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Abstract
NiPS3 is an exfoliable van-der-Waals intralayer antiferromagnet with zigzag-type spin arrangement.
It is distinct from other TMPS3 (TM: transition metal) materials by optical excitations into a
strongly correlated state that is tied to the magnetic properties. However, the related, fundamental
band structure across the antiferromagnetic phase transition has not been probed yet. Here, we
use angular-resolved photoelectron spectroscopy with µm resolution in combination with DFT+U
calculations for that purpose. We identify a characteristic band shift across TN. It is attributed
to bands of mixed Ni and S character related to the superexchange interaction of Ni 3t2g orbitals.
Moreover, we find a structure above the valence band maximum with little angular dispersion that
could not be reproduced by the calculations. The discrepancy suggests the influence of many-body
interactions beyond the DFT+U approximations in striking contrast to the results on MnPS3 and
FePS3, where these calculations were sufficient for an adequate description.

†These authors contributed equally to this work.
∗Corresponding author: M. Morgenstern, Email:
mmorgens@physik.rwth-aachen.de

I. INTRODUCTION

Van der Waals (vdW)-type two-dimensional (2D) ferro-
magnets (FMs) and antiferromagnets (AFMs) [5–10] en-
rich the possibilities for spintronics, magneto-optical de-
vices and magnetic sensors [11–15]. This is related to
the fact that the 2D magnetism can be tuned via mag-
netic fields, electrostatic gating, current pulses, strain,
light, ion intercalation, proximity and moiré lattices
[11, 13, 16–20] as well as due to the relatively strong
magneto-electric, magneto-elastic and magneto-optic cou-
plings [21–26]. Moreover, these materials enable a novel
access to fundamental questions in 2D magnetism such
as the Berezinskii–Kosterlitz–Thouless (BKT) transition

or proximity-induced modifications of the magnetization
[7, 13–15, 19, 27–30].

A unique type are transition metal (TM) phosphorus
trisulfides TMPS3 [31, 32]. In contrast to other vdW
magnets, they are intralayer AFMs and, moreover, rather
directly realize the three most prominent classes of 2D
magnetism (Ising, XY, Heisenberg) [4, 33, 34]. Hence, the
materials provide a versatile platform to study 2D AFM
properties. The TMPS3 materials are semiconductors
with a layered honeycomb structure of the TM2+ atoms,
each surrounded by covalently bonded (P2S6)4− bipyra-
mids (Fig. 1a). The magnetism arises from the competi-
tion between direct exchange interactions between neigh-
boring TM atoms and indirect superexchange mediated
by S and P atoms [34–36]. Depending on the relative
strength of the competitive interactions, various long-
range AFM orders have been found, dubbed zigzag, Néel,
and stripy AFM order [31, 37].

NiPS3 stands out since it exhibits significant spin-
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Figure 1. Characterization of exfoliated NiPS3 flakes. (a) Atomic top view (top image) and side view (middle image) of
two layers of NiPS3, red arrows: spins of the Ni atoms, bottom image: only the Ni atoms highlighting their honeycomb atomic
and zigzag-type AFM magnetic arrangement. (graphics made by VESTA [1]). (b) Optical microscope image of an exfoliated
NiPS3 on a Au/Ti/SiO2/Si substrate. The yellow dashed circle marks the 15 layer thick area used for ARPES. (c) Atomic
force microscopy image of the flake area probed by ARPES (rms roughness: 0.14 nm). (d) XPS of the same 15 layer area after
the ARPES measurements, hν = 220 eV, peaks are labeled by element and atomic core level orbital. Inset: XPS at hν = 230
eV exposing the Ni 3p peak by shifting the otherwise overlapping S-Auger peak to lower E − EF. (e) Raman spectra at room
temperature (RT) and 77 K (TN = 155K) labeled according to their symmetries and as P1 to P9 for easier description. A Si
peak originating from the substrate is also labeled [2]. The peak around 730 cm−1 is due to a second-order Raman mode [2].
Insets: Zoom into the area of P2 with apparent peak splitting at 77 K caused by magnon-phonon interaction [3, 4].

charge coupling, leading to spin-correlated excitons whose
origin is actively debated. The excitons display layer-
dependent characteristics and polarization properties cor-
related with the material’s magnetism [21, 24, 25, 38–
45]. This might enable novel optomagnonic interconnects
(Supplementary section S1), e. g. via the ultra-sharp exci-
ton peak observed at approximately 1.47 eV [3, 33, 38, 46].
It has also been shown that the properties of this ex-
citon peak can only be described correctly by calcula-
tions employing muliplet-type exact diagonalization [42].
Moreover, the magnetic interactions are surprisingly dom-
inated by a third nearest neighbor AFM exchange cou-
pling due to a substantial overlap of p- and d-orbitals
along the corresponding Ni-S-P-S-Ni interaction path [33–

35, 47]. This leads to an intralayer AFM zigzag order as
the ground state below the bulk Néel temperature TN ≈
155 K, where the spins are oriented mostly in-plane along
the zigzag direction (Fig. 1a) with a slight canting out-
of-plane by ∼8◦ [21]. In monolayer form, the long-range
magnetic order is most likely suppressed potentially lead-
ing to a BKT transition [4, 30]. This behavior aligns with
descriptions based on a highly anisotropic XXZ model
[31, 48].

The magnetic ordering of NiPS3 has already been
probed by multiple methods [3, 4, 24, 25, 38, 47, 51–53],
but none of them is sensitive to details of the band struc-
ture, which has only been probed at room temperature
so far, i. e. above TN, using angular resolved photoelec-
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Material AFM order Bandgap (eV) TN (K) Ueff (eV) Band shift across TN

NiPS3(this work) zigzag (XY-like) 1.8 155 1.6 mixed Ni 3d/S 3p band, extra
band at valence band maximum

FePS3 [49] zigzag(Ising-like) 1.5 117 1.2 S 3p-, Fe 3d- and P 3p-type bands
MnPS3 [50] Néel 2.94 78 1.8 Mn 3d dominated band

Table I. TMPS3 properties, TN: Néel temperature, Ueff : selected effective Hubbard parameter of the transition metal d levels for
the DFT+U calculations that reproduces the experimental µ-ARPES data most favorably, band shifts across TN are determined
by µ-ARPES and assigned to elements and orbitals by comparison with the band structures from DFT+U calculations.

tron spectroscopy (ARPES) [42, 54, 55]. Here, we pro-
vide band structure mapping by ARPES at variable tem-
perature T above and below TN leveraging the approach
that we recently developed for the isostructural MnPS3

and FePS3 [49, 50]. We prevent sample charging due to
photoelectrons, that often appears for semiconductors at
low T [56–60], by exfoliating thin films of NiPS3 onto a
conductive Au film deposited on Si/SiO2, itself necessary
for identifying the flakes optically. The resulting band
structure is compared with density functional theory cal-
culations (DFT+U) enabling the identification of the el-
emental and orbital character of the different bands and
revealing an optimal Hubbard parameter Ueff = 1.6 eV.
Most importantly, we observe a pronounced band shift
across TN for a valence band identified as a mixed Ni
3d/S 3p band that could be attributed to a next near-
est neighbor superexchange path. Moreover, we reveal
an additional band feature in ARPES that appears above
the valence band maximum, but could not be reproduced
by the DFT+U calculations. We believe that it testifies
the strong correlations in NiPS3 compared to MnPS3 and
FePS3 in line with the optical results [21, 24, 25, 38, 39].

Since the comparison between these three materials is
crucial for the missing assignment of this band, we pro-
vide such a comparison in table I. In particular, the se-
lected Ueff values are rather similar for all three materials
as expected by the identical chemical environment of the
transition metal 3d levels.

II. RESULTS AND DISCUSSION

NiPS3 single crystals are synthesized by the vapor
transport method. Flakes are subsequently exfoliated by
the scotch tape method onto Au/Ti covered Si/SiO2 at
60◦ C, shortly after the substrate was cleaned by plasma
ashing [50] (Materials and Methods). Flakes with appro-
priate thickness and lateral size are identified using optical
and atomic force microscopy (Fig. 1b-c). Typically, these
flakes exhibit various thicknesses being most thin at the
rim. In this paper, we studied a 15 layer thick area with

a lateral size of 17×21µm2 as marked in Fig. 1b. Atomic
force microscopy reveals a rms roughness of 0.14 nm and
no obvious contaminations in that area (Fig. 1c). The
relatively small thickness is crucial to avoid charging dur-
ing µ-ARPES at low temperature as detected, e. g. for 45
layers at 90 K, where all bands are shifted downwards by
0.3 eV.

Figure 1d displays X-ray photoelectron spectroscopy
(XPS) data of the 15 layer area. All components of NiPS3

appear as core level peaks [61–63] as well as a S Auger
peak [64]. The latter shifts with respect to the other
peaks by changing the photon energy hν exposing the Ni
3p peak [65]. A small contribution from the spin-split Au
4f peaks [65] is also visible likely originating from the sub-
strate due to the relatively large spot of the photon beam
on the sample (diameter: 15µm) at the large hν for XPS.

The antiferromagnetic phase transition of the exfoliated
NiPS3 flakes is verified by Raman spectroscopy (Fig. 1e).
Due to the nearly realized D3d intralayer point group sym-
metry [2], NiPS3 has eight major Raman-active phonon
modes, all visible in our Raman spectra with frequencies
in good agreement with the literature [2–4, 68]. We repro-
duce three signatures that have previously been assigned
to the AFM phase transition [3, 4]. Firstly, a broad 2-
magnon scattering peak, centered at ∼530 cm−1, appears
below TN at 77 K and is absent at room temperature (RT)
[4]. Secondly, the peak P2 caused by in-plane vibrations
of the Ni atoms splits into a double peak (insets, Fig. 1e)
as attributed to a pronounced magnon-phonon coupling
[3, 4]. Thirdly, the peak P8, caused by an in-plane Eg-
type vibration of the (P2S6)4− bipyramids, develops a
Fano-resonance line shape below TN due to an interfer-
ence between the phonon excitation and the continuum of
2-magnon excitations [69]. These three fingerprints con-
firm the AFM phase transition in our NiPS3 flakes.

Figure 2 shows the main result of this work, namely a
band shift across TN near the Γ point. We present the raw
ARPES data (a–b), the data after box-type smoothing
(c, only the energy distribution curve (EDC) is shown),
after additional background subtraction (d–f) and angu-
larly averaged in k-space around the Γ point (g–h). Al-
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Figure 2. Electronic band structure change of NiPS3 across TN. (a), (b) Raw ARPES data above (220 K) and below
(45 K) TN = 155K, white arrows point to the changes highlighted in c–h, hν = 60 eV, MΓM direction. (c) Intensity plots from
a–b at k∥ = 0/Å after smoothing by box filters (100meV/two pixels in E, 0.041/Å/5 pixels in k∥). An additional peak appears
at E −EF = −3.7 eV close to the peak at −4.15 eV, which is present at both T (arrows). (d), (e) Smoothed ARPES data from
a–b after subtracting a 3rd-order polynomial background, adapted for each k∥ to the whole displayed E − EF range as shown
exemplarily in f. White arrows (same energy as in a–b) mark the most prominent change. (f) Zoom into c (blue and red curve)
with a 3rd order polynomial fit to the blue curve (dashed line). (g), (h) Angular averaged intensity of the smoothed data in
the energy range marked by a box in c, (g) above TN, (h) below TN, black, pink arrows: same energies as in c, green arrow:
energy of intensity at 220 K that likely shifts upwards at 45 K. Insets: (kx, ky) plots of the smoothed photoelectron intensity
at E − EF = −3.7 eV (green, pink arrows in main image) after background subtraction. The center is Γ. (a)-(c), respectively
(d)-(f), share the same energy axis.
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Figure 3. Identifying the orbital character of the bands. (a) Surface projected Brillouin zone of the atomic geometry
(grey hexagon) with high symmetry points marked and the magnetic zigzag structure (blue rectangle). (b) Band structure of
NiPS3 in the AFM zigzag configuration as sketched on top, DFT+U calculations unfolded to the hexagonal, atomic Brillouin
zone sketched in a [66], Ueff = 1.6 eV, kz = 0.1/Å,MΓM direction as marked in a. The energy is related to the valence band
maximum EVBM. The atomic orbital contributions of each state are depicted by overlapping, colored circles with diameter
proportional to the contribution (color code on the left, diameter of dark green circles at E − EVBM ≈ −5 eV are ∼ 100%.
(c) Same as (b) but only showing the s, pz and dz2 orbital contributions in accordance with simplified ARPES selection rules
[67]. Blue arrow marks the position of band change observed in Fig. 2 (d) ARPES curvature plot, hν = 60 eV, T = 45K,
MΓM direction. Labels i-ix: similar band features in c (DFT+U) and d (ARPES) (see text). Dashed rectangles: area of the
magnetically induced band shift (Fig. 2). (e) Same as c for the Néel configuration as sketched on top. Figures b–e share the
same scaling of the energy. The DFT + U data are adapted to the ARPES data by a rigid shift optimizing the overlap of
structures i-ix.

ready the raw data (Fig. 2a–b) exhibit a slightly enhanced
intensity below TN in between the white arrows. This
change can be identified as an additional peak in the EDC
at Γ after mild smoothing (upper arrow, Fig. 2c) imply-
ing a state at E − EF = −3.7 eV below TN (E: energy,
EF: Fermi energy as probed on Au). A polynomial back-
ground subtraction (Fig. 2f) increases the visibility of that
peak. The resulting energy vs. wave vector display of the
photoelectron intensity (Fig. 2d–e) reveals that the peak
belongs to a rather flat band extending up to an in-plane
wave vector |k∥| ≈ 0.15/Å, where it merges with upwards
dispersing bands. These features are corroborated by the
angulary averaged data in k∥ space (Fig. 2g–h). The band

at E − EF = −3.7 eV is again visible below TN (Fig. 2h,
pink arrow). It shifts downwards by roughly 150 meV
above TN (Fig. 2g, green arrow), nearly merging with the
band at E − EF = −4.15 eV (Fig. 2g-h, black arrows).
The insets finally show the two-dimensional k∥ plots at
that energy exhibiting a ring above TN due to the up-
wards dispersing bands and a full circle below TN due to
the additional flat band. The upwards dispersing bands
visible in the main image are also slightly less steep below
TN.

One might suspect that the downwards shift is related
to a distinct structural phase transition or to a continu-
ous thermal contraction of the NiPS3 crystal. However,
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there is no structural phase transition in that tempera-
ture range as known from neutron diffraction [48], while
shifts of electronic states by thermal contraction are less
than 50 meV between 220 K and 45 K as deduced from
electronic Raman spectroscopy [21]. We confirmed this
by DFT+U calculations using the lattice parameters de-
duced from neutron diffraction at 295 K and 2 K to scale
the lattice parameters in DFT+U. These calculations did
not reveal any band shifts larger than 50 meV as well (not
shown), in particular in the energy range where the band
structure change was observed in Fig. 2.

Next, we compare the ARPES data with DFT+U cal-
culations of the magnetic ground state (AFM zigzag type)
and other magnetic configurations (AFM Néel and disor-
dered). This aims to identify the elemental and orbital
character of the different bands, in particular the ones
that are changing across TN. We started by selecting
the proper Hubbard Ueff parameter (DFT+U) by detailed
comparison with the experimental data. The best match
for the ARPES data at hν = 60 eV and T = 45K is found
for Ueff = 1.6 eV (Suppl. section S3) and kz = 0.1/Å
(Suppl. section S4). The kz selection is corroborated
by photon energy dependent ARPES data that are suc-
cessfully compared with the kz dependent DFT+U data
employing an inner potential of 12.1 eV (Suppl. Fig. S5).

The band structure is additionally unfolded to the
atomic Brillouin zone (grey hexagon in Fig. 3a) [66]
(Suppl. Fig. S2). This reflects the fact that the enlarged
periodicity by AFM order is barely imprinted in the wave
functions [70]. Indeed, (kx, ky) maps of the ARPES data
did not show any patterns reminiscent of the magnetic
Brillouin zone, but only of the hexagonal, geometric one
(Suppl. section S2). Figure 3c shows the same DFT+U
data as in b, but after selecting only the orbital contribu-
tions s, pz, and dz2 within a frame where the z-direction
is pointing perpendicular to the layers. According to sim-
plified selection rules assuming plane waves as final states
[67], these orbital contributions are excited preferably for
our light polarization geometry [50]. Orbital contribu-
tions to the different bands beyond the simplified selection
rules are analyzed in Suppl. section S5 with the results
partially included in the following discussion. Figure 3e
shows the same selection of bands for the Nèel configura-
tion which is not realized in NiPS3. This additional band
structure serves to identify bands that are changing with
the magnetic arrangement of the atoms. For the same
purpose, we also provide the calculated band structure of
a disordered magnetic configuration in Suppl. Fig. S11.
Finally, Fig. 3d shows the ARPES curvature data below
TN. The curvature is used for better visibility of the var-
ious features (Suppl. section S12). We always cross-check
with the raw data as in Fig. 2 to corroborate that a fea-

ture is not an artifact of the curvature derivation.
Multiple features are similar between the ARPES re-

sults (Fig. 3d) and the DFT+U data of the zigzag con-
figuration (Fig. 3c) as labeled by i-ix. The bright fea-
ture (i) and the nearly parabolic feature (ix) are used to
align the Fermi level of the ARPES data to the DFT+U
band structure. The additional structure in ARPES at
E − EF ≈ −1.3 eV is discussed below. The band (i) has
a dominating S 3p character with contributions from Ni
3dxz, yz, xy, x2−y2 (Suppl. Fig. S6). It is rather flat in cal-
culation and experiment. The lowest energy band (ix) has
a parabolic dispersion close to Γ in both cases and a mixed
P 3pz and S 3p character. This band appears quite sim-
ilarly for MnPS3 and FePS3 [49, 50]. It is slightly lower
in the DFT+U data than in the ARPES data. This is
probably due to the facts that firstly kz moves upwards
with decreasing E − EF in ARPES at constant hν and
secondly this band moves upwards with increasing kz in
the DFT+U data (Suppl. Figs. S4/S5). At slightly larger
E−EF are bands with nearly exclusive S 3px,y character
(viii) that are barely visible in ARPES in accordance with
the simplified selection rules [67]. The remaining features
ii-vii exhibit a mixed Ni 3d/S 3p character. In ARPES,
they are dominated by a large cross-type structure gapped
at Γ (iv,vi) with a rather flat band on top (ii). A flat
band of strong Ni 3dz2 character (ii) and a gapped cross-
ing of mixed character (iv,vi) are also visible in DFT+U.
Other features are more subtle and partially distinct such
as the relatively steep lower part of the cross from vi to
vii in ARPES which is not continuous across the whole
energy range in DFT+U. Nevertheless, the agreement in
the whole energy range below E−EF = −1.5 eV is rather
satisfactory regarding the fact that the band structure of
the calculation was only rigidly shifted for adaption.

This importantly implies that the magnetically induced
band shift identified in Fig. 2 is at the gapped crossing of
feature (iv) and (vi), more precisely it is the upper part
(iv) at E − EF = −3.7 eV around Γ in the ARPES data
(Fig. 3d). Accordingly, it is at E − EVBM = −2.2 eV in
the DFT+U data (arrow in Fig. 3c). Consistently, these
band structure features exhibit a relatively strong change
in DFT+U data, if the magnetic structure is changed. For
the zigzag configuration, the gapped area at Γ is ∼ 0.3 eV
wide (arrow in Fig. 3c), while it is increased to ∼ 0.4 eV
for the Néel configuration (Fig. 3e, within dotted box).
For a disordered magnetic structure, we find that features
(iv,vi) get shifted upwards by ∼ 100meV with respect to
the zigzag configuration (Suppl. Fig. S11). Data along
the KΓK direction are very similar to the MΓM direction
(Suppl. Fig. S9) and, hence, support all our conclusions.

The four bands in the energy region of the observed
band shift consist of all Ni 3d and S 3p orbitals as well
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Figure 4. Charge density of magnetically shifted band. (a) Crystal structure of a single NiPS3 layer viewed along the c
axis (Fig. 1a) with a marked honeycomb of Ni atoms (dashed line) and spin directions in the zigzag AFM configuration (black
arrows). (b) Contour planes of the charge density |ψ(x)|2 of a state at E −EF = −3.9 eV and k = 0/Å (marked by blue arrow
in Fig. 3c). This state likely represents the state that is shifting across TN. The area and angle of view are the same as in
a. Blue and red contour planes mark opposite signs of the wave function. The white arrows highlight the two superexchange
paths along Ni 3t2g-S 3p-S 3p-Ni 3t2g between two ferromagnetically coupled Ni atoms. (c) Zoom into b at a tilted angle of
view showing the two supexchange paths more clearly (arrows) as well as the lone lobe of the Ni 3t2g orbital and the remaining
Ni 3t2g lobe connected to a S 3p-type dead end orbital (see Suppl. Video). (graphics made by VESTA [1]).

as of a minor contribution from P 3pz (Suppl. section
S5). However, only one of these bands features a bonding
configuration between neighboring Ni atoms. Figure 4b
shows the corresponding charge density for the state at Γ
(charge density of the other three bands, Suppl. section
S6). Using the octahedral coordinate system with z along
a Ni-S bond, one observes Ni 3t2g orbitals (dxy, dxz, dyz)
for both Ni zigzag chains, distinct by their spin orienta-
tion. On the left chain with spin ↑, the Ni 3t2g orbitals do
not have any overlap with neighboring orbitals. In con-
trast, for the right chain, three lobes of each Ni 3t2g or-
bital overlap with a lobe of an adjacent S 3p orbital. The
zoom in Fig. 4c as well as rotated views (Suppl. movie)
reveal that two of these S 3p orbitals provide a connection
path between two Ni atoms (arrows in Fig. 4b), each via
the two lobes of a single S 3p orbital. The third connected
S 3p orbital (lower lobe of the upper Ni atom in Fig. 4c)
is, however, a dead end, i. e. the S 3p orbital does not
have any connection to other atoms (Suppl. movie). The
final forth lobe of the Ni 3t2g orbital is not connected at
all and, hence, called a lone lobe as marked in Fig. 4c.

The superexchange path between two Ni atoms by only
one S orbital on both sides implies that the interaction is
antiferromagnetic. This naturally explains that the band
is shifted upwards in energy when these chains become
ferromagnetic within the zigzag configuration making the

particular bond more unfavorable. It remains unclear why
we observe only this change of a band and none of the
spin-polarized 3eg levels at higher energy. We conjecture
that this is related to the selection rules in our ARPES
geometry not being sensitive to the corresponding levels
(Suppl. Fig. S6).

We note in passing that we did not find any AFM in-
duced C3 symmetry breaking in the band structure of
NiPS3 by ARPES. The three different ΓM or ΓK di-
rections are identical within error bars, albeit the anti-
ferromagnetic zigzag structure breaks the C3 symmetry
(Fig. 1a). Since the DFT+U calculations do not reveal
any symmetry breaking that is significantly larger than
the energy resolution of the experiment (50meV), the ef-
fect is likely too weak to be detected (Suppl. section S8).
In ARPES, we can, moreover, not exclude that the rela-
tively small single domains (1-10µm) [71] partially over-
lap within the extraction spot of the photoelectrons (di-
ameter: 5µm) [72].

This reasonable interpretation leaves us with the ques-
tion of the origin of the flat feature in ARPES at E−EF =
−1.3 eV, that is not captured by DFT+U. It appears as
a shoulder in the raw ARPES data at energies above the
valence band maximum and is nearly identical above and
below TN (Suppl. Fig S12). It, moreover, exhibits the
identical photon energy (kz) dependence as the valence
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Figure 5. Comparing NiPS3 and MnPS3 [50]. (a) Spin resolved partial density of states (PDOS) for NiPS3, left: ligand
atoms S, P, right: Ni 3d orbitals t2g (dxy, dxz, dyz), eg (dx2−y2 , dz2), octahedral coordinate system (see text), DFT+U,
Ueff = 1.6 eV, kz = 0.1/Å. (b) Band structure corresponding to a after unfolding to the atomic, hexagonal Brillouin zone and
selecting the s, pz and dz2 contributions, z along layer normal (same as Fig. 3c) (c) ARPES curvature of NiPS3, hν = 60 eV,
T = 45K (same as Fig. 3d, but shifted upwards by 0.4 eV to match better to MnPS3) (d) same as c for MnPS3 without energy
shift, hν = 50 eV, T = 43K (TN = 78K) [50]. (e) same as b for MnPS3, Ueff = 1.8 eV, kz = 0.46/Å [50]. (f) Same as a for
MnPS3. (g) Schematic occupation of Ni2+ 3d levels in NiPS3. (a)-(c) are adapted to the Fermi level EMn

F of MnPS3 by a rigid
energy shift. (h) Same as a including the conduction band states. (i) Simplified spin polarized PDOS of NiPS3. (j)-(l) Same as
g-i for MnPS3 in reverse order.
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band maximum (Suppl. Fig. S5, S12). To substanti-
ate its discussion, we compare with the data of MnPS3

[50] (Fig. 5), where all observed features in the ARPES
data could be identified with bands of the DFT+U cal-
culation. Figure 5a-f displays the direct comparison us-
ing DFT+U data within the respective antiferromagnetic
ground state. The figure includes the partial density of
states (PDOS) (Fig. 5a,f) where the DOS is projected
to the S and P atoms (left) or the eg (3dz2, x2−y2) and
t2g (3dxy, xz, yz) orbitals of Ni and Mn (right), respec-
tively, using the octahedral coordinates with z along a
Ni-S bond. Moreover, the PDOS of minority and major-
ity spins is plotted separately. Finally, the ARPES and
DFT+U data of NiPS3 are shifted upwards by 0.4 eV with
respect to their E − EF to align the low energy bands of
the two materials. Hence, EMn

F , the Fermi level of MnPS3,
is chosen as reference for for the energy scale.

We find large similarities between NiPS3 and MnPS3.
For example, the upper valence band of S 3p/Ni 3d char-
acter, respectively S 3p/Mn 3d character is nearly iden-
tical in strength of dispersion and orbital contributions.
Moreover, the lowest energy bands (E −EMn

F < −7.5 eV)
of mixed S 3p/P 3p character are very similar including
the relative contribution of S and P orbitals. The energy
range in between is, however, different. Firstly, there
is a full spin polarization of the t2g orbitals for MnPS3

that is absent for NiPS3. Related, the mixed 3dz2/S 3p
bands are more confined in energy for MnPS3. In par-
ticular, the two bands dominated by Mn 3dz2 orbitals
(E − EMn

F ∈ [−5,−4] eV ) are the ones that are most
strongly changed across TN [50]. In contrast, for NiPS3,
all bands with E − EMn

F ∈ [−5.5,−2] eV have strong, of-
ten dominating contributions from Ni 3d orbitals (Suppl.
section S5). This difference is in line with the 3d level
occupation (see below). Most importantly, the exper-
imental data is very reasonably fitted by DFT+U for
both data sets except for the barely dispersing feature
at E − EMn

F ≈ −1 eV for NiPS3 (highlighted by the yel-
low box in Fig. 5c). The correspondence between ARPES
and DFT+U is also reasonable for FePS3, albeit a stretch
of DFT+U data by 7 % was required for a quantitative
match [49].

To corroborate that the extra feature (yellow box,
Fig. 5c) is not captured by DFT-type calculations, we also
performed calculation with other approaches to treat the
exchange-correlation energies. We employed HSE while
varying the percentage of the Hartree-Fock exchange con-
tribution as well as G0W0 and EVGW0 based on a start-
ing PBE band structure (Suppl. section S13). The results
feature various shifts of the Ni 3d PDOS, but cannot ex-
plain the appearance of an extra feature above the bunch
of Ni related bands as observed in ARPES.

Finally, we visualize the expected 3d level occupation
for NiPS3 and MnPS3 by using the octahedral coordinates
along the bond directions to assign the 3d level orbitals
(Fig. 5g-l). For Mn2+ 3d5, a complete spin polarization of
the 3d levels is obtained (Fig. 5k) as expected from Hund’s
rule (Fig. 5l). In addition, the occupied eg levels are split
into two parts due to the deviations from a perfect octa-
hedral symmetry [73, 74]. On the other hand, Ni2+ 3d8

shows completely occupied t2g levels, while only the eg
levels are close to fully spin-polarized (Fig. 5h). Hence,
the occupation of bands is in line with the expected 3d
level occupations and energy splittings. Moreover, for
both materials, the bands that are changing most strongly
across TN exhibit significant 3d contributions. This makes
us confident that the band assignment by DFT+U is cor-
rect and the feature at E − EMn

F ≈ −1 eV is beyond the
related approximations. It is very likely that 3d level mul-
tiplets are involved, maybe including ligand contributions
[24], as will be discussed in a separate publication.

III. CONCLUSIONS

We probed the band structure of NiPS3 above and be-
low the Néel temperature using µ-ARPES on flakes exfo-
liated onto a Au surface. The ARPES data are compared
with DFT+U calculations to identify the orbital charac-
ter of bands. We identify an upwards band shift below TN

by roughly 150 meV for a band close to Γ. This band con-
sists of mixed Ni 3d and S 3p orbitals that likely feature
an antiferromagnetic Ni 3t2g-S 3p-Ni 3t2g superexchange
path. Beyond the good agreement between DFT+U and
ARPES that we also found for FePS3 [49] and MnPS3 [50],
we identified a shoulder in the ARPES data above the va-
lence band maximum that could not be attributed to a
band of the DFT+U data. This is in striking contrast
to FePS3 and MnPS3. We assume that the additional
structure is reminiscent of the known strong correlations
in NiPS3.

Note added in proof: A very recent publication also
shows T -dependent ARPES data of NiPS3 revealing sim-
ilar band structure features in reasonable correspondance
with a similarly selected U = 2.0 eV [75].

MATERIALS AND METHODS

NiPS3 crystal growth: Bulk single crystals of NiPS3

were synthesized via the vapor-transport method using
stoichiometric amounts of Ni, red P, and S powders,
with an additional 5% excess of sulfur to act as a
transport agent. The mixture was ground to a fine
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powder and then sealed under high vacuum (∼ 4 · 10−5

mbar) in a quartz ampoule. This ampoule was then
placed in a two-zone furnace, set at 740 ◦C in the pre-
cursor zone and 690 ◦C in the product zone, for one week.

Sample preparation: We employ an optimized exfolia-
tion method (scotch tape: Nitto ELP BT-150E-KL) to
prepare samples with few-layered flakes of NiPS3 in a
cleanroom environment. Commercially available Si/SiO2

(oxide thickness 90 nm) is used as substrate. It has been
metal-coated at 370K with Au (5 nm)/Ti (1 nm) in an
ultrahigh vacuum e-beam evaporator. This improves
the flake adhesion and renders the substrate conducting,
which is necessary to prevent charging during ARPES
[50, 59, 76]. A mild O2 plasma ashing (power = 50 W,
flux = 100 sccm) is done at room temperature for 25 s
just before exfoliating NiPS3 flakes to efficiently remove
organic molecules from the gold surface by oxidation.
NiPS3 is exfoliated at 60◦C within few minutes after
the plasma cleaning. This leads to flakes with diverse
thickness, where the desired thickness and flake size are
identified using commercial optical and atomic force
microscopes [50].

ARPES and XPS experiments: µ-ARPES and XPS
were performed at the NanoESCA beamline of the Elet-
tra synchrotron radiation facility in Italy. An ultrahigh
vacuum FOCUS NanoESCA photoemission electron
microscope (PEEM) was used for the k-space mapping
mode operation working at a background pressure of
5 · 10−11 mbar [77]. To ensure clean surfaces, the samples
are firstly annealed at 200◦C for a couple of hours prior
to ARPES. The synchrotron allows to focus a wide
range of photon energies on the sample with a beam
spot of 5-10µm in diameter and total energy resolution
(beamline and analyzer) of 50 meV. For our experiments,
the photon beam impinged with an incident angle of
65◦ with respect to the surface normal and with a 5◦

azimuth relative to the MΓM direction of the crystal.
The polarization was within the plane of incidence
(p-polarized). The Fermi level has been determined by
ARPES on the Au film of the substrate. The sample
temperature is adjusted by changing the liquid He flow
rate and measured by a Lake Shore DT-670E-BR Si
diode placed at the sample holder. So far, only two
temperatures are employed for technical reasons such
that ARPES data at temperatures closer to TN have to
be postponed to future experiments.

Computational Details: The calculations were per-
formed in the framework of density functional theory
(DFT) using the generalized gradient approximation

within the PBE flavor [78], as implemented in VASP soft-
ware [79]. The ion–electron interactions were described
by the projector augmented wave (PAW) method [80].
Plane-wave basis cutoff and Γ centered Monkhorst-Pack
[81] k-point grid were set to 550 eV and 8×14×8, respec-
tively. A Gaussian smearing of 0.05 eV was employed for
the Brillouin zone (BZ) integration. The interlayer vdW
forces were treated within the Grimme scheme using D3
correction [82]. All of the results were obtained using
PBE+U method based on Dudarev’s approach [83], with
the effective on-site Hubbard U parameter (Ueff = U −J ,
where J is fixed to J = 1 eV) for the 3d orbitals. The
position of the atoms and unit cell were fully optimized
within the PBE+U approach. To simulate the disordered
paramagnetic state, we used a 4 × 2 × 3 supercell with
spin-orbit interaction and randomly set the directions of
the magnetic spin moments (in 3D) so that the net mo-
ment was zero. Here, we did not optimize the geometric
structure, in order to capture only changes in electronic
dispersion. Moreover, we used the widely employed band
unfolding method to obtain an effective electronic struc-
ture [66]. Details on additional calculations given in the
Supporting Information are provided in Suppl. Section
S13.
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S1. POSSIBLE ELECTRON-MAGNON
TRANSDUCER

The strong exciton–magnon coupling in van der Waals
magnets as NiPS3 offers novel opportunities for opto-
magnetic applications, e. g. towards transducers between
magnons and photons in the infrared range. It has been
shown that magnons can be tracked coherently in 2D ma-
terials, e. g. in CrSBr, by time-resolved shifts of their ex-
citon energy by ∆E ∼ 20meV down to ps time scales [1].
More recently, pump–probe spectroscopy on NiPS3 re-
vealed ultrafast reflectivity changes that are related to
spin dynamics via the critical slowing down around TN [2].
On the other hand, magnons as information carriers have
been intensely pursued, meanwhile leading to rather com-
plex devices as, e. g., spin-wave multiplexers [3–5]. Thus,
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magnon–exciton coupling, in which Coulomb-bound elec-
tron–hole pairs interact with the collective spin excita-
tions, could enable transducers between spin information
and optical channels or vice versa. Therefor, the magnon
properties of the 2D materials can be imprinted coher-
ently in the optical intensity as already demonstrated
[1, 6], or into the light polarization since the exciton’s
dipole moment of, e. g. NiPS3 is locked to the local spin
orientation [7]. Moreover, the exciton-magnon interac-
tion in 2D materials is tunable via strain or interface de-
sign, shifting magnon frequencies or adjusting coupling
strengths [6]. This is favorable for tunable or selective
transducers. Finally, NiPS3 has a relatively large funda-
mental magnon gap of 5.3 meV with narrow linewidth (0.1
meV) as probed by THz absorption [8]. This points to-
wards low noise magnonic operation. The transfer of the
magnons, e g. to Y3Fe5O12 (YIG) still has to be explored,
but is possible in principle [9]. Such an approach towards
efficient magnon-photon transducers in the infrared would
combine the low-dissipation propagation of magnons with
the coherent long-range communication by photons via
fibers, eventually enabling more scalable, magnonic tech-
nologies. Of course, the relatively efficient spin-optical
interface might also be used for other interconnects be-
tween spin-based devices.

S2. ADJUSTING THE BRILLOUIN ZONE TO
THE ARPES DATA

Figure S1. Brillouin zone (BZ) (a) Two-dimensional pro-
jections of the BZ to the surface for the atomic arrange-
ment of NiPS3 without magnetism (grey hexagon) and for the
zigzag-type AFM arrangement (blue rectangle), high symme-
try points are marked. (b) (kx, ky) plot of ARPES curvature
intensity, E -EF = -7.65 eV, hν = 60 eV, T = 45K, the hexag-
onal surface projection of the atomic BZs is overlaid (dashed
white lines), arrows: ΓM, ΓK direction.

Figure S1a displays the Brillouin zone projection to the
surface (Fig. S5a) for the atomic arrangement without
magnetism (grey hexagon) and with the antiferromag-
netic (AFM) zig-zag structure (blue rectangle). The K
points are backfolded to the interior of the magnetic BZ,
while the M points are either not affected (four times) or
backfolded to Γ (two times). In the main text, we con-
sistently used the atomic, hexagonal Brillouin zone for
labeling and we unfolded to this Brillouin zone for the
DFT+U data [10]. To adjust the BZ orientation to the
angular dependence of the photoelectron intensity, we em-
ploy (kx, ky) plots at energies where bands exhibit max-
ima at the BZ boundary. For feature ix of the band struc-
ture (mixed P/S band, Fig. S3a,d), this reveals a hexag-
onal symmetry (Fig. S1b) that can be adapted to the
surface projection of the atomic BZ (dashed hexagons).
This symmetry is visible above and below TN showing
that the ARPES data of this band are not affected by
the magnetically induced backfolding. We checked that
this is true for all energies where the hexagonal symme-
try is clearly apparent, including bands that involve Ni
3d orbitals. Hence, the AFM superstructure does not
change the periodicity of the wave functions significantly
as also evidenced by the unfolding procedure (Fig. S2).
The overlay of the hexagon edges of the projected BZ to
the maxima in the (kx, ky) plot reveals straightforwardly
the orientation of the BZ and the relation between pho-
toemission angle and the value of k∥ by relating to values
from the literature (ΓM : 0.62/Å, ΓK : 0.72/Å [12, 13]).

Figure S2 displays the comparison between the calcu-
lated initial states in the magnetic, rectangular Brillouin
zone and the unfolded data (hexagonal Brillouin zone),
once for all bands (Fig. S2a-b) and once for only the
bands with more than 10 % contribution of s, pz and dz2

orbitals (Fig. S2c-d). We choose a MΓM direction that
is unchanged by the AFM order (green double arrow in
the Brillouin zone at the upper left) to ease the compar-
ison. Multiple bands are simply backfolded by the AFM
periodicity and disappear by unfolding. Importantly, this
reduces the relevant bands for comparison to the ARPES
data significantly besides the reduction to orbital contri-
butions given by the matrix element projection to final
state plane waves as for our electric field geometry of the
incident photon beam [11, 14].

S3. ADAPTING Ueff OF DFT+U
CALCULATIONS TO ARPES DATA

In order to assign orbital characters to the bands visi-
ble in ARPES, one has to select the best matching on-site
energy Ueff of the DFT+U calculations as well as the best
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a                       b                         c                       d

Figure S2. Comparing folded and unfolded DFT+U data. (a) DFT+U band structure displayed in the magnetic Brillouin
zone (blue rectangle) with all bands, Ueff = 1.6 eV, kz = 0.1/Å, symbol diameter is proportional to the percentage of the orbital
contribution to this state, color code as in Fig. 3, main text. (b) Same as a after unfolding the bands to the hexagonal atomic
BZ (gray hexagon) [10]. (c), (d) Same as a and b, but depicting only the selected orbitals as marked on top according to
simplified selection rules [11].

matching wave number kz perpendicular to the surface.
For that purpose, we employ several pronounced features
of the ARPES data and recursively compare them with
the DFT+U band structure for different Ueff and kz. We
eventually selected Ueff = 1.6 eV and kz = 0.1/Å as de-
scribed in detail in the next sections. This selection does
not lead to a one-to-one correspondence between ARPES
and DFT+U data, but it gives a solid understanding of
the orbital development of the bands with these parame-
ters and, hence, of its robustness. In Fig. 3, main text, the
most important features in ARPES are already labeled as

i-ix. For comparison of these features with DFT+U band
structures, we only use the bands with a strong s, pz or
dz2 character according to the simplified selection rules in
our photon beam geometry as discussed in the main text
[11] and the unfolded band structure.

Figure S3 shows the comparison of ARPES curvature
data, recorded at hν = 60 eV, with DFT+U data at var-
ious Ueff and optimized kz = 0.1/Å. The lowest energy
band (feature ix) that is nearly parabolic at Γ and con-
sists of S 3p and P 3p contributions (Fig. S6) barely shifts
with energy due to its missing Fe 3d orbitals. We use it to
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Figure S3. Adapting the Ueff parameter. (a) ARPES curvature plot, hν = 60 eV, T = 45K, MΓM direction, same color
scale as in Fig. 3, main text. (b)-(g) DFT+U band structure at various Ueff as marked for selected orbitals with s, pz and dz2

character, symbol diameter is proportional to the percentage of the orbital contribution to this state, color code as in Fig. 3,
main text, kz = 0.1/Å. Labels i-ix and dashed blue arrow are used to compare theory with experiment as discussed in the text.
The red box highlights the selected Ueff = 1.6 eV.

rigidly shift the energy scale of the DFT+U data to the
ARPES data given with respect to EF. The band from
DFT+U is chosen slightly below the band in ARPES for
reasons described latter. The rigid shift implies a slight
n-doping of the material regarding the known energy gap
of 1.8 eV in NiPS3 [15]. This is visible as faint bands at
the top of the calculated band structures belonging to the
conduction band.

For Ueff selection, we use bands that are changing with
Ueff . The topmost flat green bands (feature i) of domi-
nating S 3p character with contributions from Ni 3dxz,yz

(Fig. S6) move downwards with increasing Ueff matching
the experiment at Ueff = 1.6− 2.0 eV. Feature ii is a rela-
tively flat band in ARPES identified with the flat DFT+U
band of dominating Fe 3dz2 character. It also moves
downwards with energy matching best at Ueff = 2.0 eV,
where also the gap between features i and ii matches the
experiment. The small gap at Γ between features iv and
vi appears reminiscent to a gap opening at a former cross-
ing point in the experiment. This gap is most pronounced
at Ueff = 1.0 − 1.2 eV in DFT +U being more faint at
Ueff = 1.6 eV and matches best to the experiment at

Ueff = 1.2 eV. The bands surrounding the crossing point
at Γ get, moreover, significantly more flat than in the ex-
periment for Ueff > 1.6 eV. Recall that this is the area
of band change across TN (Fig. 2, main text). The steep
band between features vi and vii is not found continuous
in energy for any Ueff , but exhibits a reasonably similar
slope as in the ARPES data around vii for Ueff = 1.0 eV
with continuously decreasing slope for higher Ueff . Fea-
ture viii, finally, is too weak in experiment and calcula-
tions to be used for Ueff selection.

Summarizing, Ueff = 1.6 eV is the best compromise be-
tween the slightly larger Ueff required for the high energy
bands and the slightly lower Ueff necessary to describe the
lower energy bands.

S4. ADAPTING kz OF DFT+U CALCULATIONS
TO ARPES

We followed a similarly detailed comparison as de-
scribed in Supplementary Section S3 for matching k z.
Figure S4 depicts the ARPES data and the DFT+U data
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Figure S4. Adapting kz parameter. (a) ARPES curvature plot, hν = 60 eV, T = 45K, MΓM direction, same color scale as
in Fig. 3, main text. (b)–(g) DFT+U band structures at various kz as marked, Ueff = 1.6 eV, only bands with significant s, pz

and dz2 character are displayed [11], symbol diameter is proportional to the percentage of the orbital contribution to this state,
color code as in Fig. 3, main text. Labels i-ix and dashed blue arrow are used for comparison to ARPES as discussed in the
text. The red box highlights the selected kz = 0.1/Å.

at Ueff = 1.6 eV for various kz highlighting the eventually
selected kz = 0.1/Å. One has to keep in mind that kz is
changing for constant hν with E−EF by roughly 0.25/Å
across the energy range displayed in Fig. S4a (see below)
with the largest kz at the top.

We start with features i and ix, which move downwards
and upwards, respectively, with increasing kz. The best
match of their energy distance to the ARPES data is
at kz ≈ 0.3/Å. Next, the gap between features i and ii
gets smaller with increasing kz and matches best to the
ARPES data at kz = 0.0−0.2/Å. Moreover, the wing-like
features consisting of iii, iv and v change in shape with kz
exhibiting a reasonable match at kz = 0.1/Å. This is also
true for the steepness of the bands around feature vi that
are less steep at higher and lower kz than kz = 0.1/Å.
Finally, the suppressed curvature between features ii and
iv might be related to the only weakly appearing bands
at kz ≥ 0.1/Å in that energy range, where bands are
stronger at kz = 0.0/Å. Hence, with a certain ambiguity,
we choose kz = 0.1/Å as the best compromise.

Using the kz selection for hν = 60 eV, we can relate
different photon energies to different kz. We use the sim-

plified free electron model for final states in the crystal
with origin of the corresponding free electron parabola at
V0 [16]. Hence, the final state energy Efinal at wavevector
k inside the crystal reads:

Efinal(k) =
ℏ
2
k
2

2m
− V0. (1)

The kinetic electron energy in vacuum reads:

Evac
kin = EA

kin − ϕ+ ϕA (2)

with the work function of the NiPS3 flake ϕ = 5.375 eV,
the work function of the analyzer ϕA = 4.6 eV, and the
kinetic energy EA

kin of the photoelectrons at the analyzer.
ϕA was determined using EA

kin of photoelectrons emitted
from the Fermi level EF measured on the gold substrate
next to a NiPS3 flake. ϕ is determined on a NiPS3 flake
from the onset energy of the secondary photoelectrons,
i. e. from the minimum value of the free electron parabola
of onset energies of secondary electron emission as a func-
tion of emission angle that is determined by a parabolic
fit [14].
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Figure S5. Photon energy (kz) variation. (a) Sketch of the atomic bulk BZ of NiPS3 (black) with 2D surface projection on
top (orange) as well as corresponding cross section (orange). High symmetry points and k∥ directions (red lines) are marked.
The upper/lower bulk BZ boundary is at kz = ±0.48/Å. (b) (kx, ky) plot of ARPES curvature, E -EF = -7.65 eV, hν = 60 eV,
T = 45K, hexagonal surface projections of the atomic BZ boundaries are overlaid (dashed white lines) (same as Fig. S1b).
(c)-(g) ARPES curvature at various hν as marked on top, MΓM direction, T = 45K, kz values maked on top are deduced using
the free electron final state model (eq. (1)) with inner potential V0 = 12.1 eV at E − EF ≈ −3.7 eV. The kz variation in each
plot is ∆kz ≈ 0.25/Å with the largest value at the top. (h)-(l) Band structures from DFT+U at the kz marked below, close
to the kz value of the ARPES data on top, Ueff = 1.6 eV, only s, pz, dz2 orbitals, colorcode as in Fig. 3, main text. The blue,
dashed rectangles mark a similar kz dispersion of feature ix (P/S band). (c)-(l) share the same energy scale as displayed in c.
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Figure S6. Orbital projections of bands. (a) ARPES curvature, hν = 60 eV, T = 45K, MΓM direction, color scale as in
Fig. 3, main text. (b)-(g) DFT+U band structure with selected orbitals as marked on top, Ueff = 1.6 eV, kz = 0.1/Å, symbol
diameter is proportional to the percentage of the orbital contribution to this state, color code as in Fig. 3, main text. Labels
i-ix mark features discussed in the text.

To estimate V0, we use the photoelectron intensity of
the most relevant feature iv for hν = 60 eV and emission
angle θ = 0◦. It appears at EA

kin = 51.7 eV and is related
to k∥ = 0.0/Å and kz = 0.1/Å in the crystal as deduced
from the comparison with the DFT+U data (Fig. S3, S4).
Adequate rearrangement of eq. (1) and eq. (2) eventually
results in [17]:

V0 =
ℏ
2

2m
(nG⊥ + kz)

2 − EA
kin + ϕ− ϕA, (3)

where G⊥ = 0.9917/Å is the reciprocal lattice vector of
NiPS3 normal to the surface [18] and n is an integer.
The free choice of n gives an uncertainty in deducing V0.
At n = 4, eq. (3) results in the lowest positive value of
V0 ≈ 12.1 eV, while, for n = 5, one obtains an unrealis-
tically large V0 ≈ 46.6 eV [19]. Thus, n = 4 is the most
reasonable. Inserting it into eq. (3) and solving for kz
reveals the values for other photon energies at θ = 0◦

and E −EF = −3.7 eV [17] as marked in Fig. S5c-g. The
kz value obviously varies with E − EF, respectively EA

kin

for constant hν. Within the displayed E − EF range of
Fig. S5c-g, kz changes by roughly 0.25/Å (25 % of the BZ)
with the largest kz at the top of the images.

As a rough crosscheck of the kz selection, we display the
kz dependence of the DFT+U data directly below the hν
dependent ARPES data. The kz values are not perfectly
adapted due to the finite k point density in the calcu-
lation, but since kz varies with E − EF at constant hν
anyhow, this does not matter. Favorably, several trends
with kz are found similarly in calculation and experiment.
Firstly, feature ix (blue dashed rectangle) moves upwards
and gets less dispersive for kz ≥ 0.2/Å, both in ARPES
and DFT+U data. Secondly, feature ii, corresponding to
Ni 3dz2 bands, moves upwards and gets more intense in
dispersion from left to right, both for experiment and cal-
culation. For negative kz, the dispersion of the Ni 3dz2

band ii is even largely identical between experiment and
calculation. Thirdly, at negative kz, there is a flat Ni 3d
band below feature vi (Fig. S5h,i) that appears surpris-
ingly similar in the experimental data (Fig. S5c,d). Note
that the in-plane AFM structure of NiPS3 breaks time-
reversal symmetry for the kz direction and, hence, enables
different E(k∥) at positive and negative kz for the same
|kz|, as found in ARPES and DFT+U.

There are also some discrepancies such as the upward
movement of feature i with increasing kz in the ARPES
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Figure S7. Charge density of states from the magnetically modified energy range. (a) Crystal structure of a single
NiPS3 layer viewed along the c axis with a marked honeycomb of six Ni atoms (dashed line) and spin directions in the zigzag
AFM configuration (black arrows), same as Fig. 4a, main text. (b)–(d) Contour planes of the charge density |ψ(x)|2 of three
distinct states at E −EF ≈ −3.9 eV and k = 0/Å (marked by an arrow in Fig. 3c, main text). The area and angle of view are
the same as in a. Blue and red contour planes mark opposite signs of the wave function. (e)–(g) Zoom into b–d, respectively, at
an optimized angle of view showing the Ni bonds and orbitals more clearly. The identified bonds are indicated below (graphics
made by VESTA [20]).

data, but not in the DFT+U data for an unknown reason.
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Ni

Figure S8. Charge density of shifting band in Néel con-
figuration. Contour planes of the charge density |ψ(x)|2 of
a state at E − EF = −3.9 eV and k = 0/Å in the Néel con-
figuration with labeled atoms (zoom view, graphics made by
VESTA [20]).

Nevertheless, kz = 0.1/Å appears to be a favorable choice
for hν = 60 eV at E−EF = −3.7 eV, i. e. the band energy
region with changes across TN.

Obviously, there is considerable kz dispersion of the
electronic band structure, both in the ARPES and the
DFT+U data, revealing a sizable electronic interaction
between the layers. Changes with hν in the ARPES data
might be partly due to changing matrix elements, but this
is not the case for the kz dependence of the DFT+U band
structure.

S5. ORBITAL PROJECTIONS OF BANDS

Figure S6 shows the orbital contributions to the bands
for all the Ni 3d and S 3p levels separately. Other or-
bitals have negligible contributions in that energy range
except for the lowest energy band (feature ix) that is dom-
inated by contributions of P 3pz orbitals (Fig. 5a, main
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b                          c

Figure S9. Band structure in KΓK and MΓM direction. (a), (d) ARPES curvature along KΓK and MΓM directions as
marked on top, hν = 60 eV, T = 45K. (b), (c) DFT+U band structure of only the s, pz and dz2 contributions, Ueff = 1.6 eV,
kz = 0.1/Å, symbol diameter is proportional to the percentage of the orbital contribution, color code as in Fig. 3, main text.

text). All the bands down to E − EF = −5.5 eV have
a mixed character of Ni 3d and S 3p orbitals, while the
displayed bands at lower energy do not have any contri-
butions from Ni orbitals. The topmost bands (feature i)
have mostly S 3p character, but significant contributions
from Ni 3dxz,yz. The features ii-vi are dominated by Ni
3dz2 and Ni 3dxy,x2−y2 character, however, with vary-
ing contributions from the different S 3 p orbitals. The
changing band across TN features Ni 3dz2 and 3dxy,x2−y2

as well as S 3pz contributions of similar strengths. A
bunch of bands at E−EF ≤ −5 eV consists of Ni 3dxz,yz,
3dxy,x2−y2 and S 3px,y orbitals and, hence, is barely vis-
ible in the ARPES data via the simplified selection rules
[11]. These bands are faintly apparent at hν = 50−55 eV
and E − EF ≈ −5 eV (Fig. S5c–d) due to a mixing with
Ni 3dz2 (Fig. S5h–i). The bands between -6 eV and -8 eV
have a nearly pure S 3px,y character with minor contribu-
tions from P 3px,y (not shown). In line, they appear only

very faintly in the ARPES data at all hν. For feature
ix, most contributions originate from P 3pz orbitals with
smaller contributions from the various S 3p orbitals.

Most importantly, the energy range where bands
change across TN, i.e. feature iv (and maybe vi), exhibits
a strong mixing of all Ni 3d and S 3p levels implying
a multi-orbital hybridization. This directly reflects the
S-mediated superexchange between nearest neighbor Ni
atoms as discussed in the main text (Fig. 4, main text).

S6. ADDITIONAL CHARGE DENSITY PLOTS
FOR STATES IN THE ENERGY RANGE

CHANGING WITH TEMPERATURE

The identified energy range of the bands that shift with
temperature (feature iv in Fig. S6a) contains four states at
Γ as marked by the arrow in Fig. 3c, main text. The state
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Figure S10. Comparison of DFT+U band structure along non-equivalent KΓK directions. (a) Scheme of the
hexagonal 2D Brillouin zone with color coded KΓK directions. (b)-(d) DFT+U band structure along the three directions
highlighted in a as marked by the k∥-axis symbol colors, only s, pz and dz2 contributions, Ueff = 1.6 eV, kz = 0.0/Å, symbol
diameter is proportional to the percentage of the orbital contribution, color code as in Fig. 3, main text. Minor differences are
highlighted by arrows. (e)-(g) Same as b-d, but for kz = 0.1/Å. The asymmetry between the positive and the negative ΓK
directions are due to the missing mirror symmetry in the Brillouin zone planes perpendicular to kz (Fig. S5a).

that exhibits a charge density compatible with a nearest
neighbor Ni 3t2g-S 3p-Ni 3t2g superexchange path is plot-
ted in Fig. 4, main text. The other three states are shown
in Fig. S7. None of them couples Ni atoms. Again the
charge density is distinct in the ferromagnetically coupled
zigzag chains of opposite spin direction. For the state in
Fig. S7b and e, the left zigzag chain (↑), corresponding to
the upper left Ni atom in Fig. S7e, shows a Ni 3t2g orbital.
This orbital is coupled to one S 3p level via its top lobe.
The bottom lobe also couples to a S 3p-orbtal that itself
is tilted towards a P-atom that is also connected to two
S 3p lobes on the other side. In the other zigzag chain (↓,
upper right Ni atom in Fig. S7e), the Ni atom exhibits a
nearly unperturbed 3t2g orbital.

The state in Fig. S7c and f shows uncoupled S 3p and Ni
3t2g orbitals in the left zigzag row (not visible in f). The
two red in-plane lobes of the Ni 3t2g orbital are asymmet-
rically perturbed, but do not overlap with any neighbors
also at larger extension of the contour planes (not shown).
In contrast, the Ni 3t2g orbitals in the right zigzag row
show one blue lobe each that couples relatively strongly to
two neighboring S 3p orbitals. But again, this charge den-
sity is not connected to neighboring Ni atoms. A minor
charge density is also found between the two P atoms of
the dumbbell. For the last state at this energy (Fig. S7d
and g), the Ni atoms in both rows show 3t2g orbitals in-
teracting with neighboring S 3p orbitals. In the left zigzag

row, the upper and the lower lobes exhibit overlap with
an adjacent S 3p orbital. This is most clearly visible in
Fig. S7g for the Ni atoms with interacting red lobes at
top and bottom, where both coupled S atoms are in front
of the Ni atom. For the right zigzag row, one lobe of the
Ni 3t2g orbital interacts with one and the other with two
neighboring S 3p orbitals. But again, all these bonds are
dead ends for connecting to neighboring Ni atoms. Hence,
none of the three states exhibits any exchange path, such
that it is indeed likely that the state displayed in Fig. 4,
main text, is the one that changes its energy across TN.

Interestingly, the same energy region for the Néel con-
figuration (Fig. 3e, main text) shows a state that fea-
tures a third nearest-neighbor exchange path (Fig. S8).
The most left Ni 3t2g orbital has a touching point for its
right, red lobe to two adjacent S 3p orbitals (red lobes
as well). The same applies to the most right Ni 3t2g or-
bital concerning its left, blue lobe interacting with the
blue lobes of two adjacent S 3p orbitals. These touching
points of lobes evolve into a merging charge density for
more extended contour planes (not shown) corroborating
its bonding nature. Intriguingly, the opposite lobes of the
four involved S 3p orbitals are extended towards the inter-
mediate P dumbbell such that they can interact pairwise
at the position of one P atom as again corroborated by
a charge density merger at more extended contour planes
(not shown). Hence, each of the central P atoms medi-
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ates a third nearest neighbor exchange of Ni atoms via
Ni 3t2g-S 3p-S3p-Ni 3t2g without involving its own or-
bitals. A similar configuration has recently been proposed
to be responsible for the strong third nearest neighbor ex-
change interaction in NiPS3 amounting to J3 = −6.5meV
[21, 22], however, involving two Ni 3eg orbitals [23].

We checked also the charge distribution of other states
in a broader energy range for both, the zigzag and the
Néel configuration, but without achieving any further re-
portable insight.

S7. ELECTRONIC BAND STRUCTURE IN KΓK
DIRECTION

Figure S9 shows the comparison of the band struc-
tures in KΓK and MΓM direction, both for ARPES
at hν = 60 eV and corresponding DFT+U data
(Ueff = 1.6 eV, kz = 0.1/Å). The band structure in the
two directions is rather similar in ARPES and DFT+U,
with minor changes of k∥ dispersion. Some similarities
appear in the dispersion change between ARPES and
DFT+U. For example, the low energy P 3p/S 3p band at
E−EF ≈ −8.5 eV is more parabolic up to the BZ bound-
ary in ΓK direction for ARPES and DFT+U. Moreover,
comparing the dispersion around K and M, the upwards
dispersion towards M at E−EF ≈ −4 eV is also visible in
DFT+U, but in both cases not around K. Similarly, the
upwards dispersion towards K at E − EF ≈ −5.5 eV, not
apparent towards M in ARPES, coincides with a more
flat steepness along ΓK in DFT+U.

S8. COMPARISON OF DFT+U BAND
STRUCTURE ALONG NON-EQUIVALENT KΓK

DIRECTIONS

Figure S10 compares the DFT+U band structures
along the three KΓK directions in the hexagonal BZ.
These directions are non-equivalent in the magnetic
zigzag configuration via the resulting rectangular BZ
(Fig. S1a). Indeed the band structures exhibit minor
differences as highlighted by arrows in Fig. S10b-d, but
they are well below 100 meV or burried into bunches of
bands. Hence, they are rather challenging to be ob-
served in our experiment with energy resolution of 50 meV
and typical peak widths above 200 meV (Fig. 2c,f, main
text, Suppl. Fig. S12b-c). Moreover, since the 3D BZ
is not mirror symmetric perpendicular to kz except at
kz = 0/Å (Fig. S5a), the projected directions as probed
by ARPES are already non-equivalent without magnetic
symmetry breaking. Most strikingly, the positive and neg-

ative ΓK directions become non-equivalent by the 3D BZ
shape leading to distinct not point-symmetric dispersions
(Fig. S10e-g) as partially also apparent in the experimen-
tal data (Fig. S5b-g). Both complicates the detection of
magnetically induced symmetry breakings additionally.

S9. COMPARING ZIGZAG AND DISORDERED
MAGNETIC CONFIGURATIONS

Figure S11 compares the band structure of NiPS3 for
the zigzag AFM ground state and a randomly disordered
configuration of atomic spins in a 4× 2× 3 supercell with
zero net magnetic momentum in the supercell (Fig. S11a).
The latter is a reasonable approximation of the paramag-
netic case [14, 24]. In both cases, we unfold to the atomic,
hexagonal surface BZ (Fig. S5a). Here, we only display
the intensity of the bands after unfolding (Fig. S11b, c),
since a projection to individual orbitals is rather chal-
lenging after unfolding the extremely small BZ of the
disordered configuration. For assignment, we add the
element specific partial density of states (pDOS) of the
zigzag AFM configuration (left to the band structures).

Comparing the band structures (Fig. S11b–c), one ob-
serves large similarities including a barely changed funda-
mental band gap at E = 0−1 eV. In the energy range with
significant Ni 3d contribution of both spin directions, the
bands are more blurred in the paramagnetic phase. This
is likely due to the different energies of various Ni atoms
due to their different local spin environment. Notice that
the contribution of each Ni atom is projected to the same
k∥ via the unfolding, since the Ni atoms with different
spin are forced into the corresponding periodicity of the
smaller unit cell. Consistently, bands with pure S or P
character are barely blurred since they are largely peri-
odic in the smaller unit cell.

Importantly, the most striking band change appears
at the crossing point (at Γ, E ≈ −2 eV, white arrows
in Fig. S11b) that we identified as the region of band
shift in the ARPES experiment. The lower part of the
crossing moves upwards by about 150 meV (dashed line)
and broadens in the paramagnetic phase. This corrobo-
rates that this energy region is indeed very sensitive to
the magnetic configuration, albeit the changes could not
be reproduced quantitatively via this simplified version of
a paramagnetic state.

Nevertheless, the favorable comparison demonstrates
that modeling the paramagnetic phase by spin disorder
reveals important insights, in that case corroborating the
assignment of changing bands in the experiment. This is
good news regarding the extensive computational cost of
finite temperature calculations, in particular for large unit
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AFM: Zig-zag

T < TN

PM

T > TN

AFM              AFM PM

AFM             AFM PM

kz=0.0

a                                                                  b

c

Figure S11. Antiferromagnetic vs. paramagnetic band structure. (a) Spin arrangement of the atoms for the calculated
antiferromagnetic (AFM) zigzag and the spin-disordered, paramagnetic (PM) state. (b) Projected density of states (pDOS)
of the AFM zigzag configuration for the three different elements (left) and electronic band structure for both, the AFM
zigzag and the PM state (right). Only states below the valence band maximum (0 eV) are displayed. Dashed, horizontal
line stresses the upwards shift of the bands marked by an arrow by roughly 150 meV. (c) Same as b, but for states with E > −1 eV.

cells and significant correlations as in the case of NiPS3

[24].

S10. ARPES FEATURE NOT COVERED BY
DFT+U CALCULATION

Figure S12 shows the additional feature observed at
E − EF ≈ −1.3 eV in more detail. The raw I(E, k∥) plot
reveals a sizable contrast change at the corresponding en-
ergy (Fig. S12a, arrow) implying that it is a real struc-
ture. Energy distribution curves at Γ show the feature as
a shoulder below the peak of the valence band maximum
at E − EF ≈ −2.2 eV (Fig. S12b). The energy position
and height of the shoulder are nearly identical above and
below TN. However, the shoulder shifts upwards in energy
with increasing hν very similarly to the valence band max-
imum (Fig. S12c). This parallel upwards shift can be seen
more clearly in the curvature plots of Fig. S5c-g, where
both barely dispersive features move upwards by roughly
200meV in parallel between hν = 50 eV and hν = 70 eV.

Hence, the shoulder is robust and appears to be tied to
the valence band maximum. As mentioned in the main
text, its origin will be discussed in a separate publication.

S11. COMPARISON OF THE FULL ENERGY
RANGE OF THE ARPES DATA ABOVE AND

BELOW TN .

Fig. S13 shows the full energy range of the ARPES data
recorded above and below TN in comparison with the op-
timized DFT+U data of the band structure. For the lat-
ter, we again display only the bands that are recorded
according to the simplified selection rules [11]. One rec-
ognizes that changes only appear in the energy range of
E − EF = −3 to −4 eV. In particular, the assignement
of the calculated band structure via Ueff (Fig. S3) and kz
(Fig. S4) is not influenced by these minor changes. Hence,
the calculated band structure fits nicely to the ARPES
data above and below TN except of the mysterious struc-
ture at E − EF = −1.3 eV.
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Figure S12. Spectral shoulder not explained by DFT+U. (a) Raw ARPES data, hν = 60 eV, T = 45K (Zoom into Fig.
2b, main text). (b) Smoothed energy distribution curves at Γ (box smoothing of two energy pixels (100 meV)), T as marked,
hν = 60 eV. (c) Same as b at various hν, T = 45K. The arrow in a-c is consistently at E − EF = −1.3 eV, i. e. at the ARPES
feature for hν = 60 eV not covered by DFT+U calculations (Fig. 3c-d, main text).

S12. ARPES CURVATURE

In the main text as well as in the supplementary infor-
mation, we partially use ARPES curvature plots. This
enables for better visibility of the bands [25]. The cur-
vature C(E) is calculated with respect to energy E after
smoothing the raw data, as described in the caption of
Fig. 2c, main text, via:

C(E) =
−I ′′(E)

(C0 + I ′(E)2)3/2
with C0 = a0|I

′(E)|2max.

(4)
Here, I ′ and I ′′ are the first and second partial deriva-

tive with respect to energy of the smoothed photoelectron
intensity I = I(E, k∥), |I ′(E)|max is the maximum value
of the first partial derivative, while a0 is a free parameter
used to adjust the relative intensity of different bands for
better visibility. We have consistently used a0 = 0.05.

To highlight the advantage of using curvature instead
of the second derivative, we shortly describe its origin.
The curvature C(x) of a function y := f(x) measures the
change of angle φ of a graph’s tangent with respect to the
path length s along the graph. This reads

C(x) = −
dφ

ds
= −

dφ

dx

dx

ds
= −

f ′′(x)
(

1 + (f ′(x))
2
)

3

2

(5)

with tanφ(x) = dy
dx = f ′(x) [26]. The negative sign is

chosen to identify relative maxima of f(x) with the max-
ima of C(x). C(x) features the local inverse radius 1/R of

the y(x) plot, but only if x and y are equally scaled and,
hence, have the same unit. For example, a full circle then
implies directly dφ/ds = 2π/(2πR) = 1/R. Typically, the
smallest tangential circles are found at the local maxima
of a curve (Fig. S14a). Consistently, a local maximum in
f(x) implies that f ′(x) vanishes while −f ′′(x) has a large,
positive value, such that the corresponding C(x) mostly
exhibits a local maximum, too. Importantly, the curva-
ture showcases the inverted parabola area around a peak
more directly than the second derivative. If one considers
a purely inverted parabola y = −x2+4, it exhibits a peak
in curvature at its maximum

(

C(x) = 2

(1+4x2)3/2

)

, while

the 2nd derivative remains constant (Fig. S14b).

These favorable properties of the curvature persist, if
y and x have different units as in the I(E) curves of the
ARPES data. However, a local radius of a curve is then
not well defined due to the unit mismatch. Hence, the 1
in the sum of the denominator of eq. (5) gets arbitrary,
besides having the wrong unit [25]. Consequently, C0 is
introduced in eq. (4) that can be used as a tuning param-
eter balancing between the first and the second derivative
as the two benchmarks of a local peak position.

Reducing C0 strengthens real maxima by the diver-
gence of 1/f ′(x)3 (Fig. S14b). In contrast, increasing
C0 strengthens the −f ′′(x) term and, hence, highlights
shoulders in the ARPES data that originate from peaks
on top of a background intensity. The optimal value of
C0 has to be chosen visually by careful comparison to the
raw I(E) data such that reproducible shoulders as in Fig.
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Figure S13. ARPES data above and below TN compared
to DFT+U data. (a) ARPES curvature along MΓM di-
rection, hν = 60 eV, T = 220K. (b) ARPES curvature along
MΓM direction, hν = 60 eV, T = 45K. (c) Calculated band
structure by DFT+U, Ueff = 1.6 eV, kz = 0.1/Å, only bands
with significant s, pz and dz2 character are displayed [11], same
as Fig. S3d.

S12b-c appear as features in C(E) while apparent noise
does not.

S13. COMPARISON BETWEEN DFT+U,
HYBRID FUNCTIONALS AND GW

CALCULATIONS

In this section, we clarify our rationale for using the
DFT+U framework. We support our choice with addi-
tional calculations using hybrid functionals and post-DFT
methods such as GW.

The effective Hubbard parameter Ueff is not a univer-
sal constant, but rather depends strongly on the specific
modeling framework. Its numerical value is sensitive to
the choice of exchange–correlation functional, the inclu-
sion of van der Waals corrections, and the type of pro-
jector or localized basis used for defining the correlated
orbitals. As a consequence, reported values of Ueff in the
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Figure S14. Curvature versus second derivative (a) Ex-
emplary function f(x) = −x2 + 4 with tangential circle at
f(x = 0). The radius R = 0.5 is marked in red. (b) The same
f(x) as in (a) (blue) is plotted together with the 2nd derivative
d2f(x)/dx2 (orange) and curvature C(x) according to eq. (4)
with two different parameters C0 (yellow, violet).

literature span a wide range, even for nominally similar
materials. For example, in the literature on NiO, val-
ues between 4 eV and 8 eV are commonly employed [27–
30], whereas for layered chalcogenides such as TlNi2Se2,
smaller values (2–3 eV) can be found [31]. Importantly,
our selection of Ueff = 1.6 eV is not arbitrary, but is
guided by its ability to largely reproduce the details of
the valence-band structure as observed in ARPES, which
is central to the interpretation of the electronic structure
presented in this manuscript.

Additionally, it is well established that experimental
estimates of effective Coulomb interactions are them-
selves method-dependent. Different spectroscopic tech-
niques (e.g., XPS, EELS, ARPES) probe distinct ex-
citations and screening environments and therefore of-
ten yield different effective interaction strengths. This
variation does not indicate a shortcoming of DFT+U,
but rather stems from the fundamental difference be-
tween the quantities accessible in experiment—typically
related to excited states—and those described by DFT,
which is a ground-state theory. In principle, there ex-
ists a single value of Ueff that would correctly comple-
ment the exchange–correlation functional to reproduce
both ground-state and excitation properties. However,
this value is generally not known a priori, and different
attempts to extract it from experiment or theory can yield
different results depending on how closely the measured
excitation reflects the underlying ground-state properties.
Importantly, no existing electronic-structure formalism—
whether DFT+U, hybrid functionals, or GW—can com-
pletely eliminate this ambiguity, as each relies on differ-
ent approximations and levels of treatment of electronic
screening.
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Figure S15. Comparison between the orbital-projected, spin-
polarized density of states (DOS) calculated using DFT+U
(Ueff=1.6 eV) and various exchange–correlation functionals as
HSE06, HSE03, and PBE0, red: Ni 3eg-, black: Ni 3t2g-,
grey: ligand orbitals. Both, HSE03 and HSE06 employ an
exact-exchange fraction of 0.25. Notice that the gap in HSE03,
HSE06 and PBE0 is significantly larger than experimentally
observed: Eg = 1.8 eV [15].

To compare our calculations with alternative ap-
proaches to the exchange-correlation energies, we firstly
present the comparison between the DFT+U with hybrid
functionals such as HSE06 [32], HSE03 [33], or PBE0 [34]
(Fig. S15). All hybrid functional calculations employ the
optimized geometry within the PBE+U framework (with
U = 1.6 eV) including D3 van der Waals corrections. It is
well established that the critical parameter in such func-
tionals is the fraction of the Hartree–Fock exchange. It
has a direct and significant impact on the relative en-
ergies of the correlated 3d states (Fig. S16). The de-
fault fraction of 25% of Hartree-Fock exchange systemat-
ically overlocalizes the Ni 3d orbitals. This leads to a dis-
agreement with ARPES measurements, in particular, the
pronounced Ni 3eg contribution at E ∈ [−5 eV,−6 eV]
is not found by ARPES. Reducing the fraction of the
Hartree-Fock exchange restores the agreement with the
DFT+U at Ueff = 1.6 eV (Fig. S16) and, hence, with
the ARPES data, but this amounts to the same type
of empirical adjustment that one performs with Ueff in
DFT+U. In particular, with 10% of Hartree-Fock ex-
change, one reproduces the DFT+U results at the chosen
Ueff = 1.6 eV (Fig. S16), while higher percentages reveal
the same trends as larger Ueff in DFT+U (not shown, but
compare to Fig. S3b-g). This illustrates the close anal-
ogy between tuning the fraction of Hartree–Fock exchange

and adjusting the Hubbard Ueff parameter. Importantly,
no additional band is appearing above the valence band
maximum, while only the Ni 3d levels are shifted down-
wards in the valence band and upwards in the conduction
band with increasing percentage of the exact exchange
contribution (Fig. S16).

This highlights that hybrid functionals are not entirely
parameter-free when applied to materials with correlated
electrons. In practice, they often require empirical ad-
justments, e. g., to reproduce experimental band gaps or
other key properties, conceptually analogous to the tun-
ing of the U parameter in DFT+U. However, while U acts
directly on localized d-states, hybrid functionals affect all
electronic states through the inclusion of exact exchange.
For this reason, we consciously decided not to employ hy-
brid functionals in this study. Although their use would,
in principle, be technically feasible, their computational
cost renders them impractical for the large-scale simula-
tions required here (e.g., performing Brillouin zone un-
folding).

We also carried out G0W0 [35] and partially self-
consistent EVGW0 [36] calculations using the opti-
mized structure calculated within PBE+U framework
(U = 1.6 eV) including D3 van der Waals corrections
(Fig. S17). For the GW calculations, we employed PAW
pseudopotentials adapted for GW computations. In the
GW implementation, we used a fully frequency-dependent
approach without the plasmon-pole approximation. The
number of bands was set to approximately ten times
the number of occupied bands for both the G0W0 and
EVGW0 approaches. For the EVGW0 method, four self-
consistency (scfGW) iterations were performed to en-
sure convergence. These approaches provide a rigorous
quasiparticle correction to the Kohn-Sham band struc-
ture, but their effect strongly depends on the starting
point. Namely, in our case, they do not lead to signifi-
cant changes in the ordering of the t2g and eg manifolds,
but just to an increase of the fundamental band gap and
a relatively small upwards shift of all bands (Fig. S17).
Moreover, they do not exhibit an additional band feature
above the valence band maximum such as our ARPES
feature at E −EF = −1.3 eV. Instead, a slight narrowing
of the prominent Ni 3d peaks is found (Fig. S17). These
observations are consistent with the well-known sensitiv-
ity of GW to the underlying mean-field reference. We
would like to stress that GW methods are extremely pow-
erful in addressing excitation-related phenomena, such as
band-gap renormalization or excitonic effects, and they
have been widely applied to such problems. Their main
advantage, however, lies in the treatment of quasiparti-
cle excitations rather than in correcting the relative po-
sition of strongly localized 3d orbitals in transition-metal
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Figure S16. Comparison between the orbital-projected, spin-polarized DOS calculated using DFT+U (Ueff = 1.6 eV) and hybrid
functionals with different fractions of the exact exchange.

Figure S17. Comparison between the orbital-projected, spin-polarized DOS using DFT+U (Ueff = 1.6 eV) as well as calculations
with quasiparticle corrections to the Kohn-Sham density of states using G0W0 and partially self-consistent EVGW0 calculations
on top of PBE.
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chalkegonides. For the latter, DFT+U remains a simpler
and more robust choice.

In summary, our extended benchmark calculations
confirm that neither hybrid functionals nor GW ap-
proaches capture the additional ARPES feature at E −
EF = −1.3 eV. The discrepancy is therefore not at-
tributable to the choice of DFT+U. Importantly, DFT+U
offers unique advantages that make it the most appropri-
ate method for this study. Namely, it allows for a compu-
tationally tractable description of the paramagnetic state
and the unfolding of electronic structures into a differ-
ent supercell as required for comparison with the ARPES
data. This would not be feasible with hybrid functionals
or GW due to their computational cost. Furthermore,
a comparison of NiPS3 with related compounds such as
MnPS3 (Fig. 5, main text), where DFT+U was success-
ful in capturing all bands found by ARPES, indicates that
one generally should not expect additional bands in the
electronic structure beyond those reproduced by DFT+U.
Any further splitting of ligand-derived states or localized
d-manifolds would in fact be surprising given the crys-
tal symmetry of this class of materials. This strongly
suggests that the additional feature observed in ARPES
above the valence-band maximum cannot be rationalized
within a mean-field framework, but rather reflects physics
that goes beyond standard DFT-based methods.
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