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Spin-induced linear polarization of
photoluminescence in antiferromagnetic
van der Waals crystals
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Qishuo Tan®?, Matthew Wilson®, Chun Hung Lui®, Dmitry Smirnov®?2, Sahar Sharifzadeh'*%” and
Xi Ling ®'48X

Antiferromagnets are promising components for spintronics due to their terahertz resonance, multilevel states and absence
of stray fields. However, the zero net magnetic moment of antiferromagnets makes the detection of the antiferromagnetic
order and the investigation of fundamental spin properties notoriously difficult. Here, we report an optical detection of Néel
vector orientation through an ultra-sharp photoluminescence in the van der Waals antiferromagnet NiPS, from bulk to atomi-
cally thin flakes. The strong correlation between spin flipping and electric dipole oscillator results in a linear polarization of the
sharp emission, which aligns perpendicular to the spin orientation in the crystal. By applying an in-plane magnetic field, we
achieve manipulation of the photoluminescence polarization. This correlation between emitted photons and spins in layered
magnets provides routes for investigating magneto-optics in two-dimensional materials, and hence opens a path for developing

opto-spintronic devices and antiferromagnet-based quantum information technologies.

has played a compelling role in revealing new physics of mag-
netism in the extreme nanoscale limit'~*. For example, the spin
orientation in two-dimensional (2D) ferromagnets can be detected
using the magneto-optical Kerr effect'” or spontaneous circularly
polarized photoluminescence (PL)*. Compared to ferromagnets,
however, studies of magneto-optics in 2D antiferromagnets are far
more difficult due to the lack of net magnetic moments™®, despite
their appealing nature for next-generation spintronic devices’"’.
Raman spectroscopy'*™* and second harmonic generation'®'” have
been applied to detect the presence of spin structure in 2D antifer-
romagnets, based on the expansion of the unit cell and the breaking
of the centrosymmetry of materials. Nevertheless, these methods
are not sufficient to provide fine information of spin properties in
2D antiferromagnets, such as the local Néel vector orientation'*-'°.
One promising strategy to investigate the spin properties in 2D
antiferromagnets is to leverage a coupling between spins and other
excitation elements, which do not rely on the stray fields of spins.
The monolayer NiPS; crystal has ahexagonal lattice structure with
three-fold rotational symmetry, and thus it is reasonable to expect it
to exhibit distinctive in-plane isotropic properties (Supplementary
Fig. 1a)'®". Such in-plane isotropy is largely retained in monoclinic
bulk NiPS, due to the weak interlayer coupling, though the inter-
layer stacking order in principle breaks the three-fold rotational
symmetry'>'. For instance, bulk NiPS, exhibits a similar isotropic
Raman response as do the monolayers'””. However, when NiP§,
transitions from the paramagnetic phase to the antiferromagnetic
phase across its Néel temperature (T, ~152 K), the spins are aligned
either in parallel or antiparallel along the in-plane a axis with a small

f ince the discovery of monolayer ferromagnets, magneto-optics

out-of-plane component, as shown in Fig. 1a (ref. *°). In each single
layer, both the spin orientation and the zigzag ferromagnetic chains
make the a axis different from the other two directions rotated by
+120°, and hence the three-fold rotational symmetry is broken. The
Neéel vector (that is, the antiferromagnetic vector) in the antiferro-
magnets is defined as L=M, - M,, where M, and M, represent two
oppositely aligned spins (Fig. 1b). As a consequence, the Néel vector
in NiPS,; also orients mainly along the a axis of the lattice.

Here, we report an observation of spin-correlated PL in
van der Waals (vdW) antiferromagnetic NiPS, from bulk to trilayer
flakes. The PL peak exhibits excellent monochromaticity with a
near-intrinsic linewidth (~330 peV at temperature T of ~5K) in the
near-infrared range (with photon energy of ~1.476eV). Notably,
the sharp emission shows a linear polarization correlated to the
Néel vector orientation of NiPS;, supported by the temperature-
and magnetic-field-dependent spectroscopic study. Such a spin-
correlated emission as that demonstrated in our study allows us to
expediently read the spin properties in the bulk and atomically thin
NiPS, flakes using steady-state spectroscopy, and provides concepts
in the design of opto-spintronics in 2D systems.

Ultra-sharp emission from antiferromagnetic NiPS,

Atomically thin NiPS; flakes are mechanically exfoliated from the
high-quality NiPS; bulk single crystals (Fig. 1c and Supplementary
Fig. 1). Figure 1d shows typical PL spectra of bulk and trilayer NiPS,
under 568nm continuous-wave laser excitation at a T of ~5K. A
distinctly sharp peak (labelled as X) is resolved at ~1.476 eV in the
spectra of both the bulk and trilayer samples. The trilayer PL energy
is only slightly (~0.8meV) higher than the bulk PL energy, and
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Fig. 1| Antiferromagnetic spin structure and sharp emission of NiPS.. a, Top view of spin structure of vdW antiferromagnet NiPS,. The crystal orientations
(a, b and c axes) are labelled by brown arrows. The spin orientation is mainly along the a axis of the crystal. b, Schematic illustration of the Néel vector,
defined as L=M, - M,, where M, and M, represent two oppositely aligned spins. €, Optical microscopy image of exfoliated NiPS; flakes on a silicon substrate
with a 285nm SiO, layer, where different colours represent the samples with different thicknesses. The trilayer flake is marked by the white dashed line,

and the inset is its height profile along the white solid line. d, PL spectra from the bulk and the trilayer NiPS, flake under 568 nm continuous-wave laser
excitation at 5K. The sharp PL peak is labelled as X. The inset shows a high-resolution spectrum of peak X with a FWHM of ~330 peV in bulk NiPS,.

both are close to the band gap energy (~1.5eV) of NiPS, (refs. '#*").
By contrast, such a sharp emission is absent in bilayer flakes
(Supplementary Fig. 2a). Here we focus on peak X, while other
peaks in close proximity are discussed in Supplementary Discussion
Sections 5 and 6. The intensity of peak X clearly decreases with
the increase of temperature and vanishes at T> 120K, which is
~30K lower than the Ty of NiPS; (Fig. 2a). Moreover, as the tem-
perature decreases from 120 to 20K, the integrated PL intensity
exhibits gradual variation (Fig. 2b). This behaviour of peak X is
distinct from most phenomena induced by a magnetic phase tran-
sition, which usually follow an exponential function and exhibit
a non-differentiable inflection point at Ty,'*'*. Our experimental
results imply that the disappearance of peak X at a high tempera-
ture is not directly caused by the magnetic phase transition. The
measured time-resolved decay curve of peak X, after deconvolu-
tion with the instrument response function, indicates an upper
bound of a lifetime of ~10ps (Supplementary Fig. 3d). As a com-
parison, peak X exhibits a full width at half maximum (FWHM)
of ~330peV, corresponding to a lower limit for a lifetime of ~2 ps.
Therefore, the lifetime of peak X is estimated to be on the order
of picoseconds.

As one of the appealing features of peak X, the exceptionally nar-
row linewidth raises concern over whether the emission originates
from isolated structural defects in the crystal (inset in Fig. 1d)*.
However, this possibility can be ruled out based on the linear depen-
dence of PL intensity on the excitation power up to 2.5mW (Fig. 2¢)*
and the emission homogeneity over several square micrometres of
area on flakes with the same thickness (Supplementary Fig. 3c)**.
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Particularly, we observed an absorption peak at ~1.480 eV, which is
close to PL peak X at ~1.476 eV (Fig. 2d). These two peaks exhibit
a similar temperature dependence, suggesting they share a simi-
lar origin (Supplementary Fig. 4). The noticeable absorption also
strongly excludes isolated defect states as the origin of the emission,
as the corresponding absorption is generally invisible due to the
limited density of states in crystals®.

In addition, our data reveals a correlation between the sharp
peak X with both the magnetic and electronic properties of NiPS,,
further suggesting that it stems from an intrinsic transition of the
material. First, the layer-dependent data show that the PL intensity
rapidly decreases with a reduction of layer number in the few-layer
region, and finally disappears in the bilayer sample (Supplementary
Fig. 2). The suppression of PL intensity in thin flakes could be the
consequence of the suppression of magnetic ordering, which has
been previously established'”. Second, peak X is located near the
absorption edge (~1.5eV) of NiPS,, suggesting that it is possibly
correlated to the band edge transition of the material. The calculated
electronic band structure, from density functional theory (DFT)
including a Hubbard U parameter on the Ni atoms, indicates an
indirect band gap of 1.55eV in bulk NiPS; (Supplementary Fig. 5).
The density of states shows that the low-lying conduction band is
mainly composed of Ni d-orbital electrons, while the high-lying
valence bands are predominantly S p-orbital electrons. Therefore, we
speculate that peak X originates from the transition involving these
two types of electrons in NiPS,. A recent investigation reporting a
similar phenomenon from NiP§; attributes the sharp emission to a
transition between a Zhang-Rice triplet and a Zhang-Rice singlet”’.
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Fig. 2 | Characterization of sharp peak X in NiPS;. a, Temperature-dependent PL colour map under 568 nm laser excitation. Two PL peaks (labelled X and
X,) are observed. The inset is the spectrum at 120 K. b, Extracted FWHM, peak position and integrated intensity of peak X as a function of temperature
under 568 nm excitation. ¢, Excitation-power-dependent intensity of peak X excited by a 568 nm laser. The slope of linear fitting indicates the linear
dependence of intensity on the excitation power in the range from 17 pW to 2.5 mW. d, Absorptance spectrum of bulk NiPS; at 5K. Two absorption peaks

located at the band edge are assigned to the X and X, peaks.

Such a transition represents a variation of the relative spins between
the holes in the Ni d orbital and S p orbital, that is, the relative spins
between the unpaired electrons in the Ni d orbital and S p orbital*”*,
aligning well with our speculation. However, it remains ambigu-
ous, but fundamentally important to understand, why an intrin-
sic transition can generate such a narrow emission at hundreds of
microelectronvolts. We consider that this feature is possibly a conse-
quence of the trapped states in the crystal due to a self-doping effect
(Supplementary Discussion Section 4).

Linearly polarized PL in the antiferromagnetic phase

More importantly, since NiPS; is a vdW crystal with intrinsic anti-
ferromagnetism, the observation of sharp emission provides an
excellent platform for studying magneto-optics in quasi-2D sys-
tems. Specifically, it is extremely intriguing to explore whether
peak X could couple to the spin structure in the material to a great
extent. To this end, we have measured the polarization-dependent
PL of NiPS; in two configurations (Supplementary Fig. 7). In the
first configuration, we rotate the incident laser polarization (P,,)
and measure the total PL intensity of peak X with a fixed collec-
tion polarization (P.,). We do not observe a clear dependence of
the PL on P,, (Fig. 3a). The isotropy of the PL intensity is due to the
weak anisotropy of optical absorption above the band gap energy.
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In the second configuration, we maintain the same excitation laser
polarization, while we measure the PL of peak X at different collec-
tion light polarization (P,,). Remarkably, we find that the measured
PL varies with P (Fig. 3a). The PL intensity reaches a maximum
(minimum) when P_; is perpendicular (parallel) to the a axis, which
is determined by selected-area electron diffraction (Supplementary
Fig. 8). From the bulk down to samples of a few layers, a similar
phenomenon is observed and the PL intensity can be fitted by a
sinusoidal function: I(8) =1I,+ I;sin’f, where @ is the angle between
the PL polarization and the a axis of NiPS,, and I, and I, are fitting
constants (dashed lines in Fig. 3a and Supplementary Fig. 9).

To investigate the origin of the linear polarization, we first con-
duct the temperature-dependent PL polarization measurement
(Fig. 3b). We define the PL linear polarization degree, p=(I,-1I,)/
(I,+1,), where I, (I,) is the PL peak intensity when P, is parallel
to the a axis (b axis). We find that p is ~70% at T< 70K, and drops
with increasing temperature (Fig. 3¢c). The temperature-dependent

2
PL polarization degree is fitted well by p (T) ~ ‘1 - T—TN‘ ", where

Ppy is a critical exponent indicating the decay trend near the phase
transition temperature”. We obtain S, =0.26+0.05, which is in
good agreement with the similar exponent f=0.23-0.26 for the
temperature-dependent magnetic intensity in 2D XY type systems**’".
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Fig. 3 | Spin-induced linear polarization of PL and absorption anisotropy in NiPS.. a, PL intensity as a function of the incident laser polarization (blue) and
collection polarization (red) at 5K. The crystal orientations (a and b axes) and Néel vector orientation have been labelled by thin black and thick orange
arrows, respectively. b, Temperature-dependent PL spectra under 568 nm excitation in two polarization configurations, where the collection light polarization
are parallel to the b and a axes, respectively. The inset shows the linear polarization of peak X at 5K. ¢, PL polarization degree (p=(l,-1,)/(,+1,)) as a
function of temperature. The dashed line is the fitting using the formula, p (T) ~ |1 — % ‘ ﬂPL, where f, =0.26 +0.05. d, Schematic illustration of the origin
of the linear polarization of peak X. The spin flipping from the red to the blue thick arrow along x activates an electric dipole oscillation in the y-z plane, which
generates circular polarized photons along the x direction and linear polarized photons along the z direction. e, Temperature-dependent absorptance spectra

of the NiPS; bulk crystal in two polarization configurations, where the light polarizations are parallel to the ? and a axes, respectively. f, LD (LD=(A,-A,)/
(A, +A,)) as a function of temperature. The dashed line is the fitting using the formula, LD (T) ~ |1 - % | Ao \where Bo=0.28+0.04. The blue and red
areas in ¢ and f represent the antiferromagnetic (AFM) and the paramagnetic (PM) phases, respectively.

This agreement suggests that the linear polarization of peak X in
NiPS, arises from the ordered spins.

As shown in Fig. la, the anisotropic spin structure of NiPS,; is
mainly controlled by two factors—Néel vector orientation and fer-
romagnetic spin chain direction, which are both along the a axis. A
fundamental question is which one gives rise to the linear polariza-
tion of peak X. As peak X is reported to originate from the transition
between a Zhang-Rice triplet and a Zhang-Rice singlet, the relative
spin orientation of the unpaired electrons in the Ni d orbital and S p
orbital changes from being the same direction to opposite directions
during the transition”. Since the initial spins of unpaired electrons
are known to be along the a axis of the crystal, the spin flipping
causes a spin quantum number difference, AS, along the a axis.
Therefore, the generated electric dipole should be rotating in the
plane perpendicular to the a axis, and thus an emitted photon car-
ries an angular momentum, J, along the a axis to conserve the total
quantum number in this direction. Meanwhile, this electric dipole
will emit photons in the equatorial plane with a linear polarization
perpendicular to the polar direction (Fig. 3d). As a result, in our
case of NiPS;, peak X exhibits a linear polarization perpendicular to
the Néel vector when we collect the signal along the surface normal.
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In the presence of spin—photon coupling, it is of great importance
to investigate the magneto-optical properties of NiPS, across the Ty
of ~152 K. Unfortunately, peak X vanishes at a characteristic temper-
ature of ~120 K, which is ~30 K below the Ty. Nevertheless, the opti-
cal absorption of NiPS; also exhibits clear anisotropy near the band
edge (~1.5eV) in the antiferromagnetic phase (Fig. 3¢). The linear
dichroism (LD) of NiPS, is obtained by the formula LD=(A,-A4,)/
(A,+A,), where A, (A,) is the absorptance when the polarization
of the incident white light is parallel to the a axis (b axis; Fig. 3f).
LD stays around 12% when T<70K and dramatically decays with
increasing temperature. Moreover, LD reaches a minimum around
Ty, suggesting that the anisotropy of the absorption arises from
the anisotropic spin structure. The temperature-dependent LD is

2
fitted by LD (T) ~ ‘1 — T%’ " where Pip=0.28 £0.04 matches

well with g, and the reported f in the other 2D XY type spin sys-
tems**>. Magnetic LD is a common phenomenon in many fer-
romagnetic and antiferromagnetic materials with spins aligning
in-plane”. Due to the magneto-optical effect, the optical absorption
coefficient changes for different light polarizations. Consequently,
the electric field of transmitted and reflected light is suppressed
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Fig. 4 | Magnetic manipulation of PL polarization in the Voigt geometry. a, lllustration of rotating linear polarization of peak X in an applied in-plane
field. The solid orange, solid blue and hollow black arrows represent the Néel vector (L), electric dipole oscillator (E) and applied field (B), respectively.

b, Illustrated diagram of the initial alignments of spins (thick blue and red arrows) and Néel vectors (thick orange arrows) in two samples. The crystal
orientations (that is, the a axis) of two bulk NiPS; samples (S, and S,) are 120° from each other. ¢, Integrated PL intensity of peak X as a function of
collection polarization angle on S; and S, at different magnetic fields (B=0, 9,10.5 and 12 T). d, PL polarization angles of sample S, and S, as a function of
the in-plane magnetic field. The black dashed lines are the possible zigzag spin chain directions. e, Polarization degree, p=(l,-1,)/(l,+1,), as a function of
the applied magnetic field for S, and S,. The results show a magnetic phase transition around B=10.5T.

along the spin orientation, resulting in a weak polarization for depo-
larized light or a Voigt effect for linearly polarized light*. The mag-
netic LD near the band edge and PL linear polarization observed in
NiPS,; crystals indicate that the spin structure strongly regulates the
optical transition. A magnetic LD of ~12% in NiPS; is rather strong,
compared to that in common magnetic materials, where the mag-
netic LD is typically smaller than 1% (refs. *>**). In particular, peak
X features an even larger polarization degree of ~70%, suggesting a
strong coupling to spins. Additionally, the PL spectra in the range of
1.35-1.5eV show distinct polarized character at different emission
energies, in stark opposition to the idea that the linear polarization
of PL peaks stems from the anisotropic reabsorption of the material
(Supplementary Fig. 10).

Magnetic manipulation of emitted photons

Although the temperature-dependent study provides remarkable
evidence that the linear polarization of peak X arises from the spin
structure, the underlying mechanism of the coupling between the

268

transition and spin is still controversial®’. In particular, the fact that
the ferromagnetic spin chain and the Néel vector align along the
same direction (that is, the a axis) leads to difficulty identifying their
contributions to the polarization of peak X experimentally. Based
on the XY nature of spins in NiPS; at low temperatures, one strategy
to avoid this complication is to apply an in-plane field to rotate the
Néel vector away from the spin chain direction”. As shown in the
model we proposed, when the Néel vector rotates in the a-b plane,
the spin flipping should result in a AS along the new direction of the
Néel vector, which is away from the a axis (Fig. 4a). Meanwhile, the
generated dipole oscillator remains perpendicular to the AS vector.
Therefore, the polarization of peak X also rotates away from the b
axis, with the same angle as the Néel vector rotation. We conduct a
magneto-optical study on NiPS, in the Voigt geometry. We mount
two bulk NiPS, samples (labelled S, and S,) inside a magnetic cell.
Their crystal orientations (that is, the a axis) are rotated by 120°
relative to each other (Fig. 4b). As a result, the PL polarization of
peak X from samples S, and S, is off by 120° at zero applied magnetic
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field (Fig. 4c), consistent with our results in Fig. 3a. Then, we apply
an in-plane magnetic field (B) up to 14 T and conduct the polarized
PL measurements (Fig. 4c). Remarkably, we achieve the manipula-
tion of the polarization of the sharp emission. The polarization of
peak X from S, shows a clear rotation with respect to that of S, when
the magnetic field increases and finally orients in the same direction
as the PL polarization from S, at B=14T. The result provides unam-
biguous evidence that the polarization peak X is determined by the
spin structures, rather than by the weak crystalline anisotropy from
the layer stacking.

We compare the PL polarization angles for samples S, and S, at
different B fields (Fig. 4d). The difference between the PL polar-
ization angles of two samples continuously varies when the applied
field increases over the ranges of ~0-10T and ~11-14T, and dra-
matically changes at B=~10.5T. Since the ferromagnetic spin
chain can only align along the zigzag directions of the crystal,
the hexagonal lattice structure of NiPS, limits the minimum rota-
tion of the spin chain to 60°, which is labelled as horizontal black
dashed lines in Fig. 4d. By contrast, the Néel vector in NiPS; is able
to align along any directions in the plane, as we observed in the
experiments, due to its XY behaviour at low temperatures'”. We also
notice that if the spin chains could rotate with a step of 60° in small
magnetic domains, a collective effect in the region of the laser spot
would also result in a continuous rotation of PL polarization due
to an increasing percentage of domain areas with a changed spin
chain. However, this possibility cannot be achieved, since such an
intermediate phase containing multiple spin chain states would
cause a reduction of the polarization degree, which contradicts the
unchanged polarization degree of S, from 0 to 9T observed in our
measurements (Fig. 4e). The sudden drop of the polarization degree
at ~10.5T indicates a field-induced magnetic phase transition from
an antiferromagnetic state to another antiferromagnetic state, simi-
lar to the case in MnPS; (refs. ***). Therefore, our magneto-optical
measurements provide unambiguous evidence that the polarization
of peak X is determined by the Néel vector direction instead of the
spin chain direction in NiPS;.

Conclusion

Benefiting from the spin-correlated emission in NiPS,, the Néel
vector orientation can be optically detected as perpendicular to
the PL polarization. Even though the manipulation of the PL
polarization was only demonstrated in bulk NiPS,, we anticipate
similar results with few-layer flakes, in which the linearly polar-
ized emission has also been demonstrated (Supplementary Fig. 9).
Our report on the spin-correlated PL in the vdW antiferromag-
net NiPS, will greatly advance future fundamental research in
magnetism and magneto-optics. Most existing optical spin-probe
techniques for antiferromagnets are technically difficult to con-
duct and not suitable for ultrathin samples, since they require
an ultrafast laser to induce the thermal or magnetic perturba-
tion***, and the amplitudes of the signals are proportional to the
thickness of the samples™”. By contrast, the spin-induced polar-
ization of PL demonstrated here using a steady-state microspec-
troscopy method offers an easy, fast, nondestructive strategy to
determine the Néel vector orientation and investigate the spin
properties of atomically thin antiferromagnets. We anticipate that
this mechanism of spin-photon coupling will stimulate future
theoretical and experimental studies in the field, promoting the
development of opto-spintronic devices and magnetic quantum
information technology.
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Methods

Sample preparation. NiPS, single crystals were grown using a chemical

vapour transport method'®. A stoichiometric amount of high-purity elements
(mole ratio Ni/P/S=1:1:3, ~1 g in total) and iodine (~10—20mg) as a transport
agent were sealed into a quartz ampule and kept in a two-zone furnace
(650—600°C). The length of the quartz ampule was about 16 cm with a 13 mm
external diameter. The pressure inside the ampule was pumped down to
1x10~*torr. After 1 week of heating, the ampule was cooled to room temperature,
with bulk crystals appearing in the lower temperature end. The purity of the
synthesized sample was confirmed by a series of characterizations. The powder
X-ray diffraction data were collected on a Bruker D8 Discover diffractometer with
Cu K, radiation of wavelength 2 =1.5418 A at 40kV and 40 mA. Elemental analysis
experiments were conducted using energy dispersive spectroscopy attached to

a field emission scanning electron microscope (Zeiss Supra 55). Transmission
electron microscopy measurements were performed on a FEI Tecnai Osiris
transmission electron microscope, operating at a 200keV accelerating voltage.
Selected-area electron diffraction was measured on a JEOL 2100 transmission
electron microscope. The selected-area electron diffraction simulation was
performed through STEM_CELL software.

Few-layer NiPS; flakes were prepared on Si substrates with a 285nm SiO,
layer by mechanical exfoliation from a bulk single crystal. The morphology and
thickness of the exfoliated flakes were characterized using optical microscopy
(Nikon DS-Ri2) and atomic force microscopy (Bruker Dimension 3000) in a
tapping mode.

Raman scattering, PL and absorptance spectroscopy. Optical measurements
were carried out on a micro-Raman spectrometer (Horiba-JY T64000), and
the signal was collected through a x50 long-working-distance objective.

A cryostat (Cryo Industry of America) was used to provide a vacuum
environment and a continuous temperature from 5 to 300K by liquid helium
flow. The Raman scattering measurement was performed using a triple-grating
mode with 1,800 gmm gratings, and a 568 nm laser line from a Kr*/Ar* ion
laser (Coherent Innova 70C Spectrum) was used to excite the sample. Micro-PL
and micro-absorption measurements were carried out using a single-grating
mode. For PL, 458 and 568 nm laser lines from the Kr*/Ar* ion laser were used
to excite the sample. The backscattered signal was dispersed with a 150 gmm™!
or 1,800 gmm grating. A stabilized tungsten-halogen white-light source
(SLS201L, Thorlabs) was used to irradiate the bulk sample from the bottom

in the micro-absorption measurements. The signal from an effective area
~5pm in diameter was collected. The absorptance spectra were determined

by A(A) =1-Tr(4)/Try(4), where Tr(Tr,) is the intensity of light transmitted
through the sample (substrate).

Polarization-dependent PL and magneto-PL measurement. The
polarization-dependent PL and magneto-PL experiments were performed in

the National High Magnetic Field Lab. In the polarization-dependent PL
measurement, a 488 nm laser was used to excite the bulk crystal and exfoliated
flakes. A x50 long-working-distance objective was used to focus the excitation
onto the sample and collect the PL signal. The magneto-optical experiments were
performed with a 14 T d.c. magnet on the bulk crystal. A 532 nm continuous-wave
laser was used to excite the sample. The sample was positioned vertically inside
the magnetic cell with the surface parallel to the applied magnetic field. A

mirror was set between the objective and sample with an angle of 45° to change
the optical path by 90°. A X10 objective was used to focus the excitation onto

the sample and collect the PL signal. For both the polarization-dependent

and magnetic-field-dependent experiments, the PL signal was filtered by an
analyser, subsequently collected by a multi-mode optical fibre and measured by

a spectrometer with a charge-coupled device camera (Princeton Instruments,
IsoPlane 320).

Time-resolved PL measurement. The time-resolved PL experiment was
conducted using a time-correlated single photon counting technique. The
excitation laser pulses came from an oscillator (Light Conversion, Pharos) with
1,030 nm output wavelength, 80 MHz repetition rate and 90 fs pulse duration. The
second harmonic (515 nm wavelength) of the laser was used to excite the samples.
The PL signal was spectrally dispersed and filtered by a grating monochromator
before detection by a photodiode.

DFT calculations. DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP)*’~*". We utilized the local density approximation
with a Hubbard U parameter of 4.0 eV on each nickel atom*""' to describe

the correlated behaviour of the d electrons, using the simplified, rotationally
invariant Dudarev approach implemented in VASP*. Projector augmented
wave potentials describe the core and nuclei of atoms, with 10, 5 and 6
electrons treated explicitly for Ni, P and S, respectively***. The k-point mesh
for self-consistent field and structural optimization was 4 X 7 X 5, sufficient

to converge the total energy to 1 meV per atom. Additionally, for structural
optimization we used a cut-off energy for the planewave basis set of 470 eV and
a threshold of 1 meV A~ for all forces. To determine the magnetic state of the
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NiPS,, we initialized the system with two types of antiferromagnetic and one
ferromagnetic state, with an initial magnetic moment of 3.0 or —3.0 assigned
to each nickel atom, and determined the lowest energy structure. In agreement
with previous studies, we found that antiferromagnetically coupled ‘zigzag’
stripes of aligned spins, described in Fig. 1a, were the lowest energy structure®.
The other structures considered were a ferromagnetic configuration and an
antiferromagnetic configuration in which spins alternated between nearest
neighbours.

To calculate the band structure and density of states, we used a k path
between 12 high-symmetry points in the Brillouin zone** with 10 k points along
each segment (or 20, when considering spin-orbit coupling). We checked the
effect of spin-orbit coupling by performing non-collinear magnetic structure
calculations in VASP* starting from both the DFT relaxed geometry and the
lattice parameters from experiment. In both cases, spin-orbit coupling resulted
in narrow band splitting (<0.01 eV) in some segments of the valance and
conduction bands.

Data availability
Source data are provided with this paper. All other data that support results in this
article are available from the corresponding authors on reasonable request.
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