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The fundamental optical excitations of correlated transition-metal compounds are typically identified
with multielectronic transitions localized at the transition-metal site, such as dd transitions. In this vein,
intense interest has surrounded the appearance of sharp, below-band-gap optical transitions, i.e., excitons,
within the magnetic phase of correlated Ni>* van der Waals magnets. The interplay of magnetic and charge-
transfer insulating ground states in Ni2* systems raises intriguing questions on the roles of long-range
magnetic order and of metal-ligand charge transfer in the exciton nature, which inspired microscopic
descriptions beyond typical dd excitations. Here we study the impact of charge transfer and magnetic order
on the excitation spectrum of the nickel dihalides (NiX,, X = Cl, Br, and 1) using Ni-L; edge resonant
inelastic x-ray scattering (RIXS). In all compounds, we detect sharp excitations, analogous to the recently
reported excitons, and assign them to spin-singlet multiplets of octahedrally coordinated Ni>* stabilized by
intra-atomic Hund’s exchange. Additionally, we demonstrate that these excitons are dispersive using
momentum-resolved RIXS. Our data evidence a ligand-mediated multiplet dispersion, which is tuned by
the charge-transfer gap and independent of the presence of long-range magnetic order. This reveals the
mechanisms governing nonlocal interactions of on-site dd excitations with the surrounding crystal or
magnetic structure, in analogy to ground-state superexchange. These measurements thus establish the roles
of magnetic order, self-doped ligand holes, and intersite-coupling mechanisms for the properties of dd

excitations in charge-transfer insulators.

DOI: 10.1103/PhysRevX.14.031007

I. INTRODUCTION

The recent demonstration of magnetic order in corre-
lated transition-metal van der Waals (vdW) materials to
the ultrathin limit has led to an increased interest in their
excitonic responses and coupling to magnetism. In con-
trast to uncorrelated, direct band-gap semiconductors
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exhibiting Wannier-type interband excitons [1], the
below-band-gap excitations of strongly correlated tran-
sition-metal compounds are typically interpreted in terms
of localized transitions between distinct spin or orbital
configurations of the transition-metal ions. Also known as
dd or ligand-field transitions [2], such excitations may be
equivalently described as Frenkel-type excitons [3]. Of
particular interest is the utility of dd-excitation optical
responses for measuring and tuning magnetic states, as
exemplified by the observation of helical ligand-field
luminescence in ferromagnetic Cr trihalides [4,5], the
linearly polarized absorption or emission from excitons in
the Ni?t vdW magnets Nil, [6] and NiPS; [7-11], and
associated photoinduced magnetic properties [12—14].
Clarifying the microscopic origin of such excitonic states,
particularly their coupling mechanism to the local spin
degree of freedom and long-range magnetism, is essential
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for continued progress toward functional applications and
for the optical characterization of magnetic ground states
in vdW materials.

Here, we focus on the triangular-lattice nickel dihalide
antiferromagnets NiX, (X = CI, Br, I) based on Ni** ions
(3d®) to study their multiplet spectra versus ligand, temper-
ature, and momentum using Ni-L; edge resonant inelastic
x-ray scattering (RIXS). The ligand-field spectra of Ni**
systems have been the subject of intensive study in classical
optical literature [15-21] and more recent studies [6—
13,22]. Specifically, several recent investigations report
the emergence of sharp excitons below the magnetic
transition temperatures of correlated Ni** vdW magnets
[6-11]. These excitons were associated with spin-entangled
Zhang-Rice triplet-to-singlet excitations stabilized by long-
range magnetic order and magnetic coherence [6,7]. The
Zhang-Rice mechanism is motivated by the charge-transfer
insulator nature of the electronic ground state in Ni**
systems [23,24]. The electronic states are an admixture
between local 3d® and 3d°L configurations, where 3d°L
represents the self-doped ligand-hole electronic configura-
tion [23-25]. From this configuration, analogs to Zhang-
Rice states may arise as observed in doped copper oxides
[26-28]. Despite this, the reported excitons bear a strong
resemblance to optically spin-forbidden multiplet transi-
tions previously revealed by optical spectroscopy [15—
21,29,30]. Furthermore, Zhang-Rice states typically refer
to an emergent triplet-singlet splitting of the 3d°L con-
figuration driven by kinetic exchange [26], much lower in
energy than the observed excitations. Based on this
dichotomy, the proposed Zhang-Rice mechanism, the role
of long-range magnetic order, and the key interactions
stabilizing these exciton states require further scrutiny.

The nickel halides provide a platform to assess each of
these aspects directly. First, the nickel dihalides are vdW
magnets exhibiting distinct ligand-tuned magnetic ground
states ranging from C-type antiferromagnetic (AFM) to
noncollinear spin structures [6,16,31-33]. Furthermore,
they constitute an archetypal series of charge-transfer
insulators with systematically tuned Ni-X covalency and
charge-transfer gap A, as previously revealed through both
x-ray photoemission (XPS) and x-ray absorption spectros-
copy (XAS) [23,24]. However, the impact that this strongly
ligand-tuned A has on the ground-state multiplet excita-
tions has not been investigated in detail. As we show in
this work, the simultaneous tuning of magnetic order and
self-doped ligand holes through the charge-transfer gap
establishes their roles in the emergence of the exciton
states, and in their fundamental parameters (namely,
dispersion, microscopic nature, and temperature effects).

While dd excitations are nominally dipole forbidden in
optics, RIXS at the transition-metal L3, edges provides
direct spin- and dipole-allowed access to the multiplet
spectra of transition-metal compounds [25] without the
necessity of coupling to distinct bosonic excitations (e.g.,
phonons, magnons) or a relaxation of dipole-selection rules

through the reduction of point-group symmetry. Such
measurements are thus crucial to unravel their microscopic
nature, and intrinsic evolution with both temperature and
momentum to provide a proper interpretation of their
manifestation in optical experiments.

From our RIXS measurements, we observe sharp (nearly
resolution-limited) excitonic peaks in all NiX, compounds,
confirming their universality in Ni>* charge-transfer insula-
tors. The ubiquity of these excitons stems from their micro-
scopic nature, which we assign as spin-singlet (S = 0)
multiplet (dd) excitations of 'A 19/ lEy symmetry [34].
These features are characteristic of Ni>* ions in octahedral
symmetry, and are broadly consistent with their original
identification through optical spectroscopy [15-21,29,30].
Further, the association of these peaks with intraconfigura-
tional multiplets of Ni** provides a clear rationalization for
their characteristically sharp linewidths in both RIXS and
optical experiments, determined by their low degeneracy,
lack of fine structure, and a quenching of the excited-state
coupling to phonons [2,20,21,38,39]. While the energies of
these singlet excited states are strongly affected by the ligand
and their ionic character, the existence of these excitons does
not require particular charge-transfer contributions or long-
range magnetic order [25,40]. Using charge-transfer multi-
plet (CTM) theory, we show that the strong ligand-depend-
ence results from an effective screening of the intra-atomic
Hund’s exchange interaction (e.g., nephelauxetic effect)
[23,25,39,41,42] due to the increasing contribution of self-
doped ligand-hole (3d°L) states at small A. This analysis
systematically establishes the primary effects of the metal-
ligand hybridization and covalency, and provides a complete
description of the multiplet structure in the highly ionic
(NiCl,) and strongly covalent (Nil,) limits.

Using q-dependent RIXS, we further uncover a finite
momentum dispersion of these spin-forbidden 'A;,/'E,
multiplets. Such a momentum dependence is fundamen-
tally inaccessible to optical probes (q = 0), yet provides key
insight into how the excited singlet states interact with the
surrounding crystal and magnetic structure. As the charge-
transfer energy is reduced by changing the halogen ligand,
the dispersive bandwidth of the singlet excitations
increases. Furthermore, the excitons and their dispersive
behavior persist far above the magnetic ordering temper-
atures, demonstrating an exciton delocalization regardless
of the presence of long-range magnetism. To explain this,
we propose a simple charge-transfer-induced exciton delo-
calization mechanism determined from the dominant
ligand-mediated orbital hopping pathways on the two-
dimensional (2D) triangular lattice. This effect can be
viewed as a natural consequence of the increased metal-
ligand hybridization in a crystalline environment. Our
results thus demonstrate that the microscopic interactions
stabilizing these excitons are the multielectron interactions
at the nickel site, identifying their ubiquity in Ni** systems.
This highlights how their fundamental energies and
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(a) The layered rhombohedral (space group R3m) structure of NiX, dihalide compounds, highlighting the triangular lattice

of magnetic Ni** ions and the RIXS scattering geometry at grazing incidence (see text). (b) Ligand-dependent Ni-L;/L,-edge
XAS spectra at T = 40 K. Corresponding XAS fits from charge-transfer multiplet calculations are the dashed gray lines (see text).
(c)—(e) Incident-energy-dependent RIXS maps for each compound across the main and side peaks at the Ni-L; edge (bottom) with the
corresponding total fluorescence yield (TFY) XAS spectra (top). The XAS spectra indicate the main peak and side peak (MP, SP)
resonances with blue and red arrows, respectively, along with the MP-SP incident-energy splitting for each compound. Red and blue
arrows on the right axis of each RIXS map indicate the 'A;, — lEg spin-singlet multiplets resonant at the XAS SP.

degree of delocalization may be tuned through the charge-
transfer gap.

Our paper is organized as follows: (i) We present the
experimental Ni-L; edge RIXS and XAS data versus ligand
in the nickel dihalide series in Sec. II A. (ii)) We model the
spectra with NiXg cluster calculations using charge-transfer
multiplet theory to establish the microscopic origin of each
excitation, and determine the role of the self-doped ligand
holes in the ground and excited states in Sec. II B. (iii) We
present momentum and temperature dependence of the
spin-forbidden 'A;,/'E, multiplets in comparison with
spin-excitation dispersions in Sec. II C, and (iv) we propose
a microscopic model for the multiplet dispersion in
Sec. IID. Finally, we discuss the implications of these
results in Sec. III and conclusions in Sec. IV.

II. EXPERIMENTAL RESULTS

We perform XAS and RIXS measurements on high-
quality single crystals of NiX, compounds grown by
chemical vapor transport (see Appendix A). The RIXS
and XAS data are acquired at the 2-ID SIX beamline of the
National Synchrotron Light Source II, Brookhaven
National Laboratory [43]. RIXS measurements are per-
formed with an energy resolution of AE = 31 meV at the

Ni-L; edge, and XAS is recorded in total fluorescence yield
(TFY). The samples are aligned with the a* reciprocal
lattice direction aligned in the scattering plane [Fig. 1(a)],
with grazing incidence geometry, ¢ incident polarization,
and T = 40 K unless otherwise specified. The temperature
is chosen to be below the magnetic phase transitions for
each compound.

A. Evolution of RIXS and XAS spectra versus ligand

We begin by discussing the evolution of the Ni-Lj
edge RIXS and XAS spectra versus ligand (X) for NiX,.
Figure 1(b) shows XAS spectra across the Ni-Ls/L,
edges for each compound. At the L5 edge, a clear double-
peaked structure is observed for all compounds corre-
sponding to a “main” peak (MP) around 852.7 eV,
followed at higher energy by a side peak (SP) at
854.5, 854.0, and 853.1 eV for NiCl,, NiBr,, and Nil,,
respectively [see Figs. 1(c)-1(e), top]. We note the
pronounced self-absorption effect in the TFY XAS spectra
[24,44-46], leading to suppression of main Lj;-edge
intensity (see Supplemental Material [47]). The energy
separating the MP and SP increases with the ionic
character of the compound. The latter is directly linked
to higher charge-transfer gaps A, as discussed below.
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FIG. 2. (a)Ligand-dependent RIXS spectra at the MP (left) and SP (right) resonances. Intensity for each spectrum has been normalized

by the total inelastic signal (0.5 — 5.0 eV). The peaks are labeled with their corresponding multiplet term symbol in O, symmetry (see
text). The sharp spin-singlet excitations ('E, and 'A,,) are indicated for each compound with blue and red arrows, respectively.
Corresponding charge-transfer multiplet (CTM) calculations are shown as dashed gray lines overlaid with each experimental spectrum.
The sharp features in the CTM calculations for Nil, above 3 eV are charge-transfer transitions, which are broad and overlap with
fluorescent background in experiment (thus, not well resolved). The lower-energy 3d® multiplets in all NiX, samples are sharp and well
captured by CTM calculations. (b) Energy-level diagram calculated from the CTM model as a function of the charge-transfer gap A and
Ni-X hybridization V(e,) in O, symmetry (spin-orbit coupling excluded for simplicity). The 1A, g and lEg term energies are highlighted
with thick lines, and all calculated excitations are colored based on the 3d®/3d° L character, as indicated by the color bar. Experimental
energies for the 'A, of 1Eg peaks are shown as red and blue data points, respectively, with other experimental multiplets indicated with
triangles and squares for triplet and singlet terms, respectively. Optimal fit values of A for each compound are indicated with vertical
dashed lines. An approximate relation between the metal-ligand hybridization V(e,) (top axis) and the charge-transfer energy A (bottom
axis) for the NiX), series is determined to be V(e,) = 0.181A 4 1.301 from independent CTM model fits to all compounds, as discussed

in Appendices A and B. (c) Schematic representation of the low-energy AS = 0/AS = 1 3d® multiplet terms in O, symmetry.

Additionally, several broader peaks are observed at higher
energies (E; ~ 855-860 eV) and associated with charge-
transfer satellites [24,25,42]. An overall similar qualita-
tive behavior is observed at the L, edge.

We subsequently measure RIXS spectra versus inci-
dent energy across the MP and SP resonances at the Ni-L5
edge for each compound [Figs. 1(c)-1(e)]. For Ni** in
octahedral (0;,) symmetry, the ground-state electronic
configuration is *A,, with 5 e orbital occupation and
§ =1 arrangement of the half-filled e, states [2,48].
Around AE =950 meV energy transfer, we identify a
predominant Raman-like excitation which is nearly in-
dependent of the ligand. This excitation is connected to
the fundamental #,;, — e, spin-preserving (AS = 0) crys-
tal-field excitation (3T25), suggesting a similar O, crystal-
field energy scale (10Dg) across the series [40]. The
independence of this energy scale with a ligand can be
rationalized by the balance of charge-transfer and metal-
ligand hybridization contributions, both of which affect
the covalent crystal-field splitting as captured by our
CTM calculations and discussed below [26,49,50]. At
higher energies (AE = 1-3 eV), rich excitation profiles
are resolved with a strong ligand dependence. These
peaks are linked to the multiplet structure of Ni** in O,

symmetry [2,25,40,51]. We highlight the uniquely sharp
excitations around 1.38, 2.04, and 2.37 eV in I, Br, and Cl
[red arrows, Figs. 1(c)-1(e)], respectively. These peaks
are nearly resolution-limited and resonant near the SP.
Additional sharp excitations at the SP near AE = 1.3 and
1.45 eV in Br and Cl (blue arrows), respectively, are also
observed.

The ligand-dependent RIXS spectra at the MP and SP
resonances are summarized in Fig. 2(a). The individual dd
transitions are assigned with term symbols in O) sym-
metry for NiCl, (top) based on our CTM calculations.
Specifically, the higher- and lower-energy sharp peaks
resonant at SP are ascribed to the spin flip AS =1 and
'A,,/'E, multiplet terms, respectively [40,51], which both
preserve the ground-state tg’geg orbital configuration.

These spin-singlet multiplets are equivalent to the pre-
viously identified excitons in the optical regime, appear-
ing at the same energies [6,7,15-17,29,30]. The salient
features of the ligand dependence can be summarized by
(i) a reduction of the MP-SP splitting in XAS, (ii) a
reduction of multiplet energies that is most pronounced in
the spin-singlet 'A;, and 'E, excitations, and (iii) the
resonant behavior of the AS = 1 excitations at the ligand-
dependent SP resonance.
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TABLE 1. Ligand dependence of A and V(e,) from CTM
calculations. Coulomb interactions are fixed to atomic values,
and the ionic contribution to 10Dg = 0.55 eV is fixed for all
ligands. The on-site Coulomb repulsions are fixed to Uy, =
5.0eV and U,; =7.0¢eV from photoemission experiments
[23]. Also shown is the phenomenological, effective ground-
state nephelauxetic reduction (f.) and intra-atomic Hund’s
exchange (J4") determined from corresponding ionic calcula-
tions in Appendix B.

Ligand (X) A V) V(e) (V)  Bar Ty (V)
cl 3.80 1.99 0.75 0.850
Br 2.30 1.72 0.64 0.722
I 0.40 1.37 0.44 0.496

B. NiX; cluster calculations

We next aim to quantitatively describe these ligand-
dependent spectroscopic features and provide a robust
assignment of the electronic ground states and excitations.
To do so, we employ CTM calculations as implemented in
QUANTY [52-54]. The model reduces to a multielectronic
calculation of a single NiXg cluster with O; symmetry,
accounting for the Ni-3d orbitals and the corresponding
symmetrized ligand X-np molecular orbitals [24,25,52]
(see Appendix A). We restrict the present analysis to O,
symmetry, while potential effects of the trigonal distor-
tion are discussed in the Supplemental Material [47].
Figure 2(b) shows the evolution of low-energy multiplets
for the 3d® + 3d°L + 3d'°L? configurations as a function
of A. The evolution of the 'A;, and 'E, excited states as a
function of the ligand charge transfer are highlighted with
thick lines [Fig. 2(b)]. These excitations correspond to a
nearly pure spin flip AS =1 within the [e,) manifold
without transfer of orbital weight between the 7,,-¢,, states.
Thus, they are stabilized from the 3A2g ground state by the
intra-atomic Hund’s exchange [2] (see also Ref. [55]).
Their preservation of the 3 e; ground-state orbital con-
figuration, in conjunction with their low degeneracy,
naturally accounts for their characteristically sharper
linewidths compared to the other interconfigurational
multiplets [15,35,36,39].

We identify the optimal parameters for each compound
based on a minimal parameter fitting while keeping the
Coulomb interactions at the nickel site fixed (for a detailed
description of the model and parameters, see Appendices A
and B). The optimized ligand-dependent CTM parameters
A and the metal-ligand hybridization V(e,) are summa-
rized in Table I and indicated as vertical dashed lines in
Fig. 2(b), with the experimental values of multiplet energies
overlaid. The refined parameters are broadly consistent
with previous reports from XPS and XAS [23,24], while
our calculations are further restricted by the multiplet
spectra, which more accurately reflect the ground-state
Hamiltonian. The simulated XAS and RIXS spectra

determined from these parameters are shown as gray lines
on top of the experimental data in Figs. 1(c) and 2(a). They
reveal good agreement with all salient features of the ligand
dependence, including the peak energies [Fig. 2(b)], their
resonance behavior and relative intensities [Fig. 2(a)], as
well as the MP-SP and charge-transfer satellite structures in
the XAS [Fig. 1(b); for calculated RIXS maps to compare
to experiments in Figs. 1(c)-1(e), see Appendix B].

A consequence of reduced A is a larger mixing of the
3d°L configuration into the ground- and excited-state 34®
multiplets [6,7,24,25,40,42,56,57]. The energy-level dia-
gram in Fig. 2(b) shows the evolution between 3d® and
3d°L character resolved to each excitation. The ligand-hole
character is excitation dependent, with higher-energy exci-
tations within a given orbital configuration (e.g., 13,¢; vs
5,¢;) displaying larger ligand character at a given A, with
the [3d°L) weight roughly commensurate to the energetic
renormalization of each excitation. A similar situation
determines the energy-dependent ligand-hole character
and MP-SP reduction in the XAS intermediate states.
Besides this energetic renormalization, all excitations
remain direct analogs of the corresponding 34® multiplets
as they stem only from the electronic configuration and
point-group symmetry (see Appendix B).

We conclude that the dominant role of ligand-hole states
at the level of a single NiXg cluster is a renormalization of
the intra-atomic Coulomb interactions in both the initial
and final RIXS states. This renormalization results from the
delocalization of electronic density onto the ligand states
(e.g., the nephelauxetic effect [23,25,39,41,42]). This
screening effect captures the evolution of the sharp singlet
excitations, their resonance behavior, and the MP-SP
evolution, which can be mapped to properties of Ni**
ions in O; symmetry without invoking emergent properties
from the 3d9L configuration. From this assessment, the
relevance of an underlying Zhang-Rice (e.g., kinetic
exchange) mechanism for these excitations can be ruled
out [11]. These excitations are instead determined by the
Hund’s coupling at the nickel site. Thus, the sharp 'A, g and
'E,, peaks are best described as Ni*" dd excitations arising
from multielectronic interactions of a 3d® electronic con-
figuration in O), crystal field. One may therefore expect
such excitations to be ubiquitous in isoelectronic systems
close to the ionic limit [6,7,15,25,39-41,58]. These con-
clusions are directly supported by calculations restricted to
the purely ionic limit with 3d® configuration and excluding
charge-transfer processes summarized in Appendix B.
Indeed, the effect of ligand holes on the multiplet excita-
tions can be captured by an effective nephelauxetic effect
(Besr), as summarized in Table 1.

C. Exciton dispersion and relation to magnetism

Having established the presence and properties of the
exciton peaks in NiX, as a function of the ligand, as well
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along the I'M direction, respectively. Momentum is reported as Q| = [10] with /2 expressed in reciprocal lattice units (r.1.u.). Color maps
are normalized to the integrated intensity of the displayed region in (a) and (b) and to the region 1.35-1.42 eV in (c). Fitted points for the
1A, o peak are shown as overlaid white data points with error bars determined as standard errors from the fits. Panels (d)—(f) are example
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as their hybridized Ni and halogen nature, we now
investigate their dependence on momentum and temper-
ature to assess their delocalization beyond pure on-site dd
excitations [59-61] and their connection to the mag-
netic order.

We first report the dispersion of the 1A1g excitation for
each ligand in Figs. 3(a)-3(c), measured at 7 = 40 K with
momentum transfer along the a* direction ([40] in r.Lu.)
and with incident energy tuned to the SP resonance (Figs. 1
and 2). We resolve an electronic dispersion with bandwidth
OE ~3.4+ 1.2 meV in NiCl,, ~8.2 4+ 1.3 meV in NiBr,,
and ~9.6 £ 3.0 meV in Nil,. Representative fits for spectra
at selected momentum-transfer points for NiBr, are dis-
played in Figs. 3(d)-3(f) showing both the low-energy and
1A, 4 spectral regions. Both spectral regions are from the
same spectra at a given Q| recorded at the SP resonance
where single- and two-magnon contributions are observed
[40,51,62,63]. The spectra are relatively aligned using
AS = 0 multiplet excitations, which assumes these exci-
tations are nondispersive. This assumption can be justified
by their high multiplicity, significant phonon broadening,
and the relatively low contribution of the 3d°L configura-
tion, leading to the same spectral center of mass (i.e., lack
of apparent dispersion). The corresponding analysis is
discussed further in the Supplemental Material alongside
additional discussion of polarization cross-section and
multiplet fine-structure effects [47]. Momentum depend-
ence for the lEg excitation is also resolved in NiCl, and
NiBr, [47].

To elucidate the microscopic origin of the exciton
dispersion and its reciprocal-space structure in more detail,
we perform momentum-dependent RIXS measurements
across the magnetic phase transition and along different
high-symmetry directions in reciprocal space, with a focus
on NiBr,. In Figs. 4(a) and 4(b), we plot the fitted energy
dispersion for the low-energy magnon and 1Alg mode in
NiBr,, with comparison along the I'M ([#0] rl.u.) and 'K
directions ([hh] rlu.). The magnon and 'A;, exciton
dispersion along I'M are further compared at 40 and
70 K representing the layered AFM and paramagnetic
phase of NiBr,, respectively [15,16,32]. From these data,
we infer marginal differences in the 'A, o dispersion across
the magnetic phase transition [Fig. 4(b)], with the primary
temperature effect being an overall broadened linewidth
with increasing temperature (as discussed below). This
implies that the exciton dispersion is present regardless of
long-range magnetic order, and therefore is likely not
mediated by it.

The magnon dispersions are compared with linear-spin-
wave (LSW) calculations [Fig. 4(a)] based on inelastic
neutron scattering in the layered AFM phase [32], showing
good quantitative agreement (for similar comparisons in
NiCl, [31], see Supplemental Material [47]). Importantly,
the magnon and the 'A, 4 beaks have qualitatively distinct
dispersions along I'K and I'M. From Figs. 3(a)-3(c), we
also note the qualitatively similar functional form of the
1A, o dispersion across all compounds, which is independent
of the disparate magnetic structures or spin excitation
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FIG. 4. Momentum dependence of the single magnon (a) and the lAlg excitation (b) in NiBr, along the I'M (left) and I'K (right)
momentum-space cuts. Blue squares 7 = 40 K and red diamonds 7' = 70 K. Experimental single-magnon energies are compared to
linear spin wave (LSW) theory, accounting for intralayer exchange up to third nearest neighbor (J3) using experimentally determined
parameters from Ref. [32]. The 'A, o data are fit along both I'M and I'K with a tight-binding (TB) model considering only third-nearest-
neighbor hopping (#3). The LSW and TB curves are shown as solid gray lines in (a) and (b), respectively. (c) Representative temperature
dependence of the 'A, 4 excitation in NiBr, highlighting the temperature-dependent linewidth. Gaussian fits to the 1A, ¢ and its side band
(SB) (see text) are the filled gray and blue curves, respectively. Temperature-dependent linewidth of the 'A, o (red) and 1Eg (blue) peaks
for (d) NiCl,, (e) NiBrj,, and (f) Nil,. Linear fits (dashed lines) highlight a linear broadening of each peak with increasing temperature.
Horizontal dashed lines denote the experimental resolution (AE = 31 meV) for all measurements. Vertical solid lines indicate the
C-type AFM transition temperature 7y ~ 52, 45, and 75 K for Cl, Br, and I, respectively, and dashed lines indicate the noncollinear
magnetic phases Ty, ~22 and 60 K for Br and I, respectively [16,31,64].

dispersions (see also Supplemental Material Fig. S9 [47]).
These aspects support our assignment of a genuine
dispersion of the 1Alg excitations. To quantify this, we
construct a minimal tight-binding (TB) model based on
isotropic hopping parameters 7, up to n =3 nearest
neighbor (NN) [3,35,65,66]. We find that the 1Alg
dispersion is well described by considering only the
third-NN contribution, with the single-parameter (z3) fit
for NiBr, reported in Fig. 4(b). We note that the spin
excitations persist above the long-range-ordering temper-
atures [Fig. 4(a)], suggesting the presence of short-range
magnetic correlations persisting to high temperatures [67—
69]. An effect of these short-range magnetic correlations
for determining the spin-singlet multiplet dispersion cannot
be ruled out directly, although we will argue for a more
natural mechanism as evidenced by the ligand dependence
(discussed below).

To further underscore the independence of the AS = 1
multiplets from the magnetic order, we measure the
temperature dependence at fixed momentum transfer
across the magnetic phase transitions in each compound
as reported in Figs. 4(c)-4(f). A monotonic linewidth
broadening is revealed for both the 'A;, and 'E, modes

without any significant change of spectral profiles across
the magnetic phase transition temperatures for each NiX,
compound [Figs. 4(d)-4(f)]. For NiBr, [Fig. 4(c)], addi-
tional spectral weight at higher energies (30-40 meV)
above the 'A, 4 beak is apparent, which is attributed to two-
phonon sidebands, consistent with previous optical
experiments [15,16,18-21]. Importantly, the linewidth
and intensity of the singlet peaks are independent of
the magnetic phase. In addition, we do not observe any
clear correlation between the thermal broadening slope or
extrapolated zero-temperature linewidth with either the
magnetic transition temperatures (as may be expected for
magnetic coherence) or with the |3d°L) character of the
excitations [Figs. 4(d)-4(f)]. Instead, we attribute the
thermally activated broadening to a Franck-Condon pho-
non-coupling effect [15,48,70].

Before moving on, we summarize the experimental
observations and what they imply regarding the role of
magnetism for these multiplet states. From the charge-
transfer multiplet calculations, we identify the microscopic
origin of the excitations as the 'A;,/'E, exciton states
related to the local spin degree of freedom via Hund’s
exchange. From the temperature-dependent RIXS at fixed
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FIG.5. (a)Ligand dependence of the t; TB parameter from fits
to the a* dispersion data presented in Figs. 3(a)-3(c) (left axis,
blue), along with the 3d°L character (||?) of the excited-state
1A1y (solid) and the ground-state 3Azg (dashed) multiplets ex-
tracted from the CTM calculations in Fig. 2(b) (right axis).
(b) Schematic of the hopping pathways in the triangular-lattice
plane (z;-t3) and the proposed third-nearest-neighbor hopping
mechanism between the 3d°L('A; ) excited state and 3d°L(*A,,)
ground state mediated by ligand p-p o-bonding molecular
orbitals.

q, we observe that the spectral signatures of these localized
dd excitations (linewidth, energy) are independent of long-
range magnetic order. Separately, we observe a finite
dispersion of the 'A;,/'E, excitations for all ligands,
independent of the disparate spin structures and qualita-
tively distinct from the spin excitation dispersions across
the NiX, series. Overall, the experimental evidence con-
sistently suggests that there is no direct effect of long-range
magnetic order on the bare multiplet states, or in their
dispersive character. This leads us to consider a mechanism
of exciton delocalization that does not invoke magnetism,
but instead directly originates from an increased contribu-
tion of the self-doped ligand holes with reduced A.

D. Origin of exciton dispersion

To examine the origin of the finite 'A, o dispersion, we
consider the ligand dependence of the dispersive bandwidth
(t3). This is displayed in Fig. 5(a), extracted from the a*
dispersion in Figs. 3(a)-3(c), revealing an increase of the
bandwidth with decreasing A. The ligand-dependent band-
width follows the trend of the projected 3d°L character of
the 'A;, state [|#*| in Fig. 5(a)], implicating a ligand-
mediated delocalization mechanism. The ligand origin of
this effect is also suggested by the dominance of third-NN
interactions evidenced by the functional form of the
dispersion, suggesting long-range interactions beyond
direct d — d overlap. We interpret these features in analogy
to the evolution of magnetic exchange interactions through-
out the dihalide series, which have been analyzed in detail
in the literature [31-33,64,71]. The spin exchange is
dominated by superexchange [56,72], with moderate ferro-
magnetic J;, negligible J,, and antiferromagnetic J;
parameters restricted to the 2D triangular-lattice plane
where J, is the nth Ni-Ni neighbor exchange [71].
While J; exhibits moderate stoichiometric dependence,

J3 is strongly ligand dependent and is responsible for the
difference in magnetic ground states across the series,
including the noncollinear magnetic states in X = Br, |
[32,33,71,73]. Specifically, J; is mediated by superex-
change pathways involving ligand X-np molecular orbitals
with large o-type overlap [56], as depicted in Fig. 5(b).

From this picture, a dominance of the #; TB component in
the ]Alg dispersion can be explained by the stronger ppo
ligand-ligand transfer integrals between third-NN 3d°L e,
symmetry molecular orbitals, in conjunction with the low-
ering of the charge-transfer gap which mediates pd electron
transfer and increases the self-doped 3d°L character
[23,25,56,57]. While superexchange occurs between Ni
atoms in the 3Azg ground state, the dispersion we observe
originates from interactions between an excited 'A, 4 impu-
rity and a surrounding bath of 3Azg [35,36] [Fig. 5(b)]. The
enhancement of 3d°L character upon excitation of the
effective 'A;, defect compared to the *A,, ground state
[Fig. 5(a)] could contribute to these observations due to
selective enhancement of the excited-state third-NN inter-
actions, which are more sensitive to the ligand-hole con-
tribution compared to nearest-neighbor interactions [56].

These considerations are not unique to the 'A, o State, as a
finite dispersion was also resolved for the 'E, state (see
Supplemental Material [47]). For 1Ey, the dispersion is
weaker and with opposite sign relative to the 'A, g butofa
similar qualitative (sinusoidal) form with increased band-
width from NiCl, to NiBr, (see Supplemental Material
Fig. S9 [47]). This suggests the sensitivity of the proposed
hopping processes to the relative spin-orbital character of
the excited and ground states, again analogous to Pauli-
restricted virtual hopping processes leading to superex-
change [26,35,56]. We note that since the 'E, and 'A;,
states are S = 0 (nonmagnetic), this should be interpreted
as a multiplet-dependent effective transfer integral that is
independent of the relative alignment of the surrounding
3A29 ground-state spins—that is, independent of the long-
range magnetic order. This scenario is consistent with the
insensitivity of the spin-singlet multiplets and their
dispersion to the magnetic transitions (Fig. 4).

While the hopping is independent of magnetic order, the
final state with an exchanged exciton and ground-state spin
may couple to magnetic excitations, as claimed in iridates
and cuprates [61,74-77]. We do not observe any direct
experimental evidence for the resulting magnon renorm-
alization of the exciton dispersion, but this could be
reconciled with the persistence of both short-range mag-
netic correlations and lAlq exciton dispersion above Ty
[Fig. 4(a)]. From this perspective, we note that the standard
model mapping the problem of exciton propagation to that
of a single-hole hopping on an AFM background is not
directly applicable to the case of NiX,, due to the different
2D magnetic order. Thus, further theoretical investigations
are required to clarify the essence of this exciton
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delocalization and its coupling to electronic and magnetic
degrees of freedom through, e.g., dynamical mean field
theory [78]. Nonetheless, the mode-resolved and A-depen-
dent dispersive behavior presented here provides key
constraints for reaching a consistent microscopic descrip-
tion of excitonic dispersion in charge-transfer insulators.

I11. DISCUSSION

Our results reveal the momentum dependence of spin-
singlet dd excitations in NiX, compounds, and we propose
a ligand-mediated delocalization mechanism analogous to
superexchange. Specifically, the microscopic interactions
that give rise to the 'A;,/'E, excitations are rooted in the
3d® electronic configuration in octahedral symmetry, i.e.,
dd excitations. Meanwhile, increasing metal-ligand charge
transfer induces two intertwined, but distinct, effects. First,
it renormalizes the intra-atomic Coulomb interactions at the
Ni site and induces a corresponding reduction of the
fundamental multiplet energies (Figs. 1 and 2). Second,
the excitations simultaneously develop an increasingly
delocalized and propagating nature, independent of the
magnetic phase (Figs. 3-5). These conclusions provide a
self-consistent and comprehensive picture of the influence
of metal-ligand charge transfer on the properties of multi-
plet excitations in charge-transfer insulators.

The importance of measuring the exciton dispersion for
unraveling its underlying nature has been stressed in
several different contexts, including the alkali halides
[79], spin-state excitations in cobaltites [78], fractional-
ized orbitons in low-dimensional cuprates [59-61,74],
spin-orbit excitons in iridates [75-77], and molecular
excitons [65,80-82]. The multiplet dispersion reported
here is distinct from the case of orbitons in cuprate spin
chains [59,60], which is an emergent effect from low
dimensionality. Further, our observations provide a
uniquely simple example of a dispersive, purely multi-
electronic excitation beyond the cases of iridates and
cobaltites [75,76,78], while further establishing how this
dispersive behavior evolves over a range of electronic
energy scales. In particular, our work highlights the key
role of the ligand states and charge-transfer processes in
mediating the exciton dispersion. This was also recently
suggested in 2D cuprates, where explicit consideration of
the ligands is critical to achieve the correct qualitative and
quantitative form of the dispersion [61].

In a different context, the dispersion of these spin-flip
multiplets is also important for the microscopic description
of exciton-magnon sidebands in optics [15,16,19-21,35—
37,83]. The momentum dependence of the exciton state
contributes to the optical sideband structure and also
determines the mechanisms of intersite exciton-magnon
coupling [3,35,36], which are of strong relevance for
interpreting photoinduced magnetic responses in transi-
tion-metal and vdW materials [10,12,14,35,36,84—89]. Our
results provide direct evidence of the exciton dispersion.

This observation uniquely resolves the measured dd
excitons’ character, which clarifies ongoing debates regard-
ing magnetoexciton coupling in vdW magnets.
Furthermore, our temperature-dependent RIXS results
(Fig. 4) provide important context for the observation of
these spin-flip dd excitations in the optical regime
[6,7,11,16-18,29]. These multiplet transitions are optically
dipole and spin forbidden, and therefore their observation
by optical probes is sensitive to the lowering of symmetry
across (magnetic) phase transitions and are typically
inferred from optical sidebands of bosonic origin (e.g.,
phonon, magnon [15,18-21]). The complexity of such a
rich sideband structure, as well as the large energetic
renormalization of the spin-forbidden peaks as a function
of the charge-transfer gap, has precluded consistent peak
assignments and interpretations in the optical literature
which we conclusively resolve. One consequence of the
coupling to bosons is that the optical response of these
exciton sidebands can be sensitive to the coherence of the
magnon excitations [19-21]. The proposed effects of
magnetic coherence are then likely attributed to the
(magnetic) 3A2(J ground state rather than the (nonmagnetic)
A, of lEg excited states. Conversely, the fundamental spin-
flip multiplets, generally a high cross section and direct
RIXS process at the transition-metal L edges, are well
defined and independent of magnetic order with line shape
limited only by a temperature-dependent Franck-Condon
phonon broadening [Figs. 4(c)—4(f)]. Current experiments
do not provide conclusive evidence for a dependence of the
optical spectral weight of the NiX, multiplets on the
magnetic order parameter (except NiBr, [16], which
may relate to magnon sidebands, yet phonon broadening
preceding at lower temperature could not be ruled out [20]).
Nonetheless, our work establishes that the effects of
magnetic order in optical experiments, if any, are related
to details of the optical cross section and are not relevant to
the fundamental properties of the multiplets themselves.
Finally, we demonstrate several key design principles
for tuning the exciton properties. The sharp (nearly
resolution-limited) linewidths of the identified 'A;,/'E,
multiplets are rationalized by their intraconfigurational
nature, which minimizes the excited-state lattice coupling
within a Franck-Condon-type picture. This association
provides a natural explanation of the qualitatively differ-
ent linewidths compared to the other (interconfigura-
tional) multiplets of NiX,, as well as with the ligand-
field transitions reported in other compounds (e.g.,
Crl;/CrBr; [4,5] and FePS;/MnPS; [87]). However,
we note that only the isolated 'A, 4 peak in NiBr, has a
resolution-limited behavior at the lowest measured tem-
perature (T = 30 K). This contrasts with the 'A, 4 €xcita-
tions of NiCl, and Nil, which are broader than the
experimental resolution and are partially or fully over-
lapped with other multiplets. We hypothesize that a spin-
orbit-coupling-induced hybridization of closely lying
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multiplets with distinct orbital configurations (e.g., 15,¢;

and #,e) may be an important aspect limiting the
intrinsic (low-7") linewidths. Furthermore, to make these
modes optically bright with large oscillator strength,
details of multiplet-level sequencing (particularly the
lowest excited state) and relative energetic proximity of
different multiplet terms are known to be essential
through, e.g., intersystem crossing and intensity borrow-
ing mechanisms [39]. These mechanisms are actively
employed in the ligand-field engineering of spin-
flip luminescence transitions in molecular systems
[39,58,90], which are direct molecular analogs to the
spin-flip multiplets elaborated here. In this work, we show
how the fundamental multiplet energies and their sequenc-
ing can be tuned by ligand-field engineering and the
charge-transfer gap in the solid state. These underlying
design principles could be fruitful for realizing determin-
istic optical properties in the field of vdW materials.

IV. CONCLUSIONS

In conclusion, we extensively investigated the properties
of the sharp, spin-singlet multiplet excitations of the nickel
dihalides (NiX,) using RIXS. We demonstrated that nearly-
resolution-limited dd excitations are ubiquitous features of
octahedrally coordinated Ni**, which can be systematically
tuned by the ligand and charge-transfer gap. We further
established the roles of charge transfer states and magnet-
ism, ruling out a Zhang-Rice mechanism and revealing that
the fundamental multiplet peaks are independent of long-
range magnetic order. Most importantly, we provided direct
experimental evidence demonstrating that these excitations
are dispersive. We connected this behavior with an emer-
gent effect of the increased self-doped ligand-hole character
of these excitations upon reduction of the charge-transfer
gap. Finally, we identified a potential mechanism for this
exciton delocalization that is mediated by the ligand states
in analogy to superexchange. Our RIXS results thus firmly
establish the microscopic nature of these exciton states, and
provide a fundamentally distinct approach for tailoring
collective electronic excitations in charge-transfer insula-
tors through their momentum dispersion.

Note added. We note that a similar study has been
performed in NiPS; [91]. The results for the 'A, 4 €xciton
energy scale (e.g., intra-atomic Hund’s exchange) and the
dispersion are compatible with the results presented here,
highlighting the generality of our conclusions.
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APPENDIX A: METHODS

1. Sample growth and preparation

All samples were prepared using chemical vapor trans-
port. NiCl, was synthesized using stoichiometric ratios of
nickel powder (Sigma-Aldrich, 99.9%) and TeCl, (Sigma-
Aldrich, 99.8%), at a temperature gradient of 760 to 730 °C
for 72 h before being cooled naturally to ambient con-
ditions. The temperature ramp-up time was 72 h. Single-
crystal NiBr, was grown from NiBr, powder (anhydrous,
>99.9%, Sigma-Aldrich), at a temperature gradient 650 to
600°C. Single-crystal Nil, was grown from elemental
precursors with molar ratio Ni:1 = 1:2, at a temperature
gradient 700 to 500 °C as described previously [33]. The
magnetic susceptibility was measured using a magnetic
property measurement system (MPMS 3, Quantum Design
Inc.) for Nil, /NiBr, and a physical property measurement
system (PPMS, Quantum Design Inc.) using the vibrating
sample magnetometer option for NiCl,. The magnetic
susceptibility of the bulk crystals confirmed the magnetic
transitions at 7y = 53 K for NiCl,, Ty =45 K and
TN,2 =22 K for NiBrz, and TN,l =75 K and TN.2 =
60 K for Nil,. Magnetic susceptibility data are shown in
the Supplemental Material [47] for NiCl, and NiBr, and in
Ref. [33] for the Nil,.

The samples were aligned using a Bruker-GAADS Co-
K, (A =1.7902 A) x-ray diffractometer to place the a*
direction in the scattering plane for RIXS experiments. The
lattice parameters were determined to be a = 3.465(12) A
and ¢ = 17.304(46) A for NiCl,, a = 3.648(13) A and
¢ =18.412(52) A for NiBr,, and a = 3.934(15) A and
¢ =19.809(61) A for Nil,, which were determined by
single-crystal diffraction from the (006) and (104) reflec-
tions. Samples were aligned in air, cleaved in a high-
purity nitrogen-filled glovebox (H,O and O, < 0.1 ppm),
and stored in vacuum for transport to the x-ray beamline.
For Nil,, we left the as-grown surface uncleaved for
XRD alignment, with air exposure of approximately
15 min. Cleaving of the as-grown surface inside a
nitrogen-filled glovebox after alignment revealed
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protected surfaces without degradation. The sharp multi-
plet features in agreement with optical spectra [15,17,29]
and low diffuse scattering of the soft x-ray beam con-
firmed high-quality samples and flat vdW surfaces for all
samples.

2. X-ray absorption and resonant inelastic
X-ray scattering experiments

XAS and RIXS measurements at the Ni-L; edge
(852 eV) were carried out at the 2-ID SIX beamline at
the National Synchrotron Light Source II, Brookhaven
National Laboratory. ¢ polarization was applied for the
incident x rays for all measurements. XAS was recorded
in TFY using a photodiode inside the soft x-ray chamber.
RIXS spectra were recorded with high resolution of
AE = 31 meV for all measurements. The sample temper-
ature was kept at 40 K unless specified. Laboratory-
prepared and sealed samples were transferred from
vacuum into the ultra-high-vacuum (UHV) loadlock of
the x-ray chamber with minimal air exposure and kept
under UHV conditions for the duration of the x-ray
experiments. Nil, samples are more hygroscopic and
were loaded into the vacuum chamber within a high-
purity-nitrogen environment.

3. Charge-transfer multiplet calculations

We performed charge-transfer-multiplet (CTM) and
crystal-field-multiplet (CFM) calculations using the
QUANTY software [52-54]. For the CFM calculations,
we considered the Ni-3d orbitals in the basis set with an
octahedral crystal field (O;,, CF). For the CTM calcu-
lations, the symmetrized X = CI, Br, I molecular orbitals
of 7,, and e, symmetry were explicitly included. For the
main text, we restricted all calculations to O, symmetry,
while the effects of the trigonal D;; distortion are
considered in the Supplemental Material [47]. Core-level
spectra for the Ni-L,/3 edges were calculated by consid-
ering 2p — 3d dipole transitions using the Green’s func-
tion formalism [52-54]. All spectra were calculated in the
experimental polarization conditions.

The parameters for the multiplet calculations included
the Coulomb interactions at the nickel site parametrized as
the direct Slater integrals 7, and F% in the initial and final
RIXS states (3d®) and by the direct integrals F7,, F4,, and

TABLE II.
NiZ* used for all calculations. Units are in eV.

F7, and exchange integrals G,, and G, in the inter-

mediate RIXS state (2p°3d”). The atomic spin-orbit
coupling (SOC) in the 3d and 2p nickel states were also
included. The Slater integrals and SOC parameters for each
electronic configuration were taken from Hartree-Fock
values tabulated by Haverkort [92], as shown in
Table II. For the CTM calculations, all Slater integrals
were uniformly scaled to atomic values [80% of Hartree-
Fock (HF) values]. Additional parameters included the
Coulomb repulsion parameters Uy, and U,; = 5.0 and
7.0 eV, respectively (taken from photoemission experi-
ments [23,24]), the charge-transfer energy A, and the metal-
ligand hybridization V(e,)/V(t,,). We used the empirical
relation V(1,,) = 3/5 x V(e,) and fit the XAS and RIXS
spectra using V(e,)/A. The bare O,-symmetry Ni-3d CF
splitting (“ionic”) was fixed to 10Dg = 0.55 eV for all
compounds. It was found that the best fit to each NiX,
resulted in an approximately linear relation between A and
V(e,) givenby V = 0.181 x A 4- 1.301, which was used to
generate Fig. 2(b). The overall parameters for the ligand
dependence are summarized in Table I. The reported values
are in good agreement with previous reports from XPS and
XAS measurements [24], but are further restricted in our
case by the RIXS data.

APPENDIX B: COMPARISON BETWEEN
CTM AND CFM CALCULATIONS

Besides these CTM calculations, we also performed
CFM calculations to investigate the role of the ligand-hole
states. We fixed the O,-symmetry crystal field to 10Dg =
0.95 eV based on the lowest-energy °T,, multiplet
observed in all compounds. We then adjusted the direct
Slater integral scaling F to find the optimum agreement
with all other multiplet excitations in the RIXS spectra.
Finally, we fixed F; and varied the exchange integral
scaling Gy, which contributes only in the intermediate-state
Hamiltonian, to optimize the XAS profile, in particular the
MP-SP splitting in the XAS. The optimized values for each
compound are reported in Table III, which were used to
calculate the effective nephelauxetic ratio reported in
Table I.

We compared the calculated XAS and ground-state
energy-level diagrams within the CTM and CFM frame-
works in Fig. 6. From these comparisons, we concluded

Hartree-Fock parameters from Ref. [92] in the ground (3d%2p®) and intermediate states (3d°2p>) of

Configuration F2, F, L3a F, Gl Ga &
3ad82p® 12.233 7.597 0.083 e e e
3d°2p° 13.005 8.084 0.102 7.720 5.783 3.290 11.507
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TABLE III. Ligand dependence of Coulomb screening param-
eters from optimized charge transfer multiplets calculations. The
0, crystal field is fixed to 10Dg = 0.95 eV. Values are percent
of Hartree-Fock values, where F; = G, = 0.80 correspond to
atomic values. Uniform scaling of all parameters is used across
the initial and intermediate states.

Fy Gy
NiCl, 0.60 0.68
NiBr, 0.51 0.51
Nil, 0.35 0.22

that the evolution of the 'A;, and the 'E, peaks, as well as
the MP-SP evolution, can be effectively mapped onto an
ionic model and result from the intra-atomic Coulomb
interactions at the nickel site. The near-resolution-limited
behavior of these highlighted 'A;, and 'E, multiplets
results from their low degeneracy: The 1A19 is both a spin
and orbital singlet, while the 'E,, is an orbital-doublet and
spin-singlet state. As both of these spin-orbital excitations

—
L

involve a rearrangement of the electronic configuration
within the half-filled e, crystal-field states, they are not
sensitive to the crystal-field distortion, but are rather
stabilized from the 3A2g ground state directly through
the intra-atomic Hund’s exchange interactions which are
here parametrized by the Slater integrals F2, — F%, in
the initial state. This intraconfigurational excitation
nature also results in a smaller coupling to phonons
[15,19-21], which contributes to the qualitatively smaller
linewidths compared to the other interconfigurational
(e.g., 13,e; = 13,¢;) multiplets.

In the CFM model, the screening of the intra-atomic
Coulomb interaction, or nephelauxetic effect, was
accounted for by a direct reduction of the Slater integrals
(e.g., F; — G scaling factors), while in the CTM calcu-
lations an effective reduction of the Coulomb interactions
were induced by an enhanced self-doped ligand-hole
(3d°L) character which naturally increased as the
charge-transfer gap decreased [see Fig. 2(b)]. Thus, as
electronic density is transferred to the surrounding ligands,
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FIG. 6. Calculations of the multiplet structure within the crystal-field-multiplet (CFM) (top row) and CTM (bottom row) models.
(a) 3d® multiplet structure with 10Dg = 950 meV as a function of the intra-atomic Coulomb screening F in the initial RIXS state, where
F; = 0.80 corresponds to atomic values. (b) The Ni-L; edge (left) and Ni-L, edge (right) simulated XAS spectra (offset vertically for
clarity) as a function of the covaried direct () and exchange (G}) Slater integrals in the initial and intermediate states. (c) Energy-level
multiplet diagram in the charge-transfer model as a function of the covaried charge-transfer gap (A) and metal-ligand hybridization [V (e,)]
along with (d) the simulated XAS spectra. The covariant values Fy — G, and A — V(e,,) in the CFM and CTM models, respectively, are
interpolated linearly between the best-fit values of the NiX, experimental data (see Tables Il and I). In (a) and (c), thick red and blue lines
highlight the 'A, g and 'E 4 excitations, respectively, and the experimentally observed excitation energies are shown as open red diamonds
and blue squares, respectively, for X = I, Br, Cl from left to right. The optimal parameter values are indicated by dashed vertical lines. In (b)
and (d), the corresponding XAS spectra for these optimized values are reported in red, blue, and green for I, Br, and ClI, respectively.
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the electronic interactions stabilizing the spin-singlet mul-
tiplets are reduced. Furthermore, the 'A;, and 'E, multiplet
degeneracy is not sensitive to the inclusion of SOC,
lowered (trigonal) CF symmetry, or effective spin-exchange
field splitting, and they are not endowed with fine-structure
broadening, leading to nearly resolution-limited behavior
across the entire halide series, independent of the ligand-
tuned covalency and charge-transfer state weight. We note
that these conclusions are also consistent with previous
observations in NiO [40].

While the essential physics can be accounted for only
from a 34® model, the inclusion of charge-transfer states
more accurately captures the excitation-dependent screen-
ing of the intra-atomic electronic interactions compared to
a uniform screening introduced phenomenologically
through the CFM model, resulting in an improvement
in the description of the data. Additionally, higher-energy
charge-transfer sidebands in the XAS and additional
charge-transfer excitations in the RIXS spectra are cap-
tured in the CTM model, which are not included in the
CFM approximation. In the CFM model, a separate tuning
of the direct and exchange Coulomb interactions is
required to describe the ligand-dependent screening in
the initial and final (ground, 3d®2p%) and the intermediate
(excited, 3d°2p°) states to accurately describe the AS = 1
excitations in the RIXS spectrum and the L;-edge XAS
sideband evolution versus ligand. In contrast, the CTM
model allows for a correct description of both features
directly through tuning of the charge-transfer energy and
the orbital-dependent hybridization. The source of these
effects comes from larger hybridization of higher-energy
excitations in both the initial and intermediate RIXS states
with the charge-transfer states, leading to a larger effective
screening of their Coulomb interactions. For this reason,
the sideband multiplet in the intermediate 3d°2p° state
reflected in the XAS profile hybridizes more strongly
at a given A than the main band multiplets, as depicted
in Fig. 7, and similarly for the 1A]g excitation in the
ground and final 34® state which occurs at higher energies
relative to the *A,, ground state compared to the 'E,
excitation. This preferentially large hybridization may
lead to the incorrect conclusion that the ligand states
are essential to describe the physics of these excitations.
However, larger ligand-hole state weight in these
excitations is a consequence of the details of hybridization
within this regime of the charge-transfer gap, and the
dominant effect (as revealed directly through our com-
parison of ionic and charge-transfer calculations) is
that hybridization with ligand states induces a nephelaux-
etic effect [25] which describes all salient features
of the data, excluding the temperature and momentum
dependence. This conclusion was directly proven by our
ligand-dependent data and calculations and is in agree-
ment with the known spectrochemical trends for halogen
ligands [2,15,17,25,29,30,41].

1 . 3d"Lc
Ni-L, XAS
(calc)
3d%¢
NiCl,

(3.8eV)

Intensity (arb. units)

T

-6 4 2 0 2
Incident energy (eV)

FIG.7. Calculated Ni-L; edge XAS for optimized values in the
CTM model for NiCl,, NiBr,, Nil, from top to bottom,
respectively. The energy axis is with respect to the center energy
of the 3d°2p> configuration in the calculation. Individual
excitations contributing to the XAS profile are shown as bar
plots over the corresponding spectra, showing the evolution of
each XAS transition between the 3d°c/3d'°L ¢ ligand-hole
character as A is reduced. The relative weight of each configu-
ration is indicated by the color bar. See also the analogous plot for
the ground-state multiplets in Fig. 2(b).

From the charge-transfer and crystal-field multiplet
models, the XAS and RIXS core-level spectra at the
Ni-L, /L edges were calculated with the Green’s function
approach as implemented in the software QUANTY
[52-54]. We used a core-hole (Lorentzian) broadening
of 500 meV for both XAS and RIXS spectra and a
30-meV Lorentzian broadening on the energy-transfer
axis for the RIXS spectra. In addition, we introduced a
mode-dependent broadening of specific excitations which
did couple (interconfigurational, e.g., 3ng) and did not
couple (intraconfigurational, e.g., 'A;, —'E,) to the O,
crystal field by averaging several calculations calculated
with different values of 10D¢g with £50 meV of the best-
fit value. This phenomenologically accounts for the
distinct linewidths between these types of excitations
related to a differential coupling to phonons which
broaden the line shape of the 10Dg-coupled excitations.
Simulated RIXS maps for each compound in the CTM
model are reported in Figs. 8(a)-8(c). These show good
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Calculated incident-energy-dependent RIXS maps across the Ni-L5 edge resonance alongside the calculated XAS in the CTM

model for (a) NiCl,, (b) NiBr,, and (c) Nil,, as well as the corresponding CFM result for NiBr, in (d). Parameters are described in the
text. Spectra are calculated with Lorentzian broadening of 0.5 eV on the incident-energy axis (XAS and RIXS) and by 0.03 eV on the
energy-transfer axis. In addition, an empirical, mode-dependent broadening is introduced by averaging spectra with different values of
10Dgq in a range 4+0.05 eV around the central best value. Spectra are all calculated in the experimental polarization conditions.

agreement with the experimental data in Figs. 1(c)-1(e).
We note in both the calculated and experimental RIXS
maps an apparent shift of the 3ng peak to higher energies in
the XAS postedge region. This is attributed to intermedi-
ate-state cross-section effects which transfer spectral
weight to different fine-structure components of the 75,
state. Such a fine structure can be induced by the combined
effects of spin-orbit coupling, effective spin exchange, and
the trigonal distortion [51]. We also display a correspond-
ing RIXS map calculation for the CFM model for opti-
mized NiBr, parameters in Fig. 8(d). The CFM model
RIXS map shows that the resonance of the spin-flip
multiplets at the sideband is not related to the relative
ligand-hole state character in the ground and intermediate
states, but is dictated by a cross-section effect related to the
3d® and 3d°2p> ground- and intermediate-state multiplet
structure and dipole-selection rules determined from Ni>*
in O; symmetry. We note that this cross-section effect may
be related to the Am; =2 (two-magnon) excitations
resonant at the sideband in NiO [40], which is attributed
to the 2p-3d Coulomb exchange integral G}, 4/ Gi 4+ Thisis

also consistent with our data on NiCl, and NiBr,.

APPENDIX C: TEMPERATURE-DEPENDENCE
DATA FOR THE lEg AND lAlg MULTIPLETS

The full temperature dependence of the 'E, and 'A;,
multiplets for each compound is displayed in Fig. 9. These

are the same measurements analyzed in Figs. 4(c)—4(f),
where here we report the raw line cuts and fits for each
compound. The measured data were taken at maximum
momentum transfer (grazing-incidence geometry) along
the I'M momentum space cut, with ¢ incident polarization
and with energy tuned to the respective SP resonance in
the XAS, as reported in Fig. 1. The multiplets were fit with
a single Gaussian peak to determine the full width at half
maximum (FWHM) as a function of the temperature.
Additional neighboring multiplets and additional spectral
weight appearing as sidebands (particularly visible on
the higher-energy-loss side of the lAlg peak in NiCl, and
NiBr,, discussed below) were fit with additional Gaussian
peaks in addition to a constant background. As in
Figs. 4(d)—4(f), the gray dashed lines in the FWHM plots
indicate linear fits. Error bars were determined from the
standard error of the fits.

In the case of NiCl, and NiBr,, the 'Eg has an energy
close to the *T';, multiplet which appears at higher-energy
loss in the displayed regions of Fig. 9, while the 'Eg peak is
not resolved in Nil,. The additional spectral weight in the
higher-energy-loss side of the 'A;, peaks in NiCl, and Nil,
are associated with the 'T,, and T, multiplets, respec-
tively. These assignments are supported by our cluster
calculations in Fig. 2 and the expanded discussion in
Appendix B. Meanwhile, additional spectral weight
appearing as a sideband at higher-energy loss of the 'A, g
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FIG.9. Raw-temperature-dependent line cuts and fits for the lEg and 'A, , multiplets in (a) NiCl,, (b) NiBr;, and (c) Nil,. The FWHM
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