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M A T E R I A L S  S C I E N C E

Electronic Raman scattering in the  
2D antiferromagnet NiPS3
Xingzhi Wang1*†, Jun Cao1, Hua Li2, Zhengguang Lu3,4, Arielle Cohen5, Anubhab Haldar5, 
Hikari Kitadai1, Qishuo Tan1, Kenneth S. Burch6, Dmitry Smirnov3, Weigao Xu2, 
Sahar Sharifzadeh1,5,7,8, Liangbo Liang9, Xi Ling1,5,10*

Correlated-electron systems have long been an important platform for various interesting phenomena and 
fundamental questions in condensed matter physics. As a pivotal process in these systems, d-d transitions have 
been suggested as a key factor toward realizing optical spin control in two-dimensional (2D) magnets. However, it 
remains unclear how d-d excitations behave in quasi-2D systems with strong electronic correlation and spin-charge 
coupling. Here, we present a systematic electronic Raman spectroscopy investigation on d-d transitions in a 
2D antiferromagnet—NiPS3, from bulk to atomically thin samples. Two electronic Raman modes originating from 
the scattering of incident photons with d electrons in Ni2+ ions are observed at ~1.0 eV. This electronic process 
persists down to trilayer flakes and exhibits insensitivity to the spin ordering of NiPS3. Our study demonstrates the 
utility of electronic Raman scattering in investigating the unique electronic structure and its coupling to magnetism 
in correlated 2D magnets.

INTRODUCTION
Van der Waals (vdW) magnetic materials have received growing 
interest revealing physics in the extreme nanoscale limit (1–5). Re-
cently, attentions have been focused on a antiferromagnet, nickel 
phosphorus trisulfides (NiPS3), due to its intriguing physics in quasi 
two-dimensional (2D) systems, including phonon-magnon cou-
pling (6), strong electron correlation (7), and spin-correlated ex-
citonic physics (8–10). As a 2D magnet with strongly correlated d 
electrons, d-d transition in NiPS3 plays an important role in deter-
mining and controlling spin properties (11, 12). For example, light- 
induced magnetic anisotropy has been demonstrated in NiPS3 by 
optically pumping the d electrons to the higher-energy orbital states 
of Ni2+ ions (11). Despite extensive interest in low-dimensional cor-
related systems, it is notable that few studies have focused on d-d 
excitations in atomically thin vdW layers (13–15). The d-d excitations 
in 2D layers are expected to be different from that in the bulk cases, 
because the onsite coulomb repulsion (Hubbard U) can be modified 
by the increasing dielectric screening (16). However, because of the 
forbidden selection rule, the absorptions corresponding to the d-d 
transitions in NiPS3 are much weaker compared to the interband 
transitions and generally become undetectable using absorption 
spectroscopy in the thin layers (7). Such invisibility prevents the 
ability to uncover the subtle changes in the correlated d electron 
states in 2D systems.

Raman spectroscopy has been an effective optical tool with non-
destructivity and high sensitivity in the study of elemental excitations, 

including phonons, excitons, polaritons, magnons, and spinons in 
condensed matter systems (17–19). The selection rule of Raman 
scattering offers great capabilities to reveal the symmetry and 
coupling to magnetism in various 2D magnets (20–24). Electronic 
Raman (ER) scattering, where photons are scattered by electronic exci-
tations in the materials, has been used in revealing the electronic 
behaviors in low-dimensional materials, such as metallic carbon 
nanotubes and AlGaAs epilayers (25, 26). NiPS3 exhibits a unique 
electronic structure with a highly localized electronic band composed 
by d orbitals (9, 27), suggesting a potential to explore the d-d transi-
tions in 2D systems using ER spectroscopy.

Here, we present a systematic study on ER scattering in NiPS3 
layers and explore its origin and correlation with the spin struc-
ture. Two ER modes with energies around 1.0 eV have been observed 
far below the bandgap under a wide range of excitation from 454 
to 531 nm in NiPS3 down to few-layer flakes. Such ER scattering is 
attributed to the photon scattering by the d-d excitations, which rep-
resent electronic transition between d orbitals in Ni2+ ions. In contrast 
to the spin-correlated interband transitions, d-d transitions exhibit 
distinct independence on the formation of spin structure near Néel 
temperature (TN) and on external magnetic field. Our study sug-
gests the ER scattering to be a unique probe to reveal the electronic 
transitions related to d orbitals in 2D strong-correlated systems, which 
can provide rich physical information for the study of fundamental 
physics and the design of ultrathin opto-magneto devices.

RESULTS
NiPS3 has been of interest for its realization of antiferromagnetic 
XXZ model on a honeycomb lattice (28, 29). As temperature de-
creases across its TN = ~ 152 K, NiPS3 undergoes a magnetic phase 
transition from the paramagnetic to the antiferromagnetic phase (28). 
High-quality NiPS3 single crystals were grown using a chemical vapor 
transport method (30). Monolayer NiPS3 crystal has a hexagonal 
lattice structure with threefold rotation symmetry, which is broken 
by the monoclinic interlayer stacking order in few-layer and bulk 
cases (see Fig. 1A and fig. S1A). When the temperature is below its 
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TN, the spins form a zigzag antiferromagnetic order, where the 
intralayer spin moments are arranged ferromagnetically in chains 
but are coupled antiferromagnetically with their neighboring chains 
(see fig. S1B). The planes are also coupled ferromagnetically along 
the c direction. The spin direction in NiPS3 is mainly along the a axis, 
with an angle of ~8° out of the ab plane (29).

Figure 1B displays a typical optical spectrum from an exfoliated 
thick NiPS3 flake (~50 nm) under a 458-nm laser excitation at 
295 K. The spectrum shows three peaks, ranging from the visible to 
the near infrared region. However, distinct spectra are obtained as 
the excitation wavelength varies from 454 nm (2.73 eV) to 531 nm 
(2.34 eV) (see Fig. 1C). In all the spectra under different laser exci-
tations, a peak can be resolved at the same position ~1.39 eV, exhib-
iting a distinct feature of photoluminescence (PL). This peak could 
be assigned to the phonon sideband of the coherent Zhang-Rice 
exciton, which results in an ultrasharp and linear-polarized emission 
at low temperature (9, 10). In contrast, the other two peaks, labeled 
as R1 and R2, exhibit an obvious redshift with the decrease of the 
excitation energy and, finally, disappear when the excitation energy 
is below ~2.35 eV. Each of the two peaks presents a fixed energy 
difference between the collected signal and the laser excitation, 
suggesting that their origin is Raman scattering rather than lumi-
nescence (see Fig. 2A).

Typically, Raman peaks in insulating magnets result from either 
phonons or magnons (6, 31). However, these two types of excitations 
can be excluded as the origin of R1 and R2 in NiPS3 based on multiple 
pieces of evidence. First, the Raman shifts of these two peaks are 
~0.93 and 1.05 eV, which are much higher than the frequencies of 
phonon or magnon modes (6, 32). Second, the observed Raman peaks 
have larger peak width of over 0.1 eV, in contrast to the narrow 
feature of one-phonon or one-magnon modes (33, 34). In addition, 
the temperature- and polarization-dependent studies, which will be 
discussed in detail later, indicate that the behaviors of these two peaks 
are different from the two-magnon mode, which has been observed 
at 400 to 600 cm−1 in NiPS3 (6). In contrast to the phonon and magnon 
modes, the large Raman shifts of the two peaks imply that they orig-
inate from electronic transitions. To confirm this, the electronic band 
structure and density of states for bulk NiPS3 were calculated using 
first-principle density functional theory (DFT) + U method with 
U = 4.0 eV (see fig. S3) (6, 7, 9). The calculated band structure clearly 
shows the near-flat electronic bands near the conduction band 

minimum, which are predominantly contributed by Ni d orbitals 
(see fig. S3C). The small dispersion of these bands is due to the 
localization of the Ni d orbitals. In contrast, the valence bands are 
mostly from S p orbitals, leading to dispersive valance bands that 
are common in many other materials (see fig. S3D). The calculation 
indicates an indirect bandgap ~ 1.6 eV, which is consistent with the 
previous calculation and experimental measurements (7, 27, 30).

To reveal the origin of the two Raman peaks (i.e. R1 and R2), the 
absorbance measurement has been performed on thick NiPS3 samples 
(see Fig. 2B). Different from most of traditional semiconductors, a 
distinct absorption feature is observed at ~1.0 eV, which is far below 
the reported bandgap at ~1.8 eV (7, 12). This absorption can be re-
solved into two components with energies at ~0.92 and ~1.09 eV, in 
a good agreement with the Raman shifts of R1 and R2, suggesting 
that they originate from the same transition in the material. Such 
absorption was reported to result from d-d transitions on the tran-
sition metal ions in NiPS3, as well as many other transition metal 
compounds (14, 35–37). The nickel atom is located at the center of 
a trigonally distorted octahedral crystal field, constituting of six sulfur 
atoms (see Fig. 2C). As a result, the d orbitals of Ni2+ ion split into 
several states, among which the ground state 3A2g and the first excited 
state 3T2g are directly involved in the observed ER scattering with 
large Raman shift at ~1.0 eV (see Fig. 2D). Moreover, because of the 
trigonal distortion, the 3T2g state further splits into 3A1g and 3Eg states, 
leading to the observation of two ER modes that correspond to the 
transition 3A2g → 3A1g and 3A2g → 3Eg. Note that DFT + U calcula-
tion does not reveal these features of d orbitals, instead predicting a 
charge transfer (s/p to d) transition at 1.45 eV. This discrepancy may 
be due to the fact that DFT + U may fail for describing certain phys-
ical properties of strongly correlated materials. This approach does 
not fully account for the multicorrelated nature of d orbitals (38, 39); 
in addition, the lack of self-interaction error correction for s/p states 
and lack of excitonic effects can result in an error in the predicted 
nature of transitions (37, 38). Considering the selection rule for 
angular momentum conservation, direct d-d transitions are generally 
forbidden, while it becomes allowed due to the vibrionic coupling 
in materials (13, 40).

The intensity of ER peaks exhibit a clear dependence on the ex-
citation energy, indicating a resonant effect, which is related to an 
external electronic state as an intermediate state (see Fig. 2E). The 
ER intensity can be given by the formula as (41, 42)
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Fig. 1. ER spectra of vdW antiferromagnet NiPS3. (A) Monoclinic crystal structure of NiPS3. (B) Optical spectrum of bulk NiPS3 excited by a 458-nm laser at 295 K. 
(C) Excitation (Ex)–dependent photoluminescence (PL) and ER map of NiPS3. a.u., arbitrary units.
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  I( E  L   ) =   A  ───────────────────────    
 ∣ ( E  L   −  E  mi   − i ) ( E  L   −  E  mi   −  E  ex   − i ) ∣   2 

    

where A is a constant related to the electron-photon coupling; EL, Emi, 
and Eex are the incident photon energy, the intermediate state energy, 
and excited state energy, respectively;  is the damping constant. ER 
intensity will achieve a maximum when EL = Emi + Eex. The intensities 
of ER modes, R1 and R2, reach the maximum at ~2.61 and ~2.73 eV, 
respectively. The different resonant energies of two modes indicate 
a scattered light resonance, where EL = Emi + Eex. Therefore, Emi can 
be obtained as ~1.70 eV by Emi = EL − Eex, which matches the energy 
of the second excited state (3T1g) from the ground state (11, 12).

As a vdW antiferromagnet, NiPS3 exhibits various intriguing 
properties and offers a unique opportunity to explore strongly cor-
related electron systems and magnetic systems in the 2D limit. In 
particular, d-d excitations play an important role in determining 
electronic and spin properties of NiPS3 (11). Benefited from the ab-
sorption at ~1.0 eV, d-d transitions can be detected in bulk NiPS3. 
However, with the reduction of the sample thickness, this absorp-
tion markedly decreases and finally becomes undetectable in atom-
ically thin samples. The differential reflectance of few-layer NiPS3 
indicates the absence of clear feature at around 1.0 eV with the value 

approaching to zero, in contrast to the marked increase above the 
bandgap (see Fig. 3A). The invisibility of d-d excitation in atomically 
thin samples prevents the relative studies in 2D systems. The reso-
nance condition enhances the signal and enables the ER scattering 
in NiPS3, resulting to the detectable signals of d-d excitations in thin 
layers for exploring the evolution of the local electronic configuration 
upon thinning and stacking. As shown in Fig. 3B, the ER spectroscopy 
study was performed on exfoliated NiPS3 layers, where the ER modes 
can be resolved in NiPS3 from bulk down to trilayer samples, with 
the intensity decreasing with the reduction of layer number. Both 
ER modes exhibit a blue shift in the thinner samples, i.e., the energies 
of two d-d excitations increasing with the reduction of layer number 
(see Fig. 3C). This phenomenon indicates an increasing of crystal 
field splitting energy of d orbitals, originating from a stronger octa-
hedral crystal field around Ni2+ in atomically thin samples. Further-
more, with less layer number of samples, the energy difference between 
two ER modes also shows a slight increase, suggesting a larger split-
ting of 3T2g state and trigonal distortion in few-layer samples.

Because of its antiferromagnetic nature, the optical properties of 
NiPS3, such as low-frequency Raman modes and optical absorption, 
have showed correlations to the magnetic structure and exhibit 
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the fitting curves.

D
ow

nloaded from
 https://w

w
w

.science.org at N
anjing U

niversity on January 14, 2022



Wang et al., Sci. Adv. 8, eabl7707 (2022)     14 January 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 7

distinct behaviors with variations of temperature and external field 
(6, 7). Specifically, it has been demonstrated that the excitonic emission 
in NiPS3 is strongly correlated to the spin structure, which gives rise 
to a distinct linear polarization of the excitonic emission (8–10, 43). 
However, the correlation between spins and d electrons remains un-
explored, especially in low-dimensional structures. To this end, the 
temperature-dependent ER spectroscopy measurements are conducted 
(see Fig. 3D). As the R2 mode becomes hard to be resolved at low 
temperature due to the reduced population of the higher energy state, 
the following discussion related to low temperature data mainly 
focuses on R1 mode. With the change of temperature from 10 to 
300 K, the peak position, integrated intensity, and full width at half 
maximum of R1 peak exhibit gradual variation, which could be 
attributed to the lattice contraction with the reduction of tempera-
ture (see fig. S5). Despite the formation of spin ordering, no marked 
change of the ER modes is observed across TN. Our result indicates 
that the ER processes are isolated from the spin structure in NiPS3, 
suggesting that the corresponding d-d transitions occur on a single 
Ni atom. In addition, it is worth noting that the ER modes have a 
broad peak width of tens of millielectron volts even at 10 K (see 
fig. S5A). Such a low temperature generally suppresses the thermal 
population of energy levels and results in a narrow feature of optical 
signals (8, 44). The broad feature of ER modes can be attributed to 
two reasons. First, d orbitals of Ni2+ ions further split into more fine 

features due to the spin-orbit coupling, leading to a broad ER signal 
consisting of multiple electronic transitions (11, 41). Second, a strong 
vibrionic coupling is involved in the d-d transitions which are gen-
erally forbidden and requires the assistance of other media, such as 
phonons. As a result, ER modes are broadened due to the mismatch 
of nuclear coordinates (see fig. S5D). To further confirm that the 
d-d transitions are isolated from the spin effect, the ER study was 
conducted at 5 K under the external in-plane and out-of-plane 
magnetic fields (see Fig. 3, E and F). The results show that ER modes 
are also insensitive to the applied fields up to 14 T in the Voigt 
geometry and up to 17 T in the Faraday geometry. Since the in-plane 
field–induced spin-flop transition in NiPS3 has been found in the 
magneto-PL study and isothermal magnetization measurement (9, 45), 
the unchanged ER signal as a function of an applied in-plane field 
further proves that the d-d excitations are insensitive to the spin 
ordering in the material.

For potential opto-spintronic applications, the polarization be-
havior of the d-d excitations would play a substantial role. To this 
end, we performed a systematic polarization-resolved ER measure-
ment on exfoliated NiPS3 flakes. Both R1 and R2 modes exhibit 
stronger intensities in the parallel configuration (XX) compared to 
that in the cross configuration (XY) in the linear polarization study 
(see fig. S7A). Similarly, in the circular polarization measurement, 
the two ER peaks also show a stronger intensity in the parallel 
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Fig. 3. Localized nature and magnetic robustness of ER modes. (A) Differential reflectance of a four-layer (4L) NiPS3 flake. (B) Thickness-dependent ER spectra of NiPS3 
from bulk down to three-layer at 295 K. (C) Raman shift of two ER peaks and the energy splitting as a function of sample thickness. The evolution trends of R1, R2, and 
energy splitting are guided by the blue, red, and black dashed lines, respectively. (D) Temperature-dependent ER spectra of an eight-layer NiPS3 flake excited by 458-nm 
laser from 10 to 300 K. (E and F) Color map of magnetic field–dependent ER spectra of NiPS3 crystals with (E) in-plane field (along the a axis) B∥ and (F) out-of-plane field 
B⊥ under 488-nm laser excitation. The insets in (E) and (F) represent the directions of applied magnetic field with respect to the antiferromagnetic spin structure of NiPS3.
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configuration (++) compared to that in the cross configuration 
(+−) (see fig. S7B). As a result, both ER modes in NiPS3 exhib-
it an A1g symmetry. By calculating the linear polarization degree 

(    l   =   I  XX   −  I  XY   _  I  XX   +  I  XY    ) and the circular polarization degree (    c   =   I      +     +    −  I      +     −    _  I      +     +    +  I      +     −   
   ), R1 

mode exhibits a l ~ 49% and a c ~ 25% at room temperature (see 
fig. S7C). Moreover, we further conducted a polarization angle–
dependent study on NiPS3 in two configurations: (I) rotating the 
polarization of collection light (Pcol) with fixed polarization of inci-
dent light (Pin) and (II) rotating Pin with fixed Pcol. Clear twofold 
signals emerge in the polar plot of polarization-dependent intensity 
of two ER modes in two configurations, in agreement with their A1g 

symmetry (see Fig. 4, A and B). The intensities of both ER modes 
can be fitted by IER = I0 + Acos2, where  is the angle between Pin 
and Pcol; I0 and A are fitting constants. In contrast, in the azimuthal 
angle–dependent study, where the sample is rotating with fixed 
Pin ∥ Pcol (configuration III), ER intensity shows independence on 
the crystal orientation at room temperature (see Fig. 4C). However, 
when the temperature goes down to 77 K, NiPS3 becomes antiferro-
magnetic and R1 mode exhibits an anisotropic response (see Fig. 4C). 
The intensity of R1 peak can be fitted by IER = I1 + B sin2φ, where φ 
is the angle between light polarization and the b axis of the crystal; 
I1 and B are fitting constants. We define the linear polarization de-
gree,  = (Ia − Ib)/(Ia + Ib), where Ia (Ib) is the R1 intensity when 
light polarization (both Pin and Pcol) is parallel to the a (b) axis. The 
linear polarization degree of R1 can be obtained ~5% at 77 K. To 
confirm the relation between the spin structure and the emerging 
polarization of R1 mode, we conduct the temperature-dependent 
polarized ER measurement. The polarization degree of R1 mode drops 
significantly when the temperature approaches to TN = 152 K and 
finally disappears in the paramagnetic phase (see Fig. 4D). The 
temperature-dependent polarization degree in the antiferromagnetic phase 
is fitted well by  (T) ~  ∣  1 −   T _  T  N    ∣     2  , where  is a critical exponent indicat-
ing the decay trend near the phase transition temperature (46). We 
obtain  = 0.27 ± 0.03, which is in accordance with  = 0.23 to 0.26 
for the temperature- dependent magnetic intensity in 2D XY sys-
tems (47) and the  for the spin-induced linear polarization degree 
of sharp emission of NiPS3 at 1.476 eV (8–10). This agreement sug-
gests that the linear polarization of R1 mode arises from the an-
isotropy of spin structure in NiPS3. As a result, the polarized ER 
signal can serve as a probe of the magnetic phase transition in NiPS3. 
In addition to the polarized ER measurements on a bulk sample 
where TN = 150.5 ± 1.5 K is obtained, we also performed similar 
measurements on a four-layer flake and plotted its temperature- 
dependent polarization degree (see fig. S10). By fitting the polariza-
tion degree at low temperature, the TN is obtained as 150.5 ± 0.4 K, 
which is almost the same as the value for the bulk case. This result 
suggests a weak thickness dependence on the magnetic transition of 
NiPS3 from bulk down to a four-layer region, which is in a good 
agreement with the previous result revealed by Raman spectroscopy 
(6). Considering the insensitivity of d-d transition to the spin ordering, 
the anisotropic ER response may be the consequence of the aniso-
tropic absorption of incident photons due to the magnetic linear 
dichroism of materials, of which polarization degree is at the same 
order as ER response (9, 10, 48).

DISCUSSION
As a correlated 2D antiferromagnet, NiPS3 offers a unique opportu-
nity to explore strongly correlated electron systems and magnetism 
in the 2D limit. Specifically, the investigation on d-d excitation is 
necessary in revealing various fundamental characters, such as crystal 
field splitting, local Hund’s coupling, and Hubbard U, which are 
crucial for electronic structure and exchange coupling in materials. 
However, the forbidden selection rule of d-d transition raises the 
difficulty in its direct observation in 2D layers through absorption 
spectroscopy, thus prevents the fundamental study in strongly cor-
related electron physics in 2D limits. In this work, the d-d excitations 
are successfully probed on atomically thin NiPS3 layers using ER 
spectroscopy. We further conduct a systematic study on d-d exci-
tations, which reveals the evolution trend with the reduction of 
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2
  , where  = 0.27 ± 0.03.
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sample thickness and the insensitivity to the spin ordering. The 
magnetic anisotropy origin of the linear polarized ER modes is also 
demonstrated. The distinct magnetic coupling of d-d excitations 
at ~1.0 eV not only offers the possibility to enrich the functions 
in addition to those spin-coupled electronic transition in a poten-
tial NiPS3-based applications but also demonstrates the power of 
ER spectroscopy in the investigation of correlated 2D magnets, 
which could potentially open pathways to control the correlations 
in Mott systems.

MATERIALS AND METHODS
Sample preparation
NiPS3 single crystals were grown using a chemical vapor transport 
method (30). A stoichiometric amount of high-purity elements 
(mole ratio Ni:P:S = 1:1:3, around 1 g in total) and iodine (about 10 
to 20 mg) as a transport agent were sealed into a quartz ampule and 
kept in a two-zone furnace (650° to 600°C). The length of the quartz 
ampule is about 16 cm with a 13-mm external diameter. The pres-
sure inside the ampule was pumped down to 1 × 10−4 torr. After 
1 week of heating, the ampule was cooled down to room tempera-
ture with bulk crystals in the lower temperature end. The purity of 
the synthesized sample has been confirmed by series of characteri-
zations in our previous work (9). Few-layer NiPS3 flakes were pre-
pared on Si substrates with 285-nm SiO2 layers by mechanical 
exfoliation from a bulk single crystal.

Optical spectroscopy measurements
The ER scattering and PL measurements were carried out on a 
micro-Raman spectrometer (Horiba-JY T64000), and the signal was 
collected through a 50× long-working-distance objective. A cryostat 
(Cryo Industries of America, USA) was used to provide a vacuum 
environment and a continuous temperature from 5 to 300 K by 
liquid helium flow. Both ER scattering and PL measurements were 
performed using a single-grating mode with a grating (150 g/mm) 
in backscattered geometry. A series of laser lines, ranging from 454 
to 568 nm, were from a Kr+/Ar+ ion laser (Coherent Innova 70C 
Spectrum) and used to excite the sample. The absorbance measure-
ment was conducted on a spectrophotometer (Agilent Cary 5000). 
The polarized optical measurements were performed on another 
micro-Raman spectrometer (Horiba HR Evolution), and the signal 
was collected through a 100× objective with correction ring. The 
signals were dispersed with a grating (100 g/mm). A solid-state laser 
( = 473 nm) was used to excite the sample.

Magneto-PL measurements
The magneto-PL experiments were conducted in the National High 
Magnetic Field Laboratory. The magneto-optical experiments were 
performed on bulk crystal with a 14-T magnet in the Voigt geometry 
and a 17-T magnet in the Faraday geometry. A 488-nm continuous- 
wave laser was used to excite the sample. For the measurements in 
the Voigt geometry, the sample was vertically put inside the mag-
netic cell with the surface parallel to the applied magnetic field. A 
mirror was set between objective and sample with 45° to change the 
optical path by 90°. A 10× objective was used to focus the excitation 
laser onto the sample and also used to collect the PL signal, which 
subsequently past through a multimode optical fiber and was 
measured by a spectrometer with a charge-coupled device camera 
(Princeton Instruments, IsoPlane 320).

Theoretical calculations
Spin-polarized DFT calculations were carried out using the Vienna 
Ab Initio Simulation Package (49). Electron-ion interactions were 
described by projector augmented-wave pseudopotentials, and 
exchange-correlation interactions were captured by the generalized 
gradient approximation with the Perdew-Burke-Ernzerhof functional 
(50). To describe the strong electron correlation effects of localized 
Ni 3d orbitals in NiPS3, a simplified (rotationally invariant) DFT + Ueff 
approach (51) was adopted with an effective U parameter of 4.0 eV, 
a common value used in previous studies (6, 7, 9). The DFT-D3 
method was used for considering the vdW interactions between the 
layers (52). The lattice constants and atomic positions of bulk NiPS3 
were both relaxed until the residual forces were below 0.01 eV/Å, 
where the cutoff energy was set at 350 eV and the Γ-centered K-point 
mesh was 12 × 6 × 12. Initial magnetic moments of 4 or −4 were 
chosen for each Ni atom in the experimental zigzag antiferromag-
netic order.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl7707
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