PHYSICAL REVIEW B 102, 054409 (2020)

Metamagnetic transitions and magnetoelectric responses in the chiral polar helimagnet Ni,InSbOg¢
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In this study, the magnetic field effect was investigated on the magnetic and electric properties of a
chiral-polar-ordered corundum, NiyInSbOg. Single-crystal soft x-ray and neutron diffraction measurements
were used to verify the magnetic modulations with long wavelengths. The modulation direction tends to
align along the magnetic field when it is applied perpendicular to the polar axis, suggesting that the nearly
proper-screw-type helicoid should be formed below 77 K owing to the dominant activation of chirality-induced
uniform Dzyaloshinskii-Moriya interactions despite the existence of both chirality and polarity. When a high
magnetic field is applied perpendicular to the polar axis, a helix-to-canted antiferromagnetic transition is
observed through the intermediate soliton lattice type state. In contrast, a magnetic field applied along the polar
axis induces a first-order metamagnetic transition. These metamagnetic transitions accompany a change in the

electric polarization along the polar axis.
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I. INTRODUCTION

Noncentrosymmetric magnets often host noncollinear or
noncoplanar spin arrangements, such as magnetic helices,
solitons, and skyrmions [1,2] owing to the presence of the
uniform antisymmetric exchange interaction D - (§; x §;) be-
tween the neighboring spins S; and §;. The Dzyaloshinskii-
Moriya (DM) vector D is parallel to the bond direction in
chiral magnets. As a result, magnetic helix, cone, Bloch-
type-skyrmion lattice, and chiral soliton lattice have been
reported in B20-type compounds [3], 8-Mn-type Co-Zn-Mn
alloys [4], and Cu,OSeO; [5] with chiral cubic structures.
Néel-type-skyrmion lattice is observed in polar magnets, such
as GaV,Sg [6], GaV4Seg [7], and VOSe,0Os5 [8], because
D is perpendicular to the bond direction and polar axis.
Furthermore, antiskyrmions appear in magnets with Dyy-
symmetry [9]. The skyrmion lattices in insulating materials,
such as Cu,0SeO; and GaV,4Sg, have been found to ac-
company magnetoelectric (ME) coupling [10,11]. The cross-
correlation response attracts interest in terms of the electric
field control of magnetic structures; particularly, topological
magnetic objects.

To explore a colossal ME response with specific spin or-
dering, magnetic oxides of Ni3TeOg-type chiral-polar-ordered
corundum structure with a space group R3 may be good
candidates [12]. Ni3TeOg¢ undergoes an antiferromagnetic
transition at 52 K [13]. Below the Néel temperature, the
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material shows colossal ME effects across two-step spin-flop
transitions [14-16]. This study focuses on isostructural
Ni,InSbOg, which is obtained by substituting Sb>* and In**
for Te®* and one third of Ni**, respectively. The lattice pa-
rameters are a = 5.2168 A and ¢ = 14.0166 A in the hexag-
onal notation (we use the hexagonal notation in this study).
While the Ni moments in NizTeOg are collinearly arranged
in the antiferromagnetic phase, Ni,InSbOg hosts an incom-
mensurate helimagnetic modulation with a propagation vector
q = 0.029 5" below Tz = 76 K according to the powder neu-
tron diffraction [17]. The typical wavelength of a helimagnetic
order in the centrosymmetric frustrated magnets is shorter
than 10 nm; for example, 2 nm in TbMnO; [18,19] and
7 nm in NiBr, [20-22]. When the antisymmetric exchange
induces the helimagnetic order, the wavelength tends to be
longer (1-100 nm), such as in Cu,0SeO3 (62 nm [5,23]). The
helimagnetic period of 15.6 nm in Ni,InSbOg corresponds to
30 unit cells, thereby suggesting that the antisymmetric ex-
change, termed as DM interaction, should be essential for the
helimagnetic order. The helimagnetically ordered Ni planes
are stacked along the ¢ axis in an out-of-phase manner, as
that in Fe;PO403 [24,25]. Owing to the noncentrosymmetric
nature of the underlying crystal structure with both chiral-
ity and polarity, Ni;InSbOg can exhibit a unique magnetic
property and fascinating ME responses. The DM interaction,
activated in a C3-symmetry magnet, which possesses both
chirality and polarity, can work differently from that in either
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FIG. 1. Temperature dependence of (a) magnetic susceptibility
X, (b) change in electric polarization AP, and (c) electric permittivity
. along the ¢ axis at a frequency of 100 kHz. (d),(e) Temperature
dependence of ¢. in magnetic fields of 0, 2, 4, 6, 8, 10, 12, and 15 T
for (d) H || a* and (e) H || c¢. 18-T data are also added for H | c.
Data are vertically offset for clarity. Dotted lines in (a)-(e) show a
magnetic transition at 7c; = 77 K. Two black triangles are located at
TCI and Tcz =78K.

polar or chiral magnets [26]. In addition, Ni,InSbOg exhibits
antiferromagnetic coupling along the ¢ axis. Noncentrosym-
metric antiferromagnets have garnered significant interest
from the viewpoint of nontrivial antiferromagnetic spin tex-
ture, such as antiferromagnetic solitons [27-34] and antifer-
romagnetic skyrmions [35-38]. Ni,InSbOg is a rare antiferro-
magnet belonging to the C; point group that hosts noncollinear
spiral spin ordering.

Here, we study the physical properties of Ni;InSbOg using
single crystals. Because a spin helix exhibits an anisotropic
response to an external field, generally, experimental research
using single crystalline samples is required to clarify the
multiferroic property of the unique spin spiral order [39].
We found that large pyroelectricity is induced by the “nearly
proper-screw” type helimagnetic order that is accompanied
with a sinusoidally modulated canted component along the ¢
direction. Furthermore, metamagnetic transitions are observed
by measuring the magnetization, electric polarization, and
electric permittivity in high magnetic fields.

II. EXPERIMENTS

Single crystals of Ni,InSbOg were grown by the chemical
vapor transport method using PtCl, as the transport agent [40].
The ¢ plane was easily grown, resulting in plate-shaped crys-
tals. The typical dimensions of obtained crystals included an
area and thickness of 1-3 mm? and 500 um, respectively.
Polarized light microscopy clarified that they had chiral twins,
as reported in Ref. [41]. Since it was reported that isostructural
Ni3TeOg hosts the composite domain walls of chirality and

polarity [42], the electric polarization along the ¢ axis was
measured on a homochiral domain with an area of 0.74 mm?2,
by integrating the displacement current, measured using an
electrometer (6517A, Keithley). The dielectric constants were
measured using an LCR meter (E4980A, Agilent). The mag-
netization was measured by a superconducting quantum inter-
ference device magnetometer (MPMS-XL, Quantum Design).
High magnetic field measurements for the magnetization and
electric polarization were performed using a pulse magnet
at the Institute for Solid State Physics, the University of
Tokyo. Dielectric constant measurements in steady high mag-
netic fields were performed at the High Field Laboratory for
Superconducting Materials, Institute for Materials Research,
Tohoku University. Small-angle soft x-ray scattering (SAXS)
measurements at the Ni L3 absorption edge were performed
on BL-16A and 19B, Photon Factory, KEK, Japan. The ex-
perimental setup for the SAXS measurements is schematically
shown in Fig. 2(a) (see Refs. [43,44] for details). A plate of
NiInSbOg crystal with a thickness of approximately 300 nm
was fabricated using a focused ion beam thinning method. The
thin-plate sample was put on a Si3N4 membrane covered with
a gold film with a pin hole (diameter = 5 um), as depicted
in Fig. 2(b). We used left-handed circularly polarized and
unpolarized x rays at BL-16A and BL-19B, respectively. A
soft x ray, 853-eV (Ni L3 edge), was irradiated on the sample
and the scattered x ray around the direct beam was recorded by
a charge-coupled detector camera with 2048 x 2048 pixels. A
time-of-flight neutron scattering measurement was performed
on BL15 in MLF, J-PARC, Japan [45]. Three crystals were
aligned on an Al plate and cooled in a *He closed-cycle
refrigerator. Small- and wide-angle neutron scattering were
recorded by position sensitive detectors.

III. FUNDAMENTAL PHYSICAL PROPERTIES

Figure 1 shows the fundamental physical properties of
Ni;InSbOg as functions of the temperature 7. Magnetic sus-
ceptibility exhibits an anomaly at 7¢; = 77 K. The tempera-
ture is approximately consistent with the previously reported
magnetic transition temperature [17]. The Weiss temperature
Bw is estimated to be —207 and —188 K considering the
susceptibility data above 150 K (not shown) for magnetic
fields H 1 ¢ and H || c, respectively. The frustration parameter
|6w /Tc1]| is smaller than 3, implying that the DM interaction
should be the dominant origin of the helimagnetic order in-
stead of magnetic frustration; however, the effect of magnetic
frustration cannot be excluded. Figure 1(b) depicts a steep
change in electric polarization AP around T¢;, superposed on
a large pyroelectricity owing to the polar nature of the crystal.
A change of approximately 2000 uC/m? was observed in the
electric polarization between 7¢; and the lowest temperature.
This value is almost comparable to Ni3TeOg[14] and larger
than the typical value of the order of pC/m? in other multifer-
roic materials [46].

Figures 1(d) and 1(e) display the temperature dependence
of the electric permittivity &, along the c axis around T¢; in
various magnetic fields. A double peak structure is observed
around 7¢; in zero field, as indicated by black triangles, which
suggests two-step successive phase transitions at 7c; = 77K
and Tc, = 78 K. An in-plane magnetic field H || a* shifts T¢
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FIG. 2. Small-angle resonant soft x ray scattering of NiInSbOq
for the incident x ray propagating parallel to the ¢ axis. (a) Schematic
of experimental setup for SAXS measurements. (b) Thin plate
fabricated by a focused ion beam process on a gold-coated SizNy
membrane. The dotted line indicates the position of a circle-shaped
pinhole. (c),(d) Diffraction patterns in zero magnetic field at (c) 50 K
(below T¢;) and (d) 85 K (above 7¢;). (e) Intensity profiles of x
ray scattering along the radial direction at 50 K. The intensity is
obtained by integration in the range of —142.5° < ¢ < —112.5°.
ZFC and FC denote zero-magnetic-field cooling and field cooling in
amagnetic field of 0.4 T along ¢ = —135°, respectively. (f) Intensity
profiles of x ray scattering along the azimuthal angle ¢ at 50 K for
0.406 nm~! < |q| < 0.423 nm~'. The inset states the definition of ¢.
Two solid vertical lines show ¢ = —135° and 45°, which are parallel
to the cooling-magnetic-field direction.

to lower temperatures and makes it less prominent. The higher
temperature peak at 7, becomes smaller as the magnetic field
increases, and it merges with the lower temperature anomaly
at T¢;. This change accompanies the emergence of another
anomaly at approximately 7c3 = 80K at 6 T, which gradually
shifts to higher temperatures as the magnetic field increases.
In contrast, a magnetic field along the ¢ axis only broadens the
peaks at 7¢; and T¢;, as shown in Fig. 1(e).

IV. SMALL-ANGLE RESONANT SOFT X-RAY
MAGNETIC SCATTERING

A SAXS measurement in resonance with the Ni L3 absorp-
tion edge was performed with the incident x ray propagating
in the ¢ direction. A ringlike profile in the ¢ plane is observed
at 50 K (below Tt) after zero-field cooling (ZFC), as shown
in Fig. 2(c). Note that the shadow of a direct beam catcher is

observed at the center of the image. The diffraction disappears
at 85 K (above T¢i), as shown in Fig. 2(d), suggesting its
magnetic origin. Figure 2(e) shows the intensity profiles along
|g| at an azimuthal angle of ¢ = —127.5° after zero-field
cooling and field cooling. By performing pseudo-Voigt fitting
on the field-cooling profile along radial direction, the position
and half-width at half-maximum of the superlattice peak are
estimated to be 4.15 x 107! nm~! and 5.73 x 1073 nm~!,
respectively. The sharp peak profile indicates the well-defined
period A = 15+ 1 nm of the helimagnetic order, which is
in accordance with a previous report [17]. A fourfold like
broad intensity profile is observed in the azimuthal angle
dependence of the zero-field cooling pattern, as shown in
Figs. 2(c) and 2(f); however the ¢ axis is the threefold axis.
This discrepancy may arise from some strain caused by the
difference in the thermal expansion between the sample plate
and SizN4 membrane, as shown in Fig. 2(b). We also con-
firmed that the modulation direction can be controlled via
magnetic-field cooling. Figure 2(f) compares the intensity
profile along the azimuthal angle ¢ in zero magnetic field
at 50 K after zero magnetic field cooling with that after
the sample was cooled from above T¢; in a magnetic field,
woH = 0.4 T, in the direction of ¢ = 45°. The scattering in-
tensities around ¢ ~ —135° and 45°, which are located along
the field direction, increase after the field-cooling procedure,
while those around ¢ >~ —45° and 135° decrease. Because
the propagation direction of the helix tends to rotate along
a magnetic field so that the spiral plane becomes normal to
the magnetic-field direction to maximize the Zeeman-energy
gain, the observed field-cooling effect implies that the heli-
magnetic order should be nearly of proper-screw type. The
chiral component of the DM interaction, i.e., the DM vector
component parallel to the bond, should be dominant over
the polar one (DM vector component perpendicular to the
bond).

V. NEUTRON DIFFRACTION

The effect of a magnetic field on the helicoid was also
confirmed by neutron scattering. Figure 3 illustrates a con-
tour map of the intensity of neutron diffraction on the two-
dimensional reciprocal (hk3) plane. Ringlike scattering is
observed around the (003) reflection at 60 K (below 7¢) and
it disappears at 80 K (above T¢;). The ring shape indicates
that the direction of the modulation vector g of helimagnetic
order in the bulk sample should be distributed isotropically in
the ¢ plane, suggesting weak in-plane magnetic anisotropy as
observed in some other DM helimagnets [6,8,47,48]. The pe-
riod of magnetic modulation is estimated to be approximately
15.7 nm, which is consistent with a previous report [17] as
well as the present SAXS result. The application of a magnetic
field of 6 T along the a* axis at 60 K concentrates the intensity
of the magnetic diffraction along the field [Fig. 3(b)], which is
again in accordance with the SAXS result. Figure 3(d) shows
the temperature dependence of (003) and satellite intensities
at 6 T. The (003) intensity reaches the maximum just below
Tc1, and decreases above 80 K. In contrast, the satellite
intensity decreases with an increase in the temperature, and
it is almost the same as the background level above 80 K.
These behaviors approximately correspond to the anomalies
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FIG. 3. Neutron scattering patterns in the (hk3) plane. Q, and
O, are along the a* and b axes, respectively. The inset in (c) shows
the reciprocal space vectors in the experimental setup. (a) Scattering
pattern at 0 T and 60 K. (b) Scattering pattern at uoH = 6T and
60 K. The magnetic field of 6 T was first applied along the a* axis,
and then the sample was cooled to the ordered phase. (c) Scattering
pattern at 80 K (above T¢;). (d) Temperature dependences of the
intensity of (003) (red squares) and satellite diffractions (blue tri-
angles). A blue horizontal broken line shows the background level of
satellite diffractions determined by the data for 85 K (far above T¢).
(e) Temperature dependence of the electric permittivity in a magnetic
field uoH of 6 T along the a* axis. Vertical dotted lines act as a visual
guide.

of dielectric constant in a magnetic field of 6 T, as depicted
in Fig. 3(e). The small difference between the onset of the
magnetic satellite and the anomaly in the dielectric constant
may originate from possible errors in the monitoring tem-
perature. The system may first undergo a magnetic transition
to the commensurate layered antiferromagnetic phase upon
cooling, and then successively enter the helical phase with a
long-wavelength modulation below 74 K.

VI. PULSE MAGNET MEASUREMENT

Figure 4 shows magnetic-field dependences of the mag-
netization M and the change in electric polarization AP, at
various temperatures measured using a pulse magnet. For
H 1 c, the M-H curves below T¢; have a clear anomaly, as
shown in Fig. 4(a), which can be ascribed to a metamagnetic
transition. The transition field H, is approximately 14 T at
4.2 K; it decreases monotonically with a rise in the tempera-
ture, and disappears above T¢, as shown in the curve at 85 K.
The magnetization below H, is superlinear to the field, which
could be featured by soliton lattice formation [49-51], as dis-
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FIG. 4. (a),(c) Magnetic-field dependence of the magnetization
M at various temperatures in the (a) H L ¢ and (c) H || ¢ configu-
rations. (b),(d) Magnetic-field dependence of the change in electric
polarization AP, along the c axis at various temperatures in (b)
H ||a* and (d) H | ¢ configurations. Anomalies in the shaded area
at low fields are due to electric noise at the ignition of the pulse
magnet. The M-H and P-H curves in each panel are vertically offset
for clarity.

cussed later. The magnetization in a higher-field phase below
Tt is linear to the magnetic field, and the extrapolation to
uoH = 0T remains nonzero (0.17 ug/Ni at 4.2 K), sug-
gesting that the higher-field phase should essentially have
a spontaneous magnetization component. The extrapolated
value decreases monotonically with an increase in the tem-
perature. When a magnetic field is applied along the ¢ axis
(H || ¢), however, a metamagnetic transition with a hysteresis
loop is observed, as shown in Fig. 4(c). The transition field
increases and the hysteresis loop becomes smaller with a rise
in temperature. Similar to the case of H L ¢ configuration, the
field-induced magnetic transition disappears above Tc;.

As shown in Figs. 4(b) and 4(d), the change in electric
polarization shows an anomaly at the metamagnetic transition.
The electric polarization below 7¢; is almost insensitive to
the magnetic field perpendicular to the ¢ axis in the low-field
phase; however, in the high-field phase, it shows parabolic
dependence on the magnetic field. Around T, the sign of
the ME coefficient is reversed, and the parabolic dependence
disappears. The value of AP, at each temperature in the high-
field phase is on the order of 10 uC/m?, which is significantly
smaller than the pyroelectricity at zero field. ME coupling
remains even above T¢;. The electric polarization exhibits
quadratic dependence on the magnetic field for H || ¢ in both
low- and high-field phases. The typical value is comparable
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with that in the H _L ¢ configuration. The quadratic ME effect
is observed up to 200 K. The sign of the ME effect does
not change in the whole temperature range, in contrast to the
case of H L c.

VII. MAGNETIC PHASE DIAGRAM

Based on the dielectric constant, electric polarization, and
magnetization data, as well as SAXS and neutron diffrac-
tion profiles, we propose the magnetic phase diagrams of
NiInSbOg, as shown in Figs. 5(a) and 5(b). The gray and
light red areas indicate the helical and paramagnetic phases,
respectively, as previously reported in Ref. [17]. A small
green pocket “A” between the helical and paramagnetic phases
is revealed by the dielectric property. The nature of this
phase is still unknown because SAXS and neutron diffraction
intensities are too weak to be analyzed. The high-field phases
for H L ¢ (light blue area) and H || ¢ are determined by the
present high-field measurements. The magnetic structures of
these phases are not settled yet.

VIII. DISCUSSIONS

We discuss the variations in the magnetic structure of
Ni,InSbOg. As obeserved in SAXS and neutron measure-
ments, the anisotropy of the ¢ direction is significantly weak.
Therefore, the helimagnetic order includes short-range helical
domains with random ¢ directions. The linear M-H behavior
above H, should be assigned to some noncollinear magnetic
structure. Since the zero-field extrapolation is not zero, the
canting is likely generated by the antisymmetric exchange.
The long-wavelength helix with an in-plane propagation vec-
tor indicates that the in-plane magnetic order can be affected
by external stimuli more than the antiferromagnetic stacking
along the ¢ axis. From a simple discussion based on the sym-
metry, the layered antiferromagnetic order should be weakly
canted, if the moments lie in the plane. We hence speculate
that the high-field phase is likely the canted antiferromagnetic
phase, although we cannot exclude other possibilities. The
low-field phase in the H L ¢ configuration below H, is not
likely assigned to the conical nor fan phase, which gener-
ally exhibit upward convex and discontinuous M-H curves,
respectively [52-54]. The observed superlinear behavior in
the M-H curve [Fig. 4(a)] suggests the soliton lattice phase
owing to the modulation of the nearly proper-screw type
helicoid [Fig. 5(c)]. The formation of the field-induced soliton
phase is consistent with the assumption that the dominant
origin of the helimagnetic order is the DM interaction instead
of magnetic frustration. As shown in Fig. 3(b), the g direction
is aligned nearly along the external field in Ni;InSbOg below
several tesla. On increasing the magnetic field, the helical
structure is gradually modified in the H || g configuration. In a
chiral ferromagnet with uniaxial ¢, a chiral-soliton lattice can
be formed in the H L ¢ configuration [49-51]. In contrast, the
formation of solitons in a magnetic field is not straightforward
in chiral antiferromagnets. Above a critical field H,, the canted
antiferromagnetic structure should appear, such as in the case
in BiFeO3 [55,56]. To explain the emergence of the soliton
and canted antiferromagnetic phase in the H L ¢ config-
uration, we consider additional staggered DM interactions,
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FIG. 5. Magnetic phase diagrams of Ni,InSbOg proposed by
macroscopic and quantum beam measurements in configurations
(a)H L ¢ and (b)H || c. The white area located between the blue and
yellow areas in H || ¢ configuration shows the hysteresis loop (upper
and lower points are obtained in the field-increasing and -decreasing
processes, respectively). (c)—(e) Schematic of the proposed magne-
tization process in H L ¢. For simplicity, polarity-induced uniform
DM interaction is neglected. (c) Proper-screw helicoid at zero field.
(d) Soliton lattice state induced by a moderate magnetic field below
H.. (e) Canted antiferromagnetic structure in a magnetic field higher
than the critical field H..

because neither a chirality- nor polarity-induced uniform
DM interaction can drive the spontaneous magnetization. In
this system, crystallographically inequivalent Nil and Ni2
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layers are alternately stacked along the ¢ axis. In addition
to the antiferromagnetic symmetric exchange between Ni
moments on neighboring layers, the lack of an inversion cen-
ter allows antisymmetric exchange interactions. The average
of the DM vectors between a Nil moment and three adjacent
Ni moments on the upper Ni2 layer (D, in Fig. 5) should be
different from that between a Nil moment and three adjacent
Ni moments on the lower Ni2 layer (D, in Fig. 5). The DM
vectors tend to align the magnetic moments on the Nil and
Ni2 layers noncollinearly if the Ni moments are in the ¢
plane, while the antisymmetric exchange is inactive if the
Ni moments are along the ¢ axis. Therefore, when the Ni
moments are arranged to form a layered antiferromagnetic
structure, a uniform canted weak-ferromagnetic component
can emerge in the ¢ plane. This situation is expected above
the critical field H., as shown in Fig. 5(e). Here, the weak
ferromagnetic component is positioned along the H direction.
When the magnetic field is reversed, the weak ferromagnetic
moment flips, which should be accompanied with the reversal
of the sublattice moment. At H = 0, however, the staggered
DM vectors induce local weak ferromagnetic moments at
positions where the Ni moments have ¢ plane components on
the proper-screw structure. These local weak ferromagnetic
components are sinusoidally modulated along the ¢ direction
in the original proper-screw structure [Fig. 5(c)]. Hence, the
application of a magnetic field in the ¢ plane modifies the
sinusoid (and thus the underlying proper-screw structure) so
that the regions with a local weak ferromagnetic moment
parallel (antiparallel) to the field expand (shrink) to acquire
the Zeeman energy gain, resulting in the formation of the
soliton structure, as shown in Fig. 5(d).

In contrast, the isothermal magnetization curve in the
H || ¢ configuration is almost linear below the critical field.
Differences can occur between two magnetic field config-
urations irrespective of the stabilization of the local weak
ferromagnetic component by the DM interaction. The na-
ture of the observed field-induced magnetic transition in the
H || ¢ configuration is not evident at this stage. A magnetic
cone with modulations along the ¢ axis, such as those in
Ni3TeOg [57] and Co-doped Ni;ScSbOg [58] is a possible
magnetic order in a high external magnetic field along the ¢
axis. Another possible scenario is the induction of a simple
canted layered antiferromagnetic structure, similar to the case
of H L c.

The temperature dependence of electric polarization is
shown in Fig. 1(b). The proper-screw type helicoid drives
a considerably large pyroelectricity. To consider the origin
of the ME properties, we examine the inverse DM mecha-
nism [59], exchange striction, and spin-direction dependent
p-d hybridization [60]. The inverse DM effect cannot work
effectively in a proper-screw helicoid. The electric polariza-
tion driven by the exchange striction mechanism AP is
expressed as

AP = CSxii - Sniz- (1)

The pyroelectricity measurement shows that the antiferro-
magnetic arrangement between Sy;; and Sy enhances the
polarization. Therefore, the coefficient C should be negative
if the exchange striction is dominant. In the proposed weak
ferromagnetic structure, as depicted in Fig. 5(e), the Nil and

Ni2 moments can be represented by Snii = (S, Sy, 0) and
Sniz = (Sx, =Sy, 0), respectively, where x is the magnetic-
field direction and y is set in the direction of the vector product
of the ¢ and x axes. The exchange striction is calculated to be
C(—8*+ 2Sf), where S is the value of the Ni spin moment.

To calculate the contribution of the p-d hybridization
mechanism to the electric polarization in a NiOg octahedral
cluster with threefold rotational symmetry, we set six unit
vectors e?;io along the Ni-O bonds as

sin 6 cos ¢ sin 6y cos (¢1 + 27)

)0 = | sinf;sing; |, e° = | sing, sin (o1 + %n) ,
cos 0y cos b,
. 5 )
A sin 0 cos (¢1 — 27) ' sin 6> cos ¢,
eNi® = | sin@; sin (¢1 — 27) |. &)}° = | sinbysing; |,
cos 0, cos 6,
sin 6, cos (¢, + %n)
eNO = | sin6, sin (f2 + %n) ,
cos 6,
‘ sin 6, cos (¢ — 27r)
e = | sin6, sin (¢2 — %n) , )

cos b,

where the index i denotes whether the oxygen positions are
above (i = 1) or below (i = 2) Ni. The index j denotes the
threefold symmetric Ni-O bonds in the ¢ plane. The values
of ¢1, ¢y, 01, and 6, are 65.9°,4.5°,48.7°, and 115.9° for
the Ni1Og cluster and 1.5°, 54.1°,49.2°, and 120.6° for the
Ni20g cluster, respectively [17]. The change in the electric
polarization induced by the spin-direction dependent p-d hy-
bridization mechanism AP/ s given by
d Ni0)2 NiO
AP Z(SNi "€ ) €ijz
iJ
=A(S; +S;) + BS?
=AS* + (B — A)S?, 3

where A and B are constants. This formula indicates that only
the z component of the magnetic moment can affect P,. The z
component of magnetization thermally fluctuates around 7.
The P, value should change when the external magnetic field
suppresses the fluctuation and modifies (Szz). As shown in
the P-H curves above Tr; in Figs. 4(b) and 4(d), we can
determine that the sign of AP’ s negative for both H L ¢ and
H || c¢; however, in magnetically ordered phases below T¢j,
particularly at 4.2 K, that of AP is negative for both H || ¢
and H 1 c. The field dependence of electric polarization
is shown in Fig. 4(b) at 70-90 K. At lower temperatures,
the change in electric polarization appears to be dominated
by the exchange striction mechanism because S, = 0; thus,
AP! Y ~ 0 in the field-induced weak ferromagnetic phase. In
contrast, for H || ¢, S, is modified as H is increased; thus,
AP! d # 0. The magnetization is approximately proportional
to the field in each magnetic phase. Therefore, the electric
polarization driven by the p-d hybridization should exhibit
quadratic H dependence, as in the case of exchange striction,
which is consistent with the experimental observation.
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We further discuss whether the observed magnetic-field
dependence of the electric polarization can be explained by
the proposed soliton-phase scenario. In the soliton phase, S, is
increased and S, decreased with increasing a magnetic field.
Therefore, APS™ is decreased according to Eq. (1) because

the sign of C is negative. In contrast, AP/ “ is increased
according to Eq. (3) because the coupling constant of S, is
negative. These effects are canceled mutually. Consequently,
the ME effect is approximately zero, as shown in Fig. 4(b). We
consider that the proposed soliton phase is reasonable from the
viewpoint of ME response.

IX. CONCLUSION

We observed giant pyroelectricity in Ni;InSbOg driven by
the helimagnetic order. When a magnetic field was applied
in the H 1 c¢ configuration, a superlinear magnetization
curve was observed. We interpret this magnetic property as
27 solitons that are created in the canted antiferromagnetic
background assisted by the chiral polar nature of the sys-
tem. The application of a magnetic field along the ¢ axis
triggered a metamagnetic transition with a hysteresis loop.
It was also revealed that the magnetoelectric responses in
each magnetic field configuration can be elucidated mainly
by the exchange striction and p-d hybridization mechanisms.
These particular magnetic and magnetoelectric properties may
exist in similar low-symmetry antiferromagnetic helimagnets

such as NipScSbOg [17] and Fe;PO40O3 [24,25]. Further study
is required on neutron scattering to determine the magnetic
structure in each phase.
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