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Two-dimensional (2D) semiconductors enable the investiga-
tion of light–matter interactions in low dimensions1,2. Yet, the 
study of elementary photoexcitations in 2D semiconductors 
with intrinsic magnetic order remains a challenge due to the 
lack of suitable materials3,4. Here, we report the observation 
of excitons coupled to zigzag antiferromagnetic order in the 
layered antiferromagnetic insulator NiPS3. The exciton exhib-
its a narrow photoluminescence linewidth of roughly 350 μeV 
with near-unity linear polarization. When we reduce the sam-
ple thickness from five to two layers, the photoluminescence 
is suppressed and eventually vanishes for the monolayer. 
This suppression is consistent with the calculated bandgap 
of NiPS3, which is highly indirect for both the bilayer and the 
monolayer5. Furthermore, we observe strong linear dichro-
ism (LD) over a broad spectral range. The optical anisotropy 
axes of LD and of photoluminescence are locked to the zigzag 
direction. Furthermore, their temperature dependence is rem-
iniscent of the in-plane magnetic susceptibility anisotropy. 
Hence, our results indicate that LD and photoluminescence 
could probe the symmetry breaking magnetic order parame-
ter of 2D magnetic materials. In addition, we observe over ten 
exciton-A1g-phonon bound states on the high-energy side of 
the exciton resonance, which we interpret as signs of a strong 
modulation of the ligand-to-metal charge-transfer energy by 
electron–lattice interactions. Our work establishes NiPS3 as 
a 2D platform for exploring magneto-exciton physics with 
strong correlations.

Excitons coupled to magnetic order have been studied in sev-
eral intrinsic magnetic insulators. For instance, in bulk crystals with 
Néel antiferromagnetic ordering, Davydov splitting resulting from 
the coupling of localized excitons in adjacent magnetic ions has 
been extensively studied6–9. Coupling of the electronic structure to 
magnetic order has also led to strong exciton–magnon coupling9,10 
and drastic tunability of excitonic photoluminescence (PL) by a 
magnetic field8. In quantum well structures, dilute magnetic semi-
conductors have served as a testbed for exploring magneto-exciton 
physics. Due to their low spin densities, however, these materials 
typically show weak inter-ion magnetic interactions and hence 
uncorrelated spins, posing fundamental limitations for studying 
physics and applications linked to intrinsic magnetic order10.

The recent emergence of two-dimensional van der Waals (vdW) 
magnets may provide a new quantum well platform with intrin-
sic magnetic order11,12. Indeed, localized excitons with spontane-
ous circularly polarized PL have been observed in ferromagnetic 
monolayer CrI3 and CrBr3 (refs. 4,13). The first-principles calcu-
lations for CrI3 suggest that the ground state exciton is dark and 
Frenkel type14. The Frenkel character of the ground state exciton 
makes it insensitive to layer thickness4, and thus not suitable for 
vdW engineering of exciton properties (for example, moiré exci-
tons). Furthermore, the PL linewidth of the ground state exciton is 
broad (roughly 150 meV), while narrow linewidth is desirable for 
magneto-optical physics. Last, there is little known about excitons 
in 2D antiferromagnets with Néel and zigzag type. There is no net 
magnetic moment in antiferromagnets, and the strong exchange 
interactions often require high magnetic fields to tune the magnetic 
order. Therefore, it is unknown how excitons are coupled to these 
antiferromagnetic orders at the atomically thin limit.

NiPS3 belongs to a class of transition metal phosphorous trichal-
cogenides (APX3, A:Fe, Mn, Ni and X:S, Se), which are vdW anti-
ferromagnetic insulators15–19. Within individual NiPS3 layers, Ni is 
arranged in a honeycomb lattice structure. The spins are aligned 
in the zigzag direction along the a axis, while the adjacent spin 
chains are anti-aligned (Fig. 1a), forming a zigzag antiferromag-
netic order. Neutron scattering suggests that the spins are mostly 
aligned in-plane with only a slight tilt out of plane19,20. The interlayer 
coupling between adjacent layers is ferromagnetic (Fig. 1a). On the 
basis of Raman scattering measurements, long-range magnetic 
order remains down to the bilayer, but is suppressed in monolay-
ers21. X-ray absorption studies suggest that NiPS3 is a charge-transfer 
antiferromagnetic insulator that exhibits strong correlation effects22.

We perform both PL and optical reflection spectroscopy mea-
surements on NiPS3 samples with varying thicknesses, down to a 
monolayer (Methods). Figure 1b is an optical microscope image of 
a representative sample with the layer numbers indicated in Fig. 1c.  
We first present linear polarization-resolved PL measurements of 
a thin bulk crystal. The horizontal and vertical axes are defined 
according to polarization-resolved Raman spectroscopy (Extended 
Data Fig. 1)21,23. Figure 1d shows the data at selected temperatures. 
Notably, at 15 K, a pronounced peak with a Lorentzian lineshape 
is observed at 840.5 nm (1.4753 eV); this is a signature of exciton 
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PL. The peak full-width at half-maximum is as narrow as 0.20 nm 
(350 µeV) (Fig. 1d), which is much narrower than the peak widths 
measured in 2D transition metal dichalcogenides encapsulated in 
hexagonal boron nitride24,25. Although the exact band edge of NiPS3 
and the exciton binding energy are unknown, the optical band-
gap has been identified at 1.8 eV (refs. 5,22). Figure 1e shows the PL 
intensity plot as a function of energy and time. By integrating the 
detected intensity over wavelength within the region of interest, we 
obtain the time trace of the PL in Fig. 1f. The fitting of the PL time 
trace with a monoexponential function yields exciton lifetime to be 
about 11 ps. This corresponds to an intrinsic linewidth of 30 μeV, 
smaller than the measured linewidth of about 350 μeV. This com-
parison shows that the narrow exciton PL linewidth is dominated 
by pure dephasing or inhomogeneous broadening.

As shown in Fig. 1d, the exciton PL is highly anisotropic with the 

degree of linear polarization, ρ ¼ I?�Ik
I?þIk

I

, approaching unity (0.96). 

Here, I|| (I⊥) is the peak intensity of horizontally (vertically) 
polarized PL. This observation provides an indication that the exci-
ton couples strongly to the zigzag antiferromagnetic order. Even 
though the three-fold rotational symmetry is already broken by the 
monoclinic layer stacking, the observed optical anisotropy is of a 
purely magnetic origin, as we will discuss below. We have also per-
formed polarization-dependent excitation and unpolarized detec-
tion measurements. These measurements show that PL has little 
dependence on the excitation polarization (Extended Data Fig. 2).

The strong exciton-magnetic order coupling is corroborated by 
the temperature-dependent PL (Extended Data Fig. 3). As tempera-
ture increases, the PL intensity drops while the peak width broad-
ens (Fig. 1d). Above 100 K, the exciton emission loses its Lorentzian 
lineshape and becomes increasingly broad as the temperature 
approaches the Néel temperature (TN), nearly vanishing above TN of 
150 K (ref. 15). Although thermal disassociation and phonon effects 
are the primary factors that influence the temperature-dependent 
PL linewidth and intensity, enhanced spin fluctuations and changes 
in the electronic structure near TN could contribute as well. There 
is also an overall concomitant red shift of the exciton peak as tem-
perature increases, consistent with the reduced bandgap from lattice 
warming effects. Notably, the PL remains strongly linearly polar-
ized up to about 70 K, but the degree of polarization decreases and 
eventually vanishes above TN (inset of Fig. 1d). The exciton linear 
polarization dependence on temperature resembles the in-plane 
magnetic susceptibility anisotropy, pointing to an intimate connec-
tion between the two (Extended Data Fig. 4).

Figure 2a shows the PL as a function of layer number at 15 K. 
The exciton luminescence can be clearly observed down to bilayer, 
but not appreciable in monolayers. Figure 2b shows the PL map-
ping of the sample area highlighted in Fig. 1b, where the seven- and 
four-layer regions are bright while the adjacent, thinner layers are 
barely visible. Furthermore, the PL peak blue shifts relative to the 
bulk PL peak as the layer number decreases (Fig. 2c). All these effects 
manifest most strongly in the transition from trilayer to bilayer.
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Fig. 1 | anisotropic antiferromagnetic excitons in thin bulk NiPS3 crystal. a, Schematic of zigzag antiferromagnetic order in a single layer of NiPS3 and of 
monoclinic stacking with ferromagnetic interlayer coupling in a bulk crystal. b, Optical microscope image of exfoliated samples. Scale bar, 10 μm. c, Atomic 
force microscopy image of the area enclosed by the dashed rectangle in b. Scale bar, 10 μm. Layer numbers are indicated. d, Linear polarization-resolved PL 
of a thin bulk NiPS3 excited with 633 nm light at selected temperatures. Blue and red data represent horizontally (H) and vertically (V) polarized detection. 
Inset: the degree of linear polarization as a function of temperature. Error bars were obtained from a Lorentzian fit of the PL signals. e, Raw streak camera 
image of time-resolved PL at 5 K. f, Integrated intensity time trace (red curve) of the area enclosed by the dashed lines in e. Blue curve is the measured 
instrument response function. The exciton lifetime of roughly 11 ps was extracted by fitting the time trace with a monoexponential function.
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The observation of thickness-dependent PL indicates 
layer-dependent electronic structures. We have performed a 
first-principles band-structure calculation from monolayer to 
six layers (Extended Data Fig. 5). The calculation shows that the 
valence band maximum lies between the Г and X points of the 
Brillouin zone. In trilayer and above, the conduction band mini-
mum (CBM) also lies in this region, although it rests closer to the 
Г point, making the interband transition indirect with a relatively 
small CBM-valence band maximum crystal momentum separa-
tion. By contrast, in bilayer and monolayer, the CBM moves to the 
Y point, drastically increasing the momentum separation of the 
indirect bandgap. Furthermore, the calculation shows an increased 
bandgap as the layer number decreases. Both of these theoretical fea-
tures are corroborated by our data. The increase in crystal momen-
tum separation of the interband transition explains the reduction 
in PL intensity with decreasing thickness, particularly going from 
trilayer to bilayer. The increased bandgap in thinner flakes explains 
the observed blue shift of the PL peaks. Our calculation is consistent 
with a recent prediction on layer-dependent electronic structure in 
NiPS3 (ref. 5). The observed, sensitive dependence of excitonic PL 
on the evolution of band structure versus layer number points to the 
Wannier-like character of the exciton wavefunction.

The PL linewidth broadens slightly from five-layer to trilayer but 
increases by a factor of ten from trilayer to bilayer. This sudden line-
width increase cannot be explained solely by an increased sensitivity 
to the substrate in the atomically thin limit. In fact, samples with 
and without hBN encapsulation do not show any appreciable dif-
ferences in the linewidth (Extended Data Fig. 6). We speculate that 

the enhanced spin fluctuations in the atomically thin limit26 may 
contribute to the linewidth broadening in bilayer.

The exciton PL in atomically thin flakes remains highly lin-
early polarized. We use a five-layer sample to illustrate this prop-
erty, due to its strong PL. Figure 3a shows the polarization-resolved 
PL (see Extended Data Fig. 6 for thinner samples). As in thin bulk 
crystals, the PL is polarized along the vertical axis with a near 
unity ρ, again pointing towards strong coupling of the exciton to 
the zigzag antiferromagnetic order (Fig. 3b). Figure 3c plots the 
temperature-dependent PL with vertically polarized detection (see 
Extended Data Fig. 7 for extracted linewidth and intensity). The 
peak intensity first reduces slowly as temperature increases, but 
then quickly drops as the temperature rises above 40 K and is barely 
visible above 100 K. The degree of linear polarization has similar 
temperature dependence (Fig. 3d). The exact cause of the disap-
pearance of the PL signal in the five-layer at a temperature lower 
than that in thin bulk crystal is not clear. The data show that, for 
atomically thin flakes, linearly polarized PL measurements can be 
used to study the zigzag antiferromagnetic order and the associ-
ated optical anisotropy, but they have a limitation in probing the 
temperature-dependent magnetic properties, especially near TN.

In addition to PL measurements, we perform linear 
polarization-resolved optical reflection measurements. We define 

linear dichroism (LD) as R?�Rk
R?þRk

I

, where R|| (R⊥) is the peak intensity 

of horizontally (vertically) polarized optical reflection. Figure 4a 
shows a broad LD spectrum from a thin bulk sample. The LD is 
clearly enhanced at charge-transfer exciton resonances (for example,  
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at 2.2 eV, ref. 22). In addition to these broad peaks, there is a sharp 
resonance at 838 nm (or 1.480 eV), about 5 meV above the aniso-
tropic exciton observed in the PL. The lineshape of the peak results 
from the combination of thin film interference and a nearby state 
with weaker anisotropy (Extended Data Fig. 8).

LD shares a similar temperature-dependent behaviour with the 
PL degree of polarization. As shown in the inset of Fig. 4a, LD first 
decreases slowly as the temperature increases, then drops drastically 
near TN and vanishes above it. In addition, the LD axis is along the 
same optical anisotropy axis as PL and Raman scattering (Extended 
Data Fig. 1). These results further support the fact that both LD and 
linearly polarized exciton PL originate from the zigzag antiferromag-
netic order, which breaks three-fold rotation symmetry (Extended 
Data Fig. 5). Both LD and PL also have little dependence on 
out-of-plane magnetic field up to 9 T, consistent with the strong anti-
ferromagnetic exchange interactions19,20 (Extended Data Fig. 9). Note 
that PL linear polarization is much larger than LD. This discrepancy 
is due to the fact that LD is measured on top of a strong unpolarized 
reflection background, while exciton PL is nearly background free.

On the high-energy side of the sharp exciton peak, there are over 
ten oscillation features with a period of about 28 meV (Fig. 4b).  
These features vanish on bare SiO2:Si substrate, which rules out 
artefacts from the experimental setup. Moreover, the oscillation 
period is independent of the sample thickness, precluding simple 
interference effects. Instead, these spectral structures are probably 

exciton–phonon bound states26,27. Such states have previously been 
observed in molecular crystals28. The energy separation between the 
exciton and the bound states is usually 10–20% smaller than the cor-
responding phonon energy26–29. By examining the Raman spectrum 
(Extended Data Fig. 1), we find the A1g phonon mode at 32 meV 
(258 cm−1) to be the most likely candidate bound to the exciton.

Compared to exciton–phonon bound states observed in various 
bulk crystals, there are several unique aspects of our observation. 
First, usually only one or up to a few exciton–phonon bound states 
are observed in reported systems26–28. Here, we observe over ten 
states, signifying an exceptionally strong exciton–phonon coupling. 
Furthermore, NiPS3 is a charge-transfer insulator where the nickel 
3d orbitals and sulfur p orbitals form a ligand field charge-transfer 
transition. The involved A1g phonon represents the out-of-plane 
motion of the S atoms (Fig. 4f). Such a motion would modify the 
S-Ni bond. Therefore, the data indicate that the A1g mode strongly 
modifies the charge-transfer energy, and thus the electronic struc-
ture of the crystal. This observation, as well as the strong thickness 
dependence of the PL intensity, indicates that the observed exciton 
is not a Frenkel exciton localized in the Ni2+ cation30,31.

Second, the exciton–phonon bound states can be observed 
down to the atomically thin limit. Figure 4c shows the LD spec-
tra versus the layer number. Excitons with associated A1g phonon 
bound states can be clearly resolved down to trilayers. However, 
the signal becomes too weak to resolve in bilayers and monolayers.  
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Note that the oscillation amplitude appears to be larger for 
higher-order bound states. This is consistent with the fact that 
higher-order bound states involve more phonons and thus larger 
anisotropy, yielding a larger LD signal than the lower-order ones.

Last, the exciton–phonon bound states strongly couple to the 
magnetic order. Figure 4d shows the LD intensity plot as a func-
tion of temperature and photon energy. The exciton–phonon bound 
states are evident below TN. The LD amplitude of the bound states 
decreases as the temperature increases. This observation is high-
lighted by the LD spectra at selected temperatures (Fig. 4e). The 
corresponding Fourier transform of the data is plotted in the inset. 
The oscillation amplitude vanishes above TN, consistent with the 
exciton’s strong coupling to the zigzag antiferromagnetic order. 
The oscillation frequency shows a slight blue shift as temperature 
increases, signifying the weakening of the exciton–phonon binding.

Our work reveals that NiPS3 hosts excitons that are highly aniso-
tropic with the optical anisotropy axis determined by the zigzag 
antiferromagnetic order. The demonstrated optical anisotropy mea-
surements thus provide a new optical means to study a broad class 
of rotational-symmetry-breaking antiferromagnetic orders in cor-
related materials, such as zigzag or stripe antiferromagnetism. These 
excitons also exhibit strong dependence on the layer number, which 
originates from layer-dependent electronic structure. Additionally, 
the exciton in NiPS3 is Wannier-like, which makes NiPS3 amenable 
to band-structure engineering via stacking into twisted homobi-
layers and moiré heterostructures with different vdW materials.  

We thus foresee that NiPS3 can be useful for engineering magnetic 
moiré excitons and exploring excitonic many-body quantum states. 
Last, exceptionally strong exciton–phonon coupling points to the 
possibility of strong exciton–magnon coupling as well as tuning 
magnetic order and correlated effects in NiPS3 via optical manipu-
lation of lattice degree of freedom.
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Methods
Crystal growth and sample fabrication. Single crystals of NiPS3 were synthesized 
by chemical vapour transport method using iodine as the transport agent. 
Stoichiometric amounts of nickel powder (99.998%), phosphorous powder (98.9%) 
and sulfur pieces (99.9995%) were mixed with iodine (1 mg cm−3) and sealed in 
quartz tubes (10 cm in length) under high vacuum. The tubes were placed in a 
horizontal one-zone tube furnace with the charge near the centre of the furnace. 
Sizeable crystals were obtained after gradually heating the precursor up to 950 °C, 
staying there for 1 week and then cooling down to room temperature. The crystals 
were then exfoliated onto (90 nm) SiO2:Si substrate in an Argon gas protected glove 
box. The layer thickness was identified by atomic force microscopy imaging in 
the glove box as well as by optical contrast analysis. To protect the samples from 
degrading in ambient conditions, the samples were sealed in a copper sample 
holder under a transparent cover slip inside the glove box before being transported 
and loaded into the cryostat. The total time the sealed sample spent outside of the 
glove box before the loading was usually less than 10 min.

PL and Raman measurement. A HeNe laser (633 nm) was used to excite the NiPS3 
sample, which was placed in a closed cycle cryostat with temperature range from 
5 to 300 K. Both PL and Raman measurements were polarization-resolved and 
collected by a spectrometer with a liquid nitrogen cooled CCD camera. A magnetic 
field up to 9 T was applied in Faraday geometry.

LD spectroscopy. The measurements were carried out in the reflection geometry. 
A supercontinuum laser with a filter set was used as a tuneable light source 
with a spectral resolution of 1 nm. The laser beam was double modulated by a 
photoelastic modulator with maximum half-wave retardance and a mechanical 
chopper. After phase modulation, the light passed through a half-waveplate, and 
then was focused down onto the sample at normal incidence with an objective lens. 
A laser power of 5 μW was used. The reflected light was detected by a photodiode, 
and further demodulated at 100 and 1 kHz, which corresponds to the photoelastic 
modulator linear polarization modulation and the chopper modulation frequency, 
respectively.

Band-structure calculation. The Quantum Espresso package32 was used to 
perform to the first-principles calculations by taking the Rappe–Rabe–Kaxiras–
Joannopoulos ultrasoft pseudoptentials for the semilocal Perdew–Burke–Ernzerhof 
generalized gradient approximation (GGA) and the vdW-D2 correction. The 
crystal structures were relaxed with the convergence threshold 10−4 Ry for total 
energy and 10−4 Ry per Bohr for force. The 6 × 3 × 1 Monkhorst–Pack grids were 
used to sample the k points during the self-consistency calculation for the ground 
state electron structure, which converges below the criterion 10−7 Ry for total 
energy. The electron correlation effect was taken into account by the GGA + U 
method by setting U = 6.45 eV (ref. 16).

Time-resolved PL measurements. Time-resolved PL measurements were 
conducted using a streak camera (Hamamatsu-C10910) synchronized with 
an oscillator (Coherent-Mira 900-F). Laser pulses from the oscillator with a 
central wavelength of 820 nm and temporal width of roughly 150 fs were used 
to pump a non-linear photonic crystal fibre (NKT Photonics-FemtoWhite 800) 
to generate supercontinuum pulses. Several bandpass filters were then used to 
centre the excitation bandwidth around 633 nm. The excitation was focused by 

an objective lens onto the sample, which was held at 5 K by a closed cycle cryostat 
(Attocube-Attodry 2100). The PL signal was spectrally and temporally dispersed 
within the streak camera and detected on the internal CCD. Since the measured 
instrument response function was substantially shorter than the PL time trace, 
the exciton lifetime was obtained by fitting the time trace with a monoexponential 
function.

Data availability
All other data that support the plots within this paper and other findings of this 
study are available from the corresponding author upon reasonable request. Source 
data are provided with this paper.
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Extended Data Fig. 1 | Polarization-resolved Raman spectroscopy, optical reflection and photoluminescence measurements of the same thin-bulk NiPS3 
flake. a, Co-linearly polarized Raman scattering (the XX channel). b, Raman spectra at 0°, 45°, and 90° of linear polarization. c, Polar plot of 178.3 cm−1, 
and d, 180.8 cm−1 Raman mode intensity as function of linear polarization angle. Data is taken at 15 K. e, Offset optical reflection at 633 nm as function 
of linear polarization angle. The positive lobes indicate the high reflection direction. f, Polar plot of photoluminescence intensity as a function of linear 
polarization detection angle. Near unity linearly polarized photoluminescence is observed along the vertical direction. Horizontal (H) and vertical (V) 
polarization direction is defined along 0° and 90° in this figure, respectively.
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Extended Data Fig. 2 | Photoluminescence as a function of excitation linear polarization angle. a, Photoluminescence intensity plot as a function of 
photon energy and excitation polarization. Detection is unpolarized. b, Polar plot of peak intensity vs excitation polarization.
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Extended Data Fig. 3 | temperature- and polarization-resolved photoluminescence from a bulk NiPS3 flake. The excitation laser is at 633 nm and 
vertically polarized. Photoluminescence intensity plot with a, vertically and b, horizontally polarized detection. The main excitonic peak is strongly linearly 
polarized. There are low energy and very weak photoluminescence features. These states are more visible in c, temperature dependent degree of linear 
polarization plot. The first three features have energy separation of about 10 ~ 12 meV, implying that the two low energy features are phonon replica of 
the exciton. The feature at 1.44 eV has stronger photoluminescence intensity than the first two while having opposite polarization, indicating that it has 
a different origin from the first two. We speculate that this state may arise from the electric dipole forbidden d-d transitions localized in the Ni2+. The 
identification of the exact origin of these states requires future efforts.
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Extended Data Fig. 4 | Comparison of temperature dependent exciton photoluminescence properties with in-plane magnetic susceptibility anisotropy 
Δχ. Δχ is the magnetic susceptibility difference between a and b axes of bulk crystal NiPS3, extracted from ref. 19. The photoluminescence measurements 
are done on the sample presented in Fig. 1e in the main text. a and b overlays Δχ (red) with degree of linear polarization (DOP, blue) and linear dichroism 
(LD, blue) as a function of temperature, respectively. The temperature dependent behavior of DOP and LD resembles that of Δχ, supporting the in-plane 
magnetic susceptibility anisotropy as their cause. Error bars for DOP were obtained from a Lorentzian fit of the PL signals. Temperature dependent c, 
photoluminescence intensity and d, full width at half maximum (FWHM). FWHM is not shown above 120 K as the peak shape was not suitable for fitting. 
Error bars in c and d signify the confidence bounds of a Lorentzian fit.
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Extended Data Fig. 5 | DFt calculated band structure and oscillator strength of inter-band optical transition. a–f, layer number dependent band 
structure. The rectangular unit cell and Brillouin zone have been exploited during the calculations. The k path for the band is along M-Y-Γ-X, where  
Γ = (0,0), X = (π/a,0),Y=(0, π/b), M = (π/a,π/b). The zero energy has been set to the conduction band minimum at Y point for comparison. The highest 
energy valence band is near the X point, indicated in the figure. We can see that while the lowest energy conduction band is at Y point in monolayer 
and bilayer, an energy minimum between Γ and X, indicated by the arrow in the trilayer band structure, appears as the layer number increases to 3 and 
above. Therefore, NiPS3 experiences a transition from indirect in monolayer and bilayer to less indirect bandgap in trilayer and above. This transition is 
likely responsible for the observed layer thickness dependent exciton photoluminescence, which manifest most strongly between trilayer and bilayer. 
g–i, Oscillator strength along the zigzag (a) and armchair (b) direction in the vicinity of the X point. We have averaged the oscillator strength over the 
quasi-degenerate bands near the band edges, that is, 1

32

P
v;c jhckjv̂jvkij

2

I
, where v runs over the 4 near degenerate valence bands and c runs over 8 nearly 

degenerate conduction bands. The unit of the averaged velocity matrix elements is (eV · Å)2. The large difference of the oscillator strength between 
zigzag and armchair, that is (zigzag-armchair)/(zigzag+armchair), represents highly anisotropic states due to the zigzag antiferromagnetic order. This is 
consistent with the observed exciton LD.
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Extended Data Fig. 6 | additional measurements of atomically thin samples. Polarization resolved photoluminescence spectra of a, bilayer and b, trilayer 
at 15 K. c, Comparison of the photoluminescence spectra with and without hBN encapsulation of a trilayer. There is no appreciable linewidth difference 
between the two. d, Temperature dependent linear dichroism of bilayer, trilayer, and thin bulk crystal. Error bars were obtained from a sinusoidal fit of the 
rotational LD measurements.
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Extended Data Fig. 7 | Comparison of temperature dependent optical properties of a five-layer sample with in-plane magnetic susceptibility anisotropy 
Δχ of bulk crystal NiPS3. a, Temperature dependent energy splitting ΔP of the 180 cm−1 Raman mode. ref. 21 shows that ΔP can be used to probe the 
zigzag antiferromagnetic order. Here, we compare ΔP with Δχ. Remarkably, both physical quantities share similar temperature dependent behavior. 
This comparison shows that ΔP originates from Δχ, and Δχ in five-layer sample is similar to that of the bulk crystal. Error bars were obtained from 
a Lorentzian fit of the Raman peaks. b, Temperature dependent degree of linear polarization (DOP) and linear dichroism (LD) overlaid with Δχ. Both 
DOP and LD resemble Δχ, although DOP are limited below 100 K due to the vanishing photoluminescence above 100 K. c, Temperature dependent 
photoluminescence intensity and d, full width at half maximum (FWHM). Error bars in figures c and d represent the confidence bounds of a Lorentzian fit. 
e, Photoluminescence spectra and their respective Lorentzian fits at select temperatures.
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Extended Data Fig. 8 | Polarization-resolved optical reflection and its connection to linear dichroism spectrum. a, Polarization dependent linear 
dichroism (LD) spectra. Black dashed line corresponds to LD presented in Fig. 4a (main text), which is obtained by the excitation along the vertical axis.  
b, Red and blue curves are vertically and horizontally polarized optical reflection spectra, overlaid with the LD spectrum (black curve). Two resonances are 
observed30. The low energy resonance near 1.4815 eV has much stronger polarization dependence than the one near 1.504 eV. The difference of these two 
peaks partially contribute to the observed LD lineshape.
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Extended Data Fig. 9 | Magnetic-field dependent photoluminescence and linear dichroism. a, Photoluminescence spectra of a five-layer sample at 
selected magnetic fields. b, Photoluminescence intensity plot of the same 5L sample as a function of magnetic field and photon energy. c, LD of a bulk 
crystal at selected magnetic fields. d, LD intensity plot as a function of magnetic fields and photon energy. All experiment data are taken at 15 K.
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