P is
subtracted from the raw data. (c) The comparison between P deduced
from pyroelectric current measurement and remanant P obtained
from P-E hysteresis loops (with E up to 25 kV/cm).
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The observed difference in the P-E hysteresis curves as
well as the nontrivial dependence of P on the H direction
and strength [Figs. 3(b) and 3(c)] suggest that the H during
the poling procedure plays an important role in aligning the
multiferroic domains. On the other hand, the P cannot be
fully controlled by H once the sample is cooled without H.
In fact, the isothermal P-H curve [Fig. 3(f)] shows an almost
constant P value as H is increased until the cycloidal order
is destroyed, suggesting that no flop of the spiral plane or g,
vector occurs. These facts can be accounted for in terms of the
cycloidal spin structure and its emergence from the collinear
layered AF structure. Because the spiral plane is parallel to
the (001) plane, there is little difference in the stability of
the domains with ¢y, || (110) between the field directions
of H || [110] and H || [110], thereby resulting in no flop of
the g, vector. Nevertheless, H can affect the spin structure
in the collinear AF phase with significant in-plane anisotropy.
The direction of the sublattice spins in the collinear AF phase
is along the (110) axis in the present setting.'® As depicted in
Fig. 1(c), in this collinear AF phase, the magnetic point group
is 2'/m’, which is already monoclinically deformed from the
parent structure (point group 3m); namely, two mirrors and
two twofold rotation axes have already been lost due to the
magnetostriction. Upon the further transition to the cycloidal
state at Tyc, the twofold rotation axis (2') is further lost and only
one mirror plane (m’) survives, with gy, running perpendicular
to it. Therefore, the direction of the sublattice spins of the

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 84, 060406(R) (2011)

high-T collinear AF phase determines the direction of gy,
in the low-T cycloidal phase. In the collinear AF phase,
application of H | [110] stabilizes the particular AF domains
in which sublattice spins are directed along the [110] axis.
Because the creation of the new mirror plane along a different
direction needs additional energy, only g, || [110] domains
with P || [110] are populated in the cycloidal phase via the
field-cooling procedure by way of the collinear AF state. Such
a field-cooling effect also explains the increase of residual P
in the P-E hysteresis loops.

In conclusion, we have revealed multiferroic properties for
single crystals of the triangular-lattice antiferromagnet NiBr;
with cycloidal spin structure. An x-ray diffraction study has
unraveled the elliptically deformed nature of the transverse
helix. The T dependence of M and P indicates that a field-
reversible spontaneous P appears in the [110] direction below
Tic ~ 23 K. The observed P shows nonmonotonic dependence
on the magnitude and direction of the poling H, suggesting
the selection of a unique cycloidal gy, vector from the sixfold-
degenerated directions by means of H.
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