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3Q magnetic order with spatially alternating spin scalar chirality in overdoped Co0.336TaS2
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CoxTaS2 (x ≈ 1/3) exhibits a spontaneous Hall effect from spin texture in antiferromagnets, with a tetrahedral
triple-Q (3Q) order and uniform spin scalar chirality. Upon Co overdoping (x > 1/3), it undergoes a shift in mag-
netic ordering vectors from Qm =(1/2, 0, 0) to (1/3, 0, 0). Interestingly, the spontaneous Hall effect disappeared
in the overdoped regime, which was originally attributed to the loss of 3Q order. However, a question remains
whether a new type of 3Q order can exist with alternating chirality in the overdoped regime. To address this, we
investigated Co0.336TaS2 using inelastic neutron scattering (INS), neutron diffraction, and optical dichroism, and
found that INS data and spin-wave simulations support a 3Q order with alternating chirality. Moreover, neutron
diffraction data show field-independent Bragg peaks, while linear dichroism detects no in-plane anisotropy,
consistent with threefold rotation symmetry. Our data support the scenario of an alternating-chirality 3Q order in
Co0.336TaS2, canceling the spontaneous Hall effect. This study highlights a combined neutron-optical approach
to identify complex spin textures.

DOI: 10.1103/d2yy-ntns

I. INTRODUCTION

One of the central questions in modern condensed matter
physics is how topological properties emerge and manifest
in magnetic systems with or without spin-orbit coupling.
Among the most compelling examples are topological spin
textures arising from multi-Q spin structures, where multiple
magnetic ordering vectors coexist within a single magnetic
configuration [1]. These structures give rise to exotic emergent
properties that strongly influence the electronic responses of
materials and have, consequently, become an active area of
magnetism research [2–4]. A representative example is the
topological Hall effect, which originates from the fictitious
magnetic field induced by a noncoplanar spin configuration
with net spin scalar chirality [2,5]. This emergent field is
quantified by the so-called spin scalar chirality, defined as
χijk = Si · (S j × Sk ), where i, j, and k denote the sites of
localized spins forming a three-site closed loop, and Si, S j ,
and Sk represent the corresponding localized spin moments
at each site [1]. A well-known example of such a topolog-
ical spin texture is the Skyrmion lattice (Sk-L) observed in
two-dimensional (2D) hexagonal or tetragonal lattices, which

*These authors contributed equally to this work.
†Contact author: jgpark10@snu.ac.kr

typically arises from triple-Q or double-Q spin spirals or spin
density waves [2,6–8].

Early discoveries of Sk-Ls were made in chiral mag-
nets such as MnSi and CuO2SeO3 [9–11], where the Sk-Ls
exhibit long-wavelength periodicities typically in the range
10–100 nm. In contrast, many recent studies have identi-
fied Sk-Ls with much shorter atomic-scale periods—on the
order of a few nm—in systems such as the Gd-based tri-
angular lattice system Gd2PdSi3 [2]. While the stabilization
of mesoscopic Sk-Ls in chiral crystals is generally attributed
to the Dzyaloshinskii-Moriya (DM) interaction, invariably in
conjunction with external magnetic fields and thermal fluc-
tuations [9], this mechanism does not apply to systems with
much shorter Sk-Ls—often observed even in centrosymmetric
systems—and a different mechanism is required [2–4,6,12].
One promising theoretical framework invokes bilinear and
four-spin exchange interactions, which can naturally arise
from the Kondo lattice model in systems with itinerant elec-
trons [13,14]. Notably, many of the characteristic features
observed in these materials [2,3,7,8] are well captured by
an effective spin Hamiltonian incorporating such higher-order
interactions [3], underscoring the utility and validity of this
approach in describing the atomic-scale Skyrmion lattice.

Recently, slightly off-stoichiometric Co1/3−δTaS2 (δ > 0)
has emerged as a representative experimental realization of
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the atomic-scale Sk-L, exhibiting a spontaneous Hall ef-
fect in the absence of net magnetization [5,7,8]. This Sk-L
is characterized by a magnetic ordering vector located at
the M points of the Brillouin zone, Qm = (1/2, 0, 0) or
its symmetry-equivalent vectors, which represents the short-
wavelength limit of a Sk-L on a triangular lattice [7,15].
Remarkably, this magnetic structure exhibits sharp tunability
with slight variations in the concentration of intercalated Co
ions near x = 1/3 [16]. Detailed neutron diffraction studies
on CoxTaS2 have revealed a composition-dependent evolution
of the modulation vector: The slightly underdoped regime is
associated with Qm = (1/2, 0, 0), while the slightly overdoped
regime corresponds to Qm = (1/3, 0, 0) [16]. Importantly,
the composition-sensitive changes in magnetic structure and
transport properties observed in CoxTaS2 are an intrinsic
feature of its underlying crystal structure, as similar be-
havior is also found in other intercalated transition metal
dichalcogenides (TMDs). For example, FexNbS2 shows a
composition-driven transition in the spin modulation vector
from the stripe to zigzag order near x = 1/3 [17,18], and
CoxNbS2 exhibits composition-dependent spontaneous Hall
effect in the same doping vicinity [19,20]. Given that the
properties of these systems can be easily tuned by intercalant
concentration, structural disorder, such as vacancies or in-
terstitial sites, is inevitable [21]. However, the narrow range
of compositions investigated in those studies, including this
work, makes it reasonable to attribute the origins of these
transitions to intrinsic aspects, such as carrier doping and
associated shifts in the Fermi surface, rather than disorder-
driven effects.

The magnetic structure with Qm = (1/3, 0, 0) in over-
doped Co1/3TaS2 was initially interpreted as a 1Q spiral order,
largely owing to the absence of a spontaneous Hall effect at
the time [16]. Given the strong connection between tetrahedral
3Q magnetic order and the emergence of a spontaneous Hall
effect in slightly underdoped Co1/3TaS2, the lack of such a
spontaneous Hall effect in slightly overdoped Co1/3TaS2 has
been taken as an indication of a topologically trivial 1Q spiral
state. Here, in this paper, we argue that there is an alternative
scenario in which the 3Q nature remains intact in the over-
doped regime with Qm = (1/3, 0, 0). The spin scalar chirality
may adopt a spatially alternating configuration. In this case,
although local spin scalar chiralities are nonzero, their spatial
alternation leads to the cancellation of the net spin scalar
chirality, which, although rarely observed, is compatible with
the absence of a topological Hall effect. This possibility sug-
gests that the overdoped phase of CoxTaS2, while lacking a
macroscopic topological Hall effect, may still harbor a 3Q
order with rich microscopic topology. Notably, similar sce-
narios involving chirality cancellation have been proposed in
earlier studies on materials of a similar type [3,4,12,22,23]. To
the best of our knowledge, however, no detailed investigation
has been conducted to directly test the emergence of this
hypothetical 3Q order with alternating chirality—an issue we
aim to address in this work.

The unambiguous identification of multi-Q spin orders
remains a significant experimental challenge, especially in
the absence of clear macroscopic signatures such as the
topological Hall effect. In such cases, conventional diffrac-
tion techniques are not often convincing, as their spatially

averaged signals cannot distinguish between a multi-Q config-
uration and its multi-domain 1Q counterpart. To address this
ambiguity, real-space imaging techniques, including Lorentz
transmission electron microscopy (L-TEM) [11] and spin-
polarized scanning tunneling microscopy (SP-STM) [12],
have been used to visualize spin textures directly. However,
these imaging methods face fundamental resolution limits as
the spin modulation period approaches the atomic scale. In
such regimes, complementary approaches become essential
to ensure an error-free judgment on the conclusion. These
include the analysis of momentum-resolved spectroscopic
profiles or the use of probes sensitive to certain magnetic
symmetries, such as optical linear dichroism [24]. Together,
these methods can provide critical information about under-
lying spin textures, particularly in systems where real-space
imaging and conventional diffraction are insufficient to re-
solve multi-Q order.

In this work, we propose and demonstrate an alternative
approach based on inelastic neutron scattering [25–28], lever-
aging recent theoretical advances that enable the distinction
between multidomain single-Q and single-domain multi-Q
orders through their characteristic spin excitation spectra. This
technique offers a momentum-resolved and complementary
probe of complex magnetic textures, even in the absence of
topological transport signatures. In addition to a spin-wave
analysis, we conducted single-crystal neutron diffraction un-
der an in-plane magnetic field that breaks the hexagonal
symmetry and performed dichroism measurements—both lin-
ear and circular—to further corroborate the nature of the
magnetic order. Taken together, these experimental results
suggest that the spin configuration in overdoped Co1/3TaS2

is more consistent with a 3Q structure than a 1Q order.
Our comprehensive approach thus establishes the presence of
multi-Q spin ordering in this system and illustrates a powerful
strategy for characterizing nontrivial magnetic states beyond
conventional techniques.

II. METHODS

A. Single-crystal growth and bulk characterization

High-quality Co1/3+δTaS2 single crystals were synthesized
using methods described in previous studies [16]. To produce
the overdoped composition Co0.336TaS2, a solid-state reaction
was performed using a cobalt: tantalum: sulfur molar ratio
of 1.05–1.07:3:6, with a total batch mass of 5 g. A slight
excess of cobalt (5–7%) was added to compensate for poten-
tial cobalt loss during synthesis. Given the extreme sensitivity
of the magnetic properties to cobalt concentration, particular
care was taken to characterize and select samples with high
compositional precision.

Each crystal was examined using magnetometry (MPMS-
XL5, Quantum Design, USA) and a scanning electron
microscope (COXEM-EM30, COXEM, Korea) equipped with
energy-dispersive x-ray spectroscopy (QUANTAX, Bruker,
USA). Further screening for compositional homogeneity was
conducted using magnetization and Raman spectroscopy. No-
tably, the distinct magnetization curves characteristic of the
underdoped and overdoped regimes of Co1/3±δTaS2 allowed
us to estimate the Co composition with greater accuracy
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[16]. Only crystals exhibiting a sharp magnetic anomaly in
the temperature range 35–41 K, indicative of the overdoped
phase, were selected for the inelastic neutron scattering exper-
iments. This selection criterion is further supported by earlier
reports of a corresponding double anomaly in specific heat
measurements at similar temperatures. Based on this proto-
col, we estimate the final composition variations of CoxTaS2

to range from x = 0.333 to x = 0.338. The fact that the
temperature-dependent magnetic susceptibility of x = 0.330
and x = 0.340 is distinctly different from that of x = 0.336
(our target composition) renders the credibility to our estimate
of the range [16].

B. Inelastic neutron scattering and spin-wave calculation

Crystals from the same synthesis batch displayed nearly
identical magnetic behavior, indicating a high degree of com-
positional uniformity. Guided by previous reports on cobalt
stoichiometry and bulk properties [16], we find our sam-
ples closest to x = 0.336 and therefore adopt “Co0.336TaS2”
as the representative composition. For the inelastic neutron
scattering experiments, the selected crystals (total mass of
4.2 g) were aligned on an aluminium plate using CYTOP
adhesive (CTL-809M, Asahi Glass, Japan). The coaligned
crystals were oriented in the (H H L)-horizontal geometry.
The experiments were performed at the 4SEASONS time-
of-flight spectrometer at J-PARC (Japan) [29], employing the
repetition rate multiplication (RRM) technique [30]. Five in-
cident neutron energies (35, 15, 8.3, 5.2, and 3.6 meV) were
used with a chopper frequency of 150 Hz for T = 7 and 45
K. Experimental design and data reduction were carried out
using the UTSUSEMI and HORACE software packages [31,32].

Finite-temperature Landau-Lifshitz-Gilbert (LLG) dynam-
ics and linear spin wave theory (LSWT) calculations were
performed using SU(N)NY simulation package [33] imple-
mented in the Julia programming language [34]. For the
calculation of S⊥(q, E ) at 45 K (T >TN ), simulations were
carried on a 24 × 24 × 16 supercell of the Co1/3TaS2 unit-
cell (18 432 Co sites) with Langevin time step (dt) 0.02 me
V−1 and a damping constant (λ) of 0.1. To ensure the
thermally equilibrated starting configuration of paramagnetic
phase, we first evolved the system for 10 000 Langevin steps
and then computed S⊥(q, E ). The resulting spectra in the
paramagnetic phases are averaged over five replicas. At 7 K
below TN , simulation used a 30 × 30 × 20 supercell (36 000
Co sites) with the same Langevin time step and damping
constant. In this case, S⊥(q, E ) was averaged over twenty
replicas, and the LSWT calculation is computed from the 0
K structure. All S⊥(q, E ) datasets are multiplied by the Co2+
magnetic form factor and the neutron polarization factor to
enable direct comparison with experimentally obtained data.
Finally, instrumental resolution of energy and momentum
transfer was incorporated with Gaussian broadening derived
from the geometry of 4SEASONS spectrometer and full width
at half maximum (FWHM) of observed nuclear Bragg peaks.

C. Single-crystal neutron diffraction under
in-plane magnetic field

Single-crystal neutron diffraction under a magnetic
field was performed using the ZEBRA thermal neutron

diffractometer at the Swiss spallation neutron source SINQ.
The sample was aligned in a 10 T vertical magnet (Oxford
Instruments) with (HHL)-horizontal geometry. The beam of
thermal neutrons was monochromatic using the (002) reflec-
tion of pyrolytic graphite.

D. Linear and circular dichroism measurement

For the optical studies of magnetic circular dichroism
(MCD) and magnetic linear dichroism (MLD) experiments,
which were recently shown to be sensitive to chiral and
nematic antiferromagnetic phases in underdoped Co1/3TaS2

[35], single-crystal samples were mounted in a helium va-
por, strain-free environment on a variable-temperature insert
(2–300 K) within a 7 T magneto-optical cryostat (Oxford
Spectromag) equipped with direct optical access. Wavelength-
tunable probe light was generated from a xenon lamp and
spectrally filtered through a 300-mm spectrometer. The probe
beam was mechanically chopped at a low frequency of
137 Hz, linearly polarized, and then polarization-modulated
using a photoelastic modulator (PEM).

To measure MCD, the polarization was modulated between
right- and left-circular states (quarter-wave modulation) at a
frequency of 50 kHz. For MLD, the polarization was modu-
lated between orthogonal linear states (half-wave modulation)
at a frequency of 100 kHz. The probe beam was weakly
focused onto the sample surface with a spot size of ∼1 mm
under near-normal incidence. The reflected light intensity was
detected by an avalanche photodiode, amplified, and demod-
ulated using dual lock-in amplifiers. MCD was measured as
the normalized difference in reflectance between right- and
left-circularly polarized light, defined as (IR − IL )/(IR + IL ).
Similarly, MLD was quantified as (Iφ–Iφ+90◦ )/(Iφ + Iφ+90◦ ),
where φ is the angle of the linear polarization of the probe
beam. MCD is closely related to the magneto-optical Kerr
effect (MOKE) and is sensitive to magnetic orders that in-
duce a nonzero off-diagonal conductivity σxy (ω), such as
ferromagnetism or specific antiferromagnetic phases [36–38].
In contrast, MLD is sensitive to anisotropy in the in-plane
optical conductivity, e.g., σxx(ω)–σyy(ω), which may arise
from single-Q (stripe-like) AFM order [35,39].

III. RESULTS AND DISCUSSION

A. Parameterization and underlying Hamiltonian of 3Q order
for Q = (1/3, 0, 0)

Figure 1(a) shows the crystal structure of ideal Co1/3TaS2,
and Fig. 1(b) shows the magnetic susceptibility of the
x = 0.336 sample (TN = 35 K). Figure 1(c) presents the
momentum-resolved elastic neutron scattering profile at 7 K
(4SEASONS), with magnetic Bragg peaks at Qm = (1/3, 0,
0) and symmetry-equivalent positions [Qm = (0, 1/3, 0), (1/3,
–1/3, 0)]. Such a pattern can, in principle, arise from either (i)
three domains of a single-Q (1Q) order or (ii) a noncoplanar
triple-Q (3Q) order [see Fig. 1(d)]. In the 1Q scenario, the
magnetic order with Qm = (1/3, 0, 0) can be described as
a three-sublattice spin spiral propagating along the a* direc-
tion. This configuration features a coplanar spin texture and
has twofold rotational symmetry (C2z) about the crystallo-
graphic c axis. In contrast, the 3Q structure arises from the
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FIG. 1. Proposed spin order for Co0.336TaS2, constrained by crystal structure and highly commensurate magnetic Bragg peaks and
corresponding phase transition observed via bulk susceptibility measurement. (a) A crystallographic unit cell of Co1/3TaS2. The light green
Ta-S prism color denotes structural chirality induced by the insertion of a 3d transition metal. (b) Temperature-dependent magnetization of
single-crystal Co0.336TaS2 with H � c. (c) Experimentally measured magnetic Bragg peaks (7 K) observed at BL01 4SEASONS, J-PARC MLF.
(d) Schematics of candidate spin order for Co0.336TaS2. The overall spin orientation is rotated for better visualization, such that the main spin
components lie within the ab plane. (Left) 1Q spiral order with three domains, where thick arrows represent the direction of modulation vector
Qi (i = 1,2,3) in real space, and (center and right) noncoplanar 3Q order with spin texture in A and B sublattices, with overall spin direction
illustrated in the corresponding unit sphere above.

superposition of three spin modulations described by Qm =
(1/3, 0, 0) and the two other symmetry-equivalent wave vec-
tors. The resulting spin texture is noncoplanar and preserves
threefold rotational symmetry (C3z) about the c axis. These
symmetry distinctions are central to differentiating between
the two candidate states and motivate the subsequent experi-
mental analysis.

To gain insight into the stabilization mechanism of the
3Q magnetic structure arising from Qm = (1/3, 0, 0), we
introduce the phenomenological spin Hamiltonian under
consideration [28],

H =
∑

n

∑
δ

JδSn · Sn+δ +
∑

n

∑
δ

Kδ(Sn · Sn+δ)2, (1)

where n represents site position, Sn denotes spin for each site
n, and Jδ and Kδ are exchange and biquadratic interactions
for given displacement δ. Within the framework of bilin-
ear Heisenberg interactions, magnetic ordering with Qm =
(1/3, 0, 0) can be stabilized by appropriately tuning the rela-
tive magnitudes of beyond nearest-neighbor interactions. This
framework yields two energetically degenerate states: (i) a
triple-domain 1Q structure and (ii) a coplanar 3Q structure.
However, we emphasize a crucial constraint that must be
satisfied in real space: the uniformity of spin length across
all lattice sites, i.e., |S j | = S across all j. In a general 3Q
superposition, arbitrary choices of spin components for each
modulation vector typically violate this condition. To satisfy
the spin-length constraints, one must select specific spin com-
ponents for each Q-vector in the 3Q state. When this condition
is met, both the triple-domain 1Q and the coplanar 3Q struc-
ture remain exactly degenerate, satisfying the local spin length

conservation within the bilinear Heisenberg model. The spin
configuration that satisfies this condition was first obtained
from numerical energy minimization of the bilinear Heisen-
berg Hamiltonian and then parameterized in reciprocal space
to express its analytic form. An explicit expression for the
coplanar 3Q structure is thus given in the following form:

S j = SQ1 eiQ3·x j + SQ2 eiQ3·x j + SQ3 eiQ3·x j + (c.c),

SQ1 = S(1 −i 0)T , Q1 =
(

1

3
, 0, 0

)
,

SQ2 = S
(
− cos

(π

3

)
− i sin

(π

3

)
cos

(π

6

)
− i sin

(π

6

)
0
)T

,

Q2 =
(

0,
1

3
, 0

)
,

SQ3 = S
(
− cos

(π

3

)
− i sin

(π

3

)
cos

(π

6

)
− i sin

(π

6

)
0
)T

,

Q3 =
(

1

3
,−1

3
, 0

)
. (2)

At the level of the bilinear Heisenberg Hamiltonian, the 1Q
and coplanar 3Q structures are perfectly degenerate in energy.
Although general proof for the uniqueness of this 3Q struc-
ture is beyond the present scope, our energy-minimization
results consistently converge to either 1Q or the 3Q structure
presented above. The solution above exhibits equal intensity
among the three ordering vectors Qi (i = 1, 2, 3) along with
maintaining the local spin-length conservation confirms that it
represents a valid realization of the 3Q structure. Furthermore,
the energy degeneracy implies that a transition between the
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FIG. 2. Comparison of the paramagnetic excitation spectra measured at T = 45 K with theoretical calculations from a best-fit
spin Hamiltonian. (a)–(e) Paramagnetic scattering spectra for various momentum and energy slices, measured at 45 K (slightly above
TN = 35 K), where a finite temperature LLG simulation is also performed with T = 45 K. The simulation effectively captures energy-
momentum transfer at the paramagnetic region for the wide Brillouin zone, indicating that the system in the paramagnetic phase can be
well described by a classical LLG simulation with isotropic Heisenberg interactions. (f) Parameter dependence of the fitting error for the
paramagnetic scattering data. The presence of a well-defined global minimum across a wide parameter range demonstrates the robustness and
reliability of the extracted exchange interaction parameters. Notably, the same energy-momentum transfer data for Co0.325TaS2 show that the
stable modulation vector is Qm = (1/2, 0, 0) [28]. (g) Exchange interaction paths are considered in the calculation for intralayer exchange
interaction Jn and interlayer exchange interaction Jcn.

two structures requires overcoming a finite energy barrier,
confirming the structural stability of the 3Q structure.

However, this degeneracy is lifted by the inclusion of
a positive biquadratic interaction between nearest-neighbor
spins, which further stabilizes another noncoplanar 3Q ground
state relative to the coplanar 3Q ground state. This term
naturally arises from higher-order interactions in the Kondo
lattice model and serves as the microscopic origin for the
stabilization of the noncoplanar 3Q ground state [13]. In this
noncoplanar configuration, a small but finite Fourier compo-
nent is present at Q = (1/3, 1/3, 0), in a zero-temperature
calculation. It arises from higher-order harmonics of the three
fundamental wave vectors (Q1, Q2, and Q3), which give rise
to the noncoplanarity in the spin texture. Yet, within the rele-
vant regime of biquadratic interaction strength considered in
this work (see Fig. 3), its magnitude is less than 1% of the
nominal magnitude of the primary reflections described by
Qm = (1/3, 0, 0). The estimated neutron diffraction intensity
of these higher harmonic signals from the model calculation is
far below the background intensity [see Fig. 1(c)]. Based on
the background-subtracted data relative to the paramagnetic
phase (45 K) and taking the 2σ statistical fluctuation of the
background as a criterion, the accessible upper limit for the
magnetic reflection intensity at Q = (1/3, 1/3, 1) was esti-
mated to be 4% relative to the primary Q = (1/3, 0, 1) peak
intensity.

Nevertheless, we found that the long-wavelength behavior
of the spin-wave calculation clearly captures the difference
as discussed below. A similar role of higher harmonics in

stabilizing Skyrmion lattices has been discussed in theoretical
studies based on bilinear-biquadratic spin Hamiltonians [40].
In this case, the addition of a positive biquadratic term favors
the noncoplanar 3Q structure with alternating spin chirality
as the magnetic ground state without modifying the bilinear
Heisenberg interaction. Notably, recent experimental studies
have also underscored the role of higher-order spin interac-
tions in stabilizing atomic-scale multi-Q phases [3,4].

For Co1/3TaS2, such higher-order terms are naturally jus-
tified within the Kondo lattice model, where conduction
electrons mediate magnetic exchange between localized spins
[14]. It is further supported by the crystal structure: CoS6

octahedrons are fully isolated, with a nearest-neighbor Co-Co
distance of 5.74 Å, well beyond Hill’s limit [41], con-
firming the absence of direct Co-Co wavefunction overlap.
Consequently, the magnetic interactions in this system are
predominantly mediated by itinerant electrons in the TaS2 lay-
ers, an essential feature of the Kondo lattice model. Previous
experimental work on underdoped Co1/3TaS2 estimated the
biquadratic interaction to be approximately 6% of J1 (where J1

represents the nearest-neighbor bilinear exchange interaction)
[28]. Based on this result, we conservatively adopt an upper
bound of 6% for the biquadratic interaction in the overdoped
system and perform our theoretical analysis accordingly.

For completeness, we note that applying the bilinear-
biquadratic Hamiltonian for Co1/3TaS2 leads to two distinct
spin configurations for the A and B sublattices. It originates
from the space group of ideal Co1/3TaS2, P6322 (no. 182),
where the Cobalt ion occupies the 2c Wyckoff positions

174410-5



WOONGHEE CHO et al. PHYSICAL REVIEW B 113, 174410 (2026)

-0.6

[H, 0, 1] (r.l.u.) [H, 0, 1] (r.l.u.) [H, 0, 1] (r.l.u.) [H, 0, 1] (r.l.u.) [H, 0, 1] (r.l.u.)

LSWT, E = 1.8 meV

0 0.6 -0.6 0 0.6 -0.6 0 0.6 -0.6 0 0.6 -0.6 0 0.6

0.25 0.5 0.75
-0.25

0

0.25

0.5

0.75

0.25 0.5 0.75
-0.25

0.25

0.5

0.75

0.25 0.5 0.75
-0.25

0.25

0.5

0.75

0.25 0.5 0.75
-0.25

0.25

0.5

0.75

0.25 0.5 0.75
-0.25

0.25

0.5

0.75
0(a)

(b)
[-

K
/2

, K
, 1

] 
(r

.l.
u

.)

-0.6

0

0.6

[-
K

/2
, K

, 1
] 

(r
.l.

u
.)

-0.6

0

0.6

[-
K

/2
, K

, 1
] 

(r
.l.

u
.)

-0.6

0

0.6

[-
K

/2
, K

, 1
] 

(r
.l.

u
.)

-0.6

0

0.6

-0.6

0

0.6

-0.6

0

0.6

-0.6 0 0.6

-0.6

0

0.6

[H, 0, 1] (r.l.u.)

[-
K

/2
, K

, 1
] 

(r
.l.

u
.)

[-
K

/2
, K

, 1
] 

(r
.l.

u
.)

[-
K

/2
, K

, 1
] 

(r
.l.

u
.)

[H, 0, 1] (r.l.u.) [H, 0, 1] (r.l.u.) [H, 0, 1] (r.l.u.) [H, 0, 1] (r.l.u.)

-0.6 0 0.6 -0.6 0 0.6 -0.6 0 0.6 -0.6 0 0.6

(c)

Jc Jc Jc Jc Jc

1Q 3Q, K = 0 3Q, 3Q 3Q

3Q, K = 0 3Q 3Q 3Q

E
xp

e
ri

m
e

n
t

LS
W

T
 (

1
Q

)
LS

W
T

 (
3

Q
)

E = 1.2 ± 0.3 meV E = 1.5 ± 0.3 meV E = 1.8 ± 0.3 meV E = 2.1 ± 0.3 meV E = 2.4 ± 0.3 meV

S  (q,E)
1.50.2

(arb. units)

(arb. units)

FIG. 3. Distinguishing single-Q and triple-Q magnetic ground states by comparing theoretical spin-wave spectra with experimental
data. (a) Long-wavelength spin-wave velocity anisotropy v−1

⊥ /v−1
|| calculated from LSWT for given structure (1Q and 3Q) and intensity of

biquadratic interaction K for 1NN interaction for given J2 and Jc2. To stabilize the Q = (1/3,0,0) as a stable modulation vector, J3 is calculated
from Eq. (4). (b) Constant energy slices of energy transfer E = 1.8 meV for [HKL] = [001] region calculated from LSWT using a parameter
set given in Table II. For a clear demonstration of the effect of biquadratic interaction in 3Q order, the experimental broadening effect is not
considered. (c) Long-wavelength limit spin-wave for (first row) experimental result (second row) equally populating 1Q helical order domain
summation and (third row) 3Q order with the spin texture of [HKL] = [001] plane. Experimental results are collected at T = 7 K and simulation
results are obtained using LLG dynamics at T = 7 K. Experimental broadening is applied with an FWHM obtained from the magnetic Bragg
peak. The used parameter set is given in Table II. K = 0.06J1 is additionally considered for the 3Q order.

forming two sublattices (A and B) of the triangular lattice.
These sublattices are connected by a 63-screw operation and
form two distinct magnetic ion sites within the unit cell.
This enables the distinct spin configuration for the A and B
sublattices even though the ordering vector Q = (1/3, 0, 0)
implies no modulation along the c axis. Figure 1(a) illustrates
the obtained 3Q spin structures for the A and B sublattices of
the triangular lattice with spin directions mapped onto the unit
sphere. Whereas the 1Q spiral structure involves only a phase
difference within each sublattice, the 3Q structure exhibits an
alternating pattern between the A and B sublattices owing to
antiferromagnetic coupling between the A and B sublattices.

This alteration, in addition to the alteration of the scalar spin
chirality within a single layer, leads again to a vanishing total
spin scalar chirality and net magnetization.

B. Inelastic neutron scattering and long wavelength
spinwave anisotropy

To experimentally determine the ground state of overdoped
Co1/3TaS2, we compared inelastic neutron scattering spec-
tra with theoretical predictions obtained using LSWT and
LLG dynamics simulations for various candidate spin con-
figurations. To gain insights into the underlying exchange
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interaction in overdoped Co1/3TaS2, we first analyzed the
excitation spectra in the paramagnetic phase, commonly
known as paramagnetic diffuse scattering. This approach of-
fers two key advantages. First, it enables the estimation of
the bilinear interaction profile without bias toward a specific
modulation vector or an assumed 1Q or 3Q nature of the
ordered phase. Second, as demonstrated in previous studies
[42,43], the paramagnetic regime minimizes the limitations of
semiclassical spin dynamics theory, such as spin-wave renor-
malization effects that may become significant in quantum
spin systems or in cases of complex noncollinear magnetic
order. Therefore, the analysis of the spin dynamics in the para-
magnetic state provides a robust foundation for constructing
an effective magnetic model that can be consistently applied to
calculate the spin-wave spectra of multiple candidate ground
states. This methodology has been successfully applied in
recent studies across a range of systems [28,42–46], demon-
strating its reliability in capturing the interaction parameters
of the magnetic Hamiltonian. In our case, we adopted an
isotropic Heisenberg model with five distinct exchange pa-
rameters (J1, J2, J3, Jc1, Jc2) corresponding to interactions
among five different types of Co–Co ion pairs [see Fig. 2(g)].
The Hamiltonian is expressed as

H = Hintra + Hinter,

Hintra = 1

2

∑
i

intra∑
n

Jn
[(

SA
i · SA

i+n

) + (
SB

i · SB
i+n

)]
,

Hinter = 1

2

∑
i

inter∑
n

Jcn
(
SA

i · SB
i+n

)
, (3)

where Jn denotes the nth neighbor intralayer exchange inter-
action within the same sublattice (A or B), and Jcn denotes the
nth neighbor interlayer exchange interaction between different
sublattices (A–B). The summation

∑intra
n and

∑intra
n run over

the corresponding neighbor shell n; the factor 1
2 is considered

to avoid double counting [see Fig. 2(g) for the mapping J1, J2,
J3 and Jc1, Jc2]. By convention, we use J> 0 for antiferromag-
netic interaction and J < 0 for ferromagnetic interaction.

Paramagnetic scattering data were collected using an
incident energy Ei = 8.3 meV. The measurements were per-
formed at T = 45 K, and corresponding simulations were
carried out using finite-temperature LLG dynamics at the
same temperature to ensure consistency. To efficiently op-
timize the parameters of the five-dimensional Heisenberg
Hamiltonian, we first employed the Bayesian optimization
algorithm implemented in Python [47], using a Gaussian pro-
cess as the surrogate model [48]. This probabilistic framework
enables efficient exploration of the parameter space while
minimizing the number of costly simulation evaluations. Fol-
lowing this initial optimization, we manually refined and
validated the results by comparing them against neighboring
regions in parameter space to confirm that the global mini-
mum was reliably identified.

Figures 2(a)–2(e) show the calculated paramagnetic scat-
tering intensity maps based on the optimized model Hamil-
tonian (see Table I). At the same time, Fig. 2(f) presents
the corresponding goodness-of-fit landscape across two-
dimensional slices of the five-dimensional parameter space.

TABLE I. Optimal parameter set for the five exchange interac-
tions (J) derived from the paramagnetic phase. S = 3/2 is assumed
for the spin length. The uncertainty of the parameter (σJ ) is deter-
mined based on 10% increase from χ 2

min by varying each parameter
independently while keeping others fixed. The reported values rep-
resent the larger value between the positive and negative deviations.
The relative magnitudes of J1 are also listed for easier comparison
with theoretical magnetic phase diagrams in Fig. 2(f). The obtained
χ 2 value for the paramagnetic phase refinement (Fig. 2) is ap-
proximately 2221, representing the minimized residual between the
experimental data (Fig. 2) and the theoretical model.

J1 J2 J3 Jc1 Jc2

J (meV) 1.311 0.303 0.004 1.784 –0.134
σJ (meV) ±0.093 ±0.079 ±0.052 ±0.157 ±0.052
J/J1 1 0.2312 0.0031 1.3611 −0.1024

These maps confirm the presence of a well-defined global
minimum in the chi-square map, supporting the robustness
of the extracted parameter set. Notably, the optimized model
predicts a magnetic modulation vector Qm = (q, 0, 0), with q
< 1/2. This is in contrast to the previous result on underdoped
Co1/3TaS2, where the exchange parameters determined using
the same methodology yielded Qm = (1/2, 0, 0) [28]. Notably,
the same constant-energy and energy-momentum slices of the
paramagnetic excitation spectrum were used in the analysis
of overdoped Co1/3TaS2 here, as in the previous study of un-
derdoped Co1/3TaS2 [28]. Remarkably, this difference in the
predicted modulation vectors suggests that the paramagnetic
diffuse scattering signal successfully captures, to some extent,
the composition-dependent evolution of magnetic interactions
and the resulting magnetic orders with distinct magnetic mod-
ulation vectors.

The successful reproduction of the paramagnetic scattering
spectra using our optimized Hamiltonian confirms that this
approach provides a reasonable estimate of magnetic interac-
tions. However, a limitation arises too: The fitted parameter
from the paramagnetic scattering does not directly reproduce
the modulation vector Qm = (1/3, 0, 0) observed experi-
mentally in the ordered phase. Instead, the model predicts
Qm ≈(0.4, 0, 0). Such discrepancies between Hamiltonians
derived from paramagnetic scattering and those governing
the ordered phase have also been reported in a few systems,
including systems with nearly or weakly incommensurate
modulation vectors [44,46]. In our case, prior reports indicate
that the transition from Qm = (1/2, 0, 0) to Qm = (1/3, 0, 0)
occurs sharply with only a small change in Co composition,
suggesting that commensurability may arise from a lock-in
mechanism. Here, we note that the experimentally observed
Qm coincides with (1/3, 0, 0) within the momentum resolution
of the spectrometer [see Fig. 1(c)]. While a full understanding
of this mechanism lies beyond the scope of the present study,
it implies that the commensurate Qm = (1/3, 0, 0) may be
stabilized by effects beyond the classical Heisenberg model.

To phenomenologically model the ordered phase with
Qm = (1/3, 0, 0), we slightly adjust the exchange parameters
from those estimated at T >TN (see Table II). Although the
high-temperature fit does not yield a quantitatively accurate
magnetic ground state, it still provides a reliable range for

174410-7



WOONGHEE CHO et al. PHYSICAL REVIEW B 113, 174410 (2026)

TABLE II. Hamiltonian parameter used to reproduce the spin
wave spectra in the ordered phase. The uncertainty of the parameter
(σJ ) is estimated based on the qualitative agreement between the
simulated and experimental data. J3 is automatically adjusted from
given Jc1 and Jc2 to stabilize the modulation vector Qm = (1/3, 0,
0). The obtained χ 2 value for the ordered phase is approximately
467, derived from a comparison between the experimental inelastic
neutron scattering spectra at 7 K and spin dynamics simulations over
a consistent momentum-energy transfer range given in Fig. 2.

J1 J2 J3 Jc1 Jc2

J (meV) 1.451 0.611 0.0143 1.975 0.207
σJ (meV) ±0.15 ±0.073 N/A ±0.145 ±0.116
J/J1 1 0.4212 0.0099 1.3611 0.1424

the five relevant interaction parameters. Enforcing Qm = (1/3,
0, 0) within our Heisenberg model requires imposing a new
constraint that relates J3 to the interplanar interactions Jc1 and
Jc2 (see Appendix A for the details),

J3 = 1

2

[
1 − FG − FJc2

2 + 2GJc2√
F 2 − 2FG + 4G2

]
,

F = (Jc1 + Jc2),

G =
(

Jc1 − Jc2

2

)
. (4)

This condition can be derived using the Luttinger-Tisza
method [49] and was validated through simulated annealing
and spin-wave calculations. For the current scope of isotropic
Heisenberg interactions described by five-parameters (J1, J2,
J3, Jc1, Jc2) with antiferromagnetic J1 and Jc1, the stable order-
ing vector appears along the 	M line, [Q = (q, 0, 0) with 0
� q � 1/2], or the 	K line [Q = (q, q, 0) with 0 � q � 1/3],
in reciprocal space. Specifically, for Q = (1/3, 0, 0), we found
that, within the physically reasonable regime (|J2| < |J1|), the
stable ordering vector remains unchanged under variations in
J2, provided that Q = (1/3, 0, 0) continues to be the global
energy minimum over competing states such as Q = (q, q, 0)
or Q = (0, 0, 0). In other words, starting from the region of
parameter space where Q = (1/3, 0, 0) is the global energy
minimum, variation in J2 alone does not affect the location of
the stable ordering vector, unless the energy minimum shifts
discretely to other competing ordering vectors such as Q =
(q, q, 0) or Q = (0, 0, 0). In our approach, we adopt a scheme
in which J2, Jc1, and Jc2 are systematically tuned, and J3 is
consequently determined by the constraint.

Under this condition, the Heisenberg Hamiltonian yields
a perfect energy degeneracy between the triple-domain 1Q
and coplanar 3Q structures for Qm = (1/3, 0, 0). It allows
both configurations to emerge as ground states under the
same exchange parameters in theoretical calculations. To lift
this degeneracy and stabilize a noncoplanar ground state, we
introduced an additional positive biquadratic interaction K
between first nearest-neighbor (1NN) spin pairs,

HK = K
∑

i

intra−1NN∑
n

(Si · Si+n)2. (5)

We then investigated how variations in K affect the
spin-wave spectra, particularly for the noncoplanar 3Q con-
figuration. With increasing K , the spin structure becomes
increasingly noncoplanar, leading to a nonzero local spin
scalar chirality χi jk , which is spatially modulated in an alter-
nating pattern, as previously discussed [see Fig. 1(d), where
K = 0.06 J1 is used].

To differentiate among the candidate magnetic ground
states based on their spin dynamics, we analyzed the
anisotropy of spin-wave velocities in the long-wavelength
limit. A previous study [28] demonstrated the effectiveness
of this approach in distinguishing between a triple-domain
1Q state and a single-domain 3Q configuration, as these
two scenarios exhibit qualitatively distinct spin-wave disper-
sions near the magnetic ordering vector. Specifically, in the
long-wavelength regime, the acoustic spin-wave branches in a
1Q structure are expected to display pronounced directional
anisotropy in velocity, reflecting the uniaxial nature of the
modulation. In contrast, a 3Q state, formed by a superposi-
tion of symmetry-equivalent wave vectors, should give rise
to a nearly isotropic spin-wave velocity profile in momentum
space.

In this context, spin-wave velocity anisotropy can be quan-
tified by comparing the long-wavelength spin-wave velocities
along two orthogonal directions: (1, 0, 0) (in reciprocal lattice
units), which is parallel to the magnetic ordering vector Qm

and (–1, 2, 0), which is perpendicular to it. The spin-wave
velocities, denoted as v‖ and v⊥, are defined as following
form, evaluated at Qm = (1/3, 0, 0). Here, ω(q) is the spin-
wave energy obtained from linear spin-wave theory (LSWT).
We evaluate v‖ and v⊥ for the Goldstone mode by finite-
difference method for ω(q) with sufficiently small spacing
[q‖(⊥) = 0.025 a*] from Qm = (1/3, 0, 0),

v‖(⊥) = lim
|q‖(⊥)|→0

ω(Qm + q‖(⊥) ) − ω(Qm )

|q‖(⊥)|
. (6)

Figure 3(a) presents the calculated velocity anisotropy
across a J2/J1 − Jc2/J1 parameter space, whereas J3 and Jc1

were chosen based on the values extracted from our paramag-
netic diffuse scattering analysis and the constraint imposed by
Eq. (4). The 1Q structure can exhibit a wide range of velocity
anisotropies, depending on the specific values of the exchange
parameters. The isotropic velocity profile (v‖/v⊥ ∼ 1) is only
realized within a specific choice of parameters within the
space, suggesting that a strong directional dependence of spin-
wave dispersion is generically expected in a 1Q state.

By systematically increasing the strength of K from 0
to 0.06J1, we examined how the long-wavelength veloc-
ity profile—calculated using LSWT—changes, through the
low-energy constant energy slice of the spin-wave spectra
[Figs. 3(a) and 3(b)]. Introducing finite K to the Hamiltonian,
which stabilizes the non-coplanar 3Q ground state over the 1Q
or coplanar 3Q states, gradually drives the spectrum toward
an isotropic velocity profile. Understanding the effect of K re-
quires recognizing how it alters the local spin texture. Despite
the 3Q character, the coplanar 3Q structure stabilized at K = 0
does not provide the same relative spin alignments between
six nearest-neighbor bonds—a key requirement for achieving
the isotropic velocity profile as proposed in the previous study
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FIG. 4. Probing the triple-Q (3Q) magnetic state of Co0.336TaS2 from spin dynamics, magnetic-field response, and symmetry of the
magnetic structure. (a) Fitted spin-wave spectra (7 K) for the full Brillouin zone. K = 0.06J1 is applied for the calculation. Experimental
broadening is explicitly accounted for through the full width at half maximum (FWHM) of the magnetic Bragg peak, and the energy resolution
is estimated from the information provided by the beamline tools. (b) A rocking scan from single-crystal neutron diffraction and peak intensity
tracing for a finite in-plane field along the [100] direction, with the collimator removed, is used to estimate the absolute intensity of each
peak. (c) (Top) Linear dichroism measurement for λ = 500 nm (green) and λ = 650 nm (red) at Hext = 0 T and (bottom) circular dichroism
measurement at λ = 500 nm and Hext = 4 T (light green) and Hext = 0 T (green), field along c axis.

[28]. As a result, the coplanar 3Q phase can exhibit sizable
velocity anisotropy. On the other hand, increasing K gradually
induces noncoplanarity in the ground state, driving it toward
a configuration with more uniform relative spin alignments
among the six NN pairs. Indeed, this trend is clearly shown in
Fig. 3(a), where the velocity anisotropy becomes significantly
suppressed once K becomes nonzero, in agreement with the
scenario proposed in Ref. [28]. Thus, the degree of velocity
isotropy directly reflects the noncoplanar 3Q nature of the
ground state among feasible candidate states in our model.
Notably, our inelastic neutron scattering (INS) data exhibit a
nearly isotropic profile that closely matches the LSWT predic-
tion for finite K [K = 0.06 J1 for Fig. 3(c)] [Figs. 3(a)–3(c)].

After establishing the trend in long-wavelength spin-
wave anisotropy for each candidate spin structure within
the parameter region estimated from the paramagnetic dif-
fuse scattering, we next focus on the full spin-wave spectra
across the Brillouin zone. By applying modest adjustments to
the model Hamiltonian, guided by the experimentally deter-
mined modulation vector Qm and slightly rescaling the overall
energy scale, we could reproduce the observed spin-wave
features. While paramagnetic diffuse scattering provided a
robust baseline, a direct application of the refined parameter
to the ordered state proved insufficient, as it failed to predict
the modulation vector Q = (1/3, 0, 0). This prompted us to
adjust the exchange parameters for the ordered phase, includ-
ing an overall energy scale increase of approximately 11%
and refined tuning of each exchange parameter. In particular,
the value of J3 was adjusted under constraints imposed by the
fixed Qm = (1/3, 0, 0), as discussed earlier. From LSWT’s
perspective, these adjustments (such as the sign reversal of
Jc2) were required to reproduce the experimentally observed
spinwave spectra. For instance, this requires the hardening of

spinwave energy at M-point [Q = (1/2, 0, 0)] and energy
minima along 	-K [Q = (q, q, 0) (q < 1/3)]. The precise
lock-in of Qm to commensurate (1/3, 0, 0) and the necessity
of distinct parameter sets for the ordered and paramagnetic
phases may suggest a reorganization of exchange interactions
upon entering the ordered phase, which cannot be fully cap-
tured in our temperature-independent spin Hamiltonian.

The fitted spin-wave spectra are shown in Figs. 3(c) and
4(a). Interestingly, compared to high-energy spinwave exci-
tation modes, which are far from magnetic Bragg peaks and
appear relatively insensitive to whether the underlying spin
configuration is 1Q or 3Q, we find that constant-energy slices
at low energies exhibit pronounced differences between the
two structures. This highlights that, although both configura-
tions yield similar global spectra when fitted with a common
set of exchange parameters, the long-wavelength spinwave
anisotropy patterns revealed in constant-energy maps are
highly sensitive to whether the spin order is 1Q or 3Q. As
illustrated in Fig. 3(c), this distinction is especially visible for
the [HKL] = [HK1]. Notably, the only difference between the
two calculations lies in the inclusion of a positive biquadratic
interaction K = 0.06 J1 in the 3Q case.

C. Single-crystal neutron diffraction
and linear (circular) dichroism

To further support the presence of a 3Q magnetic order, we
performed single-crystal neutron diffraction measurements
under an applied in-plane magnetic field—an approach often
employed to distinguish genuine multi-Q states from multido-
main single-Q scenarios. The experiments were conducted at
the ZEBRA instrument, PSI-SINQ, with rocking scans car-
ried out for Qm1 = (1/3, 0, 1) and its symmetry-equivalent
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positions: zero field (H = 0) and finite field (H = 9, 8, 5 T),
applied along the reciprocal lattice vector a*. These results
are summarized in Fig. 4(b). In the case of a triple-domain
1Q structure, an applied magnetic field is expected to induce
domain repopulation owing to the field-induced energy dif-
ference between the three domains. The measured diffraction
intensities, obtained by integrating the peak area and applying
the Lorentz factor correction, showed negligible change be-
tween zero and finite fields. This field independence suggests
the absence of domain repopulation within the range of ap-
plied fields and is more consistent with a single-domain 3Q
structure that preserves threefold rotational symmetry.

We also performed complementary optical linear and cir-
cular dichroism (LD/CD) measurements under a magnetic
field to provide additional insights into the symmetry and
chiral properties of the magnetic ground state in overdoped
Co1/3TaS2. Figure 4(c) presents the temperature dependence
of the LD and CD signals. Recent work has demonstrated
that linear dichroism is a highly sensitive probe for detecting
symmetry breaking associated with stripe-like (1Q) magnetic
ordering [24,35,39,50]. In particular, spatially resolved LD
measurements have shown the appearance of three distinct
nematic domains with reduced C2z symmetry, with optical
responses rotated by 120° on triangular or hexagonal lattices,
which can be understood as magnetic domains of 1Q orders
that break threefold rotational symmetry [35,39,50–54].

In contrast to previous studies, our measurement of over-
doped Co1/3TaS2 shows no discernible LD signal appearing
across the magnetic transition. This absence of LD strongly
suggests that the magnetic structure retains its threefold ro-
tational symmetry in the ordered state [50,51]. To interpret
this result more rigorously, we relate the LD responses to the
dielectric tensor, focusing on the rotational symmetry prop-
erties of the candidate magnetic configurations. The two spin
structures under consideration—the 1Q spiral order and the
3Q noncoplanar order—can be distinguished by their symme-
try with respect to the crystallographic c axis. Based on point
group symmetry analysis and assuming effective time-reversal
symmetry (motivated by the absence of a spontaneous Hall
effect), the dielectric tensor in the two-dimensional ab plane
for each magnetic configuration can be expressed as follows
(see Appendix B for a detailed symmetry analysis):

ε =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(
εxx 0

0 εyy

)
for 1Q order(

εxx 0

0 εxx

)
for 3Q order

. (7)

This anisotropic dielectric tensor is directly related to the
anisotropy of in-plane optical conductivity, which underlies
the LD signal. Consequently, the absence of a measurable LD
signal below the magnetic ordering temperature is consistent
with a 3Q order proposed for overdoped Co1/3TaS2. By con-
trast, three-state domains of the LD signal have been observed
in other intercalated TMD, notably in FexNbS2, where distinct
magnetic domain configurations break rotational symmetry
and can be selectively repopulated under external perturba-
tions, such as uniaxial strain or current pulses [50,55]. A
very similar observation has been reported for underdoped
Co1/3TaS2, where symmetry breaking induced by nematic

domains was effectively captured in resistivity anisotropy [56]
or more directly by the LD signal [35]. The absence of such
behavior in overdoped Co1/3TaS2 further supports the sce-
nario of a single-domain, symmetry-preserving 3Q ground
state. Further investigations of this aspect, based on resistivity
measurements under uniaxial strain, will validate the mag-
netic symmetry of the system.

In contrast to the absence of noticeable change in the
LD signal, magnetic circular dichroism (CD) measurements
clearly detect the magnetic transition, only under an ex-
ternal out-of-plane magnetic field (Hext = 4 T) [Fig. 4(c)].
Consistent with the absence of a spontaneous Hall effect
in overdoped Co1/3TaS2 [16], σxy (H = 0), we observe no
measurable CD response in the zero-field environment. This
situation is distinct from the underdoped Co1/3TaS2, where
a spontaneous Hall effect provides a clear one-to-one corre-
spondence between the CD signal and the topological Hall
effect [35].

As demonstrated in Fig. 4(c), our finite-field CD measure-
ment is clearly sensitive to the onset of long-range magnetic
order in overdoped Co1/3TaS2. A complete understanding
of the origin of the signal, whether from a field-induced
canted moment or another origin, requires further investi-
gation. However, a notable connection can be made to the
transport properties of overdoped Co1/3TaS2. Prior study re-
ported a distinct change in the Hall coefficient across the
magnetic phase transition in overdoped Co1/3TaS2 [16]. The
analogous trend observed in our finite-field CD measurement
suggests a potential correspondence with the nontrivial behav-
ior in the Hall coefficient.

Our findings, interpreted through the lens of a spin Hamil-
tonian, suggest that higher-order four-spin interactions persist
in CoxTaS2 throughout its composition-dependent phase dia-
gram, even across abrupt changes in the magnetic modulation
vector induced by slight deviations from a stoichiometric
limit. This robustness of the multi-Q structure could seem-
ingly contrast with some previous reports, such as the case
of iron-based superconductors, where such multi-Q struc-
tures are reported to be stabilized only within a narrow
doping regime [57]. Yet, it should be noted that the cov-
ered composition range in this work—merely 1% or 2% of
Co vacancy of excess Co—is also still narrow enough, and
further under- or overdoping will likely modify or destabi-
lize the multi-Q magnetic orders. Experimentally, multi-Q
spin structures of this type are more commonly observed
in systems with large spin magnitudes, such as Gd3+- or
Eu2+-based compounds (S = 7/2, L = 0), where biquadratic
terms arise naturally as perturbative corrections and scale as
O(S4) [2–4,6]. This context raises a compelling question:
How do significant higher-order interactions emerge in the
magnetism from 3d transition metal systems, where spin
sizes are relatively small? One possible explanation lies in
the local structure and bonding environment of Co2+ ions
in Co–S octahedra. The relatively localized nature of Co2+
3d electrons, combined with large nearest-neighbor Co–Co
distances exceeding 5 Å, may suppress conventional exchange
mechanisms, such as superexchange interactions, and enhance
the relative importance of higher-order interactions, including
biquadratic interactions. Recent advances in ab initio cal-
culations of biquadratic exchange [58] provide a promising
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avenue for uncovering the microscopic origin of these in-
teractions in cobalt-intercalated TMDs. A deeper theoretical
understanding of this mechanism could significantly expand
our knowledge of exotic spin textures in 3d-based systems.
The observed significant composition-driven magnetic struc-
ture change in underdoped and overdoped Co1/3TaS2 exhibits
striking parallels with the related compound Co1/3NbS2,
which has also been reported to host a tetrahedral 3Q or-
der [8] and to display sample-dependent spontaneous Hall
effects [19,20]. These similarities suggest a potentially com-
mon underlying mechanism governing the composition and
sample sensitivity across cobalt-intercalated TMDs. In this
broader context, the spin Hamiltonian framework and inelas-
tic neutron scattering methodology developed in the present
study offer a powerful guideline for exploring Co1/3NbS2.
Applying this methodology could reveal composition-induced
shifts in the magnetic ordering vector, similar to those ob-
served in CoxTaS2, and thereby deepen our understanding of
the intricate interplay between electronic structure, spin tex-
ture, and topological transport responses in cobalt-intercalated
TMDs.

Finally, regarding the microscopic origin of the sharp
tunability of the magnetic modulation vector, we note a rel-
evant precedent in Fe1/3NbS2, where a composition-induced
shift in the spin ordering vector has been experimentally ob-
served [17] and later attributed to the presence or absence
of charge order [18]. This finding suggests that a similar
charge-related mechanism may be at play in Co1/3±δTaS2,
potentially contributing to the modulation of the vector shift
and the emergence of distinct spin textures across doping
levels. Investigating the coupling between charge and spin
degrees of freedom, particularly the role of electronic in-
stability or charge order, represents a promising avenue for
future research. Such studies would further illuminate the
rich interplay among lattice, charge, and spin in 3d transition
metal-intercalated TMDs, thereby deepening our understand-
ing of the mechanisms driving their complex magnetic and
topological behaviors.

IV. CONCLUSIONS

In conclusion, we combined inelastic neutron scattering,
single-crystal neutron diffraction, and linear and circular
dichroism measurements to elucidate the spin structure of in-
tercalated Co0.336TaS2. Our comprehensive analysis suggests
that the magnetic ground state of the overdoped Co1/3TaS2

adopts a 3Q configuration with spatially alternating spin-
scalar chirality χijk. This finding provides insights into the
complex spin textures and multi-Q magnetic states, particu-
larly their connections to topologically nontrivial phenomena
in condensed matter systems. Theoretically, such real-space
modulations of spin-scalar chirality have long been pre-
dicted in various model Hamiltonians [59,60], and several
materials have been proposed as potential hosts of these ex-
otic spin states [3,12,22]. Our experimental results provide
evidence for such a state in overdoped Co0.336TaS2 and under-
score the effectiveness of combining neutron scattering with
dichroism-sensitive optical probes to resolve magnetic struc-
tures accurately. This integrated approach provides a powerful
framework for future studies of topological magnetism in

intercalated transition metal dichalcogenides and other frus-
trated spin systems.
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APPENDIX A: LUTTINGER-TISZA ANALYSIS FOR
DETERMINING THE MAGNETIC ORDERING VECTOR

The Luttinger-Tisza method provides a standard frame-
work for determining the stable magnetic ordering vector by
minimizing the Fourier-transformed exchange interaction J(k)
from real-space exchange interactions J(r),

J (k) =
∑

r

J (r)eik·r. (A1)

For a single-sublattice system, J(k) itself directly repre-
sents the magnetic energy to be minimized. For the systems
with multiple magnetic sublattices, however, this term be-
comes a matrix form Jab(k), where each element corresponds
to the coupling between spins on the ath and bth sublattices,

Jab(k) =
∑

r

Jab(r)eik·r. (A2)
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In this case, Jab(k) becomes a Hermitian matrix, where the minimum eigenvalue λmin(k) represents the relevant magnetic
energy. In the case of an AB-stacked triangular lattice with five Heisenberg exchange parameters (J1, J2, J3, Jc1, Jc2), the
interaction matrix takes the form

Jab(k) =
(

Jintra (k) Jinter (k)

Jinter (k) Jintra (k)

)
. (A3)

The intra- and interlayer parts of the Fourier-transformed exchange interaction are expressed in the following forms:

Jintra (k) =
intra−1NN∑

n

J1eik·rn +
intra−2NN∑

n

J2eik·rn +
intra−3NN∑

n

J3eik·rn ,

Jinter (k) =
inter−1NN∑

n

Jc1eik·rn +
inter−2NN∑

n

Jc2eik·rn . (A4)

For the high-symmetry direction, k = (q, 0, 0), the eigenvalues λ±(k) can be obtained analytically as

λ±(q) = 2J1 cos (q) + J2[2 cos (q) + cos (2q)] + 2J3 cos (2q)

±
√

(Jc1 + Jc2)2 + 4(Jc1 + Jc2) cos (q)(Jc1 + Jc2 cos (q)) + 4(Jc1 + Jc2 cos (q))2. (A5)

To test whether Q = 2π (1/3, 0, 0) can host an extremum, we first impose the stationarity condition, which is a necessary (but
not sufficient) requirement,

dλmin(q)

dq

∣∣∣∣
q= 2π

3

= 0. (A6)

This leads to the following constraint among J3, Jc1, and Jc2. We note that the apparent absence of J2 in this relation originates
from the insertion of Q = 2π (1/3, 0, 0), where the coefficient of J2 to the stationary condition effectively cancels out. In the
general case, however, the constraint takes the form of an interrelated equation involving J2, J3, Jc1, and Jc2,

J3 = 1

2

⎡
⎢⎣J1 − (Jc1 + Jc2)

(
Jc1 − 1

2 Jc2
) − Jc2

2 (Jc1 + Jc2) + 2Jc2
(
Jc1 − Jc2

2

)
√

(Jc1 + Jc2)2 − 2(Jc1 + Jc2)
(
Jc1 − Jc2

2

) + 4
(
Jc1 − Jc2

2

)2

⎤
⎥⎦. (A7)

The constraint derived above guarantees that k =
2π (1/3, 0, 0) satisfies the stationarity condition of λmin(k).
Provided that this stationary point is also the global minimum
in reciprocal space, k = 2π (1/3, 0, 0) is realized as the stable
magnetic ordering vector.

APPENDIX B: SYMMETRY CONSIDERATION IN THE
LINEAR DICHROISM MEASUREMENT

The original crystal structure of Co1/3TaS2 has a space
group P6322 (No. 182). Let us consider the point group
symmetry of the space group. There exists both twofold
and threefold rotation symmetry for the c axis, as well as
twofold rotation symmetry for the a and a∗ axes, along with
time-reversal symmetry. Considering a threefold rotation and
time-reversal symmetry, the dielectric tensor takes the form of

a diagonal matrix,

ε =
⎛
⎝εxx 0 0

0 εxx 0
0 0 εzz

⎞
⎠. (B1)

If we consider a spin order of 1Q helical order of Qm =
(1/3, 0, 0), we lose a threefold rotation symmetry for the c
axis. Considering the effective time-reversal symmetry of the
system from the absence of spontaneous Hall effect, we could
obtain the form of a dielectric tensor as follows:

ε =
⎛
⎝εxx 0 0

0 εyy 0
0 0 εzz

⎞
⎠. (B2)

In contrast to the 1Q spiral order, the 3Q order still pre-
serves threefold rotation symmetry for the c axis. This yields
a form of the dielectric tensor that is equivalent to Eq. (B1).
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