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Observation of a magnetic phase transition in monolayer NiPS3
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Monolayer magnet of XY type composes a pivotal part of the two-dimensional magnetism. As an important
suspected XY-type antiferromagnet, whether 1L NiPS3 exhibits magnetic order remains elusive. Herein by
helicity-resolved Raman and ultrafast spectroscopy of NiPS3 from bulk to monolayer, we find that 1L NiPS3

is magnetically ordered with a Berezinskii-Kosterlitz-Thouless (BKT) transition at TBKT ≈ 140 K. We have
also performed large-scale density-matrix renormalization-group calculations to verify the ground state zigzag
antiferromagnetic order and Monte Carlo simulation to confirm the BKT-transition temperature in 1L NiPS3. Our
investigations establish 1L NiPS3 to be an XY antiferromagnet with a relatively high-temperature BKT transition,
providing an important platform for investigating complex couplings and topological excitations.
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Two-dimensional materials have provided an important
platform for fundamental physics and unprecedented device
functionalities, driven by various elementary excitations in
the two-dimensional (2D) limit resulting from peculiar con-
finement behaviors and strong interactions [1]. Recently,
considerable progress has been made in the emergent 2D
magnetic materials [2,3]. According to the Mermin-Wagner
theorem, long-range ferromagnetism and antiferromagnetism
breaking the continuous global symmetry in the 2D isotropic
Heisenberg model are expected to be forbidden at finite tem-
peratures [4]. However, the single-ion anisotropy caused by
spin-orbit coupling and the interaction between adjacent lay-
ers can facilitate the realization of 2D long-range magnetic
orders. A variety of 2D magnetic materials have been ex-
perimentally verified recently, most of which are of Ising
type [5,6] or Heisenberg type [7,8]. In addition, it is theoret-
ically proved that there may exist a special topological BKT
transition at finite temperatures in an XY-like 2D system, hall-
marked by the transition from bound vortice-antivortice pairs
into free vortices [9]. The BKT phase transition is found to
have a tight correlation with superfluidity [10], Bose-Einstein
condensation [11], and superconductivity [12]. Only in ma-
terial systems fitted with the XY model (or XXZ model with
weak interlayer interaction), BKT transition is possible to be
observed experimentally.

Recently, important progress in the many-body exciton
[13], magnon-phonon coupling [14,15], and magnon-based
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device [16] has been made in the field of 2D antiferromagnetic
(AFM) materials. The intralayer AFM MPX3 (M = Fe, Ni,
Mn, and X = S, Se) family has attracted increasing atten-
tion due to their (quasi)2D AFM, rich spin dimensionalities,
strong coupling between multidegrees of freedom, and poten-
tial applications in quantum information technology [17,18].
With varying transition metal M atoms among Fe, Ni, and
Mn, the magnetism in MPX3 behaves as Ising (FePS3), XY
(NiPS3), and Heisenberg type (MnPS3). While the bulk MPX3

exhibit the C2h point group symmetry, the point group of the
monolayer is D3d . NiPS3 inherits the lattice structure of the
MPX3 family, where the intralayer Ni2+ ions form a hon-
eycomb lattice [19,20], as schematically shown in Fig. 1(a).
The Ni2+ ions with the same spin direction form the zigzag
ferromagnetic (FM) chains parallel to the a axis and the FM
chains are coupled in an AFM manner. At about 155 K, bulk
NiPS3 undergoes a phase transition from zigzag antiferro-
magnetism to paramagnetism. The temperature dependence of
phonon splitting and linear dichroism suggested that zigzag
antiferromagnetism exists only within the thickness ranging
from bulk to bilayer, with the monolayer found magnetically
disordered due to enhanced spin fluctuation [21,22]. Note that
the phonon splitting due to symmetry lowering from D3d to
C2h by zigzag AFM order has been observed in monolayer
CoPS3, a sister compound of monolayer NiPS3, making the
magnetic phase of monolayer NiPS3 more intriguing [23].
Meanwhile, some theoretical studies have suggested that there
exists a magnetic order in the monolayer NiPS3 [24,25]. Even
it is highly suspected that BKT transition exists in monolayer
NiPS3, no phase transition has ever been detected experi-
mentally till now. Whether there is a magnetic order in the
monolayer NiPS3 and how to detect this ordering has become
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FIG. 1. The NiPS3 samples and helicity resolved Raman spectra.
(a) Lattice and magnetic structure of a single layer. (b) Optical
photographs of monolayer and bilayer NiPS3 for helicity-resolved
Raman spectroscopy and monolayer, bilayer, and thin bulk NiPS3

for ultrafast spectroscopy. The height of the samples is indicated by
the atomic force microscopy cross section traces. (c), (d) Helicity-
resolved Raman spectra of single crystal and monolayer at 30 K.

an urgent problem in the field of 2D magnetic materials. By
determining critical exponent β = 0.23 even for bulk NiPS3

[26], the XY-type spin dimensionality is confirmed in the
system. Thus if a magnetic order exists in monolayer NiPS3, it
will be of BKT type. In addition, NiPS3 has been regarded as
a platform to study the intertwining physical phenomenon be-
tween spin and other degrees of freedom, which has not been
fully understood [22]. Especially a spin-coupled coherent ex-
citon has been observed in the NiPS3 system which is very
unusual for magnetic materials [13,22,27]. It was suggested
that the disappearance of photoluminescence for the spin-
correlated coherent exciton in monolayer can be attributed
to the absence of magnetic order [13,22]. To understand
XY-type antiferromagnetism and also to clarify the physical
mechanism underlying the spin-coupled behaviors of charge,
lattice, exciton, and magnon in the 2D limit towards rational
manipulating these couplings, the experimental determination
of magnetic order for NiPS3 monolayer is highly demanded
and critical. Here we report the experimental observation of
robust magnetic order in monolayer NiPS3. This conclusion
is supported by results of helicity-resolved Raman and ul-
trafast spectroscopy, as well as by theoretical calculations.
All our experimental observations and theoretical calcula-
tions support the magnetic phase transition at ∼140 K for
monolayer NiPS3. The details for sample preparation, spectra
measurements, and theoretical calculations can be found in
the Supplemental Material [28].

Figure 1(a) shows the schematic lattice structure and the
magnetic order of a single layer NiPS3 in the bulk systems.
The upper panel of Fig. 1(b) shows the optical images of
monolayer and bilayer NiPS3 on Si/SiO2 substrates for the
purpose of helicity-resolved Raman spectroscopy measure-
ments [30]. The three lower panels of Fig. 1(b) are the optical

images of monolayer, bilayer, and thin bulk on transparent
substrates (SiO2 for monolayer, and sapphire for bilayer and
thin bulk) used for the ultrafast spectroscopy experiments.
The atomic force microscopy cross section traces are pre-
sented in Fig. 1(b) to characterize the sample thickness. The
helicity-resolved Raman spectra of single crystal and mono-
layer NiPS3 at 30 K are shown in Figs. 1(c) and 1(d), with
the corresponding polarization configurations annotated, in
which XX (XY) represents co- (cross-)linear polarization and
σ+σ+ (σ+σ−) represent co- (cross-)circular polarization con-
figurations, respectively. Note that the Raman background
for monolayer is much higher than that for single crystal.
The background is enhanced systematically along with the
decrease of thickness as shown in Fig. S1 of the Supplemental
Material [28]. The main phonon peaks are assigned in spectra
under σ+ σ− and σ+ σ+ polarizations to cover all the phonon
peaks observed. As can be seen from Figs. 1(c) and 1(d),
according to the polarization dependence observed, all the
phonon peaks can be understood based on D3d symmetry (see
the Supplemental Material [28]), implying a weak interlayer
interaction in the NiPS3 system [31]. With the D3d point
group, the Raman active modes can be divided into Ag (out-
of-plane vibration) and Eg (in-plane vibration) modes [32].
The frequency splitting of the spin-order sensitive E1

g mode
under different linear polarizations (XX and XY) is denoted by
the dashed lines in Fig. 1(c) and was utilized as a criterion
to determine the existence of zigzag AFM order in NiPS3 in
a previous report [21]. Other than the narrow phonon peaks,
there is a broad continuum scattering in Raman spectra as
shown in Figs. 1(c) and 1(d), which is identified to be two-
magnon scattering (denoted as the 2M mode) [21,33]. The
2M signal is highlighted by a red shadow, resulted from a
composite line-shape analysis. It can be seen from Figs. 1(c)
and 1(d) that the 2M band only appears in XX, XY, and σ+ σ−
polarizations, while the scattering intensity under the σ+ σ−
is about twice that under the XY polarization, indicating that
the 2M modes belong to the Eg representation of the D3d point
group (see the Supplemental Material [28]). The existence of
the 2M excitation itself does not guarantee the existence of
magnetic order, since the 2M feature even exists at 290 K in
paramagnetic bulk NiPS3 as shown in Fig. S2(a) [28]. Note
that the seeming spectra distortion at the low frequency tail is
caused by the Raman filter as shown in Fig. S2.

The magnetic phase transition temperature can be deter-
mined by studying the temperature-dependent 2M excitation.
To investigate these properties, the helicity resolved Raman
spectroscopy is used. It should be noted that the nonhelicity
resolved Raman spectroscopy including only XX and XY con-
figurations was used to investigate the temperature evolution
of phonons in Ref. [21]. The 2M scattering broadens at high
temperatures, especially for T > 150 K, making it difficult
to distinguish from the background in the spectra collected
using XY polarization, as shown in Fig. S2. The use of σ+ σ−
polarization can enhance the intensity of the 2M band and
suppress the other complex signals. On the other hand, the
2M intensity detected at σ+ σ− doubles that at XY as shown
in Fig. S2, indicating the persisting Eg symmetry of 2M at
290 K and further separating the 2M signal from the back-
ground. The 2M parameters at 290 K can be fitted well from
σ+ σ− polarization geometry even for monolayer, as shown in
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FIG. 2. Temperature-dependent Raman spectra of single crys-
tal, bilayer, monolayer NiPS3 at σ+σ− polarization. (a)–(c)
Temperature-dependent Raman spectra of single crystal, monolayer,
and bilayer NiPS3. (d)–(f) Color maps of normalized Raman spec-
tra at σ+σ− polarization for single crystal, monolayer, and bilayer
NiPS3. (g)–(i) Temperature dependence of frequency (ω), FWHM,
dω/dT , and dFWHM/dT for single crystal, monolayer, and bilayer
at σ+σ− polarization.

Fig. S3. Because the 2M band has overwhelming intensity and
a better signal-to-noise ratio under the σ+ σ− polarization,
the 2M properties are mainly analyzed from Raman spectra
at σ+ σ− polarization. Temperature-dependent Raman spectra
of single crystals, monolayer, and bilayer (offset vertically for
clarity) are shown in Figs. 2(a)–2(c) respectively. As the tem-
perature increases from 30 to 290 K, the 2M band broadens
and redshifts remarkably. Although the intensity decreases as
temperature increases, the 2M band is still prominent even at
290 K. Across all the temperatures, the intensity at σ+ σ− po-
larization keeps almost twice that at XY polarization, obeying
well the D3d symmetry thus suggesting that in the whole tem-
perature range the quasi-2D property of 2M can be maintained
(see the Supplemental Material [28]). To further elaborate
the temperature evolution of 2M bands, we normalize the
Raman spectra to the maximum of the 2M band (Imax

2M ) under
σ+ σ− polarization, and plot the normalized Raman spectra
into color-map graphs, as shown in Figs. 2(d)–2(f). From the
color maps, we can see that the frequency (ω) and full width at
half maximum (FWHM) of 2M bands all show abrupt changes
at T ≈ 150 K for single crystal, monolayer, and bilayer. The
values of ω and FWHM can be obtained by fitting the 2M band
with a Lorentzian line shape. It is well known that the Néel
temperature TN ≈ 150 K for bulk NiPS3 corresponds to AFM-
paramagnetic (PM) phase transition [22,24]. Thus the 2M

FIG. 3. Ultrafast spectroscopy investigation of NiPS3. (a) The
steady state absorption spectra of monolayer and thin bulk at 60
and 240 K. (b) The temperature-dependent ultrafast dynamics of
monolayer NiPS3. (c)–(e) The color map of time-resolved �T/T
for monolayer, bilayer, and thin bulk NiPS3. (f) The temperature
dependence of (�T/T )max for monolayer, bilayer, and thin bulk.

properties indicate a magnetic phase transition for the NiPS3

system of different thicknesses at about 150 K. We plot ω and
FWHM of the 2M band with temperatures in Figs. 2(g)–2(i)
to quantitatively analyze the temperature dependence of 2M
properties, especially the remarkable change at magnetic
phase transition temperature. The ω and FWHM are shown
by the open squares and open diamonds in Figs. 2(g)–2(i).
We also obtain the first-order derivatives of ω and FWHM
versus temperature for single crystal, monolayer, and bilayer
as shown by the red and blue balls in Figs. 2(g)–2(i), while the
red and blue curves are guides for the eyes. The emergence
of extremal points of dω/dT and dFWHM/dT at ∼140 K
for monolayer strongly suggest that the monolayer NiPS3 has
magnetic ordering at low temperature.

We then investigate the transient absorption spectra of the
monolayer, bilayer, and thin bulk NiPS3 samples at variable
temperatures, pumped by a 385-nm femtosecond laser pulse
(see the Supplemental Material [28]). Figure 3(a) shows the
steady-state absorption spectra of monolayer and thin bulk
at 60 and 240 K, whose centers of the absorption peaks are
about 570 and 560 nm, respectively, with a slight redshift
with the increase of temperature. The wavelength chosen
for analyzing the magnitude of the time-resolved �T/T is
532 nm to keep consistent with the Raman excitation wave-
length (for other probe wavelengths, see the Supplemental
Material [28]). Figure 3(b) shows the temperature-dependent
ultrafast dynamics of monolayer NiPS3 from 60 to 240 K,
offset vertically for clarity. The color maps by plotting �T/T
versus the time delays and the temperatures (60–240 K) are
displayed in Figs. 3(c)–3(e) for monolayer, bilayer, and thin
bulk respectively. As shown in Figs. 3(c) and 3(d), for the
monolayer and bilayer, the magnitude of �T/T is decreasing
with the increase of temperatures generally, but there is a local
maximum near 150 K [31,32], which indicates that the phase
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transitions of monolayer and bilayer NiPS3 occur at about
150 K. For the thin bulk as shown in Fig. 3(e), the change
of the color scale in 120–170 K is less sensitive to indicate the
phase transition. We further extract the (�T/T )max of mono-
layer, bilayer, and thin bulk to plot versus the temperature
in Fig. 3(f), vertically offset for clarity (the offset values are
5×10−3 for bilayer and 1×10−2 for monolayer). It can be seen
that a plateaulike region of (�T/T )max appears at about 150
K for all samples, signifying the magnetic phase transition
for monolayer, bilayer, and thin bulk NiPS3, in accordance
with the results of helicity-resolved Raman spectroscopy. The
transition temperatures extracted from Fig. 3(f) are 160 K for
bulk, 150 K for bilayer, and 140 K for monolayer. Since NiPS3

is of XY type, with the thinning of the layers, it is likely that
the phase transition changes from AFM-PM transition for the
bulk to BKT transition for the monolayer.

To gain insight into the low-temperature magnetic phase,
and the corresponding phase transition, we further perform
theoretical calculations for the monolayer. DFT and classical
Monte Carlo simulations have been conducted in Ref. [25],
but these methods, which exclude the quantum fluctuation, in
principle cannot generate a disordered state at low tempera-
ture. Also, the model they considered violates the monolayer
D3d symmetry since the parameters are determined by the
measurement of the bulk NiPS3. We consider a minimal
effective spin-1 model on the honeycomb lattice including
dominating spin-exchange coupling and single-ion anisotropy
(SIA) which reads

H = J1

∑

〈i, j〉
Si · S j + J2

∑

〈〈i, j〉〉
Si · S j

+ J3

∑

〈〈〈i, j〉〉〉
Si · S j + D

∑

i

(
Sz

i

)2
,

where 〈i, j〉, 〈〈i, j〉〉, and 〈〈〈i, j〉〉〉 represent the nearest,
the next-nearest, and the third-nearest neighbor (NN, NNN,
and TNN) sites i and j, respectively. We adopt the fol-
lowing set of parameters according to DFT calculations
[25]: J1 = −5.3 meV, J2 = −0.2 meV, J3 = 28 meV,

D = 0.113 meV. Here, anisotropy terms except single ion
anisotropy (SIA) D are neglected after carefully considering
the crystal field splitting of the Ni2+ ion and the crystal
symmetry. Specifically, D is induced by spin-orbit-driven in-
termixing of the singlet ground state 3A2g and the excited
state 3T2g [26,34], while other SIA terms are forbidden by the
D3d symmetry. The secondary anisotropy, the Dzyaloshinskii-
Moriya exchange interaction, is forbidden by spin inversion
symmetry between NN and TNN sites and is estimated to be
smaller than 0.01 meV between NNN sites [35].

To investigate the low-temperature magnetic order of the
J1−J2−J3−D model, we implement a large-scale density ma-
trix renormalization group (DMRG) calculation to find the
ground state properties. The DMRG method is based on
the ground state entanglement structure and can specifically
capture the quantum fluctuation effects. We show the spin
order in the ground state on a so-called XC6 cylinder in
Figs. 4(a) and 4(b). The length of the red and blue arrows
in Fig. 4(a) is proportional to the amplitude of the spin cor-
relation C(r, r0) = 〈Sx

r0
Sx

r + Sy
r0 Sy

r 〉. Referred from a central
site at r0 [the purple cross in Fig. 4(a)], the in-plane spin

FIG. 4. Magnetic ground state and BKT transitions in monolayer
NiPS3. (a) In-plane spin correlations. (b) Sublattice spin structure
factor for the ground state of the J1−J2−J3−D model, calculated
by DMRG. (c)–(e) Temperature dependence of the Monte Carlo
computed spin stiffness, AFM magnetization, and specific heat at
different linear size L.

correlation C(r, r0) shows a long-range zigzag AFM order
with magnitude about 0.6, while the calculated z-component
correlations are less than 0.1 and decay in power law, indi-
cating an easy-plane spin orientation, i.e., monolayer NiPS3

can be effectively described by the XY-type spin model. Fig-
ure 4(b) shows the sublattice spin structure factor SAA(q) =

1
L1L2

∑
i∈A, j∈A〈Si · S j〉ei q·(ri−r j ). The sole peak around the M

point as shown in Fig. 4(b) confirms the zigzag order at
zero temperature and gives the value of the magnetic moment
ms = 0.73. In addition, we also explore the magnetic order on
a different geometry YC6-cylinder which exhibits the same
zigzag order (see the Supplemental Material [28]).

To justify the possibility of the BKT phase transition, we
simulate the J1−J2−J3−D model of classical spins based on
the Monte Carlo method and determine the phase transition
temperature by spin stiffness. The geometry in the simu-
lation is torus with site number L×L×2, where L is the
linear size. The BKT transition can be determined by the
temperature where an abrupt vanishing of the spin stiffness
occurs. Figure 4(c) shows the results of stiffness for the dif-
ferent system sizes. Following the standard procedure of the
finite-size extrapolation (see the Supplemental Material [28]),
the transition temperature of monolayer NiPS3 is estimated
to be around 141 K, as shown in the inset to Fig. 4(c), in
excellent agreement with the experimental result of 140 K.
The calculated in-plane AFM magnetization and specific heat
data plotted in Figs. 4(d) and 4(e) also support this transition
temperature. We also find that the transition temperature is not
sensitive to the magnitude of the SIA (see the Supplemental
Material [28]).

As we have discussed above, the topological BKT phase
transition offers an interpretation of the magnetic order in
monolayer NiPS3, namely, the quasi-long-range order formed
below TBKT. This phase transition is characterized by the
proliferation of topological defects, which are distinct from
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magnons in the AFM background. The topological defects
in zigzag AFM alignment can be understood as the vortices
of the spin configuration of one of the zigzag sublattices.
However, the previous experiments claim no magnetic order
in monolayer NiPS3 based on the absence of the frequency
splitting between phonon peaks under XX and XY polariza-
tions. Here, we propose two possible explanations that may
resolve this contradiction. The first one is considering ubiq-
uitous magnetic domains [25]. The three kinds of domains
with different zigzag AFM directions related by C3 rotational
symmetry in the monolayer will average the linear dichro-
ism effect. Thus, in the presence of magnetic domains the
frequency splitting cannot be used to indicate the magnetic
order in monolayer NiPS3. The second possible explanation
is considering high-order spin interactions. Such interactions
will induce higher-order coupling terms between the three
zigzag orders in the Landau-Ginzburg free energy and lead to
a candidate new phase where the three zigzag orders coexist,
similar to the 3-Q pair-density-wave phase [36]. The three-
zigzag ordered phase preserves the C3 rotational symmetry
thus the zigzag-order sensitive frequency splitting and linear
dichroism vanish. On the other hand, strong 2M scattering is
one of the characteristic excitations in AFM materials [37].
The critical behavior of 2M frequency at TN has been reported
[38], due to the qualitative change of spin correlation at the
magnetic phase transition temperature. Here in (monolayer)
NiPS3 systems, the (quasi-)long-range spin correlation at
T< TN (TBKT) is replaced by the short-range spin fluctuation
at T � TN (TBKT), leading to the redshift of 2M frequency at
TN (TBKT), as observed in Fig. 2. In addition, the linewidth
of the 2M band can also experience a sudden change near-
ing the temperature that spin-wave gap opens, i.e., TN, or
the temperature that bound vortice-antivortice pairs forms,
i.e., TBKT. With temperature increase, the enhancement of the
thermal excitation and the spin fluctuation will provide more
relaxation pathways to the 2M excitation at T � TN (TBKT)
[39]. As a result, the temperature dependence of intrinsic
properties of the 2M mode in NiPS3 manifests the magnetic
phase transition effectively, i.e., both AFM-PM transition and
BKT transition. In our work, the temperature-dependent fre-
quency and FWHM of the 2M band confirm the existence of
magnetic order for monolayer. Moreover, our analysis also
unambiguously shows that the 2M Raman scattering, which
mainly relies on the spin correlation, is a robust tool to study
magnetic ordering in 2D magnetism. Since monolayer NiPS3

is of XY type without interlayer interaction, it should be the
BKT transition that happens in it.

In pump-probe transient spectroscopy, a phase transition
can usually accompany the change of dielectric functions of
materials, thus the time-resolved differential reflection (�R/R)
or transmission (�T/T ) can be used to detect the phase transi-
tion [40,41]. Usually the �R/R or �T/T is proportional to the

excited carrier (or photoexcited quasiparticles) density. Since
there is strong spin-charge coupling and spin-phonon coupling
in NiPS3 [21,42], the magnetic phase transition can change
the dielectric function and thus the differential transmission
�T/T can reflect the magnetic phase transition. When the
NiPS3 thickness changes from bulk to bilayer, it is therefore
reasonable to assume that the pump induced excitation of a
quasiparticle from the spin ground state to above the spin-
wave gap will contribute to the differential �T/T . As the
temperature increases to near TN, the spin-wave gap decreases
and the high-energy phonons produced by carrier relaxation
can excite the spin from the ground state to above the spin-
wave gap, bringing an additional increase of �T/T at a
temperature near TN. This may be one of the important reasons
why we can observe the magnetic phase transition in NiPS3

from bulk to bilayer by ultrafast spectroscopy. In addition,
in NiPS3 monolayer of XY type the ultrafast dynamics can
also be used to identify the quasi-long-range magnetic order.
A recent theoretical investigation has pointed out that after
a possible BKT phase transition in monolayer NiPS3, the
breaking of bound vortice-antivortice pairs into free vortices
can contribute to the change of dielectric function across TBKT

[43], which can qualitatively explain the peak of (�T/T )max
that we observed in monolayer NiPS3. Combining the re-
sults of 2M properties, the temperature dependent (�T/T )max
and the theoretical calculations, we can conclude that robust
quasi-long-range magnetic order exists even in monolayer
NiPS3, whose magnetic phase transition should be of BKT
type.

In summary, by studying the helicity-resolved Raman
spectroscopy and the ultrafast spectroscopy with various
thicknesses down to monolayer, we have unambiguously iden-
tified magnetic order in NiPS3 from bulk to monolayer. By
examining the 2M properties and transient absorptions, we
obtained the phase transition temperatures of NiPS3 with dif-
ferent thicknesses, which are about 160 K for bulk, 150 K
for bilayer, and 140 K for monolayer, indicating AFM-PM
phase transition in bulk and BKT transition in monolayer.
Indeed, theoretical simulations show that monolayer NiPS3

has zigzag AFM ordered ground state at zero temperature and
BKT transition at finite temperatures. Therefore, our investi-
gations convincingly settle that the monolayer NiPS3 is a 2D
XY-type antiferromagnet, providing a promising platform for
topological excitations and magnetism engineering.
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