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Bulk properties of the chiral metallic triangular antiferromagnets Ni1/3NbS2 and Ni1/3TaS2
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T M1/3MS2 (T M = 3d transition metal, M = Nb, Ta) has recently attracted increasing attention due to its wide
variety of fascinating magnetic structures and the chiral arrangement of intercalated TM atoms. We investigated
the bulk properties of Ni1/3NbS2 and Ni1/3TaS2 using magnetization, transport, heat capacity, powder neutron
diffraction, and x-ray absorption spectroscopy. Ni1/3NbS2 undergoes a phase transition at 84 K, developing an
antiferromagnetic helical order with a very long period along the c axis (33c). On the other hand, a simple
A-type spin configuration was observed for Ni1/3TaS2 below 158 K, where the spins are aligned to the c
axis. These magnetic structures, combined with lattice chirality and metallicity, can lead to various intriguing
transport properties, making Ni1/3NbS2 and Ni1/3TaS2 promising material candidates for future studies on
antiferromagnetic spintronics.

DOI: 10.1103/PhysRevB.108.054418

I. INTRODUCTION

Layered magnetism is an exciting playground and has
been explored over the past few decades for the studies of
low-dimensional magnetism. More recently, the field has un-
dergone a drastic turn of fortune as a new van der Waals (vdW)
magnet was discovered in the form of TMPS3 in 2016 [1–5],
followed soon by the discovery of Cr2Ge2Te6 [6] and CrI3 [7].
This discovery allows one to realize proper two-dimensional
magnetic systems and opens a new window of opportunities
[8,9]. Numerous efforts have been made to expand the basis
of the materials for more exotic ground states of layered
magnetism.

Meanwhile, the intercalation of magnetic atoms into the
van der Waals gap of layered materials can provide more di-
verse platforms than otherwise possible with the existing vdW
magnets to study layered magnetism. In particular, TM1/3MS2

(TM = 3d transition metal, M = Nb, Ta) has recently drawn
much attention due to its wide range of fascinating mag-
netic structures and the chiral arrangement of intercalated TM
atoms. In TM1/3MS2, transition-metal atoms intercalate into
van der Waals gaps of 2H-(Nb, Ta)S2 [Fig. 1(a)] and form
a triangular lattice. This results in the unit cell of the host
material becoming a

√
3 × √

3 superlattice. The intercalants
become divalent (TM2+) or trivalent (TM3+) and thus host

*Corresponding author: jgpark10@snu.ac.kr

localized magnetic moments, which are embedded in the sea
of conduction electrons originating from the Ta- or Nb d
bands of metallic 2H-(Nb, Ta)S2 [10–13]. A large distance
between the TM ions (∼ 5.7Å between nearest neighbors)
leaves the Ruderman-Kittel-Kasuya-Yosida mechanism as the
only likely route for the exchange interaction.

The sign of this exchange interaction strongly depends on
the choice of TM and M, which enables access to a wide
variety of magnetic structures by studying TM1/3MS2 [10,11].
Moreover, the intercalated TM atoms offer chiral nature to
magnetism by breaking the inversion symmetry [11,12]. The
intercalation deforms the position of the neighboring sulfur
and M atoms, leading to the noncentrosymmetric P6322 space
group [10,11,14]. The lack of an inversion center allows
Dzyaloshinskii-Moriya interactions [15], crucial to producing
fascinating magnetic structures with chiral nature, such as a
helical order and even skyrmion [16,17]. Indeed, previous
research has revealed several exotic magnetic behaviors in
T M1/3MS2, such as chiral helimagnetic order and soliton
lattice in Cr1/3NbS2 [14,18–20], Z3 nematicity and exchange-
bias effect in Fe1/3NbS2 [21,22], and the anomalous Hall
effect in chiral antiferromagnets Co1/3TaS2 and Co1/3NbS2

[23,24]. In contrast to the extensive studies on TM1/3MS2

[25,26], Ni1/3NbS2 and Ni1/3TaS2 have been barely studied.
We have conducted a comprehensive study on the bulk

properties of Ni1/3NbS2 and Ni1/3TaS2, including their mag-
netization, transport properties, heat capacity, powder neutron
diffraction, and x-ray absorption spectroscopy (XAS) results.
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FIG. 1. Structural information of Ni1/3TaS2 and Ni1/3NbS2. (a) Crystal structure of Ni1/3TaS2 and Ni1/3NbS2. Image shows single crystals
of Ni1/3TaS2 and Ni1/3NbS2. Red line in images represents 1 cm. Each sample has a size of 3 ∼ 10 mm and a thickness of 100 ∼ 200μm. (b),
(c) Powder XRD data and refinement results of Ni1/3TaS2 and Ni1/3NbS2. Inset shows superlattice peaks in XRD arising from Ni intercalation.
(d), (e) Raman spectroscopy of single-crystal Ni1/3TaS2 and Ni1/3NbS2. Gray-shaded regions around 150 cm−1 indicate phonon mode highly
relevant to intercalated Ni atoms.

Our analysis suggests that Ni1/3NbS2 forms helical order be-
low 84 K while Ni1/3TaS2 becomes an A-type antiferromagnet
with spins parallel to the c axis. Such a contrast in the mag-
netic structure is further investigated by magnetic anisotropy
energy calculation by the density-functional theory (DFT)
method. We also describe those magnetic structures based on
minimal spin Hamiltonian.

II. EXPERIMENTAL METHODS

Ni1/3NbS2 and Ni1/3TaS2 crystals were grown by a two-
step process. First, we synthesized polycrystalline Ni1/3NbS2

and Ni1/3TaS2 using the solid-state reaction method. A
mixture of Ni (Alfa Aesar, >99.999%), Nb (Alfa Aesar,
>99.99%), Ta (Sigma-Aldrich, >99.99%), and S (Sigma-
Aldrich, >99.98%) powders in a molar ratio of 1.1:3:6 for
Ni1/3NbS2 and 1.18:3:6 for Ni1/3TaS2 was ground in an Ar-
filled glove box. The mixture was placed in an evacuated
quartz ampoule and was sintered at 900 ◦C for 1 week. We
performed powder x-ray diffraction (XRD) using a commer-
cial high-resolution diffractometer (Smartlab, Rigaku, Japan)
to check the resultant polycrystalline samples. Single crys-
tals were grown from the prereacted polycrystals using the
chemical vapor transport method with iodine as the trans-
port agent (4.5 mg/cm3). The samples were subject to a
temperature gradient from 940 ◦C to 860 ◦C for 10 days.
The resulting crystals are shiny hexagonal-shaped pieces as
large as 3∼10 mm with 100 ∼ 200-μm thickness. We used
energy-dispersive x-ray spectroscopy (EDX) to determine
the composition of samples, which gives Ni0.325(±0.008)NbS2

and Ni0.338(±0.002)TaS2, close to the desired intercalation ratio
(1/3). Raman spectroscopy (XperRam Compact, Nanobase

Korea) confirmed the high quality of the single-crystal
samples.

Magnetization measurements were performed on the
single-crystal samples using a commercial magnetometer
(MPMS-XL5, Quantum Design USA). We measured trans-
port properties using a standard four-probe method (CFMS9,
Cryogenic Ltd UK). Specific heat was measured by using
PPMS-14 (Quantum Design USA). We subtracted the non-
magnetic contribution of specific heat apart from its magnetic
part. The nonmagnetic contribution was estimated by fitting
the specific heat with a summation of electronic contribution
(∝T) and phonon contribution, where a combination of the
Debye model and the Einstein model was used to model the
latter contribution. The best-fitting results require two Debye
temperatures (θD1 = 260 K, θD2 = 545 K) for Ni1/3NbS2 and
one Debye temperature (θD = 205 K and two Einstein temper-
atures (θE1 = 192 K, θE2 = 493 K) for Ni1/3TaS2. In addition,
the observed coefficient of electronic contribution (γ ) is
11.6 mJ mol−1 K−2 for Ni1/3NbS2, and 7 mJ mol−1 K−2 for
Ni1/3TaS2.

Powder neutron-diffraction data were collected using the
Echidna high-resolution powder diffractometer [27] and the
Wombat high-intensity powder diffractometer [28] at Aus-
tralia’s Nuclear Science and Technology Organisation. We
analyzed the obtained data using the Rietveld refinement and
group representation analysis using FULLPROF software [29].
The Ni L2- and L3-edge XAS measurements were held at the
2A beamline in Pohang Light Source, Korea.

We calculated total energy based on DFT imple-
mented in the Vienna Ab initio Simulation Package (VASP)
[30,31]. Generalized gradient approximation was adopted
for the exchange-correlation functional as parametrized by
Perdew, Burke, and Ernzerhof [32]. We used the projector
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TABLE I. Crystallographic parameters of Ni1/3TaS2 with P6322 space group (No. 182) obtained from Rietveld refinements on powder
x-ray-diffraction data at room temperature.

Ni1/3TaS2 Space group: P6322 (No. 182)

T = 300 K Cell dimensions: a = b = 5.7352(1) Å, c = 11.9406(3) Å, α = β = 90◦, γ = 120◦

Atom Wyckoff position x/a y/b z/c Occupancy

Ta 2a 0 0 0 0.1667
Ta 4 f 0.3333 0.6667 0.9983(6) 0.3333
Ni 2c 0.3333 0.6667 0.25 0.1629(4)
S 12i 0.6722(7) 0.0052(5) 0.1323(2) 1.023(35)

Agreement factors: Rp(%) = 7.59, Rwp(%) = 7.04, Rexp(%) = 5.82, X 2 = 1.46
Ta2O5: 1.07 wt %

augmented-wave potential [33] and the �-centered [34] k
grid of 14 × 14 × 7. The test calculations with the smaller
number of k points give the same conclusion regarding the
easy-axis directions. The energy cutoff was set at 600 eV with
the convergence criterion of 10−7eV, using the experimental
lattice structure. The spin-orbit interaction was included in
calculating the magnetic anisotropy energy in the relativistic
noncollinear scheme. At the same time, the charge densities
and the wave functions were acquired from the collinear spin
calculations.

The classical Monte Carlo (MC) simulation was also per-
formed to calculate the specific heat of our spin model, which
yields the model’s theoretical Néel temperature (TN). We
used the Metropolis-Hastings algorithm and simulated an-
nealing for finite-temperature MC simulation. For Ni1/3NbS2,
we sampled the total energy of a 16 × 16 × 66 supercell
with periodic boundary conditions over 200 000 MC steps
after 1000 steps for equilibration. For Ni1/3TaS2, we used
a 20 × 20 × 20 supercell with periodic boundary conditions.
The heat capacity (CV ) was subsequently calculated from a
variance of the sampled total energy using the following equa-
tion:

CV = 〈ε2〉 − 〈ε〉2

kBT 2
. (1)

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Structural analysis

The formation of a noncentrosymmetric crystal structure
(P6322) and magnetism in T M1/3MS2 is attributed to the in-
tercalants occupying the 2c Wyckoff sites. When intercalating
into the host materials 2H-NbS2/TaS2, a unit cell with a

√
3 ×√

3 superlattice is formed from the original host material.
Additionally, structural chirality is induced by the clockwise
or counterclockwise shifting of adjacent sulfur atom positions
occupying 2c Wyckoff sites of the space group P6322. How-
ever, the intercalation profile of transition-metal atoms can be
easily disordered. Therefore, we carefully examined whether
our samples had a correct intercalation profile without disor-
der using powder XRD and Raman spectroscopy. Figures 1(b)
and 1(c) show the powder XRD patterns of polycrystalline
Ni1/3(Nb, Ta)S2, a precursor material to synthesize single
crystals. Rietveld refinement of the XRD patterns confirmed
that our sample had the same crystal structure as previously
reported [12]. In particular, the Ni intercalation profile was

strictly verified by the (10L) superlattice peaks located at the
low-angle region of XRD data where L is an integer [Figs. 1(b)
and 1(c), insets]. The refined occupancy of Ni intercalants
from the XRD data (Tables I and II) further confirms the Ni
composition close to 1/3 with negligible vacancies, consistent
with our EDX results. Sharp Raman peaks around 150 cm−1

for single-crystalline Ni1/3(Nb, Ta)S2 [Figs.1(d) and 1(e)]
also confirmed a high quality of the Ni intercalation. Since
the Raman peak around 150 cm−1 [shaded region in Figs. 1(d)
and 1(e)] represents the phonon mode mainly driven by Ni in-
plane vibrations, its peak sharpness is sensitive to the disorder
in the Ni triangular lattice [35].

B. Magnetic property, electronic transport, and specific heat

As shown in Figs. 2(a) and 2(e), the magnetic susceptibility
data of Ni1/3TaS2 and Ni1/3NbS2 show their antiferromag-
netic character below the transition temperature at 158 and
84 K, respectively. Note that the transition temperature of
Ni1/3TaS2 is much higher than that in previous bulk-properties
research in the 1980s (TN = 125 K) [10–13]. The discrepancy
may have occurred due to an enhanced sample quality with
less Ni vacancy in our samples, as confirmed by XRD and
Raman spectroscopy. Negative averaged Curie-Weiss temper-
atures (θCW = 1

3θ
H‖c
CW + 2

3θH⊥c
CW ) are observed in Ni1/3TaS2 and

Ni1/3NbS2 with the values of −41 and −109.6 K, respec-
tively, indicating strong antiferromagnetic nature. Another
interesting point is an unexpected difference in the magnetic
anisotropy of Ni1/3TaS2 and Ni1/3NbS2: Ni1/3TaS2 has an
easy axis parallel to the c axis. In contrast, Ni1/3NbS2 has an
easy plane perpendicular to the c axis [Figs. 2(a) and 2(e)].
Although we briefly discuss the origin of such a difference,
we think it is a subject for future theoretical studies.

Meanwhile, we observed the second phase transition
around 80 K in the magnetization measurement of Ni1/3TaS2.
The temperature dependence of magnetization in Fig. 2(a)
shows a sudden jump in the magnetic susceptibility around
80 K, likely due to a weak ferromagnetic-like component. It
is further demonstrated in the inset of Fig. 2(b); at T = 10 K,
a slight nonlinear behavior appears in the low-field region of
the M-H curve.

The longitudinal resistivity of Ni1/3TaS2 and Ni1/3NbS2

are presented in Figs. 2(c) and 2(g), in which we observe a
clear signature of the phase transition at 158 K for Ni1/3TaS2

and 84 K for Ni1/3NbS2, following our magnetic susceptibility
data. However, no particular anomaly is observed around 80 K
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TABLE II. Crystallographic parameters of Ni1/3NbS2 with P6322 space group (No. 182) obtained from Rietveld refinements on powder
x-ray-diffraction data at room temperature.

Ni1/3NbS2 Space group: P6322 (No. 182)

T = 300 K Cell dimensions: a = b = 5.7607(1) Å, c = 11.8964(3) Å, α = β = 90◦, γ = 120◦

Atom Wyckoff position x/a y/b z/c Occupancy

Nb 2a 0 0 0 0.1667
Nb 4 f 0.3333 0.6667 0.9974(5) 0.3333
Ni 2c 0.3333 0.6667 0.25 0.1671(8)
S 12i 0.6682(3) 0.0006(9) 0.1328(0) 1.019(28)

Agreement factors: Rp(%) = 9.85, Rwp(%) = 9.35, Rexp(%) = 6.41, X 2 = 2.13

for Ni1/3TaS2, in contrast to the magnetic susceptibility data
[Fig. 2(a)]. The major magnetic-phase transitions of the two
compounds are also seen in the heat-capacity data [Figs. 2(d)
and 2(h)] with a lambdalike peak (inset). In addition, the esti-
mated magnetic moments’ size from the integrated magnetic
entropy gives effective spin for each Ni atom as 1

2 < S < 1,
which has reduced spin compared to perfect localized Ni2+

systems, for both Ni1/3TaS2 and Ni1/3NbS2. Also, we remark
that Ni1/3NbS2 exhibits a larger electronic contribution in con-
ductivity and heat capacity than Ni1/3TaS2. This is evidenced
by the electronic contribution in heat capacity (as described in
Sec. II, Experimental Methods) and the conductivity.

C. Powder neutron-diffraction analysis and magnetic structure

Powder neutron diffraction was used to determine the
magnetic structure of Ni1/3TaS2 and Ni1/3NbS2 (Fig. 3
and Tables III–V). Figure 3(b) demonstrates that the po-
sitions of the magnetic Bragg peaks in Ni1/3TaS2 at 3
K coincide precisely with those of nuclear Bragg peaks
of (100), (101), and (102). It indicates that the magnetic
propagation vector is Qm = (0, 0, 0). The spin configura-
tion could be determined without ambiguity based on the
irreducible representation analysis and Rietveld refinement
[25,29]. While there are four possible irreducible repre-
sentations (see also Table III) under the space group of

FIG. 2. Magnetic, transport, and thermodynamic properties of (a)–(d) Ni1/3TaS2 and (e)–(h) Ni1/3NbS2. (a) Temperature dependence of
magnetic susceptibility per 1 mole of Ni measured with a field of 3 kOe applied parallel and perpendicular to c axis. Inset shows Curie-Weiss
behavior. (b) M(H) curves were obtained at three different temperatures. Insets in (b) show a low-field region for each M(H) curve. (c)
Temperature dependence of resistivity (ρxx). Inset shows temperature derivative of ρxx . (d) Heat capacity divided by temperature (CP/T ) and
fitted nonmagnetic contributions of CP/T (solid black line). Inset shows CP/T related to magnetism derived by subtracting fitted nonmagnetic
part from measured data. (e)–(h) Same as (a)–(d), but about Ni1/3NbS2.
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FIG. 3. (a) Refinement result of powder neutron-diffraction data of Ni1/3TaS2 for two temperature points, 3 and 200 K. (b) Low-angle
region of (a). Difference between data measured at a temperature below and above phase transition (solid black lines) indicates magnetic
signals. (c) Refinement result of powder neutron-diffraction data of Ni1/3NbS2 for two temperature points, 3 and 120 K. (d) Low-angle region
of (c). Inset shows magnetic satellite peaks (0, 0, 1 ± δ). (e), (f) Magnetic structures of (e) Ni1/3TaS2 and (f) Ni1/3NbS2. Blue spheres are Ni
atoms, and red arrows indicate magnetic moment of each Ni atom. (g) Schematic magnetic structure of Ni1/3NbS2 along c axis with 17 unit
cells is depicted, which is half period of helical order. (h) Temperature-dependent powder neutron-diffraction data of Ni1/3NbS2 near (001).
Note that measurements in (a)–(d) used a neutron beam with a wavelength of 2.4395 Å, and measurements in (h) used a wavelength of 4.74 Å.

TABLE III. Basis vectors of each irreducible representation for Ni1/3TaS2.

Irreducible Ni 1 Ni 2
representation Type Basis vector (1/3, 2/3, 1/4) (2/3, 1/3, 3/4)

�1 v11

�2 FMa v21 (0, 0, 1) (0, 0, 1)
�3 AFMb v31 (0, 0, 1) (0, 0, −1)
�4 v41

�5 AFM v51 (0.612−0.354i, −0.707i, 0) (−0.612 + 0.354i, 0.707i, 0)
v52 (0.707i, −0.612 + 0.354i, 0) (−0.707i, 0.612−0.354i, 0)

�6 FM v61 (0.612−0.354i, −0.707i, 0) (0.612−0.354i, −0.707i, 0)
v62 (−0.707i, 0.612−0.354i, 0) (−0.707i, 0.612−0.354i, 0)

aFM = ferromagnetic.
bAFM = antiferromagnetic.
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TABLE IV. Parameters of Ni1/3TaS2 with space group P6322 (No. 182) obtained from Rietveld refinements on powder neutron-diffraction
data at 200 K, and magnetic R factor for two representations �3 and �5 at 3 K.

Ni1/3TaS2 Space group: P6322 (No. 182)

T = 200 K Cell dimensions: a = b = 5.7272(4) Å, c = 11.9205(5) Å, α = β = 90◦, γ = 120◦

NPD

Atom Wyckoff position x/a y/b z/c Uiso(Å2) Occupancy

Ta 2a 0 0 0 0.2672(6) 0.166 67
Ta 4 f 0.3333 0.6667 0.9978(0) 0.2175(5) 0.333 33
Ni 2c 0.3333 0.6667 0.25 0.8367(8) 0.165 9(2)
S 12i 0.6688(3) 0.0022(6) 0.1303(1) 0.3335(0) 0.990 8(6)

Agreement factors: Rp(%) = 10.7, Rwp(%) = 11.7, Rexp(%) = 3.47, X 2 = 11.2
Ta2O5: 1.00 wt. %

T = 3 K �3 : Rmag(%) = 8.53, �5 : Rmag(%) = 14.1

P6322 and Qm = (0, 0, 0), �2 and �6 should be excluded
as they correspond to a ferromagnetic order. Between the
possible antiferromagnetic representations �3 (spins along the
c axis) and �5 (spins on the a − b plane), �3 is the only possi-
ble option since �5 generates a strong (001) peak, in contrast
to our experimental data with no (001) peak [Fig. 3(b)]. There-
fore, the spin configuration of Ni1/3TaS2 is �3, an A-type
antiferromagnet with spins aligned along the crystallographic
c axis [Fig. 3(e)]. It is also consistent with our magnetic
susceptibility data in Fig. 2(a) in that spins have an easy axis
along the c axis. The best fit for the collected neutron powder-
diffraction (NPD) data gives a magnetic moment of 1.03(0)
and 0.95(5) μB at 3 and 90 K, respectively, similar to the size
of the magnetic moment estimated by heat capacity. How-
ever, these values are much smaller than the ordered moment
expected from Ni2+ under the ionic limit (2 µB). In addi-
tion, to understand the second phase transition of Ni1/3TaS2

around 80 K, we compared the magnetic signals obtained
from the data at 90 K with the data at 3 K. However, there
is no discernible change in the magnetic Bragg peaks’ profile
from our data, implying that the second transition is more
subtle.

Figures 3(c) and 3(d) demonstrate the NPD patterns of
Ni1/3NbS2 below (3 K) and above (120 K), the magnetic-
phase transition. Ni1/3NbS2 shows the strongest magnetic

signal near (001), which is not a single peak but two satellite
peaks equally split from the (001) position. This result indi-
cates that the magnetic propagation vector of Qm = (0, 0, δ)
(reciprocal lattice units), which is the only case that can give
two satellite peaks at (0, 0, 1 ± δ) as observed in the data. As
opposed to the case of Ni1/3TaS2, the out-of-plane spin com-
ponent is ruled out by the presence of the strong (0, 0, 1 ± δ)
peak. Therefore, the spins should lie in a plane perpendicular
to the c axis [Fig. 3(f)], again in agreement with the magnetic
susceptibility data. The Rietveld refinement yields δ = 0.03
with a magnetic moment of 1.05 µB, and therefore, the result-
ing magnetic structure is an antiferromagnetic helical order
along the c axis with a long period of 33c [Figs. 3(f) and 3(g)].
Furthermore, the propagation vector of Ni1/3NbS2 is robust
under the changes in temperature below the phase-transition
temperature, as shown in Fig. 3(h).

We conducted further theoretical studies to understand the
different anisotropic nature of Ni1/3TaS2 and Ni1/3NbS2. For
example, we calculated the electronic band structure with two
specific spin alignments (in plane, out of plane) and com-
pared their total energies (Fig. 4). Our calculation implies
Ni1/3TaS2 is more stable with the out-of-plane spin config-
uration than with the in-plane by 804.39 µeV per Ni atom.
At the same time, Ni1/3NbS2 slightly prefers the in-plane
spin configuration to the out of plane by 114.08 µeV per Ni

TABLE V. Parameters of Ni1/3NbS2 with space group P6322 (No. 182) obtained from Rietveld refinements on powder neutron-diffraction
data at 200 K, and magnetic R factor at 3 K.

Ni1/3NbS2 Space group: P6322 (No. 182)

T = 120 K Cell dimensions: a = b = 5.7498(7) Å, c = 11.8621(4) Å, α = β = 90◦, γ = 120◦

NPD

Atom Wyckoff position x/a y/b z/c Uiso(Å2) Occupancy

Nb 2a 0 0 0 0.4259(6) 0.166 67
Nb 4 f 0.3333 0.6667 0.9976(5) 0.3239(5) 0.333 33
Ni 2c 0.3333 0.6667 0.25 0.3816(2) 0.159 2(2)
S 12i 0.6680(1) −0.0002(5) 0.1327(9) 0.1040(6) 0.919 4(9)

Agreement factors: Rp(%) = 11.3, Rwp(%) = 13.3, Rexp(%) = 2.69, X 2 = 24.5
T = 3 K Rmag(%) = 24.7
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FIG. 4. (a), (b) Calculated band structure of (a) Ni1/3TaS2 with spin aligned to c axis (b) Ni1/3NbS2 with spin lying in a plane perpendicular
to the c axis. Ni portions are depicted by color code. (c) Classical phase diagram of Hamiltonian equation (3) depending on parameters |D/J2|
and K/|J2|. Blue-colored phase represents an antiferromagnetic helical structure with a propagation vector of (0, 0,

atan|D/J2 |
π

). And, red color
indicates structure with spins parallel to c axis. Solid black line is a phase boundary obtained by classical energy calculation. Yellow box shows
expected position of Ni1/3NbS2 in parameter space.

atom. These magnetic anisotropy tendencies of Ni1/3TaS2 and
Ni1/3NbS2 agree with the experimental results from magnetic
susceptibility and powder neutron diffraction. We also in-
clude additional calculations in the appendixes with energy
differences given for Ni1/3Nb1−xTaxS2 (Appendix A) and the
orbital occupation (Appendix B).

D. XAS analysis
Last, we studied the electronic state of Ni by Ni L-edge

XAS, as shown in Fig. 5. When comparing the data with

Ni1/3NbS2

Ni1/3TaS2

Ni metal

NiPS3
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Ni1/3NbS2 cal.

Ni1/3TaS2 cal.

Ni1/3TaS2 exp.

850 860 870 880

(a) (b)

FIG. 5. Ni L2,3-edge XAS results of Ni1/3TaS2 and Ni1/3NbS2.
(a) Comparison with XAS spectra of Ni metal and NiPS3. Dashed
lines indicate characteristic energy spectrum of Ni metal (red dashed
line) and NiPS3 (black dashed line) to guide the eye for comparison.
(b) Measured and calculated Ni L2,3-edge XAS spectra of Ni1/3TaS2

and Ni1/3NbS2.

those of Ni metal [Fig. 5(a)], we noticed that the shoulder
spectra at the high-energy side of the L3 edge (black dotted
lines) are different from the Ni metal’s feature (a red dotted
line). Furthermore, we found these shoulder spectra somewhat
resemble the XAS peak positions of NiPS3, which is known
to contain significant effects of the sulfur ligands on Ni sites.
Therefore, a possibility of the multiplet effect similar to NiPS3

may be present in both Ni1/3TaS2 and Ni1/3NbS2 in terms of
divalent Ni surrounded by octahedral sulfur atoms [36,37]. As
shown in Fig. 5(b), we optimized six parameters to reproduce
the experimental data based on the NiS6 cluster calculation
using QUANTY [38,39]: 10Dq is the cubic crystal-field param-
eter of 3d orbitals, Udd and Upd are Coulomb interactions
by onsite 3d valence orbitals and between 3d valence and
2p core orbitals, Veg and Vt2g are the hopping integrals of σ -
and π -type bonds between Ni 3d and S 3p orbitals, and � is
charge-transfer energy from S 3p to Ni 3d states [38,39]. The
best fit yields 10Dq = 1 eV, Udd = 5 eV, Upd = 6eV, Veg =
1eV, Vt2g = 0.6 eV, and � = 1 eV for Ni1/3NbS2, and 10Dq =
1 eV, Udd = 5 eV, Upd = 6 eV, Veg = 1.8 eV, Vt2g = 1 eV, and
� = 1 eV for Ni1/3TaS2. Notably, these results indicate small
charge-transfer energy (� ∼ 1 eV), as already demonstrated
in systems with NiS6 clusters [Fig. 5(b)] [40,41]. However,
further interpretation of the electronic states is limited by the
metallic nature of Ni1/3TaS2 and Ni1/3NbS2.

IV. DISCUSSION

We studied the bulk properties of Ni1/3NbS2 and Ni1/3TaS2

using several experimental techniques and theoretical calcula-
tions. These results reveal that the A-type antiferromagnetic
configuration in Ni1/3NbS2 is stable below 84 K with mo-
ments perpendicular to the c axis and further contains the
long-period helical order along the c axis. On the other hand,
Ni1/3TaS2 forms an A-type antiferromagnetic order for T <

158 K, with spins pointing along the c axis.
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TABLE VI. DFT-calculated orbital occupations for Ni1/3MS2

(M = Nb, Ta) based on which the noncollinear spin calculations
were conducted. Atomic index 1 and 2 represent two distinct posi-
tions (atom 2 is located near Ni). Wigner-Seitz radius of each atom
is as follows. Ni: 1.286 Å, Nb: 1.270 Å, Ta: 1.503 Å, and S: 1.164 Å.

N1/3NbS2

Orbital

Atom Spin dxy dyz/zx dz2 dx2−y2 dtot

Ni Up 1.03 1.01 0.96 1.03 5.04
Down 0.89 0.77 0.92 0.90 4.25
Diff 0.14 0.24 0.04 0.13 0.79
Sum 1.92 1.78 1.88 1.93 9.29

Nb 1 Up 0.26 0.24 0.25 0.26 1.25
Down 0.26 0.24 0.25 0.26 1.25
Diff 0.00 0.00 0.00 0.00 0.00
Sum 0.52 0.48 0.50 0.52 2.50

Nb 2 Up 0.26 0.25 0.24 0.25 0.26
Down 0.25 0.25 0.24 0.25 0.25
Diff 0.01 0.00 0.00 0.01 0.02
Sum 0.51 0.50 0.48 0.51 2.50

px py pz ptot

S 1 Up 0.42 0.41 0.43 1.26
Down 0.41 0.40 0.41 1.22
Diff 0.01 0.01 0.02 0.04
Sum 0.83 0.81 0.84 2.48

S 2 Up 0.41 0.42 0.43 1.26
Down 0.4 0.42 0.41 1.23
Diff 0.01 0.00 0.02 0.03
Sum 0.81 0.84 0.84 2.49

N1/3TaS2

Orbital

Atom spin dxy dyz/zx dz2 dx2−y2 dtot

Ni Up 0.98 0.98 0.93 0.98 4.86
Down 0.85 0.75 0.88 0.75 4.08
Diff 0.13 0.23 0.05 0.23 0.78
Sum 1.83 1.73 1.81 1.73 8.94

Ta 1 Up 0.25 0.25 0.23 0.25 1.23
Down 0.25 0.25 0.23 0.25 1.23
Diff 0.00 0.00 0.00 0.00 0.00
Sum 0.50 0.50 0.46 0.50 2.46

Ta 2 Up 0.25 0.25 0.23 0.25 1.23
Down 0.24 0.25 0.23 0.25 1.22
Diff 0.01 0.00 0.00 0.00 0.01
Sum 0.49 0.50 0.46 0.50 2.45

px py pz ptot

S 1 Up 0.41 0.41 0.43 1.25
Down 0.41 0.40 0.41 1.22
Diff 0.00 0.01 0.02 0.03
Sum 0.82 0.81 0.84 2.47

S 2 Up 0.40 0.42 0.43 1.25
Down 0.40 0.41 0.41 1.22
Diff 0.00 0.01 0.02 0.03
Sum 0.80 0.83 0.84 2.47

Here, we provide a short description of these magnetic
ground states at the level of spin Hamiltonian. The simplest
Hamiltonian that can explain the magnetic ground state of

Ni1/3NbS2 is

Ĥ =
∑

〈i, j〉
J1 Si · S j +

∑


i, j�
J2 Si · S j +

∑


i, j�
D · (

Si × S j
)
,

(2)
where the first (J1) and the second (J2) terms are, respectively,
intralayer (〈i, j〉) and interlayer (
 i, j �) nearest neighbor
(NN) exchange interactions and the third term describes the
Dzyaloshinskii-Moriya (DM) interaction between interlayer
NN with a DM vector D [42,43]. Our magnetic structure
requires that J1 is ferromagnetic while J2 is antiferromagnetic.
Both the in-plane and out-of-plane components of D are al-
lowed by the symmetry of Ni1/3NbS2. However, the effect of
three in-plane components of D from three different interlayer
NN bonds is eventually canceled out when a single Ni trian-
gular layer is ferromagnetic [44]. Therefore, we can assume
that D is parallel to the c axis for simplicity. As well known,
the out-of-plane component of D causes interlayer-NN spin
canting from parallel spin configuration, resulting in a helical
structure along the c axis [44]. Furthermore, the out-of-plane
component of D naturally confines spins to the a − b plane as
it plays a role of effective easy-plane anisotropy. Treating Si

as classical spin Sn = Seinπ (cos φn, sin φn, 0) with φn being a
winding angle of the nth Ni triangular layer for the c axis, the
ratio |D/J2| can be determined from �φ ≡ φn+1 − φn [45]:

|D/J2| = tan �φ. (3)

In consequence, the experimental magnetic propagation
vector of Ni1/3NbS2 (Qm = (0, 0, 0.03)) necessitates the fol-
lowing value, |D/J2| = 0.094.

The magnetic ground states of Ni1/3TaS2 can be described
by adding easy-axis anisotropy to Eq. (2),

Ĥ =
∑

〈i, j〉
J1 Si · S j +

∑


i, j�
J2 Si · S j +

∑


i, j�
D · (Si × S j )

+ K
∑

i

(Si · ẑ)2, (4)

with K < 0. Unlike the case of Ni1/3NbS2, the spins in
Ni1/3TaS2 neither form the helical order nor are perpendicular
to the c axis. It implies that the effect of D is suppressed some-
how in Ni1/3TaS2 even though it is, in principle, allowed by
the symmetry of the noncentrosymmetric P6322 space group.
Such suppression can be captured by including an easy-axis
anisotropy to the Hamiltonian along the c axis, as far as it is
large enough to overcome the effect of D. To understand this
effect, we investigated classical energy for both types of spin
configurations. Each energy per site is

Ein = S2(3J1 + 3J2 cos �φ − 3|D|sin �φ), (5)

Ec = S2(3J1 + 3J2 + K ), (6)

and those give an analytic form of phase boundary from Ein =
Ec [solid black line in Fig. 4(c)]. Figure 4(c) shows a classical
phase diagram for |D/J2| and K/|J2|, showing the competition
between the in-plane helical order and out-of-plane spin con-
figurations, each corresponding to the case of Ni1/3NbS2 and
Ni1/3TaS2. At each point of the parameter space, the energy
minimization algorithm was used to find a magnetic ground
state, i.e., a relaxing magnetic structure. The phase diagram
implies that even a small difference in parameters D and K
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can lead to a different state between the helical order and the
out-of-plane spin configuration near the phase boundary.

A more quantitative analysis can derive a rough estimation
of the Hamiltonian parameters. It was done by comparing
the experimental Curie-Weiss temperature and the transition
temperature (TN) with those from mean-field approximation
and classical Monte Carlo simulation (see Sec. II), respec-
tively. We ignored the effect of D and K on the Curie-Weiss
temperature. As a result, we obtained J1 = −1.265 meV and
J2 = 3.626 meV for Ni1/3NbS2, while J1 = −3.910 meV and
J2 = 4.793 meV for Ni1/3TaS2. Subsequently, |D| can be de-
termined to be 0.341 meV for Ni1/3NbS2. Although we cannot
determine |D| and K in Ni1/3TaS2 precisely, we can roughly
estimate their magnitude too. While |D| would be bigger in
Ni1/3TaS2 because of the larger atomic number of Ta than
Nb, the parameter K should be negative and can be an order
of ∼ 1 meV, as we confirmed using the DFT calculations.
Consequently, we conclude that Ni1/3NbS2 is likely in the yel-
low box in the phase diagram [Fig. 4(c)], while Ni1/3TaS2 is
located in the bottom-right region below the phase boundary.

We finally note that these magnetic structures, combined
with lattice chirality and metallicity, can lead to various
intriguing properties. It can enable the system to demon-
strate exciting properties, including the chiral optical response
[46,47] and the electrical magnetochiral anisotropy effect
[48,49]. With magnetism introduced by intercalation, more
opportunities will emerge in such a system for further fun-
damental research and device applications. For example,
field-free electrical rectification may be achieved in Ni1/3TaS2

due to the spin aligning along the chiral axis. In addition,
Ni1/3NbS2 is unique since it is the only case of quasi–two-
dimensional helical antiferromagnetic metal, as far as we
know, with the nearly collinear in-plane spin configuration
of the A-type model. Such rare exotic spin texture with con-
siderable Dzyaloshinskii-Moriya interaction can lead to chiral
domain walls, skyrmions, and even antiferromagnetic switch-
ing by current excitation, enriching the chiral spintronics [50].

V. CONCLUSIONS

We measured the magnetization, transport, heat capacity,
XAS, and powder neutron-diffraction spectra using high-
quality Ni1/3NbS2 and Ni1/3TaS2 single crystals. These two
compounds develop interesting but different magnetic struc-
tures: antiferromagnetic helical order with an extended period
along the c axis (33c) for Ni1/3NbS2 and A-type antifer-
romagnet for Ni1/3TaS2. Notably, Ni1/3NbS2 and Ni1/3TaS2

show completely different magnetic anisotropy depending
on the element of Nb and Ta, which is understood phe-
nomenologically based on the spin Hamiltonian model and
our DFT calculation. Our finding points to an exciting possi-
bility of various intriguing transport properties in Ni1/3NbS2

and Ni1/3TaS2, making these two compounds promising
material candidates for future studies on antiferromagnetic
spintronics.

FIG. 6. Calculated total energy difference, EMCA(= Eout − Ein),
of Ni1/3Nb1−xTaxS2 with lattice constants of (a) Ni1/3NbS2 and
(b) Ni1/3TaS2 structures. Eout and Ein refers to total energy corre-
sponding to magnetic moments being aligned along out-of-plane
and in-plane(a-axis) direction, respectively. x = 0.3 point in (a) is
omitted because of convergence issues.
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APPENDIX A: VIRTUAL CRYSTAL APPROXIMATION
OF Ni1/3Nb1−xTaxS2

Within virtual crystal approximation, we calculated
the magnetocrystalline anisotropy (MCA) energy of
Ni1/3Nb1−xTaxS2 as a function of x. Note that the spin-orbit
coupling (SOC) parameter (ζ ) for Ta and Nb atoms is
2254–2643 and 646–748 cm−1, respectively [51]. Two
different structures of Ni1/3NbS2 [Fig. 6(a)] and Ni1/3TaS2

[Fig. 6(b)] were used in the calculations. Consistent with the
result of the main text, the direction of the magnetic easy
axis changes from in plane to out of plane as x increases.
The small energy difference between the two lines reflects
the structural effects of the anisotropy. Our results also
imply that the magnetic dipole contribution (not contained
in the current DFT scheme [52,53]) can hardly play a
key role in determining the easy-axis direction of these
materials.

APPENDIX B: THE CALCULATED ORBITAL
OCCUPATIONS

Using the method discussed above, we calculated the elec-
tron occupations in each orbital and found Its dependence on
the type of M to be ∼10−2 (see Table VI).
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