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Spin excitation in the coupled honeycomb lattice compound Ni,InSbOg
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We performed an inelastic neutron-scattering experiment on a polycrystalline sample of a helimagnet
Ni,InSbOg to construct the spin Hamiltonian. Well-defined spin-wave excitation with a band energy of 20 meV
was observed below Ty = 76 K. Using the linear spin-wave theory, the spectrum was reasonably reproduced
with honeycomb spin layers coupled along the stacking axis (the ¢ axis). The proposed spin model reproduces
the soliton lattice induced by a magnetic field applied perpendicular to the ¢ axis.
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I. INTRODUCTION

In an insulating magnet with noncentrosymmetry,
Dzyaloshinskii-Moriya (DM) interaction is activated through
the spin-orbit coupling [1,2], favoring a noncollinear
spin configuration, as opposed in a magnet which favors
a collinear spin configuration owing to the symmetric
exchange interaction. As a result of competition between
the interactions, an incommensurate spin structure is often
realized in the noncentrosymmetric magnet [3]. In the past
decades, proper screw, conical, and cycloidal structures
were experimentally observed in many compounds [4-11].
Recently intriguing magnetic textures induced by a magnetic
field were reported in these helimagnets. The spin soliton
lattice, where the spin arrangement follows the solution
of sine-Gordon equation, was observed when a magnetic
field was applied parallel to the spin rotation plane [12].
Control of the soliton lattice can be a significant technology
in spintronics [13]. Néel- [14-17] and Bloch-type [18-20]
skyrmions emerged in a magnetic field in polar and chiral
systems, respectively. Stable magnetic skyrmions protected
by nontrivial topology are promising candidates for novel
magnetic memory devices [21]. DM interaction is, thus, a key
term for the emergent magnetic lattices in helimagnets.

In this study, we focus on a polar-chiral Ni,InSbOg [22]
where In*" and Sb>" ions are substituted for Ni** and Te®*
ions in the parent compound Ni3TeOg [23-27] which is an
ordered derivative of corundum. The space group is R3 with
lattice parameters a = 5.2158 A and ¢ = 14.0139 A in hexag-
onal notation, as shown in Fig. 1(a). The first, second, third,
and fourth neighbor interactions are denoted by J;, J,, J3, and
Jy4, as shown in Fig. 1(a). The ground state of NiyInSbOg
was reported to be a proper-screw-type structure with the
propagation vector of k = 0.029b*, as shown in Fig. 8(b) in
Ref. [22]. The transition temperature was Ty = 76 K. Recent
study reported two-step transitions; the compound first turns
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into a commensurate layered antiferromagnetic structure, and
successively changes to the proper-screw-type structure which
is generated by chirality-induced uniform DM interaction, as
shown in Fig. 5(c) in Ref. [28]. Here the chirality-induced
uniform DM interaction means the component parallel to the
propagation vector of DM vector for spins connected by J,
or J, bond. Ringlike magnetic scattering reported in several
DM helimagnets [16,17,29,30] was observed by neutron-
diffraction experiments, suggesting that the direction of the
propagation vector is, in fact, isotropic in the ab-plane [28].
The compound, thus, includes many magnetic domains of
the proper-screw-type structure with the propagation vector
isotropically distributed in the plane. The direction of the
propagation vector was controlled by an in-plane magnetic
field, meaning that a single magnetic domain is selected in a
finite magnetic field. Combination of magnetization, electric
polarization, and dielectric constant measurements revealed
an enriched phase diagram including helical, soliton lattice,
canted antiferromagnetic (CAF), and g-flop phases [28], of-
fering an excellent environment to study the relationship of
incommensurate magnetic structures and DM interactions.

In conventional helimagnets, the soliton lattice is induced
in the magnetic field applied in the spin rotation plane as a
result of the competition between symmetric exchange and
DM interaction responsible for the helical structure and Zee-
man energy [12,31-34]. In contrast, in chiral polar helimagnet
NiInSbOg, the soliton lattice was proposed to be induced
when a magnetic field was applied perpendicular to the spin
rotation plane by assuming additional DM interactions with
the staggered vector component along the polar ¢ axis, as
shown in Figs. 5(d) and 5(e) in Ref. [28]. Here the addi-
tional DM interaction means the component perpendicular to
the propagation vector of DM vector for spins connected by
Jy or J, bond. However, the neighboring exchange interac-
tions J; and J, were proposed to be equivalent by Raman
spectroscopy [35], leading to uniform DM interaction instead

©2023 American Physical Society


https://orcid.org/0000-0002-1918-6074
https://orcid.org/0000-0001-8162-1308
https://orcid.org/0000-0002-6959-0454
https://orcid.org/0000-0002-4646-2580
https://orcid.org/0000-0002-5168-1024
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.064428&domain=pdf&date_stamp=2023-02-27
https://doi.org/10.1103/PhysRevB.107.064428

ZHEYUAN LIU et al.

PHYSICAL REVIEW B 107, 064428 (2023)

(@)

FIG. 1. (a) Crystal structure of Ni,InSbOg and exchange paths
between Ni2t spins. Ni(1)Og octahedra (light gray), Ni(2)O, oc-
tahedra (dark gray), In** ions, and Sb>" ions are displayed in a
hexagonal unit cell. Oxygen ions around In** and Sb>* ions are
omitted. Exchange interactions J, through J, are labeled in different
colors. The thickness of each path indicates the magnitude of the
exchange interaction. (b) Buckled honeycomb network formed by
the dominant exchange interaction J; projected along the c axis.

of staggered one along the polar axis. To verify the scenario of
the soliton lattice, identification of precise spin Hamiltonian
by measuring the spin excitation in large momentum-energy
space is required.

Here we performed inelastic neutron-scattering (INS) ex-
periments on polycrystalline sample of NiyInSbOg at zero
magnetic field. Well-defined spectra were observed and suc-
cessfully analyzed by linear spin-wave theory. The estimated
exchange constants J; and J, differ by a factor of six, support-
ing the scenario of the soliton lattice induced by the staggered
DM interaction. In addition, chirality-induced DM interaction
was discussed by combination of the present spin model and
previously reported propagation vector. The estimated critical
field applied parallel to the ¢ axis was consistent with the
previous study [28].

II. EXPERIMENTAL DETAILS

Polycrystalline sample of Ni,InSbOg with a mass of 21 g
was synthesized by the solid-state reaction method. The poly-
crystalline sample wrapped by aluminum foil were sealed in
an Al cell. A Gifford-McMahon type cryostat was used to
control the temperature down to 10 K. An inelastic neutron
scattering experiment was performed by using High Resolu-
tion Chopper (HRC) spectrometer [36] installed at BL-12 in
MLEF, J-PARC. The frequency of the TO chopper was 50 Hz.
The frequency of the Fermi chopper was 200 Hz, and the
incident energies, E;s, of 12.5, 15.3, 30.5, 61.2, and 102 meV
were used for measurements at 7 = 10 K. An additional E; of
61.2 meV was used for the measurements at 7 = 10 K, 35 K,
65 K, 100 K, 300 K. The data reduction was performed by
HANA software [37].

III. EXPERIMENTAL RESULTS

The temperature dependence of inelastic neutron scattering
spectrum with E; = 61.2 meV is shown in Figs. 2(a)-2(d). E
and Q denote the energy transfer and the momentum transfer,

Intensity (arb. units)

Intensity (arb. units)

Q@A™

FIG. 2. Inelastic neutron-scattering spectra with the incident en-
ergy E; = 61.2 meV measured at (a) 10 K, (b) 65 K, (c) 100 K, and
(d) 300 K.

respectively. Well-defined spin-wave excitations with a band
energy of 20 meV are observed at 10 and 65 K, which are
below Ty. The intensity at 65 K is weaker because the sub-
lattice moment is reduced near 7y. The spectrum at 100 K is
smeared, nevertheless the remnant feature of spin-wave exci-
tation is observed due to short-range spin correlation, which is
characteristic of a low-dimensional spin system. The spectrum
at 300 K, which is well above T, is featureless for Q < 2 A.
The observed excitations for Q > 2 A are due to phonons. The
detailed structure of the spectrum with E; = 30.5 meV at 10 K
is shown in Fig. 3(a). Spin-wave excitation with no anisotropy
gap is observed in the energy range of £ 2> 2 meV. The
anisotropy gap is not observed in the range of £ > 0.6 meV
in the spectrum with E; = 12.5 meV as well. See the data in
Appendix A.

IV. SIMULATION

Simulation of spin-wave excitation for Ni,InSbOg was per-
formed based on linear spin-wave theory (LSWT) using the
SPINW package [38]. Analytic approximation was adopted for
the magnetic form factor of Ni** ions [39]. In this section we
identify the main part of the spin Hamiltonian which domi-
nates the observed spin spectra. In our simulation we used a
Heisenberg spin model without DM interaction terms and a
collinear antiferromagnetic spin structure was assumed as the
ground state, since the incommensurability of the spin struc-
ture is as small as 0.04 A~!, which is also hard to be probed by
the present experiment. DM interaction crucial for the phase
diagram will be discussed by a combination of the present INS
experiment and the previous studies on neutron diffraction and
bulk property measurements in the forthcoming section.

The Heisenberg spin Hamiltonian is represented as

H=> Jai—rp)Si-5;. )
(©.J)

064428-2



SPIN EXCITATION IN THE COUPLED HONEYCOMSB ...

PHYSICAL REVIEW B 107, 064428 (2023)

(b) Model A

-- —I‘ (003) to A
Taoy COL

2
Q (A

(d) —— Experiment
I ——— Model A
B Model B

Intensity (arb. units)

10 15
E (meV)

ot
o

o

Intensity (arb. units)

e
n

o
w

Intensity (arb. units)

S
o

e
=

FIG. 3. (a) INS spectrum with E; = 30.5 meV at T = 10 K. (b), (c) Calculated INS spectra of polycrystalline sample using the best-fit
parameters for model A in panel (b) and model B in panel (c). Modes of spin-wave excitation from I'gg3) to A and from I'(j¢; to L points are
described by red and yellow dash lines, respectively. The incoherent elastic scattering below 3 meV is excluded from the fitting area. (d), (e)
1D cuts along the energy transfer in panel (d) and those along the momentum transfer in panel (e), where orange and blue lines indicate the

simulations using model A and model B, respectively.

where r; is the position of ith Ni** ion and S; is the spin
operator at the ith Ni’* ion. The sum is taken over pairs
of spins. In the crystal structure, two kinds of inequivalent
Ni>* ions denoted by Ni(1) and Ni(2) are stacked along the
¢ axis, three of each ion are contained in the hexagonal unit
cell, as shown in Fig. 1(a). The first- and second-neighbor
exchange interactions occur via the Ni-O-Ni path, whereas
the third- and fourth-neighbor exchange interactions occur via
the Ni-O-O-Ni path; all bond angles are obtuse, suggesting
antiferromagnetic superexchange interactions for all the cases.

We tried a couple of models to fit the observed spectrum
with E; = 30.5 meV in Fig. 3(a). In model A the constraints
Ji1 = J, and J3 = Jy are imposed. The model is based on the
crystal structural consideration that the atomic distances for
the first (third) and second (fourth) neighbored Ni pairs and
the relevant Ni-O-Ni (Ni-O—-O-Ni) bond angles are similar,
as shown in Table I. A previous Raman-scattering study [35]
used this model. In model B no constraint is imposed. The
calculated spectra using the best-fit parameters for the models
are shown in Figs. 3(b) and 3(c). The experiment and calcu-
lation of the one-dimensional (1D) cuts along the energy axis
and those along the momentum axis are shown in Figs. 3(d)

and 3(e), respectively. The best parameters are summarized
in Table II (see Appendix B for the detail of the fitting). The
model B gives a better correlation coefficient R and 2, where

N expt sim
1L (5o — spim)?
2 _
=5 Z 6—,’2’ @)
and ¢ is the experimental error for S;P'.

V. DISCUSSION

The spin-wave excitation at 10 K is found to stem from
Q ~ 1.4 A~! in the spectrum in Fig. 3(a). The momentum

TABLE I. Atomic distances and bond angles for exchange paths
in Ni,InSbOg. The exchange paths J; and J; go through two inter-
vening oxygen atoms.

Ji S J3 Js
Ni-Ni (A) 3.747 3.876 5.216 5.216
/Ni-O-Ni (°) 128.34 134.95
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TABLE II. Estimated exchange constants in the unit of meV, x2,
and correlation coefficient R for spin models.

Ji J J3 Ja X2 R

Model A 3.56 0.37 8.8
Model B 6.05 0.95 0.21 0.19 6.1

0.928
0.953

approximately corresponds to reciprocal points (003) and
(101), which are called I'(g3) and I'(jo1), respectively. The
observed excitation is the superposition of the modes from
these I points.

In the powder INS spectrum, with the increase of Q, the
radius of a sphere in the three-dimensional reciprocal space,
the INS signal appears when the sphere touches a surface of
spin-wave dispersion with nonzero intensity. The spectrum,
then, loses the intensity when the sphere surface departs from
the dispersion surface. Figure 4(a) shows the simulated inten-
sity profile of a single crystal for model A sliced at (20/) plane
and at £ = 10.1 meV. The simulated dispersions around I"
points are ellipses with major axes laying along the a* axis.
For model B in Fig. 4(b), on the contrary, the major axes lay
along the ¢* axis. These features are caused by the fast and
slow velocities of spin waves along the ¢* axis for model
A and model B, respectively. Considering the geometrical
relation, the Q positions of contact and departure between
the momentum sphere and dispersion ellipse around I' (101 are
almost indistinguishable for model A and model B: contact
at 0 ~ 1.18 A~ and departure at Q ~ 1.74 A~ In contrast,
around I"(go3), the positions are determined by the dispersion
along the ¢* axis, leading to a significant difference: contacts
at 0 ~ 1.13 A~! for model A and Q ~ 1.01 A~! for model B,
and departures at Q &~ 1.56 A~! for model A and Q ~ 1.69
A~! for model B. In the powder-averaged profile in Fig. 4(c),
the calculation based on model B indicated by the blue curve
has a shoulder structure at Q ~ 1.01 A‘l, ascribed to the
different contact Q between the dispersions from I'(yg3) and
I"io1y- In contrast the calculation based on model A indicated
by the orange curve does not have a shoulder structure at
0 ~ 1.01 A~ because the contact Q for the dispersions from
I"003y and I'(j01y are similar to each other. At Q ~ 1.7 A~ the
shoulder is absent for model B and present for model A. This
is understood by considering the departure of the Q sphere
from the spin dispersion for each model. The experimental
profile indicated by the black curve is reproduced better by
model B than by model A. By combination with better coef-
ficients of X2 and R for model B, we can safely conclude that
model B is more appropriate than model A.

The spin model in NiInSbOg turns out to be a coupled
two-dimensional (2D) honeycomb lattice stacked along the ¢
axis with intraplane interaction J; of 6.05 meV and interplane
interaction J, of 0.95 meV. The difference between J; and
J, is inconsistent with the Raman-scattering study [35] but
consistent with the first-principle calculation (GGA + U) for
the isostructural compound Ni3TeOg [40]. It should be noted
here that J; and Js5 in NizTeOg in Ref. [40] correspond to J;
and J; in Ni;InSbOg in the present study, respectively.
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FIG. 4. Simulated spectra of single-crystal slice at E =
10.1 meV for (a) model A and (b) model B. High-symmetry points,
I', A, and L are marked. The dash lines denote the radius of mo-
mentum sphere first touches and departs the dispersion of ellipses.
(c) 1D-cut of powder spectrum at E = 10.1 meV for experiment
(black), model A (orange) and model B (blue). The vertical dashed
orange (blue) lines indicate positions of the first touches and depar-
tures around I"(g3) for model A (B). The solid yellow lines indicate
those around I'(;oy for both models A and B.
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The third- and fourth-neighbor interactions in honeycomb
lattice, J3 for Ni(1) and J4 for Ni(2), are both antiferromag-
netic, leading to competition with antiferromagnetic J; and J.
The magnitudes of J3 and J4, however, are not large enough to
induce IC structure. Indeed in an isolated classical honeycomb
lattice, J>/J; 2 0.2 is required for the IC structure [41,42].
DM interaction instead of geometrical frustration is the major
origin of the helical magnetism in Ni,InSbOg.

DM interactions having polar and chiral components are
allowed between Ni ions connected by J; and J, bonds from
the crystallographic symmetry. Now that J; and J, are differ-
ent by a factor of six, the magnitudes of the corresponding DM
interactions are different as well. The staggered magnitude of
the chiral component of the DM interaction induces staggered
magnetization along the propagation direction of the helix
at zero magnetic field. In the circumstance, the spin soliton
lattice can be induced in the field applied along the helix axis.
This agrees with the proposed scenario of the spin soliton
lattice in Ref. [28].

Based on the mean-field (MF) theory, Weiss tempera-
ture is estimated to be —171.6 K by using the exchange
parameters of model B. In previous magnetic susceptibility
measurements, Weiss temperatures were estimated as —207
and —188 K for magnetic field H L ¢ and H || ¢, respec-
tively [28]. The small discrepancy can be explained by the
low dimensionality of the spin system or the weak frustra-
tion. With a decrease in temperature, the susceptibility of a
quasi-2D spin model increases more moderately than that in
three-dimensional (3D) model owing to short-range antiferro-
magnetic spin correlation, which leads to a larger estimate of
Weiss temperature.

Although the present INS experiments with relax Q reso-
lution do not probe the helimagnetic order, we can estimate
the chiral component of DM vector along the propaga-
tion of the helix from the reported propagation vector.
The calculation of MF energy gives the spin-flop field in
the field applied along the ¢ axis H, = 18.3 T (see Ap-
pendix C in detail). The estimate is consistent with the critical
field, 16-19 T, previously reported in the magnetization
measurements [28].

VI. CONCLUSION

An inelastic neutron-scattering experiment was performed
on a proper-screw-type helimagnet Ni,InSbOg¢ at zero mag-
netic field using a polycrystalline sample. A well-defined
spin-wave excitation was observed. The obtained spectrum
was carefully compared with the simulated spectra by lin-
ear spin-wave theory on the basis of two spin models: a
three-dimensional spin model with the constraint J; = J, and
a coupled honeycomb spin-lattice model with J; # J,. The
latter model with J; = 6.05 meV and J, = 0.95 meV well
reproduced the observed spectrum. The difference between J;
and J, leads to staggered DM interactions along the polar ¢
axis, which is the basis of the soliton lattice scenario in the
field applied perpendicular to the ¢ axis. The critical field of
the spin-flop transition in the field applied parallel to the ¢ axis
estimated by MF calculation was consistent with the previous
magnetization measurement.
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APPENDIX A: INELASTIC NEUTRON-SCATTERING
SPECTRUM OF E; = 12.5 MEV

We show the spectrum measured using E; = 12.5 meV at
10 K in Fig. 5. Neither anisotropy gap nor gapped mode is
observed. The spot around 1 meV and the streak around 2 A~
are spurious. Effect of the DM interaction to the spectrum is
not observed because of relaxed energy and Q resolutions of
the instrument as well as spurious.

APPENDIX B: FITTING DETAILS

The calculated spin-wave spectrum was modified by in-
troducing a spin-wave lifetime and background. The fitting
function is

SSim(Q, E)= A]S‘Sim(Q, E) +A2Q2 + As. (B1)

Here $™(Q, E) is the simulated structure factor convoluted
by Gaussian function with FWHM = 2I', A, is the nor-
malization factor, and the second and third terms stand for
background. I' includes both the instrumental energy reso-
lution and the energy linewidth generated by the spin-wave
lifetime. The best fitting results were obtained by minimiz-

ing x2.

10

Intensity (arb. units)

FIG. 5. INS spectrum measured using E; = 12.5 meV at T =
10 K.
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The fitting region was selected as 0.8 A~! < 0 < 3.55 A~!
and 3.05 meV < E < 25.0 meV of the experimental data to
exempt incoherent elastic scattering. The best fitting result
for model A is J; =J>, =3.56 meV, J; =J; =0.37 meV,
' =2.030 meV, and Xj = 8.8165 (correlation coefficient
R4 = 0.9283). The best result for model B is J; = 6.05 meV,
J =095 meV, J5=021 meV, Jy=0.19 meV, I =
1.622 meV, and Xé = 6.0843 (correlation coefficient Rg =
0.9533). The evaluation coefficients x3 > x7 and R4 < Rp
showed a better fitting for model B than for model A.

APPENDIX C: SPIN-FLOP FIELD

The reported propagation vector k is isotropic in
the ¢ plane in the small-angle soft-x-ray scattering and
neutron-diffraction experiment [28]. This means that the com-
pound is in a multidomain state, which is sensitive to a weak
external field such as strain and a magnetic field. Here we
consider a domain with k || b where the spin moments rotate
in the a*c plane. We calculated the mean-field energy Ejejix at
zero field for the spin model shown in Fig. 6(a),

Epeiix(0) = —(J; + 1)S?(1 + 2 cos 16)
+ (J3 + J4)S?(cos O + 2 cos 16)
— 2(Dyp + Dy)S? sin 36. (C)

Here 6 is defined as the rotation angle with propagating dis-
tance b. Dy, and D, are chiral components of DM vectors
that induce helical structure along the b axis. The c*-axis
components of the DM vectors which may induce staggered
weak canted magnetization along the b axis at zero field were
neglected because the canted magnetization has been difficult
to be observed. We solved the equation (9 Epejix/00 )o=g, = 0
where 6 was the rotation angle between the neighboring spins
under the assumption that the D/J values are common for the
bonds J; and J,. We, then, obtained D, = 0.530 meV and
Dy, = 0.083 meV.

To estimate the spin-flop field in the field applied parallel to
the ¢ axis, we made an assumption that the helical spin struc-
ture was not changed by the magnetic field below the spin-flop
field and the MF energy held. In addition, we assumed a

a*

FIG. 6. (a) Proper-screw-type spin structure at zero field in a
k || b microscopic domain. The light blue arrows represent the com-
ponent of Ni*™ spin moments in the ab plane, and they were scaled
up for visualization. The spin rotates by 6 with propagating distance
b. Dy, and D,, are the chiral components of DM vectors. (b) Canted
antiferromagnetic structure in H || c.

canted antiferromagnetic structure [shown in Fig. 6(b)], which
is a standard structure reported in helimagnets when the field
is applied in the spin rotation plane [43,44]. Then, the MF
energy Ecar is

Ecar(p) = =31 +J2)S% cos 2¢ + 3(J5 + J4)S?

—(D1p — Dyp)S?sin2¢ — gugHSsing, (C2)
where ¢ is the canted angle. We solved the equa-
tions 0Ecap/d¢ = 0 and Epeix = Ecar, and ¢ = 0.039 rad
and critical field H. = 18.3 T were obtained. Here g = 2.26

was used for Ni ions according to magnetization experiments
in Ref. [22].
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