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Origin of the Magnetic Exciton in the van der Waals Antiferromagnet NiPS;
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An ultrasharp photoluminescence line intimately related to antiferromagnetic order has been found in
NiPS;, a correlated van der Waals material, opening prospects for magneto-optical coupling schemes and
spintronic applications. Here we unambiguously clarify the singlet origin of this excitation, confirming its
roots in the spin structure. Based on a comprehensive investigation of the electronic structure using angle-
resolved photoemission and g-dependent electron energy loss spectroscopy as experimental tools we
develop, in a first step, an adequate theoretical understanding using density functional theory (DFT). In a
second step the DFT is used as input for a dedicated multiplet theory by which we achieve excellent
agreement with available multiplet spectroscopy. Our Letter connects the understanding of the electronic
structure and of optical processes in NiPS; and related materials as a prerequisite for further progress of

the field.
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Transition metal trichalcogenides of the type TMPS; are
one of the material classes that are now forcefully shifting
to the scientific focus due to the rise of magnetic 2D
materials. They possess a layered crystal structure and are
often antiferromagnets. NiPS5 in particular features zigzag
type antiferromagnetism almost down to the monolayer [1].
Miniaturization of electronic devices is one of the driving
forces for the immense interest in 2D materials. Naturally,
magnetic materials may serve as memory media and so far
mostly ferromagnets are used. However, antiferromagnets
hold some prospects, such as high-speed and low-power
operation and long time stability, but it is notoriously
difficult to detect and control the magnetic state by
electrical or optical means. At this point NiPS; is excep-
tional and shows much potential.

In an impressive row of papers an intimate entanglement
of electronic, magnetic, and optical properties has been
reported recently [2-8]. In particular, the optical excitation
across the gap depends on the appearance of magnetic
order, which is unusual and connected to the correlated
nature of the electronic structure of NiPS; [2]. But the most
surprising optical property of NiPS; is undoubtedly the
appearance of ultrasharp, highly polarized, excitations
below Ty inside the electronic energy gap, which have
been assigned to magnetic excitons and which are easily
accessible by standard optical methods like photolumines-
cence and absorption [3-6,9].
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In order to make further progress, their exact nature
needs to be settled. Kang ef al. associated the excitons with
a Zhang-Rice singlet-triplet transition [3] but further con-
firmation is necessary. In particular, exact knowledge of the
electronic structure is indispensable. First optical and
photoemission experiments on NiPS; date back to the late
1970s and early 1980s [10-12], followed by investigations
using resonant photoemission [13-17], x-ray absorption
spectroscopy [18,19], x-ray emission spectroscopy [20],
and electron energy loss spectroscopy (EELS) [21]. NiPS;
has been classified as a charge transfer insulator with
significant coupling of spin and charge degrees of freedom
[2,16,17]. Recently, the thickness dependence down to
three atomic layers has been studied by resonant inelastic
x-ray scattering (RIXS) and a reduction of the charge
transfer energy and the relevant hopping parameters has
been found [22].

Here we provide a comprehensive investigation of the
electronic structure of NiPS; including angle-resolved
photoemission spectroscopy (ARPES), EELS, DFT, and
multiplet calculations. We elucidate the intertwined nature
of electronic and magnetic properties and disclose the
singlet origin of the magnetic exciton.

NiPS; single crystals were grown in a two-step process
involving solid state synthesis of powders and a chemical
vapor transport reaction. The photoemission data were
measured using a NanoESCA system (Scienta Omicron)
equipped with a HIS-13 helium lamp (He I: 21.2 eV, He II:
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FIG. 1. (a) Projected in-plane crystal structure of NiPS;.
(sulphur, red; phosphor, blue) (b) Illustration of the zigzag
antiferromagnetic order. Shown are the Ni ions only. (c¢) Side
view of the crystal plane. (d) Density of states derived from
DFT + U. (e) Susceptibility measurements of NiPS; indicating
the antiferromagnetic phase transition at 7y = 155 K.

40.8 eV) at T =300 K. The EELS measurements were
carried out using a purpose built transmission electron
energy-loss spectrometer with a primary electron energy of
172 keV [23]. DFT calculations were performed using the
full-potential local-orbital code FPLO version 18 [24]. For
the exchange and correlation potential, we used the
generalized gradient approximation (GGA) by Perdew,
Burke, and Ernzerhof [25]. Based on the DFT results,
multiplet calculations have been conducted using the
ELISA program [26]. Further details on crystal growth,
sample preparation, spectroscopic measurements, DFT, and
multiplet calculations are provided in the Supplemental
Material [27].

NiPS; has a layered crystal structure with a honeycomb
lattice of the Ni>* ions (d® configuration), which are each
surrounded by six sulfur atoms forming trigonally elongated
octahedra [see Fig. 1(a)]. The d-manifold splits into three
fully occupied 1,, and two halffilled e, levels. This results in
local magnetic moments which order antiferromagnetically
below T = 155 K [see Fig. 1(e)]. Figure 1(b) depicts the
specific type of the antiferromagnetic pattern, a zigzag

arrangement. Figure 1(c) presents a side view of the plane.
The voids of the edge sharing octahedra network are filled by
P, dimers. Coming to the electronic structure, Fig. 1(d)
presents a calculation of the partial density of states (PDOS)
of Ni 3d, S 3p, and P 3p by DFT + U. U has been set to
U = 4 eV following earlier studies [2,33]. Our DFT + U
calculations correctly reproduce the magnetic ground state:
The zigzag AFM configuration yields the lowest total energy
but other magnetic configurations are within thermal reach.
To account for these contributions, we computed a
Boltzmann-weighted sum of DOS at 7 = 300 K and plotted
it in Fig. 1(d). The calculation reproduces the insulating
ground state of NiPS; with a gap of £, ~ 1 €V. The highest
occupied states are dominated by S 3p whereas the Ni 3d
levels are shifted back by the impact of U. Qualitatively, one
finds broad S 3 p bands intercepted by narrow Ni 3d bands.
The lowest unoccupied states, on the other hand, are mainly
of Ni 3d character.

Figure 2(a) shows valence bands measured with varying
photon energies (hv = 21.2, 40.8 eV). According to cross
section tables for hv = 40.8 eV, Ni 3d dominates whereas
for hv = 21.2 eV S 3p weights in three times more than Ni
3d [34]. Spectral shape depends strongly on photon energy
but clear correspondence of features exists, e.g., the three
prominent peaks A, B, C between 0 and —2 eV of the hv =
40.8 eV spectrum appear as shoulders for iv = 21.2 eV,
consistent with earlier less resolved results [15]. The high
energy region of the ~iv = 21.2 eV spectrum compares well
to the PDOS of S 3p and P 3p orbitals obtained by
DFT + U. We have applied a modest renormalization
factor of r~ 1.2 to the energy axis, correcting a slight
overestimation of the DFT bandwidth, and a shift towards
larger energy. At low energy, deviations occur due to the
contribution of Ni 3d. The Ni 3d contribution is signifi-
cantly shifted and renormalized compared to the DOS
calculation in Fig. 1(c), reflecting their localized and
correlated character. In fact, we find excellent agreement
of the hv = 40.8 eV spectrum to a NiOg cluster calculation
in O;, symmetry [35].

We observe quasiflat Ni 3d bands by ARPES [Fig. 2(d)]
confirming their localized character. In contrast, the angle-
resolved spectra of the S 3 p states reveal strongly dispersing
bands [Fig. 2(b)]. The experimental data are compared to
DFT + U in Figs. 2(c) and 2(e) based on S 3p and
Ni 3d orbital weight, respectively. Bandwidth renorma-
lization factors and energy shifts have been applied
(r53P ~ 12,134 % 2.8). For hv=21.2¢eV especially
the “V” shaped structures centered at M between —3 and
—5 eV coincide with experiment. The insets of Fig. 2(e)
present constant energy maps along with the surface
Brillouin zone calculated from structural data [36]. The left
inset provides a map at E=-2.8eV (hv =21.2¢eV)
illustrating the underlying sixfold symmetry. The right inset
cuts the maximum of the Ni3d band emissionat £ = —1 eV
for hv = 40.8 eV [see Fig. 2(d)]. The intensity is rather
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(a) Angle-integrated photoemission spectroscopy of NiPS; at different photon energies. An integral background has been

subtracted. Energy zero refers to top of the valence band. Inset: Simple view on the electronic structure of transition metal
trichalcogenides. Blue bars represent the results of a cluster calculation reproduced from Ref. [35]. Red spectrum at the bottom
corresponds to the S3p + P3p DOS. (b),(d) Experimental EDM along I'M taken with Av = 21.2 (b) and hv = 40.8 eV (d) radiation.
(c),(e) DFT derived energy distribution map (EDM) along I'M of the S 3p (c) and Ni 3d (e) band weight. Inset: Constant energy maps at
E=-28¢eV (hv=21.2¢eV)and E = -1 eV (hv = 40.8 eV with surface Brillouin zone).

evenly distributed over large parts of the Brillouin zone
confirming the absence of substantial dispersion of the
d bands.

Based on early reflectance measurements Khumalo et al.
proposed a model of the electronic structure of NiPS; and
other transition metal trichalcogenides where the transition
metal d states form sharply localized levels within broad
bands formed by the P,Sg lattice, which remains constant
with respect to the specific transition metal ion [37]. This
scheme is depicted as an inset in Fig. 2(a). Our photo-
emission results corroborate this model inasmuch as we
observe broad dispersing sulfur bands and localized quasi-
flat Ni bands at the low energy side cutting the sulfur bands.

So far, we considered the occupied density of states. In
order to investigate the unoccupied density of states we
applied x-ray absorption spectroscopy (XAS) and core
level EELS. Figures 3(a) and 3(b) present XAS data from
polycrystalline material at the phosphorus and sulfur K
edge. The near edge fine structure is determined by the
unoccupied P and S 3p PDOS. The comparison works out
well if bandwidth renormalization is taken into account
(r¥eS = 1.3, r¥25 = 2.4). However, the Ni 3d PDOS
cannot be determined in the same way since multiplet
effects become again important. Figure 3(c) shows the Ni

L3, edge measured by EELS, which is in principle
equivalent to XAS. The spectrum in Fig. 3(c) resembles
previous XAS measurements [2] although the polari-
zation geometry differs. From the latter we conclude
that the trigonal distortion is relatively small. The
experimental data are compared to a multiplet calculation
explained in detail below. The main features coincide
such as the narrow main L; peak at £ = 853.5 eV followed
by a satellite structure which is shifted somewhat in
energy.

Figure 4 shows the low energy EELS intensity at low and
high temperature in the optical limit, i.e., with small
momentum transfer. We find a gapped spectrum with
low intensity at low energies and an onset around E =
1.6 eV rising to a peak at E =24 eV (peak A) and
multiple peak structures at higher energies sitting on a
smoothly increasing background. The lowest energy fea-
ture is a very weak peak at E= 1 eV, which has been
previously associated with dipole forbidden onsite d — d
excitations [11,38]. Closer inspection of the rising flank of
the main peak A reveals another small peak (see
Supplemental Material [27] for further discussion).

According to the density of states and according to our
discussion of the photoemission and x-ray absorption
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FIG. 3. (a) P K absorption edge compared to P 3 p partial DOS.
(b) S K absorption edge compared to S 3p partial DOS with
bandwidth renormalization. A vertical offset has been applied to
the PDOS for better comparison to the edge fine structure. (c) Ni
L3, EEL edge compared to multiplet theory.

spectra, the first excited state (peak A) should involve a
charge transfer between S 3p and Ni 3d. The large
temperature dependence of peak A is an unusual effect
and suggests a coupling of the electronic states to the
underlying magnetic order below T similar to other
correlated materials [40,41]. This observation confirms
earlier measurements of the optical conductivity [2].
Figure 4 contains a calculation of the loss function and
its temperature dependence based on DFT + U discussed
above. The T =300 K spectrum in Fig. 4 represents a
Boltzmann weighted sum of all possible configurations
(see Supplemental Material [27]). The calculated result
agrees well with the experimental data. The higher lying
magnetic configurations inevitably enforce a different
charge distribution that finally alters the dielectric response.
Note, that we have again applied a renormalization of the
energy axis by rFFLS = 1.44 taking into account the two-
particle origin of L and an energy shift.

We have also measured the ¢ dependence of the EEL
spectra (see Supplemental Material [27]). The overall
dispersion of the low energy peaks A and B is small
consistent with the small dispersion seen in ARPES.
However, a slight shift of peak A to higher energies for
increasing ¢ is present, implying a direct gap or an indirect
gap with small momentum mismatch.

The temperature dependence of the gap excitation
observed in EELS is a consequence of the coupled
magnetic and electronic sector. Another purported conse-
quence is the appearance of a sharp magnetic exciton at
E ~ 1.5 eV seen in optical spectroscopies and RIXS [3-7].
It has been interpreted as a triplet-singlet transition, i.e., a
local multipletlike excitation within a Ni-ligand complex.

Theory

EELS intensity (arb. units)

3
Energy (eV)

FIG. 4. Lower: EEL spectra at 7 =20 and 7 = 300 K with
small momentum transfer (g = 0.07 A). Upper: Calculated loss
function. A renormalization factor has been applied to the
energy axis [39].

In order to connect our DFT description of the low
energy electronic structure with the local multiplets we
use ab initio based multiplet theory [42], which is based on
Wannerization of the nonmagnetic GGA band structure
using maximally projected Wannier orbitals [43]. Here we
concentrate on the Ni>* 3d orbitals that hybridize with the
neighboring S 3p ligand orbitals in trigonal symmetry
(point group Ds,) giving rise to molecular like orbitals for
which we build a local model with all Coulomb and spin-
orbit (SO) parameters. The local many body problem is
solved by exact diagonalization using the ELISA program.
The ligand-field energies for cubic octahedral symmetry
with small trigonal distortion are (in eV): A = —-0.912,
v=-0.085, /' =-0.021. A first orientation for the
Coulomb and SO parameters of the molecularlike orbitals
is given by the free ion values F(2) =9.8, F(4) = 6.1,
& = 0.080. However, by reducing the Coulomb parameters
within the 3d shell to 77% of their free ion value
[F(2) =7.55, F(4) = 4.70] we can improve the compari-
son with the experimental RIXS spectrum and we will
use these reduced Coulomb parameters in our present
analysis.

Figure 5 presents the comparison of RIXS data repro-
duced from Ref. [3] to the calculation described above,
where we applied an appropriate Gaussian broadening to
the multiplet states leaving the spectral weight of the peaks
constant. Satisfactory agreement is found for the low
energy region E < 1.5 eV. But also at higher energies
all the experimental peaks have a theoretical counterpart
matching in intensity and fine structure albeit shifted in
energy. Note that we have carried out our multiplet
calculations with no adjustable parameters, as it is usually
done, solely based on DFT. It is not surprising that the
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FIG. 5. (a) RIXS data reproduced from Ref. [3] in comparison
to multiplet calculations after Wannerization of the DFT results.
Inset: Schematic view on the triplet-singlet excitation. (b) Same
as (a) but with exponential rescaling of the energy axis.

Wannerization over- or underestimates somewhat the crys-
tal field parameters which shift the multiplet states in
energy. Figure 5(b) presents the same dataset but now the
energy axis has been rescaled by an exponential factor.
Again the spectral weight of the peaks is preserved. It
becomes clear that our theory gives an excellent description
of the experimental multiplet states on a semiquantitative
level. In particular, the sharp peak at 1.5 eV stems
unambiguously from a singlet excitation if spin-orbit
coupling is not taken into account. It gets mixed with
triplets in the complete list of states (see Supplemental
Material [27]) once spin-orbit coupling is finite. Since the
ground state is of triplet character, the spin state is changed.
Concerning the orbital character of the magnetic exciton, it
has been shown that it resonates at the energy correspond-
ing to d°L in RIXS [3] and has predominant p-d character
from theoretical analysis within an extended Hubbard
model [8].

Excitons have been discussed before occasionally in the
context of strongly correlated magnetic materials, but the
underlying microscopic mechanisms are not always the
same. A Zhang-Rice singlet exciton has been identified by
Monney et al. in low dimensional cuprates [44]. Similarly
to NiPS;, this exciton is embedded in crystal field

excitations and shows a strong temperature dependence.
But it lacks the sharpness of the NiPS; exciton and it could
be shown that it roots in a process involving neighboring
plaquettes. A spin-orbit exciton, i.e., the excitation between
different J states, dressed by magnons was identified in
Sr,IrO, [45]. Similar excitons have been discussed for
a-RuCl; [46-48].

The observed exciton in NiPS5 is extraordinarily sharp
and it possesses a strong temperature dependence indicat-
ing an intimate relationship to magnetic order. However,
the microscopic character of this relationship is not
obvious. The temperature dependence of the exciton is
in line with the temperature dependence of the charge-
transfer gap transition A of the low energy EELS response
(Fig. 4) reflecting the predominant d’L character of the
exciton observed by RIXS [3]. To simulate this temperature
dependence, we computed the loss functions and the total
energies of different magnetic configurations with zero net
magnetization. Thermal-averaged loss functions at 20 and
300 K (Fig. 4) generally agree with the experiment.
Microscopically, Dirnberger et al. showed that the tran-
sition strength of the S 3p — Ni 3d charge transfer is linked
to magnetic order by employing an extended Hubbard
model [8]. The discussion of the magnetic exciton as an
effective triplet-singlet on-site excitation leaves open the
question of how this excitation becomes optically active,
i.e., how the optical selection rules are satisfied. We have
shown that the final state is influenced by significant spin-
orbit coupling, hence the spin conservation rule might be
sufficiently relaxed. In addition, it has been suggested
before that the excitation process also induces a redistrib-
ution of charge between Ni 3d and S 3 p orbitals generating
an effective dipole moment [3,8].

Our results provide the understanding of how exactly the
ultrasharp photoluminescence active mode at E =~ 1.5 eV
roots in the electronic structure, which opens perspectives
to enhance control over the underlying antiferromagnetic
state. On a broader scope, trichalcogenides, and NiPS3, in
particular, have been and are interesting materials for a
variety of other reasons; e.g., as host structures for
intercalation of Li and other alkali metals in metal-ion
batteries or the occurrence of large optical anisotropies
[49], all of which require detailed knowledge of the
electronic structure.

In conclusion, we have thoroughly studied the electronic
structure of NiPS; by photoemission spectroscopy and
EELS on the one hand and theoretical tools (DFT, multiplet
calculations) on the other hand. We achieve comprehensive
understanding of the one-particle and two-particle
response. Based on this knowledge we unambiguously
identify the exciton mode at £ ~ 1.5 eV as an excitation of
dominant triplet-singlet character, thereby clarifying its
origin in the complex spin structure of NiPS;.

Note added.— Recently, a related work by Yan et al. [50]
appeared, reporting similar ARPES and DFT results.
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