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Magnetically propagating Hund’s exciton in
van der Waals antiferromagnet NiPS3

W. He 1 , Y. Shen 1, K. Wohlfeld 2, J. Sears1, J. Li3, J. Pelliciari 3,
M. Walicki 2, S. Johnston4,5, E. Baldini 6, V. Bisogni 3, M. Mitrano 7 &
M. P. M. Dean 1

Magnetic van der Waals (vdW) materials have opened new frontiers for rea-
lizing novel many-body phenomena. Recently NiPS3 has received intense
interest since it hosts an excitonic quasiparticle whose properties appear to be
intimately linked to themagnetic state of the lattice. Despite extensive studies,
the electronic character, mobility, and magnetic interactions of the exciton
remain unresolved. Here we address these issues by measuring NiPS3 with
ultra-high energy resolution resonant inelastic x-ray scattering (RIXS). We find
that Hund’s exchange interactions are primarily responsible for the energy of
formation of the exciton. Measuring the dispersion of the Hund’s exciton
reveals that it propagates in a way that is analogous to a double-magnon. We
trace this unique behavior to fundamental similarities between the NiPS3
exciton hopping and spin exchange processes, underlining the unique mag-
netic characteristics of this novel quasiparticle.

Two-dimensional (2D) vdW materials provide an ideal platform for
combining strong electronic correlations, low-dimensional magnet-
ism, and weak dielectric screening to realize novel electronic quasi-
particles and functionality1–3. Recent years have seen the
identification of excitons in a host of closely related vdWcompounds
such as NiPS3, CrSBr, NiI2, and MnPS3

4–7. Within this family, the NiPS3
exciton exhibits several fascinating properties, including strong
interactions between the exciton lifetime and magnetic order4,
thickness-dependent properties in the few-layer-limit8–10, coupling
between magnetism and exciton polarization8,11,12, and unconven-
tional exciton-drivenmetallic behavior13. These observations suggest
that excitons in magnetic vdW materials such as NiPS3 might have
fundamentally different character from other types of excitons, such
as the Frenkel, Wannier, and Hubbard varieties. Frenkel and Wannier
excitons form via Coulomb interactions between electrons and holes
in different Bloch states and propagate according to the detailed
form of the band-structure and electron-hole attraction14. Hubbard
excitons, on the other hand, form from strongly correlated many-

body states, and their propagation is expected to involve the scat-
tering of spin waves15,16.

In previous works, the NiPS3 exciton has been described as a
“Zhang-Rice”mode4. This terminology derives from studies of cuprate
superconductors, and refers to a specific form of hybridized wave-
functions that have one hole on the transition metal (Ni) site and one
hole on the ligand (S) site and describes the “Zhang-Rice exciton” as a
transition from a high-spin triplet to a low-spin singlet17. However, the
way the exciton changes with applied magnetic field has been argued
to be incompatible with this picture18. A Zhang-Rice scenario also does
not address why the exciton has such a narrow linewidth8,11,19. The
unsettled and possibly unconventional exciton electronic character
suggests that the exciton may also propagate in an exotic manner
different to regular excitons, but, to date, this has never been mea-
sured.Here, we use ultra-high energy resolutionRIXS to directlydetect
the NiPS3 exciton momentum dispersion and discover it propagates
magnetically in a similar way to the double-magnon excitation.
Through detailed analysis of the exciton wavefunction, we further
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reveal the different interactions involved in its formation and establish
that its primary character is that of a Hund’s exciton, distinct from the
Zhang-Rice and other scenarios.

Results
Electronic character of the exciton
We start by measuring the incident energy dependence of the Ni L3-
edge RIXS spectrum of NiPS3 to identify the different spectral features
present (see Fig. 1a and Methods). The most intense peaks centered
around 1.0, 1.1, and 1.7 eV energy loss are dd excitations in which
electrons transition between different Ni 3d orbitals. A remarkably
sharp (almost resolution limited) peak is apparent at an energy loss
matching the known energy of the exciton at 1.47 eV. This excitation
resonates strongly at 853.4 eV and is well separated from other dd and
the higher energy charge-transfer excitations. We identify this feature
as the NiPS3 exciton, consistent with previous reports4.

To facilitate our understanding of the exciton and its interplay
with magnetism, we constructed an effective NiS6 cluster model
representing NiPS3 (See Supplementary Note 1a). Our model includes
Coulomb repulsion, Hund’s coupling, crystal field, and Ni-S and S-S
hopping. As explained in the Methods section, the rich spectrum,
including the detailed splitting of the two dd-excitations at 1.0 and

1.1 eV allows us to obtain a well-constrained model Hamiltonian for
NiPS3 (see Fig. 1b, c, SupplementaryNote 1b, andSupplementary Fig. 2).

To better understand the nature of the exciton, we plot several
expectation values describing the NiPS3 wavefunction in Fig. 1d–f,
which reveal that NiPS3 has dominant Hund’s rather than Zhang-Rice
character. The plotted expectation values include the hole occupa-
tions of theNi 3d and ligandorbitals and theweights of thed8,d9L, and
d10L2 configurations (L stands for a ligand hole) that make up each
state. We also calculate the expectation values for the total spin
operator squared Ŝ

2
, which, for two holes, has a maximum value of

S(S + 1) = 2. The ground state is close to this pure high spin state; while
the spin is strongly reduced in the exciton. We therefore confirm that
the exciton is dominantly a triplet-singlet excitation. In the Zhang-Rice
scenario, the leading character of the ground state would be d9L. The
dominant component is, in fact, d8 revealing that the state has domi-
nant Hund’s character.

The ground state and the exciton wavefunctions obtained from
our model are illustrated in Fig. 1g, h and are described in detail in
Supplementary Note 2. We see that substantial charge redistribution
occurs during exciton formation, which is partly crystal field andpartly
a Ni-S charge transfer in nature (see Fig. 1d, e). As explained later in the
discussion section, the fact that the ground states have dominant Ni

Fig. 1 | Electronic character of the NiPS3 exciton. a RIXS intensity map as a
function of incident photon energy through the Ni L3 resonance. The exciton is
visible at an energy loss of 1.47 eV and reaches a maximum intensity at an incident
energy of 853.4 eV. These data were taken at 40 K with π-polarized x-rays incident
on the sample at θ = 22. 6∘ and scattered to 2Θ = 150∘. b RIXS calculations for NiPS3
that capture the energy and resonant profile of the dd-transitions and exciton in
the material. c Calculated unbroadened RIXS intensity (vertical lines) and broa-
dened RIXS spectra (solid curve) at the main resonant incident energy of the
excitonpeak (i.e., Ei = 853.4 eV).d–fDescription of the ground and excited states in
NiPS3.d shows theholeoccupationsofNi 3d (denotedbyd) and ligand (denotedby
L) orbitals. e displays probabilities of having d8, d9L, and d10L2 configurations.

f gives the expectation value of the total spin operator squared hŜ2i. The orange
(green) vertical lines ind–f indicate the energy for the double-magnons (excitons).
g,hWavefunction illustrations extracted fromb forg the exciton andh the ground
state. The size of each orbital (3d for the central Ni site and 3p for the six neigh-
boring S sites) is proportional to its hole occupation. The color represents the
expectation value of the spin operator along the z axis hŜzi, again calculated
separately for theNi andS states. Therefore, the change in spin state and thepartial
transfer of holes involved in the exciton transition is encoded in the change in color
and size of orbitals, respectively. We represent the ground state by only the down-
spin configuration, omitting the up-spin and spin-zero elements of the triplet.
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character (rather than dominant Zhang-Rice character) plays a leading
role in the energy for exciton formation.

Exciton dispersion
Having clarified the character of the exciton, we study its propagation
by tuning the incident x-ray energy to the exciton resonance at 853.4 eV
and mapping out the in-plane dispersion with high energy resolution
(Fig. 2a, b). The twohigh-symmetry in-plane reciprocal spacedirections
both exhibit a small upward dispersion away from the Brillouin zone
center with similar bandwidths of ~ 15meV. This non-zero dispersion
suggests that the exciton excites low-energy quasiparticles as it pro-
pagates through the lattice. We consequently mapped out the low
energy excitations in Fig. 2c, d. The strongest feature is the magnon,
which was found to be consistent with the prediction based on prior
inelastic neutron scattering measurements20,21 (the white line, see
Methods). Intriguingly, we also found another broad low-energy dis-
persive feature at an energy scale roughly twice as large as themagnon
peak (the orange dots in Fig. 2c, d). As we justify in detail later, the
observed low-energy feature, in fact, corresponds to “double-magnon”
excitations, which is a process in which two spins are flipped on each
sitemaking up the excitation to create a pair ofmagnonswith the same
spin. By fitting the exciton and double-magnon energy, we see that
these two excitations show similar dispersion despite their drastically
different energy scales (Fig. 2e, f), indicating that the exciton propa-
gates in away that is similar to the double-magnon. Since the dispersive
effects are subtle, we confirmed the calibration of the spectra by ver-
ifying that the magnon energy exactly reproduces the dispersion
obtained in prior inelastic neutron scattering experiments20,21. We
similarly confirmed that the Brillouin zone center exciton energy is
consistent with values from optical measurements4,8,11.

Temperature dependence
To substantiate the identity of the lowenergy excitationsweobserve in
NiPS3, we need to consider the RIXS cross-section. Since RIXS is a

photon-in photon-out scattering process with each photon carrying
one unit of angular momentum, it can couple to processes involving
either zero, one, or two spin flips22–26. While the spin-flip processes are
necessarily magnetic, the zero spin flip process can either correspond
to a phonon or to a so called “bi-magnon” in which two magnons with
opposite spins are created on neighboring sites to make an excitation
with a net spin of zero. The most straightforward way to distinguish
magnetic and non-magnetic excitations is to measure the dispersion
above the Néel order temperature of TN = 159 K, as presented in Fig. 3.
Above TN the exciton remains visible, but it becomes weaker andmore
diffuse compared to the data at 40 K (see Fig. 3a and the linecuts in
Supplementary Fig. 10). Consequently, no dispersion is detectable.
The double-magnon peak that was observed at 40 K is replaced by a
diffuse, over-damped tail of intensity, contrary to what would be
expected for a phonon and corroborating its magnetic origin (see
Fig. 3b and the linecuts in Supplementary Fig. 9). The residual intensity
arises fromshort-range spinfluctuations,which areexpected topersist
well above TN in quasi-2Dmagnets as long as the thermal energy scale
is well below the energy scale of the magnetic interactions27. We also
note thatoptical phonons in the 70–100meV energy range inNiPS3 are
known to be minimally-dispersive28, which again suggests a magnetic
origin.

Identifying double-magnons through their resonant profile
Having established amagnetic origin for the dispersion, we can use the
energy-dependent resonant profile of RIXS to distinguish different
magnetic processes and substantiate our assignmentof the low-energy
feature as the double-magnon. Figure 4a plots the energy dependence
of the measured double-magnon feature alongside the magnon and
the exciton. We compare this with calculations of the RIXS cross-
section based on our model in Fig. 4b, which includes processes
involving zero, one, and two spin flips denoted by ΔmS =0, 1, and 2,
respectively, as well as coupling to the exciton. ΔmS = 0 reflects the
cross section for either elastic scattering or a bi-magnon, ΔmS = 1

Fig. 2 | Low temperature exciton dispersion and comparison with double-
magnons. a,bRIXS intensitymaps asa functionof theH andK in-planemomentum
transfer, respectively, with an energy window chosen to isolate the exciton dis-
persion. The overlaid green squares mark the peak positions of the exciton. c and
d show the low energy dispersion at equivalent momenta with the observed
inelastic feature, including magnons (white lines) and double-magnons (orange
circles). e and f show that the exciton and double-magnon have similar dispersion

with an energy offset of ~ 1.4 eV. All themeasurements were taken at T = 40 K using
π-polarized incident x-rays at an incident energy of 853.4 eV corresponding to the
exciton resonance.The asterisks ine and fdenote the reported exciton energy from
optical measurements4,8,11 with error bars from our instrument energy calibration
(one standard deviation). All other error bars are 1-σ confidence intervals evaluated
from the fitting as explained in the Methods. Detailed linecuts showing the fitting
are provided in Supplementary Figs. 3–5.

Article https://doi.org/10.1038/s41467-024-47852-x

Nature Communications |         (2024) 15:3496 3



corresponds to a magnon, and ΔmS = 2 corresponds to the double-
magnon. Notably, since the double-magnon involves an exchange of
two units of spin angular momentum, RIXS is especially suitable for
detecting this process. The main resonance around 853 eV shows
partial overlap between the double-magnon and bi-magnon reso-
nance, so it does not clearly distinguish between them. However, the
presence of the excitation at the satellite resonance at 857.7 eV is only
compatible with a ΔmS = 2 double-magnon process. We therefore
suggest that the dominant character of the excitation around 80 meV
is that of double-magnons substantiating our spectral assignment,
although we cannot exclude a small sub-leading contribution. Our
assignment is also supported by RIXS studies of NiOwhere the double-
magnon was also found to be much more intense than the bi-
magnon22,24,26,29. The satellite resonance is generated by the exchange
part of the core-valence Coulomb interaction on the Ni site. This same
interaction creates the double-magnon because the angular momen-
tum state of the core-hole needs to vary in the intermediate state in
order to allow two subsequent spin-flip processes to occur in the
photon absorption and emission processes. The core-valence
exchange interaction facilitates this change in the core-hole state by
mixing of the core-hole and valence eigenstates. This conclusion is also
borne out in studies of NiO where the same process occurs22,24,26,29.

Discussion
In this work we use high resolution RIXS to assess the formation and
propagation of the excitonic state of NiPS3. By combining RIXS and ED
calculations, we reveal that the primarymechanismbehind the exciton
formation is the Hund’s interaction. As illustrated in Fig. 1d–h the
exciton forms from a ground state with dominant d8 character and
involves significant charge transfer and crystal field changes. As such,
the state we identify is quite different from prior descriptions of a
Zhang-Rice exciton4. As we discuss later, the distinction between these
models is crucial as it corresponds to a different majority component
of the wavefunction, different interactions playing the leading role in
the exciton energy, and the possibility of realizing a model with phy-
sically reasonable parameters. These issues will be central to efforts to
manipulate the exciton energy and cross section. We found that the
difference in the prior identification of the exciton arises fromusing an
under-constrainedmodel. If one considers just the exciton energy and
assumes that Hund’s coupling can take any value, there are a range of
different Hund’s interactions and charge transfer energy parameters
that predict a 1.47 eV exciton. If one adds a further constraint that the
1.0, 1.1, and 1.7 eV dd-excitations must be reproduced within an accu-
racy similar to their width, properly constrained solutions can be
identified (see Supplementary Note 1f). Importantly, the solution

found here also yields a physically reasonable value for Hund’s cou-
pling JH = 1.24 eV corresponding to 87% of the atomic value. This is
relevant because the pure triplet and singlet Zhang-Rice components
of the wavefunctions are energetically split by rather weak Ni-S
exchange processes, so it is difficult to justify the 1.47 eV energy scale
of the exciton within a model with dominant Zhang-Rice character. In
Ref. 4 an unphysically large Hund’s coupling corresponding to 120% of
the atomic value was required.

Based on the wavefunction extraction performed in this study, we
candeterminewhich electronic interactions play the leading role in the
exciton energy. To do this, we factorized the wavefunctions into the
singlet and triplet components of the d8, d9L, and d10L2, configura-
tions as described in Supplementary Note 2. We can then compute the
contributions of Hund’s, charge transfer, and crystal field to each of
these components. We find that the primary contribution to the
exciton energy comes from singlet-triplet splitting of the d8 compo-
nent of the wavefunction, which means that it is best thought of as a
Hund’s exciton since its energy of formation ismostlydriven byHund’s
exchange. Our exciton character derived here, also retains partial
magnetic character coming from a sizable contribution of states
beyond the three d-electron, Zhang-Rice, and ligand, singlet states.
This means that the exciton is expected to vary with applied magnetic
field compatible with recent observations18. It also implies that future
efforts to realize similar symmetry excitons with different energies
should target means to modify the on-site Ni Hund’s exchange cou-
pling and not the Ni-S exchange processes that would be the leading
contribution to the energy of a Zhang-Rice exciton.

Our detection of exciton dispersion in NiPS3 proves that the
exciton is an intrinsic propagating quasiparticle and excludes prior
suggestions that the exciton might be a localized phenomenon asso-
ciated with defects30. The most common form of exciton propagation
in weakly correlated transition metal chalcogenides involves

Fig. 4 | Resonance behavior ofmagnons, double-magnons, and excitons. a The
measured RIXS spectral weights of the magnon, double-magnon and exciton
extracted by fitting experimental RIXS spectrum for each incident energy. Error
bars represent one standard deviation. Datawere taken at 40K at a scattering angle
of 2Θ = 150∘ and an incident angle of θ = 22. 6∘. b The calculated RIXS spectral
weights of the exciton and low-energy zero-, one-, and two-spin-flip transitions
(Δms =0, 1, 2) as a function of incident energy. The curves in both panels are scaled
for clarity.

Fig. 3 | High temperature exciton dispersion and comparison with double-
magnons above theNéel transition.The RIXS intensitymapswith energy window
chosen to isolate the excitons a and magnons/double-magnons b as a function of
in-plane momentum transfer H measured in the (H0L) scattering plane. All the
measurements were taken at T = 190 K with linear horizontal π polarization of the
incident x-rays at the resonant energy of 853.4 eV for excitons. The same data are
provided as linecuts in Supplementary Figs. 9 and 10.
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excitations that are composed of bound pairs of specific Bloch
states31,32. The NiPS3 exciton is quite different from the more conven-
tional excitons since it is bound by the local Hund’s interactions
described previously, rather than long-range Coulomb attraction.
Recent calculations that work for many more conventional excitons,
indeed fail to capture ourmeasured exciton dispersion33. We also note
that the twoholes in theNi egmanifold represent what is in some sense
the simplest way to realize a triplet-singlet excitation. Consequently,
NiPS3 has relatively few excitations compared to other materials and
the exciton is energetically well separated fromother transitions, such
that it interacts exclusively by magnons and not other types of exci-
tations. The exciton character is also dominated by processes that
rearrange spins on the Ni site, rather than moving charge between
more extended states, which would tend to reduce the coupling of the
exciton to phonons. These factors may contribute to the long lifetime
and narrow linewidth of the exciton.

A key result of this study is that the NiPS3 exciton propagates like
the double-magnon, even though the average energies of the exciton
and double-magnon differ bymore than one order of magnitude. This
remarkable similarity can be understood by analyzing the exchange
processes involved in the motion of the quasiparticles. We start by
considering the spin-superexchange processes involved in exciton
motion, finding that the exciton can swap its position with a spin (see
Supplementary Note 4b for details). Consequently, when the exciton
moves through the antiferromagnetic lattice, it generates a string of
misaligned spins. Given that the exciton appears to propagate freely,
we should consider processes that heal the misaligned spins in the
wake of the exciton, which leads to the image in Fig. 5a that illustrates
the spin flips involved in excitonmotion. Similar considerations can be
applied to the motion of a double-magnon as shown in Fig. 5b.
Importantly, both exciton and double-magnon motion involve four
spin exchanges. If we consider the sequence of different overlap
integrals involved on the Ni and ligand states, the amplitude of the
exciton hopping and double-magnon exchange processes are expec-
ted to be quite similar (see Supplementary Notes 4a and 4c). These
considerations help us rationalize the similarities in the propagationof

the two quasiparticles. A simple empirical tight-binding model fit to
the exciton dispersion (see Supplementary Note 5) reveals that the
third nearest neighbor interaction is the leading term in determining
the exciton dispersion, consistent with the third nearest neighbor spin
exchange being the dominant term in the spin Hamiltonian20,21. We
note in passing that a similar picture for a well-known free single
magnon propagation in an antiferromagnet would require generating
two spin exchanges34.

The coupling between the exciton and magnetism might be
relevant to why the 1.47 eV exciton feature is visible in optics experi-
ments. Since the exciton involves transitions between d-orbitals, it is
expected to be nominally optically forbidden in a centrosymmetric
crystal due to dipole selection rules. However, these rules can be lifted
by perturbations that break the Ni-site symmetry, which include
exciton-spin or exciton-lattice interactions. The fact that there is a
strong change in the optical cross-section through TN35, whereas the
RIXS is onlymodestly broadened, also supports the interpretation that
exciton-spin interactions play a key role in the optical cross-section.

Overall, ourmeasurements reveal aHund’s excitonic quasiparticle
in NiPS3 that propagates in a similar manner to a two-magnon excita-
tion. The coming years will likely see further instrumental develop-
ments that allowRIXS, and excitonmicroscopy,measurement of NiPS3
to be extended to the ultrafast pump-probe regimes36,37. We believe
that this has outstanding potential for understanding new means of
using magnetic Hund’s excitons to realize new forms of controllable
transport of magnetic information.

Note added: We note that a similar study has been performed on
nickel dihalide materials38. These results also identify a Hund’s exciton
with a magnetic propagationmechanism, highlighting the widespread
applicability of our conclusions.

Methods
Sample information
NiPS3 bulk single crystal samples were procured from 2D Semi-
conductors, which synthesized the crystals by the chemical vapor
transport method. The full unit cell of NiPS3 has a monoclinic sym-
metry (Space Group C2/m, #12) with lattice parameters a = 5.8Å,
b = 10.1Å, c = 6.6Å, and β = 107.0∘. We adopted this monoclinic-unit-
cell convention, and index reciprocal space using scattering vector
Q = (H,K, L) in reciprocal lattice units (r.l.u.). Therefore, the reciprocal
lattice vector c* is perpendicular to the ab plane.

Ni2+ ions in NiPS3 lie on a honeycomb lattice in the ab plane and
form with ABC-type stacking of the layers. Such stacking breaks the
three-fold rotational symmetry of the monolayer structure which can
be detected by measuring structural Bragg peaks such as (0, 2, 4).
NiPS3 is prone to characteristic twinning involving three equivalent
domains rotatedby 120∘ in theabplane20,39. Laboratory single-crystal x-
ray diffraction measurements confirmed the presence of three twin
domains in our samples. Therefore, measured quantities should be a
weighted average over the three twin domains. We included these
domain-averaging effects in the ED and magnon energy calculations.
The apparent similarity in the measured dispersion between the two
distinct directions (i.e., antiferromagnetic across the zig-zag chain and
ferromagnetic along the chain) can be ascribed to the domain aver-
aging effect due to the presenceof structural twinning in themeasured
sample.

NiPS3 orders magnetically below a Néel temperature of TN = 159
K39. Themagnetic unit cell is the same as the structural unit cell. It has a
collinear magnetic structure consisting of antiferromagnetically cou-
pled zigzag chains.

RIXS measurements
Ultra-high-energy-resolution RIXS measurements were performed at
the SIX 2-ID beamline of the National Synchrotron Light Source II40.
The surface normal of the sample was c* axis (i.e., L direction). The in-

Fig. 5 | Illustration of exciton and double-magnon propagation based on per-
turbation theory. The top row represents the antiferromagnetic background and
subsequent rows show the time evolution of the state. a After the singlet ∣0,0i
exciton forms (second row from the top) it exchanges spin with neighboring sites
such that it moves while flipping spins and breaking magnetic bonds; free propa-
gation to the next nearest neighbor site (bottom row) is possible after four spin
exchanges, involving up to fourmagnons created in the intermediate state (middle
rows). b After the double-magnon excitation is created on the same site (second
row from the top), it can freelymove to the next nearest neighbor (bottom row) by
four spin exchanges and exciting four magnons in the intermediate state (middle
rows). The similarities between the propagation in a, b rationalize the experimen-
tally observed similar dispersion relation of the exciton and double-magnon. These
processes are mediated by the different spin-exchange interactions, with the third
nearest neighbor exchange process playing the leading role.
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plane orientation was determined by Laue diffraction. Then the pre-
aligned sample was cleaved with Scotch tape in air to expose a fresh
surface and immediately transferred into the RIXS sample chamber. Ni
L3-edge RIXS measurements were taken with linear horizontal (π)
polarization with a scattering plane of either (H0L) or (0KL). The main
resonance energy (around 853 eV) is common for Ni-containing
compounds41–43 but different from the previous report4. This differ-
ence comes from the absolute energy calibration of the beam-
line and does not affect the RIXS measurements and interpretations,
which depend only on the relative changes. The spectrometer was
operated with an ultrahigh energy resolution of 31meV full-width at
half-maximum (FWHM). The temperature of the sample was kept at
T = 40 K except for the temperature-dependent measurements. Since
the interlayer coupling in NiPS3 is relatively weak, the dispersion
measurement was taken at a scattering angle of 2Θ = 150 ° while
varying the incident angle of the x-rays. A self-absorption correction44

was applied to the RIXS spectra, which, however, does not affect peak
positions.

Fitting of the RIXS spectra
In order to quantify the dispersion of the excitons and double-mag-
nons, we fitted these peaks in the measured RIXS spectra to extract
their peak positions. Although, in principle both the exciton and
double-magnon can contain detailed substructure, we found that both
features in our spectra can be accurately fit with simple peak shapes.

In the double-magnon region, we used aGaussian function for the
elastic peak, a damped harmonic oscillator (DHO) model for both
the magnon and double-magnon peaks, and a constant background.
The width of the elastic peak was fixed to the energy resolution, which
was determined by a reference measurement on a multilayer hetero-
structure sample designed to produce strong elastic scattering. The
DHO equation for RIXS intensity S(Q,ω) as a function of Q and energy
ω is

SðQ,ωÞ= ωχQ
1� expð�ω=kBTÞ

� 2zQ f Q

ðω2 � f 2QÞ
2
+ ðωzQÞ2

ð1Þ

where fQ is the undamped energy, χQ is the oscillator strength, zQ is the
damping factor, kB is the Boltzmann constant, and T is temperature.
This DHO was then convoluted with a resolution function (a Gaussian
function with peak width fixed to the energy resolution) to describe
the magnons and double-magnons. We used the fitted value of fQ to
represent the magnon or double-magnon peak energy and used zQ to
characterize the peak width.

In the exciton region, we resolved both the main exciton and an
additional exciton sideband separated by ~ 40 meV as shown in Sup-
plementary Fig. 3 (e.g., the spectrumatK = − 1.22 r.l.u.), consistent with
a previous report4. Therefore, we fitted the data with two Voigt peaks
with a third order polynomial background. The width of the Gaussian
component was fixed to the energy resolution, andwe constrained the
widths of these two peaks to be the same. For the scans where the
minor peak is not obvious, we further fixed the spacing between these
peaks to the average value of 40 meV obtained from other scans.

Exact diagonalization RIXS calculations
Our NiPS3 data were interpreted using standard ED methods for
computing the RIXS intensity23. The Kramers-Heisenberg formula
for the cross-section was used. This is derived by treating the

interaction between the photon and the material within second-
order perturbation theory (as is required for scattering via an
intermediate state resonance). We use the polarization-dependent
dipole approximation for the photon absorption and emission
interactions and simulate the presence of a core hole in the inter-
mediate state with a core hole potential. In strongly correlated
insulators like NiPS3, accurate treatment of the electron–electron
interactions is particularly important and the brief presence of a
core holemeans that local processes dominate the scattering. These
factors mean that cluster approximations are particularly appro-
priate and are widely used for this reason23. We therefore perform
calculations for a NiS6 cluster, which can be projected onto
Anderson impuritymodel (AIM) with essentially no loss of accuracy.
As explained in detail in Supplementary Note 1, we were able to
extract a well-constrained effective model for NiPS3 from the data.
This was used to generate Fig. 1b based on the parameters specified
in Table 1. The detailed definitions of these parameters can be found
in Supplementary Note 1.

Since the ED method employed involves directly computing
wavefunctions, the model can be used to extract the wavefunctions
plotted in Fig. 1g, h as outlined in Supplementary Note 2. All the cal-
culations were done using the open-source software EDRIXS45.

Magnetic cross-section calculations
With the validated model in hand, it can be used to compute the
resonance profile of the magnetic cross-section. A small Zeeman
interaction was applied to the total spin angular momentum of the
system, serving as the effective molecular magnetic field in the mag-
netically ordered state. The initially degenerate ground triplet conse-
quently splits into three levels separated based on the spin state. After
diagonalizing the Hamiltonian matrix, we used the Kramers-
Heisenberg formula in the dipole approximation to calculate the
incident-energy dependent RIXS cross section for transitions between
the different elements of the triplet. The experimental geometry was
explicitly included in the calculations. Three-fold twinning was also
accounted for, which in fact has no effect on the final results due to the
preserved cubic symmetry. We also note that these results are inde-
pendent of themagnitude of the applied effectivemolecularmagnetic
field since this interaction is much smaller than the splitting between
the ground state triplet and the lowest energy dd-excitation.

Data availability
The RIXS data generated in this study have been deposited in the
Zenodo database under access code 107910746.

Code availability
The calculations in this study were performed using the open source
code EDRIXS45.
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