e
ol

%{} HOKKAIDO UNIVERSITY
N

x‘

<\

Title Field-induced magnetic structures in the chiral polar antiferromagnet Ni2InSbhO6

Author(s) Ihara, Yoshihiko; Hiyoshi, R.; Shimohashi, M.; Kumar, R.; Sasaki, T.; Hirata, M.; Araki, Y.; Tokunaga, Y.; Arima, T.
Citation Phys!cal Review B, 108(2), 024417
https://doi.org/10.1103/PhysRevB.108.024417

Issue Date 2023
Doc URL http://hdl.handle.net/2115/90571

Rights ©2023 American Physical Society

Type article

File Information

PhysRevB.108.024417.pdf

®

Instructions for use

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP



https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp

PHYSICAL REVIEW B 108, 024417 (2023)

Field-induced magnetic structures in the chiral polar antiferromagnet Ni,InSbOg

Y. Thara®,” R. Hiyoshi, M. Shimohashi, and R. Kumar
Department of Physics, Faculty of Science, Hokkaido University, Sapporo 060-0810, Japan

T. Sasaki

and M. Hirata®

Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

Y. Araki and Y. Tokunaga
Department of Advanced Materials Science, University of Tokyo, Kashiwa 277-8561, Japan

T. Arima
Department of Advanced Materials Science, University of Tokyo, Kashiwa 277-8561, Japan
and RIKEN Center for Emergent Matter Science (CEMS), Wako 351-0198, Japan

® (Received 13 February 2023; revised 22 May 2023; accepted 10 July 2023; published 20 July 2023)

We have performed In-NMR spectroscopy for Ni;InSbOg with corundum-related crystal structure to reveal
magnetic structures that develop in high magnetic fields. At low fields Ni,InSbOg shows a helical magnetic order
with a long wavelength because of its chiral and polar crystal structure. The field-induced magnetic state was
not investigated by microscopic experiment, because an extremely high magnetic field is required to modify the
antiferromagnetically coupled helical structure. From the analysis of our "> In-NMR spectra obtained at high
magnetic fields, we confirm that the canted antiferromagnetic structure appears in fields applied in the [110]
direction, and the propagation vector of magnetic helix is rotated toward the field direction for fields in the [001]
direction. We discuss the effect of a magnetic field that modifies the magnetic structure of an antiferromagnetic

chiral magnet.
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I. INTRODUCTION

The correlation between the space-inversion breaking and
magnetism, leading a linear magnetoelectric (ME) effect
between the magnetic (electric) field and electric (mag-
netic) polarization, has long been attracting much attention
because of fundamental interest and technological applica-
tions. The antiferromagnetic (AFM) order in corundum-type
Cr,03 simultaneously breaks the space-inversion and time-
reversal symmetries, which triggers the linear ME effect [1,2].
Dzyaloshinskii and Moriya (DM) succeeded in elucidating
the origin of a weak spontaneous magnetization in corundum-
type Fe, O3 [3,4] by introducing the antisymmetric exchange
term, which sometimes induces a helical magnetic order with
a long modulation period. The magnetic helix can be further
modulated by the application of a magnetic field. The re-
sponse to the external magnetic field should be explored to
understand and control the ME effect potentially applicable to
novel devices.

In chiral magnets, the application of magnetic fields grad-
ually modifies the magnetic helix at zero field into a magnetic
chiral soliton lattice in CrNbsS¢ [5] and the nanometric mag-
netic swirling object termed skyrmion in MnSi assisted by the
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thermal fluctuations [6]. In contrast to these prototypal chiral
magnets with ferromagnetic (FM) symmetric exchange inter-
actions, the magnetic field effects on the ME materials with
AFM interaction have not been investigated in detail, because
the critical fields required to modify the AFM structure are
much higher than those in the cases of FM chiral magnets.
In the AFM chiral magnets, thus, it is not obvious if the
application of a magnetic field can actually modify the mag-
netic helix. As the theoretical prediction of the field effect on
the AFM structure is difficult when nearly isotropic magnetic
moments reside in the chiral and polar crystal structure, it is
essential to experimentally reveal a change in AFM structure
by magnetic fields for unveiling the origin of the ME effect in
the AFM chiral magnets.

As represented by Cr,Os and Fe,Os3;, magnetic oxide
compounds of corundum-related structures provide a good
playground for investigating the AFM state emerging on the
space-inversion-symmetry broken crystal structure. Particu-
larly if the cation sites are periodically occupied by more than
one element, the cation ordering may cause a further lowering
of symmetry. NiInSbOg is such a compound, which crystal-
lizes in a hetto-type structure [7]. The cation sites of corundum
form honeycomb layers perpendicular to the threefold axis.
In Ni;InSbOg, Ni-In and Ni-Sb honeycomb layers are alter-
nately stacked. Ni and In or Sb are alternately arranged in
each layer as in hexagonal boron nitride. As a consequence,
the centers of inversion and glide mirrors in the corundum
(space group R3c) are completely broken, and the space group

©2023 American Physical Society
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FIG. 1. Magnetic phase diagram of Ni,InSbOg for (a) H || [110]
and (b) H || [001] directions [8]. The magnetic structure at small
magnetic fields is a proper helical with a long-wavelength (LF phase)
[7]. (a) In the fields along [110], soliton excitations are introduced
near the metamagnetic fields of Bj, = 14 T. Above Bj,, the canted
AFM state (HFa phase) is stabilized. (b) In the fields along [001], the
propagation vector of helical structure flops to the [001] direction
above B;, = 19.2 T (the HFc phase). Hysteresis between the LF
and HFc phases was observed in the magnetization and electric
polarization measured in pulsed magnetic fields.

becomes chiral and polar R3. As is expected, helical magnetic
order with an in-plane small wave vector (LF phase) has
been confirmed below Ty = 78 K by neutron studies at zero
magnetic field [7]. It is proposed that the spin spiral plane
should be perpendicular to the wave vector, which implies
weak magnetic anisotropy in the Ni>* moments [8]. The
magnetic transition is also accompanied by a kink anomaly
in the temperature dependence of electric polarization, which
suggests that the magnetic ordering on the space-inversion-
broken crystal structure has introduced the ME response [8].
Moreover, the measurements of magnetization and electric
polarization in a pulsed high magnetic field have revealed
metamagnetic transitions with a fairly large ME effect [8].
At the critical fields B, ~ 14 T for H | [110] and B, ~
19 T for H || [001], electric polarization shows an anomaly,
which suggests the modification of ME coupling tensor
by the field-induced magnetic structure transition. Various
magnetic structures can be stabilized by magnetic fields in
NiInSbOg with small magnetic anisotropy and DM and AFM
interactions. Previous study suggested a canted AFM and
a Q-flopped magnetic structure for the high-field phases in
H || [110] (HFa phase) and H || [001] (HFc phase), respec-
tively, as summarized in Fig. 1 [8]. In order to solve the
magnetic structure in high magnetic fields, microscopic ex-
periments, worthy of addressing the relative orientations of
magnetic moments, are desirable. However, it is not easy
to perform neutron diffraction and resonant x-ray scattering
measurements in a pulsed high magnetic field [9-11]. We
must utilize a complementary experimental technique that
allows us to probe the microscopic magnetic structure and

can be performed in very high magnetic fields. Therefore
in this study we measured the NMR spectrum in fields up
to 24 T to analyze the field-induced magnetic structures in
Ni, InSbOg. From our ''*In-NMR spectrum measurement we
observed the internal fields at In sites, which are generated by
the ordered Ni>* moments, and thus their strength depends on
the local spin configurations around the In sites. We estimate
the microscopic parameters that describe the magnetic cou-
pling strength between Ni** moments and In nuclear spins
from the analyses in the high-temperature paramagnetic state
and LF phase. Using these parameters we determined the
magnetic structures in the field-induced magnetic state.

II. EXPERIMENTAL

Single crystals of Ni,InSbOg¢ were grown with the chem-
ical vapor transport method [12], and the dimension of the
sample used for NMR measurement is 1 x 1 x 0.5 mm?. We
confirmed by Laue photography that a domain that has the a
axis rotated by 30 degrees about the ¢ axis is absent. In the R3
space group without inversion and mirror symmetries, chiral
and polar domains exist inevitably. The domain formation
does not affect the analyses of NMR spectra, because we
focus only on the local magnetic fields around the In sites. A
high-field NMR spectrum measurement was performed with a
cryogen-free superconducting magnet at the Institute for Ma-
terials Research (IMR), Tohoku University [13]. Field-sweep
NMR spectra were reconstructed from the transient Fourier
transform (FT) spectra obtained during the field sweep at a
constant sweep rate [14]. Broad NMR spectra in the ordered
state were measured at several frequencies to follow the field
variation of spectral shape. Field dependence of NMR spec-
tra was measured without changing the radio-frequency (rf)
coil for the rf tank circuit. As all the NMR spectra in one
field orientation were measured in situ, we can exclude the
effect of change in the field orientation for the field-induced
modification of spectral structure. For a high-temperature
measurement at a fixed field of 13.0248 T, we measured only
a sharp central peak, which allows us to cover full spectrum
by the frequency window (typically ~500 kHz) for a single
FT spectrum.

II1. RESULTS AND DISCUSSION
A. NMR parameters

NMR spectroscopy is a useful microscopic technique to
investigate the magnetic structure in magnetic fields. In the
magnetically ordered state the ordered moments create in-
ternal fields at the target nuclear sites, which shift the peak
positions of the NMR spectra. We compute the internal fields
for several model magnetic structures and compare the result
with those estimated from the experimentally obtained NMR
spectra. The nuclear spins are magnetically coupled with the
ordered moments through the dipole-dipole and hyperfine in-
teractions. The dipole fields can be directly calculated from
the crystal and magnetic structures. To estimate the hyper-
fine fields we need to determine experimentally the hyperfine
coupling strength Ay between Ni’* moments and In nuclear
spins. In general the hyperfine coupling constant is written in
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FIG. 2. Ni sites around the NMR-target In site on the threefold
axis. (a) Eight Ni sites within a distance of 4 A. The Cartesian
coordinate system for the hyperfine coupling tensor is indicated as
xyz axes. (b) NiOg octahedra around the In site. Ni>** moments are
coupled with In nuclear spin through the Ni-O-In exchange paths.
Ni2-c, Nil, and Ni2-f sites have one, two, and three exchange paths,
respectively.

a tensor form as

Axx Axy Ay
Ap = | A Ay Ay |, (1)
An Ay Az

where the z and x directions are parallel to crystallographic
[001] and [110] directions, and y is perpendicular to both x
and z [Fig. 2(a)]. The hyperfine field By at the In sites located
on a threefold axis is written with the three Ni** moments
(M, M,, M5) reproduced by the threefold operation and Ap¢
for each Nii+ moment rotated together by the threefold rota-
tion tensor R, as

By = I/Q\ZTA\hfﬁzM |+ ApM, + ﬁzf/fhfﬁzTM 3
= 3AuM. )

In the paramagnetic state, where all Ni>* moments are polar-
ized uniformly to the external field direction, that is, M| =
M, = M3, the total hyperfine coupling tensor becomes

%(Axx + Ayy) %(Axy - Ayx) 0
Alri =\|- % (Axy - Ayx) %(Axx + Ayy) 0 . (3)
O 0 AZZ

Here we note that the off-diagonal components between xy
and z directions are canceled by the threefold symmetry. On
the other hand, an external field in the y (x) direction con-
tributes to the hyperfine field in the x (y) direction through the
off-diagonal components. These hyperfine coupling constants
are determined experimentally by measuring the Knight shift
K in corresponding external field directions.

Before measuring the temperature dependence of Knight
shift, we need to estimate the nuclear quadrupole resonance
(NQR) frequency, because the nuclear spin of In is / =9/2
and thus interacts with the electric field gradient (EFG).

" Ni,InSbO,

I v b r e ]

| T=150K
f, = 150.51 MHz

H|[001] -

"5In-NMR intensity (arb. units)

150 155 160 165 170 175
HoH (T)

FIG. 3. High-temperature '’In-NMR spectra in fields along
[110] (top) and [001] (bottom) directions. The measurement fre-
quency is 150.51 MHz for both directions. The '3 In spectrum is split
into nine peaks by the electric quadrupolar interaction. The NQR
frequency of 4.35 MHz was determined by the peak separation in
H | [001].

Figure 3 shows the !> In-NMR spectrum at temperature T =
150 K > Ty in fields applied parallel (bottom) and perpendic-
ular (top) to the [001] axis. Together with the sharp central
peak from the m = —1/2 < 1/2 transition, broad satellite
lines were observed. The resonant peaks from the highest or-
der satellites were not clearly observed because of the spectral
broadening originating from the local lattice distortion. By the
threefold local symmetry of the In site, the EFG tensor has
axial symmetry around the threefold axis and the main princi-
pal axis of EFG is along the [001] axis. The NQR frequency
along the [001] axis is determined by the peak separation as
4.35 MHz.

We focus on the sharp central peak to measure the tem-
perature dependence of Knight shift K(7'), which is shown in
Figs. 4(a) and 4(b) together with the bulk susceptibility x (T)
for corresponding field direction. In the paramagnetic state,
K is proportional to the bulk susceptibility, and thus K(7T') =
Anpt x (T') for a certain field direction. Then by plotting K(7T') as
a function of y (T') using the temperature as an implicit param-
eter (K — x plot), we can estimate Ay from the slope of their
linear relation. Figure 4(c) shows the K — x plots for H ||
[110] and H || [001]. The finite intercept K, originates from
the quadrupolar shift. Although the nuclear quadrupolar inter-
action does not modify the m = —1/2 < 1/2 transition by the
first-order perturbation, the second-order contribution gives a
constant shift to the central peak. The linear relation between
K and x was found at temperatures higher than 100 K for H ||
[110] and 130 K for H || [001]. From the high-temperature
linear relation, the total coupling constants are obtained
as A‘[‘{‘f‘él = —399 mT/up and AE%‘O"‘%] = —431 mT/up. The
dipole contributions are calculated from the crystal struc-
ture as A([lllI;O] = —43 mT/up and A?éf)l] =86 mT/up. By
subtracting the dipole contributions from Al hyper-
fine coupling constants originating from the spin-transfer
interactions are estimated as Ao, = —356 mT/up and
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FIG. 4. Temperature dependence of Knight shift plotted with
bulk susceptibility for fields along (a) [110] and (b) [001]. Suscep-
tibility is plotted against the right scale. (c) Knight shift is plotted
against susceptibility using temperature as an implicit parameter.

A%Ol] = —517 mT/up. These angle-dependent hyperfine cou-
pling constants are decomposed into the isotropic term Ajs, =
(AN, + Aljo1)/3 = —409 mT/jup and the anisotropic term
Aani = (Al o) — Alto1))/3 = 54 mT/up. The anisotropic term
originates from the small population of In 5p electrons. Since
Ajso 18 one order of magnitude larger than A,,;, we ignore the
anisotropic term for the analyses of NMR spectrum in the
ordered state.

At lower temperatures near Ty the Knight shift deviates
from the bulk susceptibility, as shown in Figs. 4(a) and 4(b),
because of the development of short-range correlations, which
disturbs the uniform polarization of paramagnetic spins and
violates the linear relationship between uniform susceptibility
and the microscopic internal fields at the In sites. The NMR
intensity once disappears at Ty because of the significant
shortening of nuclear spin-spin relaxation time by critical fluc-
tuations. The NMR intensity appears again when the critical
fluctuations are suppressed at very low temperatures. In the
ordered state below Ty, the Ni?t moments around the In sites
create the spontaneous internal fields dominantly through the
isotropic hyperfine interaction. The internal-field contribution

TABLE 1. Exchange paths for NiInSbOg (Nii-O-In) and
NizTeOg (Nii-O-Ni3) [15]. The last column shows the exchange
interactions J between Ni moments for each path. J was calculated
only for Ni3TeOg [15].

Exchange path Bond length A) Angle (deg) J (meV)
Ni,InSbOg

(Ni2-¢)-O-In 4.003 121.2 -

Nil-O1-In 4.293 91.8 -

Nil-O2-In 4.287 92.0

(Ni2-f)-O-In 4.252 86.3 -

Ni3T€O6

(Ni2-¢)-O-Ni3 4.167 124.24 -1.48

Nil-O1-Ni3 4.195 91.28 0.94

Nil-02-Ni3 4.186 91.55

(Ni2-f)-O-Ni3 4.273 81.07 4.55

from the direct dipole interaction was calculated to be less
than 10 mT in the magnetic structures studied here, which is
much smaller than the internal fields created by the hyperfine
interaction and observed actually from NMR measurement.
Therefore, to understand the magnetic structure in the ordered
state, we need to estimate the hyperfine fields from each Ni**
moment around the In site.

In the crystal structure of NiInSbOg, Ni*t ions oc-
cupy two crystallographic sites at Nil:(0, 0, —0.0139) and
Ni2:(0, 0, 0.4798) [7]. As shown in Fig. 2(a), we find three
Nil (Ni2) sites below (above) the target In nuclear spins.
The three Ni sites around the In sites are reproduced by the
threefold operation. We label the nearest three Ni2 sites as
Ni2-c to differentiate another Ni2 site (Ni2-f) located on the
threefold axis. The Ni2-f site has a significant contribution
to the hyperfine interaction because it is connected to the In
site through three Ni-O-In paths [Fig. 2(b)]. Since the NiOg
octahedron shares a face with the neighboring InOg octahe-
dron, the coupling with the Ni2-f site should be the largest.
Nil and Ni2-c sites are connected with the In site through two
and one Ni-O-In paths, respectively. The angle of the Ni-O-In
path is close to 90 degrees for Ni2-f and Nil sites, while
that for Ni2-c site is 120 degrees, as listed in Table 1. This
structural feature suggests that the sign of hyperfine coupling
constant for Ni2-c sites is opposite to those for Ni2-f and Nil
sites. As a result, the total hyperfine coupling constant Ay =
Ayy +3A; + 3A,. is partly canceled in the paramagnetic
state.

To roughly estimate the hyperfine coupling strength for
each site, we refer to the exchange interaction calculated for
Ni3TeOg [15], in which In and Sb are replaced with Ni (Ni3
sites) and Te, respectively, and thus the exchange interactions
between Ni3 sites and Nil, Ni2-f, and Ni2-c sites are mediated
by the exchange paths similar to Ni-O-In bonds in Ni;InSbOg.
(Table I). We emphasize that the exchange interaction J is
negative only for Ni2-c sites, confirming the negative sign for
Aj.. The relative values between these results weakly depend
on the on-site Coulomb interaction. Assuming a similar ratio
for the hyperfine coupling strength for Ni,InSbOg, we can
estimate (A, Aar, Aoe) = (+0.11, +0.56, —0.43) T/ up.
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FIG. 5. '">In-NMR spectrum in the LF phase at 1.5 K. Magnetic
fields were applied in the [001] direction. Many peaks of sawtooth
shape are observed. (a) The experimental data (blue shadow) is con-
sistently explained by the simulation (red solid line). The positions of
two peaks split from the central —1/2 < 1/2 transition as indicated
by downward arrows. The sharp peaks of metallic ®*Cu and **Cu
come from the rf coil. (b) The simulated spectral shape of only
the central transition, m = +1/2 <> —1/2. The sharp peak in the
paramagnetic state turns into a two-horn structure in the ordered state
with spatial modulation of ordered moments.

B. NMR spectrum at low magnetic fields

With the microscopic parameters estimated above, we
analyze the NMR spectrum in the ordered state, which is
broadened magnetically by the spontaneous internal fields
from the ordered Ni>* moments. Figure 5(a) shows the 15p-
NMR spectrum for the LF phase measured in low magnetic
fields applied in the [001] direction. In the LF phase the num-
ber of peaks becomes more than nine, which is the number
of transitions for one nuclear spin / = 9/2, and each peak has
an asymmetric shape like a sawtooth. This spectral shape is
explained by the spatially modulated internal fields typically
observed for an incommensurate spin-density-wave state. The
sinusoidal modulation of internal fields along the external
field direction constructs a double-horn structure as shown
in Fig. 5(b). By imposing the same spectral broadening for
all the transition lines and superposing these nine spectra, we
successfully simulate the NMR spectrum in the ordered state,
as shown by the red solid line in Fig. 5(a).

From the separation of two horns we can estimate the max-
imum value of the internal fields at the In site as By, = 1.14 T.
This internal field is calculated by the following formula:

Bip =AyMY + A Y M} +A Y MF, (4

where M is the ordered Ni’t moments forming the proper
helical structure with propagation vector k = 0.029b* and the
index i runs over three Ni sites around the threefold axis. From
the previous neutron diffraction study, the size of the ordered
moment was measured as 1.895 and the Ni>* moments at

Nil and Ni2 sites were suggested to be antiferromagnetically
coupled [7]. In this spin configuration, the Ni** moment at a
position (x, y, z) in the Cartesian coordinate system defined in
Fig. 2(a) is written as

sin(2rky + ¢,)
M(x,y,z) =My 0 . (®)]
cos2ky + ¢p)

Here, My = 1.89up, k = |k| = 0.029, and ¢, is an arbitrary
phase factor for Nil (p = 1) and Ni2 (p = 2) sites. For the
AFM spin configuration between Nil and Ni2, which is real-
ized by choosing ¢; = ¢, + 7, the maximum internal field in
the z direction is computed as 2.0 T using the isotropic hyper-
fine coupling constants estimated above. As this estimate is
larger than the experimentally obtained internal field of By, =
1.14 T, we need to refine the Ni-site-dependent hyperfine
coupling constants. We note that the relative change between
Ayy and Ay, is compensated in Eq. (4) by the constraint
that the total hyperfine coupling constant must be consis-
tent with the experimentally determined Aj;, = —409 mT/up.
Therefore we tuned the ratio between the hyperfine cou-
pling constants to the Nil sites (A;) and those for Ni2 sites
(A2y and Aj.). As the result, we obtained (A, Asyp, Aye) =
(40.034, +0.38, —0.30) T/up. The relative decrease in A;
with respect to A,y and A, is consistent with the increase
in the ratio for the corresponding bond lengths. For example,
the ratio of Ni1-O1-Ni3 to (Ni2-c¢)-O-Ni3 bonds in Ni3TeOgq
is 1.007, while the corresponding ratio of Nil-Ol-In to
(Ni2-c)-O-In bonds in NiInSbOg is 1.072.

C. NMR spectra in high magnetic fields

We measured the field dependence of the NMR spectra
at 4 K for both fields parallel to the [001] and [110] direc-
tions. Figure 6 shows the field-sweep NMR spectra at several
fixed frequencies. An apparent change in the spectral shape is
observed at uoH = 14.2 T for H || [110] and uoH = 19.2 T
for H || [001], both of which coincide with the field-induced
anomalies detected by bulk measurements [8], suggesting
that a change in magnetic structure affects the NMR spectral
structures. In addition to the ''3In-NMR signals, we observed
the NMR spectra from the metallic **Cu/>Cu of the rf coil
and from '?!Sb in the sample. The reference fields at each
measurement frequency are determined by the gyromagnetic
ratio of each nuclear spin y as f, = y,H (n =%Cu, ®Cu,
121Sb) and are represented by the dashed lines in Fig. 6. A
broad '?!Sb-NMR spectrum was observed only in the high-
field phases for both field orientations. This is because the
optimal spin-echo pulse condition to obtain the largest '2!Sb-
NMR signal is different between LF and high-field phases. We
optimized the pulse conditions to maximize the "> In-NMR
signal intensity and focus only on the "> In-NMR spectra.

To extract the information about the internal fields at the
In site, we convert the horizontal axis of the NMR spectrum
at each frequency to AB = By — Byys, Where By is a refer-
ence field determined by the measurement frequency f;, as
By = fo/y.ForH || [110], the NMR spectrum at 118.51 MHz
is in the LF phase and those above 131.51 MHz are in the HFa
phase. The structureless broad spectra in the LF phase change
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FIG. 6. Field dependence of ''*In-NMR spectra measured in the
ordered states. The external fields were applied along (a) [110] and
(b) [001] directions. The baseline was offset according to the mea-
surement frequency for a better visibility. The reference fields for
63Cu, SCu, ?!Sb, and "PIn are indicated by dashed lines. Change
in the spectral shape was observed above the metamagnetic critical
fields By, and B;,

m*

to the multipeak structure in the HFa phase. The spectral
shape in the HFa phase is understood as the quadrupolar-split
peaks with small magnetic broadening. The peak separation
of ~0.23 T in the HFa phase is consistent with those ob-
served at high temperature in Fig. 3. The considerably small
magnetic spectral width in the HFa phase suggests that the
internal field at the In sites becomes spatially uniform after
the metamagnetic transition. In contrast, the internal fields
created in the LF phase with proper helical structure have
spatial distribution, which leads to a spectrum broadening.

In the LF phase, as the proper helical spin configuration
does not have a spin component parallel to the field direc-
tion [8], the internal field along the external field direction
is produced by the off-diagonal terms of the hyperfine cou-
pling tensor. We introduced a hyperfine coupling tensor Ay
in Eq. (3) for the paramagnetic state, where all spins are
aligned to the same direction. When spins take a proper helical
structure with long wavelength, Am is modified because one of
three spins is rotated by 9° around the propagation direction.
After a rotation of 6 around the y axis, the magnetic moment
M = (m,, m,, m;) becomes

m, cos® — m, sin 6
M@©) = my (0)
m, sin @ 4+ m, cos
—m,
~M@O)+| O

My

sin 6. 7)

Here we approximated cos 9° = 0.99 = 1. The additional sec-
ond term modifies Ay by contributing to the off-diagonal (xz
and zx) components. Nevertheless, as these components are
multiplied by a small factor of sin 9° = 0.157, we can treat the
helical structure as a minor modification to the paramagnetic
spin configuration at a microscopic length scale. Thus the z
component of Ni** moment does not produce any sizable
internal fields in the xy plane in the LF phase. When the
external field is applied in the y direction, the internal field
in the y direction is created mainly by the x component of
the Ni*t moments through the xy component of Am The
spatial modulation of m, = My sin(2rky + ¢) in the heli-
cal structure leads to the distribution of the internal fields,
which then contributes to the large magnetic broadening of
the NMR spectrum below Bg,. The internal-field distribution
from helical modulation is eliminated in the HFa phase with
the canted AFM spin configuration, because m, is uniform
over a large length scale when both Nil and Ni2 moments
are fixed to a certain crystallographic orientation [Fig. 8(b)].
The field-induced NMR spectrum narrowing observed in the
HFa phase evidences the canted AFM structure, which was
proposed from the previous bulk measurements [8].

In the magnetic fields parallel to [001], the reduction of
spectral width was also observed in high-field phase. The
sawtooth structure in the LF phase is smeared at high fields
and transforms to symmetric peaks above 19.2 T. The separa-
tion of these symmetric peaks coincides with the quadrupolar
splitting observed in the paramagnetic state (Fig. 3). The peak
positions of quadrupolar-split nine peaks for H || [001] are
indicated by downward arrows at the top of Fig. 7(b). As
the NMR spectral shape is dominated by the quadrupolar
splitting, we conclude that the magnetic broadening is much
smaller than the quadrupolar interaction in the HFc phase as
in the case of H || [110]. The full spectral shape for the HFc
phase was not observed, because a part of the ''"In-NMR
spectrum at large internal fields (AB > 2 T) is overlapped
with the NMR signal coming from '2!'Sb nuclear spins in
the sample. The other end (AB < 0 T at 222.51 MHz) was
limited by the maximum magnetic fields currently accessible
at IMR.

The reduction of magnetic spectral width is consistently
explained by the Q-flop transition at 19.2 T. At higher mag-
netic fields, the propagation vector points to the field direction
|| [001] and the Ni** moments are aligned in the (001) plane
to form a proper helical structure along the [001] direction
[Fig. 8(c)]. Here, we assume that Ni’* moments on the
same plane are ferromagnetically aligned. This type of helical
magnetic structure is realized in ReBe,s series [16]. In this
spin configuration, the hyperfine coupling tensor is written
as Eq. (3), as the Ni>" moments around the threefold axis
are aligned in parallel. Then, as the off-diagonal components
between the z and xy directions are zero, the ordered Ni2+
moments aligned in the (001) plane do not create any hy-
perfine fields along the [001] direction. As a consequence,
magnetic broadening is suppressed in the HFc phase. We note
that in addition to the reduction of spectral broadening, the
peak positions shift with fields, as indicated by tilted dashed
line above 19 T in Fig. 7(b). This shift is interpreted as the
partial spin polarization in the [001] direction after the Q-flop
transition, which results in the conical spin structure.
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FIG. 7. Internal-field representation of the '5In-NMR spectra.
The horizontal axis AB is the shift from the reference field at each
measurement frequency. The external field directions are (a) [110]
and (b) [001]. Spectral width becomes narrow in the HFa phase
above Bj,. In the field parallel to the [001] direction, the sawtooth
shape in the LF phase disappears above B¢, and quadrupolar-split
NMR peaks are observed in the HFc phase. The peak position for the
quadrupolar-split peaks are indicated by the downward arrow at the
top of each figure.

From a recent neutron study, a similar Q-flop transition
was observed in a sister compound Ni, ScSbOg by substituting
a small amount of Co for Ni [17]. The pristine Ni,ScSbOg¢
shows a helical magnetic ordering with a long wavelength, as
in the case of Ni;InSbO¢. The magnetic propagation vector
changes its orientation from in-plane to the ¢ direction in
Ni;_,C0,ScSbOg with x > 0.5. As the Co’* moments have a
magnetic anisotropy stronger than Ni** moments, the Q-flop
transition can be attributed to the introduction of magnetic
anisotropy. Assuming that the external magnetic fields also
introduce the magnetic anisotropy, forcing magnetic moments
to direct perpendicular to the external field direction, the
HFc phase in Ni;InSbO¢ would have a magnetic structure

FIG. 8. Magnetic structures suggested for (a) LF, (b) HFa, and
(c) HFc phases. (a) Ni spins in the triangular layer forms proper
helical structure with a long wavelength. Nil and Ni2 spin magnetic
moments are antiferromagnetically aligned. (b) In the HFa phase
with fields applied in the [110] direction, antiferromagnetically cou-
pled Nil and Ni2 spin moments are canted toward the field direction.
The spatial modulation of helical structure is removed by the ferro-
magnetic configuration of Ni spins on the same triangular layer. (c) In
the HFc phase, the propagation vector of the helical structure flops
to the [001] direction. As the spins are nearly perpendicular to the
external field direction, the internal fields along the [001] direction
are small.

similar to those in Ni;_,Co,ScSbOg. This similarity leads
us to an intuitive understanding for the effect of magnetic
fields in an AFM chiral magnet with competing interactions.
Interestingly, the wavelength of helix in Ni,_,Co,ScSbOg is
commensurate to the crystal structure and becomes short at
small Co doping. In contrast to the Co doping, magnetic
fields do not create any structural defects, and thus the Q-
flop transition occurs in a relatively uniform background. The
wavelength and commensurability in the HFc phase should
be revealed to address the difference between the effects of
magnetic field and Co doping. From the present NMR mea-
surement, however, the wavelength in the HFc phase cannot
be determined, because the NMR experiment detects only the
local magnetic fields at the In sites but cannot measure the
relative orientations between the neighboring Ni* moments.
The neutron diffraction measurement should be performed
above By, = 19.2 T in the future.

IV. CONCLUSION

We have investigated the magnetic structure of corundum-
related antiferromagnet Ni;InSbOg by means of ''>In-NMR
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spectral measurement. We observed the spectral broadening in
the LF phase at low magnetic fields, which is ascribed to the
spatial modulation of the internal field induced by the helical
magnetic structure with a long wavelength. The spectral width
becomes narrower in high magnetic fields above the critical
fields B;, and Bj,. Our microscopic analyses for the local
magnetic fields at the In site lead us to determine the field-
induced magnetic structure as a canted AFM for H || [111]
and Q-flopped helix for H || [001]. These magnetic structures
are consistent with those proposed from the previous bulk
measurements [8]. By comparing the similar Q-flop transi-
tion in the Co-substituted Ni,_,Co,ScSbO¢ [17], we suggest
that the high magnetic field modifies the magnetic structure
by introducing the magnetic anisotropy. Present NMR re-
sults provide experimental evidence that high magnetic fields

actually modify the helical magnetic structure, even in the
AFM chiral magnet. Microscopic identification of the field-
induced magnetic structure establishes the field control of
functional ME effects in the AFM chiral magnet and motivates
technically challenging neutron diffraction measurements in
high magnetic fields.
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