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Elucidating the Role of Dimensionality on the Electronic
Structure of the Van der Waals Antiferromagnet NiPS;

Michael F. DiScala, Daniel Staros, Alberto de la Torre, Annette Lopez, Deniz Wong,
Christian Schulz, Maciej Barkowiak, Valentina Bisogni, Jonathan Pelliciari,

Brenda Rubenstein,* and Kemp W. Plumb*

The sustained interest in investigating magnetism in the 2D limit of insulating
antiferromagnets is driven by the possibilities of discovering, or engineering,
novel magnetic phases through layer stacking. However, due to the difficulty
of directly measuring magnetic interactions in 2D antiferromagnets, it is not
yet understood how intralayer magnetic interactions in insulating, strongly
correlated, materials can be modified through layer proximity. Herein, the
impact of reduced dimensionality in the model van der Waals antiferromagnet
NiPS; is explored by measuring electronic excitations in exfoliated samples
using Resonant Inelastic X-ray Scattering (RIXS). The resulting spectra shows
systematic broadening of NiS; multiplet excitations with decreasing layer
count from bulk down to three atomic layers (3L). It is shown that these
trends originate from a decrease in transition metal-ligand and ligand-ligand
hopping integrals, and by charge-transfer energy evolving from A = 0.83 eV in

monolayers of van der Waals (vdW) mag-
nets has enabled access to new mag-
netic phases and tests of fundamental
theorems of magnetism,!'®l and opens
up possibilities for controlling or engi-
neering unconventional states through
stacking.” Much work has concentrated
on vdW materials with a net ferromag-
netism in the 2D limit.>31% However,
antiferromagnets may offer more possi-
bilities to explore complex magnetic or-
der, topological spin textures, or quan-
tum spin-liquids that arise from frus-
trated interactions and which are stabi-
lized in 2D.[11-15]

NiPS; stands as one of the few ex-

the bulk to 0.37 eV in 3L NiPS;. Relevant intralayer magnetic exchange
integrals computed from the electronic parameters exhibit a decrease in the
average interaction strength with thickness. This study underscores the
influence of interlayer electronic interactions on intralayer ones in insulating
magnets, indicating that magnetic Hamiltonians in few-layer insulating

magnets can greatly deviate from their bulk counterparts.

1. Introduction

In 2D magnets, enhanced fluctuations and lattice connectivity
strike a balance from which collective states unobtainable in
three dimensions may emerge. The ability to prepare isolated

foliatable materials that exhibits both
antiferromagnetic order and strong
correlations.['®17] Recent Raman scat-
tering measurements suggest that the
magnetic order in NiPS; is highly
sensitive to dimensionality and find
that long-range order vanishes in the
monolayer limit in favor of a fluctuating
magnetic phase.’] Based on the mag-
netic Hamiltonian that was determined
by inelastic neutron scattering on bulk
samples,!8] the thickness-dependent Raman data were associ-
ated with the proliferation of vorticies through a Berezinskii—
Kosterlitz-Thouless phase transition in the 2D material.
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Figure 1. a) Schematic electronic density of states from bulk to 3L NiPS;. b) Visualization of the change in the overlap between MWLFs with dominant
contribution to Ni-S hopping integrals from bulk (left) to TL (right) NiPS; due to the loss of z-like vdW interactions. Figure was created using both VESTA
and Blender software packages.!'®2%] Bulk (c) and 3L (e) NiPS; RIXS sepctra at Ni L;-edge. Black points are experimental data with errorbars smaller
than the symbol size, red lines show Gaussian fit to the data. d) Gaussian peak position versus layer count. Dashed linear fits highlight the electronic

structure change with thickness; gray regions follow the numerical center of mass and full width half max of the overall experimental peaks.

However, this explanation assumes that the few-layer mag-
netic Hamiltonian is identical to that in the bulk. More direct
experimental access to the electronic energy scales and mag-
netic interactions is thus necessary to resolve the nature of the
magnetic state in exfoliated NiPS;.

In this work, we demonstrate that Ni-S electronic energy scales
are strongly altered by dimensionality in NiPS; leading to a few-
layer magnetic Hamiltonian that differs from that of the bulk.
We use resonant Inelastic X-ray Scattering (RIXS) to directly in-
terrogate correlated electronic states in exfoliated flakes of NiPS,
and reveal a systematic softening and broadening of NiS; multi-
plet excitations with decreasing thickness that is reproduced by
a multiplet ligand-field model. Overall, we find that decreased
hopping integrals and charge transfer energy in 2D result in a
more covalent character for Ni d-orbitals (Figure 1a). We addi-
tionally compute the relevant magnetic exchange integrals and
find a decrease in the second- and third-nearest neighbor mag-
netic interaction strengths, and an increase in the first-nearest
neighbor interaction strength. This change moves NiPS; closer
to the boundary between the stripy antiferromagnetic and spi-
ral ordered phases of the honeycomb antiferromagnet. Lastly,
we show how the change of electronic energy scales in thin-
ner samples occurs due to decreased electronic vdW delocal-
ization across layers in the 2D limit. Since this mechanism is
not necessarily specific to NiPS;, its effect will be important to
the properties of a broad class of strongly correlated few-layer
vdW magnets.

2. Experimental Results

NiP§, crystallizes in the monoclinic C2/m space group with Ni (S
= 1) atoms on honeycomb lattices in the ab-planes. Each Ni atom
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is octahedrally coordinated by six S atoms, with P atoms situated
between the 2D sheets of NiS; that form the vdW gap along the ¢-
axis with an interlayer spacing of % 0.636 nm.[>1¢] NiPS; is known
to magnetically order at a transition temperature of Ty, = 155 K;
ferromagnetic zig-zag chains form with moments parallel to the
a-axis and antiferromagnetically coupled along the b-axis, with a
small out of plane component.[16-21]

Figure 1c,e show representative RIXS spectra for bulk and
three-layer (3L) NiPS;, respectively. Spectra were collected at the
peak of the Ni L;-edge XAS E, = 853 eV, corresponding to 2p;,
to 3d electronic transitions. We concentrate on the low energy re-
gion E . = 0.2 - 2.15 eV that contains excitations within the
NiS, multiplet. The bulk and three-layer (3L) spectra are quali-
tatively similar except for an overall energy broadening and soft-
ening that is readily visible in the 3L data (Figure 1b). While the
qualitative similarity between bulk and 3L spectra is consistent
with the fact that there are no drastic structural reconstructions
upon exfoliation, the apparent broadening and softening indi-
cates a change in the electronic structure of NiPS, with thickness.

In order to elucidate the origin of this change, we first con-
centrate our analysis on the bulk spectra and identify all relevant
features. We found that a minimum of six Gaussian modes were
required to fit the bulk data, labeled A - F in Figure 1c, with mini-
mum energy widths fixed by the experimental energy resolution
(= 55meV FWHM). Each of these features can be identified as an
excitation within the electronic multiplet of trigonally distorted
NiS, octahedra (Figure 2a; Figure SV, Supporting Information).
The center of mass positions of the two bulk peaks are assigned
to the t,, — ¢, (d-d) excitations of * T, and *T,, symmetry, respec-
tively, in good agreement with optical measurements.!'”- 221 The
trigonal distortion introduces a D;; symmetry which splits T,
—3A,, + E, (peaks B& C) and ’T;, — *A,, +*E, (peaks E& F), in
agreement with Raman and optical measurements.[?223] Access
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to spin-flip (AS # 0) excitations in the RIXS cross-section leads
us to assign peak D 1Eg symmetry as the next highest excited
state above 3T2g in a 3d® system. Lastly, peak A is assigned to a
charge transfer excitation with 3d°L' character, where L" denotes
n ligand holes. The 800 meV energy scale of this peak indicates
a small charge transfer energy in NiPS,. We verify these peak as-
signments through the application of the NiS, multiplet ligand-
field model described below. We note that since our incident en-
ergy was tuned to the peak of the Ni L;-edge XAS, our measure-
ments were not sensitive to the sharp 1.47 eV peak reported in
Ref. [24].

We now bring our attention to the spectra collected on the ex-
foliated samples, and in particular, the 3L sample. Following the
fitting procedure from the bulk spectra, we again fit six Gaussian
modes; however, Empirically fitting the 3L spectra to a minimum
of six Gaussian peaks resulted in two scenarios of equally good
fit quality. In order to address the width of peak A, we explore
the two fitting scenarios for the 3L spectra. In scenario one, the
widths of all peaks were held fixed at the experimental resolu-
tion; this fit converged with a systematic softening of all peaks
between the bulk and 3L data sets. In scenario two, the FWHM
of peak A was allowed to relax, while peaks B - D were fixed to the
experimental resolution, and peaks F - F were fixed to the bulk
fitted FWHM to experimental resolution ratio; this fit converged
with minimal softening of all peaks, but systematic broadening
and increased intensity attributed to peak A. We found that peak
energies extracted from scenario one could only be reproduced
within physically meaningful parameters using a negative charge
transfer energy, while scenario two is reproduced with a small pos-
itive charge transfer energy.!®>! A negative charge transfer energy
for the 3L sample implies a zero-crossing of the charge transfer
energy as a function of thickness between bulk and 2D exfoliated
samples. We rule out such a transition based on the smooth evo-
lution of thickness dependent RIXS data and Raman spectra.[?’]
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Figure 2. Calculated energy levels of the NiSg multiplet ligand-field model as a function of A for bulk (a) and 3L NiPS; (c) compared to normalized
experimental spectrum (b, d, respectively). Fixed model parameters are listed in Table 1 and in Supporting Information.[?’! In (a,c), black and gray lines
show energy levels calculated with and without SOC, respectively. Symmetry labels adapted from a calculation without SOC. Horizontal dashed lines
and shaded regions show E, ., value and error bars of fitted peaks in rightmost panel, respectively. Vertical dashed line indicates best fit at A = 0.83 eV
for bulk and A = 0.37 eV for 3L NiPS;.

The full details of each fitting scenario to the 3L spectrum, in-
cluding details of the bulk spectrum fitting, can be found in the
Supporting Information.?]

Fits for scenario two are shown in Figure le, while Figure 1d
summarizes the centroids of the fitted peaks for the various sam-
ple thicknesses measured. Minimal differences were found be-
tween the bulk and 60L, placing a lower limit on bulk behavior
for exfoliated NiPS; at ~ 38 nm. From bulk to 3L, peaks B - F
vary slightly in E, . We find a broadening in the FWHM of peak
A by 360(50) meV over the bulk data that suggests a change in
the charge transfer energy in few-layer samples. Furthermore,
the observed systematic broadening of excitations signifies an
electronic structure intricately connected to sample thickness in
NiPS,.

3. Theoretical Analysis

Having identified a clear empirical trend, we perform a thor-
ough fit of the experimental data for paramagnetic NiPS; using
a high-fidelity multiplet ligand-field model (MLFM) in the basis
of symmetry-adapted linear combinations of ligand orbitals.2°]
Crucially, we use rigorously converged parameter-free solutions
of the Schrodinger equation to physically guide our search of
the MLFM parameter space. Our MLFM model includes Slater-
Condon parameters(Fgl‘f"‘, Fg;, G;;), covalent hopping integrals
between S 3p- and Ni 3d- orbitals, pdo and pdx, S 3p- orbital level
splitting, T,, = ppo — ppr, cubic crystal field (10Dgq) and trigonal
distortion 8, Ni 3d-3d and 2p-3d on-site Coulomb interactions U,
and U,; = 1.2U,,, and charge transfer energy A. The values of the
transition metal-ligand (pdo, pdr) and ligand-ligand (ppo, ppn)
hopping integrals for bulk and monolayer geometries are calcu-
lated independently by self-consistently converging to the elec-
tronic ground state of the nonmagnetic configuration of NiPS,
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Figure 3. Normalized Ni L; RIXS spectra for bulk (a) and 3L (c) NiPS; with MLFM model from parameters in Table 1 and in Supporting Information.
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¢,d) Simulated RIXS map as a function of incident energy from resonance (AE,.R“) and Ejoi;. A/T,q and A/U parameterize the hybridization and charge
transfer characters, respectively. Red bars indicate the eigenvalues of the initial state Hamiltonian obtained from the analysis in Figure 2.

using Density Functional Theory (DFT). We employ a substan-
tial plane wave energy cutoff of more than 3,400 eV, sample the
Brillouin zone such that all energies are converged to within less
than 0.001 eV, and use correlation-consistent pseudopotentials
obtained from fully many-body ab initio calculations.[*] We then
generate maximally-localized Wannier functions (MLWF) which
span a substantial subspace of the rigorously converged DFT
ground states, and use the resulting tight-binding inter-orbital ex-
pectation values to solve for the hopping integrals within the two-
center linear combination of atomic orbitals approximation.!®]

We carried out a search of the remaining parameter space for
A, 10Dg, and Fg;"t by minimizing the difference between calcu-
lated energies peaks A - F while keeping F(G),; fixed to 80% of
their atomic Hartree-Fock values.[2?7]. For initial comparisons
of this model to our data, we used physically meaningful param-
eters for octahedrally coordinated NiS,.[28-3% Figure 2a,c shows
the calculated energy levels for a NiS, cluster as a function of
the charge transfer energy A using fixed parameters that give the
best agreement between measured and calculated peak energies
for bulk and 3L NiPS;, respectively.?’! Previous optical and X-ray
absorption (XAS) studies classified NiPS; as a negative charge
transfer insulator,!'”] while more recent RIXS and XAS measure-
ments indicate a positive charge transfer gap.[>*3!] We find that,
for bulk NiPS;, a small positive A = 0.83 eV was necessary to give
an accurate match to the data; for 3L NiPS;, the charge transfer
gap decreases, and accordingly, the best match to the data is ob-
tained with A = 0.37 eV.

In Figure 3a,b, we show RIXS spectra calculated using the
open-source toolkit EDRIXS[32I compared to the experimental
data. Intensities were normalized to the nominal 10Dgq line. Co-
valent hopping integrals, pdo and pdz, as well as T,, were fixed
to those obtained from ab initio calculations of the nonmagnetic
configuration (Table 1) while A was allowed to vary. To account for
broadening of excitations not captured by our multiplet ligand-
field model and facilitate better comparison with experimental
data, the calculated spectra were broadened by increasing the
final-state lifetime above 2 eV in E .. We can reproduce the ob-
served broadening and softening of NiS, multiplet excitations in
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Table 1. Fixed values in eV of hopping integrals extracted from ab initio cal-
culations of the nonmagnetic configuration. Charge transfer energy A, and

intra-orbital Coulomb repulsion U = ng + 4;49(’:5:1 + ng) extracted from
RIXS modeling.[26:33]

pdo pdn ppo ppr Top A U
Bulk -1.07 0.67 0.89 —0.09 0.98 0.83 8.3
3L —-0.93 0.46 0.62 —-0.01 0.63 0.37 83

the 3L spectrum by a decrease in charge transfer energy and tran-
sition metal-ligand hopping integrals, as parameterized by A/T,,,
and A/ U, where Ty = —\/gpda and on-site 3d Coulomb repul-
sion U = F, + i(Fjd + F} )31 AJT,; = 0.45 and A/U = 0.10
in bulk, and A/T,; = 0.23 and A/U = 0.04 in 3L.

We determine that the underlying mechanism responsible for
the significant change in the RIXS signal with thickness is pre-
dominantly electronic rather than structural in origin, though the
lattice constant is slightly overestimated in the PBE-optimized
monolayer. We find that as NiPS; gets thinner, metal-ligand z-
hopping is reduced (pdr decreases) due to the removal of z-like
interlayer vdW interactions. The same effect also causes pdo and
T, to change significantly because of the mixed ¢- and z-bonding
character present in the sp;-hybridized phosphorus atoms that
bridge the NiS; clusters. In the context of our MLWFs, this is re-
flected in a change in the largest tight-binding energies used to
solve for pdo and pdr (Figure 1b).1°]

The combination of RIXS measurements and ab initio cal-
culations constrain the electronic ground state that underlies
the magnetic properties of NiPS,. In Figure 4c, we investigate
the change in the ground state character of |¥,) = a|3d%) +
B13d°LY) + v |3d"°L?) extracted from our multiplet ligand-field
model as a function of T,, and A/T,;. We find a negligible con-
tribution from the |3d'°L?) state and nearly equal populations
of the |3d®) and |3d°L') states. In bulk, |«|?/ |f|?> = 1.18, and in
3L, |e|?/ |B|* = 1.3, implying a small increase in the magnitude
of the paramagnetic Ni moment. As shown in Figure 4c, this
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Figure 4. a) Sketch of the nearest-neighbor superexchange process between d,_> and d,» orbitals on Ni sites (1,2), mediated by p, /p, orbitals on S. b)

Calculated change in J3/J; as function of T, (top-axis) and A/T,,; (bottom-axis) for fixed bulk values of A/T,; and T,

p» respectively. c) Calculated ground

state ratio of [3d®)/|3d°L") as a function of T,, and A/T,;. Star and hexagon points indicate bulk and 3L values of T,,, and A/T g, respectively.

minimal change is accounted for by the dependence of the
ground state character on both the hybridization A/T,, and T,,.
While an increased transition metal-ligand hybridization tends
to enhance the |3d° L") character, this is offset by the reduction in
the ligand-ligand hybridization T,,,.

Despite the small change in ground state character, the large
change in hybridization and hopping parameters influences
the magnetic exchange interactions. Using the parameters ob-
tained from our RIXS measurements and ab initio modeling, we
compute the superexchange interactions up to the third-nearest
neighbor within a sixth order cell-perturbation.[3*3435] The first
J;, second J,, and third J; nearest neighbor expressions are given
by the second order perturbation terms for the |3d° L") states, and
fourth and sixth order terms for the |3d®) states; Figure 4a
shows the first-nearest neighbor superexchange pathway for the
[3d%) configuration, while a detailed description of all these ex-
pressions is given in the Supporting Information.! In bulk
NiPS;, we find J? ~—3.6 meV, J?~0.17 meV, and J7 ~12 meV, in
excellent agreement with recently reported values from inelastic
neutron scattering.l'®?') The decrease in T,, and A/T,; leads to
an overall enhancement of J’"~—4.2 meV, a vanishing J3*, and
decrease in J;"~7.3 meV. In Figure 4b, we summarize the de-
pendence of J;/], on T,, and A/T,,. We find that ], is dominated
by the |3d°L") state, while J, and J, are dominated by the |3d®)
state. Thus, the decrease in T, is directly responsible for an in-
creased |3d°L') contribution to J,. As a consequence of the overall
reduction in the average exchange interaction strength, the mag-
netic transition temperature is expected to be reduced in few-
layer samples compared to bulk samples. Furthermore, the de-
crease in J;/J; from -3.3 in bulk to -1.7 in 3L, positions 3L NiPS,
closer to a phase boundary between the stripy AFM phase and a
spiral ordered phase.[3®! It is likely that, in the 2D limit, NiPS; is
driven into a highly frustrated regime on this phase boundary.

4. Conclusion

In summary, we used RIXS to access the electronic ground state
properties of an exfoliated, correlated antiferromagnet in the 2D
limit. We found that the electronic energy scales associated with
Ni-S hybridization, and consequently the magnetic exchange in-
teractions, are altered in a non-trivial way though the modifica-
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tion of interlayer energy scales upon exfoliation of NiPS; despite
minimal structural changes. Our findings demonstrate that mag-
netic exchange parameters determined from measurements on
bulk materials are not applicable in the 2D limit, as interlayer in-
teractions, absent in 2D, affect intralayer ones. The underlying
electronic mechanism we have identified points to the possibil-
ity of controlling magnetic interactions in strongly correlated van
der Waals heterostructures by tuning interfacial energy scales to-
ward the design of the next generation of 2D strongly correlated
magnetic materials.

5. Experimental Section

Crystal Growth: Single crystal samples of NiPS; were grown by va-
por transport, following previously published methods.['® 18] Stoichiomet-
ric quantities of metallic Nickel (99.994% purity), crystalline Phorphorus
(99.999% purity) and Sulfur (99.999% purity), were added to a quartz tube
in an argon-filled glovebox. The quartz tube was then evacuated, sealed,
and placed in a two-zone furnace and heated to 700 °C/750 °C over 6 h;
the furnace was held at this temperature gradient for 2 days, and cooled
to 670 °C/620 °C over 8 h and held for an additional 16 days. After a total
of 18 days in the furnace, samples were cooled to room temperature over
8 h. The crystals formed were shiny gray metallic and had hexagonal motif
characteristic of NiPS;.

Exfoliated Sample Preparation: Bulk NiPS; was exfoliated using con-
ventional scotch-tape methodsl?! and deposited either onto a blank SiO,
substrate or onto a SiO, substrate pre-treated with a patterned Copper
(Cu) grid. Sample layer count was determined using a combination of
atomic-force microscope thickness measurements and optical contrast
with SiO, substrate. See Supporting Information and Figure SII (Support-
ing Information) for more details.[?° The patterned Cu grid consisted of
100 p m X p m SiO, cells separated by 200 u m of 50 nm thickness Cu
(Figure Slb,c, Supporting Information).[?’] The 3L sample was deposited
onto a blank SiO, substrate and was later patterned with a Cu fiducial
marker using electron-beam lithography (Figure Sla, Supporting Informa-
tion), again with a Cu thickness of 50 nm.[?°! In both cases, Cu was cho-
sen as a material that could provide a fluorescence contrast to SiO, in
the soft X-ray regime. This fluorescence contrast proved invaluable in lo-
cating small samples whose signals were weak under an X-ray beam. The
Cu grid proved a useful method for locating sample(s) as a unique grid
scheme could be defined for each chip if the orientation of each chip re-
mained consistent; however, the fiducial marker had the advantage of of
being visible by eye, resulting in unequivocal sample location and remov-
ing the requirement of a grid scheme. Exfoliated samples were spin coated
with a PMMA protective layer and stored in an Ar atmosphere to prevent
degradation.
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RIXS Measurements: Room temperature RIXS measurements on ex-
foliated flakes were carried out on the PEAXIS beamline at BESSY I1.137]
The PMMA coatings were removed immediately prior to loading the sam-
ples into the RIXS vacuum chamber via washing with acetone and iso-
propyl alcohol. All samples chosen for measurement had lateral dimen-
sions larger than, or comparable to, the 15 (H) um x4 (V) u m x-ray beam
spot size at the PEAXIS beamline. A horizontal scattering geometry of 20
= 90° was used with an ~ 235 meV energy resolution (full width at half
max, FWHM) using linear horizontal polarization and specular geometry.
Spectra were collected in 30 min segments to minimize sample exposure
to the X-ray beam. It was noted here that the 7 L spectra only was col-
lected with marginally better instrumental resolution of ~ 190 meV. Bulk
NiPS; RIXS measurements were carried out on the SIX beamline at NSLS
11 with identical scattering geometry, but with an ~ 55 meV energy reso-
lution FWHM. The main resonance peak at the Ni L;-edge was chosen
via X-ray absorption spectroscopy (XAS) preformed on-site, prior to each
RIXS measurements.
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