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Low-dimensional magnetism has long been the central

issue in condensed matter physics, and van der Waals ma-

terials [1] provide an ideal platform for exploring mag-

netism at the two-dimensional limit. The magnetic order

in two-dimensional model materials is suppressed [2], and

arguments based upon topology are useful for describing

phases of matter. An example is the Berezinskii-Kosterlitz-

Thouless [3, 4] transition where spin correlations over long

distances eventually give rise to magnetic order; thus has

never been realised experimentally in magnetic materials.

A similar topological transition with vortices by chirality,

handedness of the electronic spin arrangements, is possi-

ble without inducing any order [5]; however, evidence for

this higher-order vortex dissociation transition remains

elusive. Here, we combine polarised neutron scattering

and theoretical simulations to show that the transition oc-

curs in a van der Waals magnet [6, 7]. We experimen-

tally observe in-plane and out-of-plane spin moments, and

their ratio, the spin-state anisotropy, shows a tendency for

reversal across an anomalous temperature. Our simula-

tions confirm the experimental findings; the tendency can-

not be reproduced when removing the chiral vortices. The

chirality-driven topological transition is general but has

been challenging to be detected. Our results set a new

paradigm for revealing topological characteristics with a

higher-order degree of freedom.

Introduction Topology, an essential concept in materials

science, has brought a new view of matter. The concept uses

advanced mathematical methods to clarify unusual phases

of matter, typically in low-dimensional systems. Topology-

related characteristics appear mostly in reciprocal (momen-

tum) space in terms of electronic band structures [8], and

they provide models of atypical phenomena in magnetic topo-

logical materials that have potential applications in spintron-

ics [9], including the anomalous quantum Hall effect [10] and

chiral Majorana fermions [11]. However, the concept is not

limited to momentum space but is also useful for understand-

ing physics in real (position) space. In the 1970s, Berezin-

skii [3], Kosterlitz and Thouless [4] (BKT) added theoretical

treatments to describe phases of matter that cannot be identi-

fied by symmetry breaking. They explained that topologically

protected vortices induce a dissociation transition, whereas

normal phase transitions are suppressed.

With decreasing the spatial dimension of systems, ther-

mal/quantum fluctuations enhance and destabilise ordered

phases. In d ≤ 2 dimensional materials with continu-

ous order parameter symmetry, the absence of spontaneous

symmetry breaking has been rigorously proven [2]. The

two-dimensional (2D) XY model has a particular state that

causes another sort of transition, known as the BKT transi-

tion [3, 4]. In this transition, vortices are formed as topolog-

ical defects; the model describes a transition from unpaired

vortices (Fig. 1a) and antivortices (Fig. 1b) to bound vortex-

antivortex pairs (Fig. 1c) with decreasing temperature. The

BKT transition has been confirmed using the clean limit of
4He films [12], 2D superconductors [13], Josephson junction

arrays [14], and a trapped atomic gas [15]. However, it has

never been directly observed in any magnetic materials. Only

behaviours above the transition temperature are confirmed

in 2D ferromagnets such as MnPS3 [16], K2CuF4 [17], and

BaNi2V2O8 [18]. Since the spin correlation decays following

a power-law, the correlation length, ξspin, spontaneously di-

verges below the transition. Magnets are generally not perfect

as 2D models; the infinite ξspin incorporates small interlayer

interactions and/or magnetic anisotropy, leading to long-range

ordered magnetism. Thus, although BKT theory describes the

most crucial topological transition, the transition is not very

common in magnets.

In magnetic materials, vortices composed of spin chirality

are found to be better models. From the 120◦ spin structure

ground state [19–21] of 2D triangular antiferromagnets, the

vector spin chirality,

κ⃗ =
1

3
√
3

(

S⃗1 × S⃗2 + S⃗2 × S⃗3 + S⃗3 × S⃗1

)

,

plays a prominent role in excited states. The vector κ⃗, which

is of a higher order than the spin degree of freedom, is de-

fined for each triangle with Heisenberg spins S⃗. Owing to

the isotropic nature of the Heisenberg spin, κ⃗ can be continu-

ously altered by the global rotation of spins. This ensures that

neither the spin nor the chiral degrees of freedom in the sys-

tem can be ordered, and stable topological defects are present,

leading to BKT-like vortex physics. As discussed later, the

defects in this model are categorised as Z2 among the homo-

topy groups: the Z2 vortex [5]. Figure 1d depicts an image
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FIG. 1. Schematically-drawn spin configurations for Berezinskii-Kosterlitz-Thouless and Z2 vortices. a, Berezinskii-Kosterlitz-Thouless

(BKT) vortex and b, its antivortex on a square lattice, where the spins rotate in opposite directions. c, A vortex-antivortex pair towards the

BKT transition. d, Perspective view of the spin configuration forming a Z2 vortex, and e, its calculated vector spin chirality (κ⃗, see main

text) on a triangular lattice. f, Spin configuration after a continuum symmetric operation in the spin space (180◦ rotation around the Sx-axis),

which yields g. The vector spin chirality in g is identical to that in e according to the homotopy group analysis. h, Chirality-driven vortex pair

towards the dissociation transition.

of the spin configuration, and its corresponding κ⃗ is shown

in Fig. 1e. A topological defect forms a chiral vortex core,

and dissociation of chiral vortex-vortex pairs occurs (Fig. 1h).

Kawamura and Miyashita (KM) postulate that the spin cor-

relation decays exponentially. Therefore ξspin remains finite,

making the Z2 vortex robust against perturbations, including

weak interlayer interactions and magnetic anisotropy [5]. It

could thus be a practical topological phenomenon, yet it has

eluded observation until this study. One reason is its high or-

der, and another may be the lack of model materials.

Prior to showing our results, let us more closely examine

the differences between BKT and Z2 vortices. Homotopy

analysis [5, 22] facilitates discussion of topological character-

istics of magnets, enabling an investigation of various topo-

logically protected defects. A defect is defined as an object

that cannot be created or annihilated by operating a continu-

ous transformation. Calculations of the n-th homotopy group

(πn) of the order parameter space in 2D show that a stable line

(n = 0), point (n = 1), or instanton (n = 2) defects could

be present in the system. The order parameter space of the

BKT transition is S1, and only the point defect remains sta-

ble, π1(S
1) = Z. However, the order parameter space for the

2D triangular antiferromagnet is isomorphic to RP 3 [5, 22].

This case also gives rise to topologically protected point de-

fects characterised by π1(RP
3) = Z2. Both cases describe

point defects that are topologically protected but differ in their

homotopy. The vortex number in Z can be labelled as 0, ±1,

±2, · · · , whereas Z2 should only have values of 0 or 1. The

difference indicates the ‘charge’ nature of the BKT vortices

versus the ‘parity’ nature of the Z2 vortices. The parity nature

can be schematically illustrated in Fig. 1f, where all the spins

are π-rotated from Fig. 1d with respect to the Sx-axis. The

corresponding κ⃗ shown in Fig. 1g is indeed identical to that in

Fig. 1e, indicating that Z2 vortices possess topological invari-
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FIG. 2. Crystal structure and elastic polarised neutron scattering data from NiGa2S4. a, Crystallographic unit cell of NiGa2S4 with

arrows marking the positions of the elements Ni, Ga and S. b, Coaligned 146 single crystals, and the total mosaicity, which is estimated to

be 1.11(3) deg. through the fit to the nuclear (1, 0, 0) reflection. Elastic polarised neutron scattering spectra of the spin-flip (SF) (I↓↑z ) and

non-spin-flip (NSF) (I↑↑z ) channels measured at c, d, 1.5 K for 3.9 × 105 monitor counts, e, f, 10 K for 3.9 × 105 monitor counts, and g, h,

15 K for 2.24 × 105 monitor counts. The spectra were corrected by subtracting the 25 K data as background. Triangles surrounded by red

dashed lines correspond to the first Brillouin zone.

ance only between presence and absence. Here we show an

ideal 2D van der Waals magnet that demonstrates a BKT-like

topological transition via Z2 vortices. Our findings using po-

larised neutrons and theory provide the first evidence for the

topological transition that has hitherto been unconfirmed for

more than three decades.

Results and discussion To observe the topological tran-

sition by Z2 vortices, we adopt a van der Waals magnet,

NiGa2S4 [6, 23]. Figure 2a illustrates the crystal structure

of NiGa2S4. The compound consists of charge-neutral insu-

lating layers bound by van der Waals forces. This structure

curtails electron hopping between layers and leads to an ideal

two-dimensionality where spin correlations do not extend be-

yond nearest-neighbour planes [24]. Indeed, studies on non-

magnetic impurity effects indicate that magnetism in NiGa2S4

is controlled by intraplane interactions [25–27]. Nickel ions

with S = 1 reside on an equilateral triangular lattice within

a layer. NiGa2S4 is thus a rare realisation of a model 2D tri-

angular lattice antiferromagnet. As expected for anomalous

magnetism, the material does not exhibit conventional mag-

netic order, at least at temperatures as low as T = 50 mK. A

previous neutron study revealed incommensurate magnetism

with an in-plane ξspin up to 2.6 nm (7 lattice spacings) without

any thermal anomaly [7, 24].

In sharp contrast to the featureless T -dependence of the

spatial spin correlation length, temporal correlations show

an apparent anomaly. The juxtaposition of results from neu-

tron scattering, muon spin relaxation, nuclear quadrupole res-

onance, and ac susceptibility measurements span 13 decades

of spin fluctuation time [7]. The spin fluctuation rate pre-

cipitously decreases upon cooling towards T ∗ = 8.5 K, but

fluctuations on the µsec time scale persist to low tempera-

tures. The impurity effect studies further prove that mag-

netism in NiGa2S4 is preserved only by the integer Heisen-

berg spins, suggesting an inherent magnetic quadrupole cor-

relation [26, 27], which has indeed been observed by a re-

cent Raman scattering study [28]. Given that the compound is

in the proximity of the semiconductor-to-metal transition, the

biquadratic spin-exchange as a higher-order term could natu-

rally emerge via the perturbation expansion from the Hubbard

to Heisenberg model Hamiltonian and bear the quadrupole

correlation. However, unless a sufficiently large amount of

impurities is present [29], the temporal anomaly at T ∗ is

not due to quadrupole correlation. Understanding magnetism
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FIG. 3. Comparison of results between before and after correction for neutron polarisation. Elastic polarised neutron scattering spectra

of the SF channel measured at 1.5 K and extracted intensity along the [H,H, 0] direction a, b, before (3.9 × 105 monitor counts) and c, d,

after the correction. The white opaque area in a corresponds to the integrated area for b. Peak maximum intensity as a function of temperature

for both the SF and NSF channels e, before (2.9 × 106 monitor counts) and f, after the correction. The intensity after the correction in f

corresponds to eqs. (1) and (2). Error bars in all figures represent one standard deviation.

across T ∗ has thus been a long-sought goal.

To microscopically investigate the spatial correlation of

spins, i.e., spin-state anisotropy, elastic polarised neutron scat-

tering was performed. The spin-state anisotropy is the ratio

between the directional moments, giving a separate definition

from the magnetic anisotropy D term in the Hamiltonians. T ∗

accompanies consecutive anomalies in the magnetic suscepti-

bility and specific heat [6], which are accounted for by Z2

vortex theory [5]. This is also the case for another candidate

material, NaCrO2 [30]. In addition, slow spin dynamics and

finite ξspin are predicted by theory even below T ∗, dubbed

“spin jel” [31]. However, aspects of the theory are not in ac-

cordance with spin size-dependent magnetism since it treats

Heisenberg spins as the classical limit. If Z2 vortex dissoci-

ation induces the T ∗ anomaly, then not only the chirality but

also the spin channel would be affected. For the temporal spin

correlation, the spatial arrangement of spins would be altered

by the drastic change in the chirality channel.

Polarised neutron scattering is the method of choice to mea-

sure spin-state anisotropy at specific momentum transfer po-

sitions. It has mainly been used to separate the magnetic and

nuclear scattering cross sections [32], but it can also be used to

disentangle in-plane and out-of-plane magnetic moments. The

setup of the neutron experiment on the triple-axis spectrome-

ter MACS at the NIST Center for Neutron Research, USA,

is depicted (see SI in Supplementary Information). The scat-

tered neutrons are recorded in two channels, i.e., spin-flip (SF)

I↓↑z and non-spin-flip (NSF) I↑↑z , where Iioz is the intensity of

i incoming and o outgoing neutrons with up/down spin polar-

isation [33] and z is perpendicular to the scattering plane. The

two obtained channels can be described by the nonmagnetic

nuclear (N ), magnetic (My, Mz) and interference (Rz) spec-

tra, together with the nuclear-spin incoherent (σsi) and isotope
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incoherent (σii) cross sections:

I↓↑z ∝ My +
2

3
σsi (1)

I↑↑z ∝ N +Mz +Rz + σii +
1

3
σsi, (2)

where N = ⟨NQN
†
Q⟩ω and Mα = ⟨MQαM

†
Qα⟩ω (α =

y, z) are the spatiotemporal Fourier transforms of the nu-

clear and spin correlation functions, respectively. Rz =
⟨NQM

†
Qz⟩ω + ⟨MQzN

†
Q⟩ω describes the symmetric part of

the nuclear-magnetic interference term. Since the magnetic

wavevector is incommensurate q⃗m = (0.155, 0.155, 0) r.l.u.

in NiGa2S4 [24], the magnetic reflection does not overlap with

any nuclear reflections. N and Rz can thus be neglected in

the elastic channel around q⃗m. The ratio between the in-plane

(My) and out-of-plane (Mz) moments contains new informa-

tion about the spin-state anisotropy and forms the main result

of this study.

We first collect momentum transfer maps in the elastic

channel. Figures 2c-h show raw data accumulated in each of

the channels at representative temperatures. Since q⃗m has rel-

atively small momentum transfer, data are contaminated by

the direct beam. Thus it is removed by subtracting data col-

lected at 25 K as background. In the SF channel taken at 1.5 K

(Fig. 2c), magnetic diffuse scatterings located at (q0, q0, 0),
(1−2q0, q0, 0), and (q0, 1−q0, 0) with q0 = 0.155, are clearly

observed. The total intensity increases with decreasing tem-

perature, and the in-plane moment is greater than the out-of-

plane moment in the whole T -regime measured.

To quantitatively discuss the obtained data, we apply time-

dependent neutron polarisation correction (see SI in Supple-

mentary Information). Figures 3a and 3c compare the SF

channel taken at 1.5 K before and after the correction, respec-

tively. The extracted intensities along the [H,H, 0] direction

are also compared in Fig. 3b and 3d. Both are well fit using a

Lorentzian squared peak [24], and the correction works yet is

not perfect at low momentum transfers.

The peak maximum intensities for both the SF and NSF

channels at q⃗m are collected to investigate possible spin-state

anisotropy changes. The temperature dependence before the

correction (Fig. 3e) warrants that the 25 K data correspond

to the nonmagnetic background, and the onset (Tonset) of

the magnetic diffuse scattering is consistent with a previ-

ous report [7]. The 0.2 meV energy resolution of the in-

strument can trace magnetic signals with fluctuations slower

than 3.3 × 10−12 sec. We analysed the data after the correc-

tion (Fig. 3f), which consists of incoherent scatterings, as in

eqs. (1) and (2) (see SII in Supplementary Information), plus

a temperature-independent background. The pure background

is approximately 30 cps, consistent with the instrument per-

formance.

The data corrected by subtracting the incoherent scatter-

ing and the background are depicted in Fig. 4a. They rep-

resent only My and Mz contributions, with fits to the phe-

nomenological formula, (1 − (T/Tonset)
β)α. As we con-

firmed from raw data, the in-plane moment was more signifi-

a b

f

dc

e

FIG. 4. Z2 vortex dissociation transition evidenced by the rever-

sal of the spin-state anisotropy. a, Estimated components of My

and Mz and b, their ratio as functions of temperature with shaded

area representing one standard deviation. Simulation results of the

corresponding ratios for the cases of c, d µ = 0 and e, f µ = ∞.

The simulation results are averaged over 2× 106/Nshort = 2× 104

Monte Carlo steps.

cant than the out-of-plane moment. The magnetic anisotropy

term for this material (D = 0.07 meV) [34] also prefers ab-
plane anisotropy. Figure 4b shows the ratio between the in-

plane and out-of-plane moments, My/Mz , together with the

ratio of the formulae. Surprisingly, the ratio of the data has

the form of a peak, whose position exactly corresponds to T ∗.

In the case of standard magnets exhibiting long-range order-

ing, the ratio should diverge or tend to be saturate monotoni-

cally with decreasing temperature. In NiGa2S4, however, the

spin-state anisotropy is not the case, but gradually changes

from Heisenberg to XY upon cooling towards T ∗. It is then

suppressed below T ∗ and tends to return to the Heisenberg

value. The T ∗ anomaly accompanies the reversal of the spin-

state anisotropy, where My shows the inflection point at T ∗

(Fig. 4a). Polarised neutron scattering thus shows a tendency
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for reversal in the spin-state anisotropy across T ∗.

To theoretically examine the origin of such a tendency, we

directly compare the observed My/Mz with Monte Carlo sim-

ulations. In NiGa2S4, there are mainly nearest-neighbour

weak ferromagnetic J1 = −0.35(9) meV and third-neighbour

antiferromagnetic J3 = 2.8(6) meV interactions [24]. The

corresponding J1-J3 model exhibits a first-order transition as-

sociated with the broken threefold rotational symmetry [36].

However, the evidence for the first-order transition has never

been observed. The simplified classical Heisenberg model

with an antiferromagnetic J1 is employed. The model we used

is justified for the following two reasons. (1) The J1 model en-

sures a finite ξspin and Z2 vortices without a conventional tran-

sition in the spin channel, and (2) it includes essential parts of

the J3-dominated physics in NiGa2S4, with a difference only

in the magnitude of q⃗m. We used the conventional Metropo-

lis method [35] for the simulations. Figure 4c summarises

the corresponding ratio, and the peak formation is visible as

the system size (L) increases. We performed simulations with

several L and extrapolated data to the practical limit, L → ∞,

as plotted in Fig. 4d. The peak position, which is very close

to the dissociation transition at T/J = 0.285 [31], shows al-

most perfect agreement with the observations (Fig. 4b), where

the range of the horizontal axis in Fig. 4d is adjusted to that

in Fig. 4b through J = J1 + J3 = 28.4 K [24]. Indeed, an

isolated Z2 vortex (Figs. 1d-e) inevitably possesses an out-of-

plane component, leading to a spin-state anisotropy ratio up

to 10 despite thermal fluctuations (see SIII in Supplementary

Information). In contrast, the ratio for the ground state is ex-

pected to be much smaller under fluctuations. Therefore, the

enhancement of the ratio can be interpreted as the formation

of free Z2 vortices above T ∗. The sudden decrease of the spin-

state anisotropy in the simulations (Fig. 4d) reflects the rapid

loss of free vortices through dissociation owing to ξspin over

thousands of lattice spacing where only tightly bound pairs

with small sizes are populated, whereas in experiments, more

loosely bound pairs of larger sizes might also be populated.

Z2 vortex theory can thus reproduce the reversal of the spin-

state anisotropy, and the question is how to demonstrate that

this is the unique mechanism for the T ∗ anomaly. Here, we

used an artificial model Hamiltonian,

H = J
∑

⟨i,j⟩

S⃗i · S⃗j + µNvortex, (3)

where Nvortex is the total number of Z2 vortices. To eliminate

effects from vortex formation, the case with the chemical po-

tential µ = ∞ was investigated. This case strictly prohibits

the formation of vortices. The standard Heisenberg model, of

course, corresponds to µ = 0 (Figs. 4c, 4d). The µ = ∞
case shows a featureless temperature dependence for finite L
(Fig. 4e) and in the practical limit, L → ∞ (Fig. 4f). This

indicates that the peak formation in the spin-state anisotropy

ratio requires the Z2 vortex dissociation. Moreover, simula-

tions were tested on an unfrustrated square lattice, and the

reversal of the spin-state anisotropy could not be explained

(see SIII in Supplementary Information). To the best of our

knowledge, no other theory can reproduce such a tendency in

the spin-state anisotropy. Given that the model is simplified by

assuming J1 only, future studies will investigate Hamiltonians

with the inclusion of J1, J3, D, and the magnetic quadrupole

(biquadratic) K terms. Even in this case, the same physics is

expected as long as the homotopy remains Z2. We therefore

conclude that the physics across the T ∗ anomaly is due to the

Z2 vortex dissociation transition.

Conclusions To summarise, we report the first observa-

tions of evidence for a Z2 vortex dissociation transition, and

our results are in accordance with theory. The recent Z2

vortex theory predicts an enhancement of spin current sig-

nals [37]. The spin Seebeck effect, for instance, could po-

tentially be a new probe to detect such high-order chirality-

driven physics. Our experimental technique is another tool

for the chiral channel, where it also affects the spin channel

by correlating with neutrons. We anticipate that valuable in-

formation can be gained from similar measurements on other

spintronic and magnetic materials. The method is not limited

to the precise measurement of the moment directions; other

higher-order degrees of freedom including multipolar interac-

tions [38] could be detected. Our observation of the Z2 vortex

transition has also demonstrated the usefulness of polarised

neutron scattering.
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Methods

Sample growth Prior to single crystal growth, polycrys-

talline samples of NiGa2S4 were synthesised by the solid-

state reaction. It is widely recognised that the physical prop-

erties of sulfides are susceptible to excess or deficiency of sul-

fur. To obtain clean samples, the appropriate nominal sul-

fur content was determined [1]. Stoichiometric amounts of

nickel:gallium:sulfur = 1:2:4.04 were sealed into a quartz tube

and reacted at 900◦C; the samples were then homogenised by

grinding, resealed, and reacted several times. Rietveld analy-

sis of powder neutron diffraction data of this material reveals

a single stoichiometric phase and places a 0.5(6)% limit on-

site interchange between nickel and gallium atoms [1]. The

sample was also shown to be stoichiometric to within 1% by

inductively-coupled plasma analysis [24]. Susceptibility mea-

surements [23] further place a limit of 0.03% on impurities

that produce a Curie-type susceptibility.

Single crystalline samples of NiGa2S4 were then grown by

the chemical vapour transport method followed by anneal-

ing in a sulfur atmosphere to compensate for possible sul-

fur deficciency [2]. Polycrystalline samples obtained by the

above procedure were used as starting materials for the crys-

tal growth. The transport reactions were carried out in a tem-

perature gradient 925–850◦C using a transport agent concen-

tration of 3 mg/cm3 iodine. After a reaction time of a month,

plate-like crystals with an area up to 80 mm2 and thickness

of about 500 µm were obtained. The quality of the grown

samples was confirmed by x-ray diffraction and magnetisa-

tion measurements in a commercial SQUID magnetometer.

Polarised neutron scattering Elastic polarised neutron

scattering data were taken on the cold neutron triple-axis spec-

trometer BT9 MACS [3] at NIST Center for Neutron Re-

search, USA. Horizontally and vertically focused pyrolytic

graphite monochromator using (002) reflection enables a large

neutron flux. MACS is equipped with an off-beam spin-

exchange optical pumping polariser and analyser to polarise

the incident neutron beam and analyse the scattered neutron

polarisation. The wide-angle polarization analysis apparatus

employed in this work is summarised [4], and more recent up-

dates are discussed [5]. Corrections for the time-dependent

neutron polarisation are described in Supplementary Informa-

tion. We used cooled Be filters in both incoming and outgoing

beam to suppress higher-order contaminations, and the inci-

dent and final energies of Ei = Ef = 3.7 meV with the energy

resolution of 0.2 meV were employed. Coaligned NiGa2S4

single crystals (∼ 2.6 g) were oriented with (HK0) in the

horizontal scattering plane and inserted into a cryostat sup-

plying temperatures down to 1.5 K.

Theoretical calculation The results presented in Figs. 4c-

4d are obtained by using a classical Monte Carlo (MC)

method for the Hamiltonian (eq. (3)). Note that this two-

dimensional Heisenberg model does not exhibit a magnetic

long-range order at any finite temperature, being consistent

with experimental findings in NiGa2S4; the spatial spin cor-

relation remains short-ranged even at the lowest temperature.

In our MC simulations, 4×106 sweeps were performed under

the periodic boundary condition. The first half is discarded for

thermalisation, where each spin is updated by using the con-

ventional Metropolis method to treat the µ = 0 and µ = ∞
cases on an equal footing. Observations are done in every MC

sweep, and the statistical average is taken over 8 independent

cooling runs starting from an initial spin configuration pos-

sessing the 120◦ structure. The total number of spins Nspin is

related with a linear system size L via Nspin = L2. We in-

troduce two kinds of thermal averages: one is the usual long-

time average of a physical quantity O, ⟨O⟩, and the other is a

short-time average O, where “time” denotes an MC sweep in

the simulation.

To evaluate the spin-state anisotropy, we introduce mα
AF,

which corresponds to the intensity of the magnetic diffuse

scatterings in the neutron experiment, defined by

mα
AF =

∣

∣

∣

1

L2

∑

i

Sα
i ei q⃗∗·r⃗i

∣

∣

∣

2

(α = x, y, z) (4)

with the magneitc wavevector for the present model q⃗m =
( 4π

3
, 0). In the Heisenberg model, the spin space is isotropic,

so that the relation ⟨mx
AF⟩ = ⟨my

AF⟩ = ⟨mz
AF⟩ trivially

holds. Thus, in our calculation, we first evaluate mx
AF, my

AF,

and mz
AF in the short interval of Nshort MC sweeps. Next,

we sort mx
AF, my

AF, and mz
AF, labelling the largest, the

second-largest, and the smallest ones as m1
AF, m2

AF, and

m3
AF, respectively. Then, we calculate their long-time aver-

ages ⟨m1
AF⟩, ⟨m2

AF⟩, and ⟨m3
AF⟩. Since 2 × 106 MC sweeps

are performed for the observation, ⟨mα
AF⟩ is the average of

2×106/Nshort samples. As the larger two components ⟨m1
AF⟩

and ⟨m2
AF⟩ become comparable to each other, the averaged

value ⟨m1
AF + m2

AF⟩/2 should correspond to the larger in-

plane moment of NiGa2S4, i.e., My , whereas the smallest one

⟨m3
AF⟩ to the out-of-plane moment Mz . Thus, the ratio be-

tween the two,

⟨m1
AF⟩+ ⟨m2

AF⟩
2 ⟨m3

AF⟩
, (5)

corresponds to the spin-state anisotropy My/Mz measured in

the present polarised neutron scattering experiment (see Sup-

plementary Information for further details).

The results presented in Figs. 4d and 4f are obtained by

extrapolating the L → ∞ values from the finite-size data

shown in Figs. 4c and 4e, respectively. In the case of µ = ∞
shown in Fig. 4e, the results are almost size-independent in a

wide temperature region, so that we fit the three larger-size

data with a constant to obtain the L → ∞ value. In the

µ = 0 case shown in Fig. 4c, we apply the same procedure

to the low-temperature region where the results are almost

size-independent. In the high-temperature region above the

Z2 vortex dissociation temperature Tv/J = 0.285 [31], on

the other hand, the system-size dependence is remarkable due

to the existence of free Z2 vortices. Note that the character-

istic length scale, i.e., the inter-vortex distance ξv , is written

as ξv ≈ exp[( A
T−Tv

)0.42] with a constant A [31], and con-

versely, a finite-size characteristic temperature scale Tc(L)
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can be written as Tc(L) − Tv ≈ A (1/ lnL)1/0.42, we fit the

larger-size data in the high-temperature region with a func-

tion of the form R∞ + A′ (1/ lnL)1/0.42 to obtain R∞. The

spin-state anisotropy extrapolated in such a way is depicted in

Figs. 4d and 4f.

∗ nambu@tohoku.ac.jp

[1] Nambu, Y., Macaluso, R. T., Higo, T., Ishida, K. & Nakatsuji, S.

Structural properties of the two-dimensional triangular antiferro-

magnet NiGa2S4. Phys. Rev. B 79, 214108 (2009).

[2] Nambu, Y., Ichihara, M., Kiuchi, Y., Nakatsuji, S. & Maeno, Y.

Synthesis and Characterization of the Quasi-Two-Dimensional

Triangular Antiferromagnet Ni1−xMxGa2S4 (M = Mn, Fe, Co,

Zn). J. Cryst. Growth 310, 1881 (2008).

[3] Rodriguez, J. A., Adler, D. M., Brand, P. C., Broholm, C., Cook,

J. C., Brocker, C., Hammond, R., Huang, Z., Hundertmark, P.,

Lynn, J. W., Maliszewskyj, N. C., Moyer, J., Orndorff, J., Pierce,

D., Pike, T. D., Scharfstein, G., Smee, S. A. & Vilaseca, R.

MACS―a new high intensity cold neutron spectrometer at NIST.

Meas. Sci. Technol. 19, 034023 (2008).

[4] Ye, Q. et al. Wide angle polarization analysis with neutron spin

filters. Physics Procedia 42, 206 (2013).

[5] Chen, W. C. et al. Recent advancements of wide-angle polariza-

tion analysis with 3He neutron spin filters. J. Phys: Conf. Ser.

746, 012016 (2016).



Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

supplementary.pdf

https://assets.researchsquare.com/files/rs-1535863/v1/bc94fac4ab9ed2d0277283f8.pdf

