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Dispersive Dark Excitons in van der Waals Ferromagnet Crl;
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Spin-flip dark excitons are optical-dipole-forbidden quasiparticles with remarkable potential in
optoelectronics, especially when they are realized within cleavable van der Waals materials. Despite this
potential, dark excitons have not yet been definitively identified in ferromagnetic van der Waals materials.
Here, we report two dark excitons in a model ferromagnetic material Crl; using high-resolution resonant
inelastic x-ray scattering and show that they feature narrower linewidths compared to the bright excitons
previously reported in this material. These excitons are shown to have spin-flip character, to disperse as a
function of momentum, and to change through the ferromagnetic transition temperature. Given the
versatility of van der Waals materials, these excitons hold promise for new types of magneto-optical

functionality.

DOI: 10.1103/PhysRevX.15.011042

I. INTRODUCTION

Excitons play a key role in determining the optical
properties of solids, and their strong light-matter coupling
paves the way for exploring new aspects of many-body
physics [1]. Dark excitons are particularly interesting,
because they involve optical-dipole-forbidden transitions
[2]. For this reason, they have reduced rates of radiative
recombination and enhanced lifetimes, and in many cases
they can be sensitively controlled by external means, such
as a magnetic field [3]. These properties endow them with
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great potential in quantum information storage and com-
munication [4].

Early studies of dark excitons began in the 1990s with
quantum dots [5], followed by research on organic materi-
als [6] and later expanded to transition-metal dichalcoge-
nides [7]. The recent discovery of magnetic van der Waals
(vdW) materials provides a new platform for studying
excitons [8-12], and fascinating interactions between
magnetism and excitons have been observed in several
antiferromagnetic systems [13—17]. Understanding the
electronic structure of these excitons and their interactions
with magnetism is not only interesting from a fundamental
point of view, but it may also offer new types of magneto-
optical functionality such as optical readout of magnetic
states or quantum sensors [18]. Crl; provides an oppor-
tunity to study excitons in a ferromagnetic (FM) vdW
material even down to the monolayer limit [19,20]. Optical
studies have revealed several bright excitons around 1.50,
1.85, and 2.2 eV in this material alongside several other
optical features [20-23]; however, dark excitons have not
been definitively identified.

Resonant inelastic x-ray scattering (RIXS) is directly
sensitive to optically forbidden excitations and has recently

Published by the American Physical Society
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emerged as a powerful probe of excitons and their inter-
actions with magnetism, in several magnetic vdW materials
[13,15-17,24,25]. In this paper, we use Cr L3-edge RIXS to
identify two dark excitons near 1.7 eV in Crl;. Both dark
excitons are much sharper than other bright excitons and
disperse with a bandwidth (approximately 10 meV) similar
to the energy scale of magnetic exchange interactions in
this material. Together with the change of their intensities
across the FM ordering temperature 7, our experimental
findings suggest an intimate relationship between Crl;’s
dark excitons and its magnetism. The electronic character
of the dark excitons is borne out by our exact diagonaliza-
tion (ED) calculations, which reveal that these excitons
are spin-flip transitions in nature and are predominantly
governed by Hund’s coupling.

II. METHODS

Bulk single crystals of Crl; were synthesized by reacting
the elements together in an evacuated fused silica ampoule
[26]. Crl; undergoes a structural phase transition between
the high-temperature monoclinic structure (space group
C2/m, No. 12) and the low-temperature rhombohedral
structure (space group R3, No. 148) over a broad temper-
ature range (100-220 K) upon thermal cycling. The
temperature of the sample was kept at 7 = 30 K, deep
into the FM phase of the material, unless otherwise
specified. We use the rhombohedral unit cell notation with
lattice parameters a = b = 6.867 A, c = 19.807 A, and
y = 120° throughout the manuscript and index reciprocal
space in terms of scattering vector Q = (H,K,L) in
reciprocal lattice units (r.1.u.).

To avoid sample degradation in air, we mounted the
sample on a copper sample holder in a glove box, cleaved
with Scotch tape in N, atmosphere (approximately 3%
relative humidity level) to expose a fresh surface, and
directly transferred the cleaved sample into the RIXS
sample chamber. The surface normal of the sample is
parallel to the ¢ axis. The in-plane orientation was
determined by checking the residue on the Scotch tape
with a laboratory single-crystal x-ray diffractometer.

Cr Ls-edge RIXS measurements were performed at the
SIX 2-ID beamline of the National Synchrotron Light
Source II. Data were taken with linear horizontal ()
polarization in the (HOL) scattering plane unless otherwise
specified. The spectrometer was operated with a high-
energy resolution of 30.5 meV full width at half maximum
(FWHM) (the exit slit size was 30 pm). Since the interlayer
coupling in Crl; is weak, we fixed the scattering angle at
20 = 150° and express Q in terms of the projected in-plane
component of the momentum H. An angle-dependent self-
absorption correction [27] was applied to the RIXS spectra,
which, however, does not affect exciton energies or relative
intensity changes at fixed Q. The x-ray absorption spec-
troscopy (XAS) spectra were taken using the partial
fluorescence yield mode with the RIXS detector, which

covers energy loss up to approximately 11 eV. The exit slit
size was much larger (300 pm) for the XAS measurements
to increase the flux.

III. IDENTIFICATION OF DARK EXCITONS

Figure 1(a) shows Cr Ls-edge RIXS spectra of Crl; as a
function of incident x-ray energy. Peaks below 2.5 eV
energy loss are mainly local transitions within the Cr 3d
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FIG. 1. Resonance behavior of dark excitons. (a) Cr L;-edge

RIXS incident energy map taken at 7 = 30 K with z-polarized
x-rays incident on the sample at & = 14.5° and scattered to 20 =
150° in the (HOL) scattering plane, corresponding to H = —0.46
r.l.u. The overlaid black curve on the top is the XAS spectrum
taken at the same conditions (including x-ray polarization,
experimental geometry, and temperature). (b) Enlargement of
the exciton resonances. Horizontal dashed lines are fitted exciton
energies. Two peaks near 1.7 eV are identified as the dark
excitons and denoted as D1 and D2. The other three peaks
are bright excitons previously observed in optical measurements
[20-23] and, therefore, denoted as B1-B3. (c) The fitted
integrated intensities of the two dark excitons as a function of
incident photon energy E; through the E,, and E, resonances.
DI resonates at E, , whereas D2 resonates at E, and E,, . As

shown in Supplemental Material Sec. S1, these effects show
minimal dichroism [32].
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orbital manifold, while broad features at higher energy can be
ascribed to charge transfer processes that heavily involve
ligand orbitals and x-ray fluorescence arising from more
extended states [28]. In the 1-3 eV energy window depicted
in Fig. 1(b), three peaks, located at 1.50, 1.88, and 2.21 eV,
match the exciton energies previously reported in optical
experiments [20-23], so we denote them as bright excitons
B1-B3. More excitingly, two additional features are
observed at 1.66 and 1.71 eV, which were not seen in prior
RIXS measurements due to their lower resolution
(180/350 meV compared to 30.5 meV used here [29,30]).
These modes have not yet been definitively identified in
optical spectra, so, following standard terminology in optics,
we refer to these as dark excitons and denote them as D1 and
D2. We note that there are no additional features at energies
below B, contrary to an earlier prediction that the lowest-
energy dark excitons should exist around 0.9 eV [31].
Figure 1(b) exhibits two prominent resonances at E; =
575.1 and 576.3 eV. Although there is strong 1, — e,
mixing in Crl;, these two resonances correspond to more
t,4-like and more e -like orbital manifolds, respectively, as
shown in Supplemental Fig. S16 [32]. We, therefore, label
them as Etzq and Eeq resonances hereafter. As shown in

Fig. 1(c), D2 resonates with t,, and e, intermediate states,
but D1 resonates only at the e, condition. An additional
small resonance is present around 575.5 eV, which is
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generated by the exchange part of the core-valence
Coulomb interaction on the Cr site. We use the excitons’
energy and angular dependence to identify their electronic
character later in this article.

IV. DARK EXCITON DISPERSION

Having identified the existence of dark excitons in Crls,
we explore their propagation by mapping out their in-plane
dispersion at the two resonant energies E, and E,, as
presented in Figs. 2(a) and 2(b). Intriguingly, both excitons
D1 and D2 exhibit a small dispersion but with opposite
trends. We cofit the spectra at the two different resonances, as
described in Supplemental Material Sec. S3 [32] and shown
in Fig. 2(c). The fitted exciton energies in Figs. 2(d) and 2(e)
confirm the presence of dispersion with similar bandwidths
of approximately 10 meV. Such bandwidths are comparable
to the energy scale of the magnon dispersion [33], hinting at
the involvement of exciton-magnon interactions when these
dark excitons propagate in the lattice. The widths of the two
dark excitons are dramatically sharper than those of other
bright excitons, especially D1, which is almost resolution
limited and about 10 times narrower than the bright excitons
[see Fig. 2(b)]. The three bright excitons do not exhibit any
detectable dispersion (see Supplemental Fig. S9 [32]), likely
due to their broader linewidths.
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FIG. 2. Dispersion of the dark excitons. (a),(b) RIXS intensity map at 7 = 30 K as a function of in-plane momentum transfer H
measured with (a) E; = E 1y where the D2 exciton is strongest, and (b) E; = E,, where the D1 and D2 excitons are visible. The two

dark excitons are much narrower than the other bright excitons, as seen by inspecting the intrinsic resolution deconvolved HWHM of the
peaks as included in brackets after the peak labels. (c) Representative fit at H = —0.20 r.l.u. with E; = Eéll. (d),(e) Enlargement of the

dark exciton dispersion at (d) E; = E,zg and (e) E; = Eeg. For each momentum, we cofit the spectra taken at the two resonances with
shared exciton energies and widths. The cofitted energy dispersion overlays the color maps.
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V. TEMPERATURE DEPENDENCE

Next, we examine the temperature dependence of RIXS
spectra at E; = E, through the FM transition temperature

T. = 61 K up to room temperature. Figure 3 plots data and
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FIG. 3. Temperature dependence of the dark excitons. (a),(b)

RIXS intensity map as a function of temperature measured at two
different in-plane momenta (H = —0.39 and H = O r.L.u., respec-
tively) with the same incident energy E by (c)—(f) Corresponding
FWHM and peak height extracted from the fits as a function of the
temperature. Changes in peak height through 7', primarily reflect
changes in the integrated intensity of the peaks. We plot the peak
intensity here because this quantity can be determined more
precisely. Error bars represent one standard deviation. The fits
are performed by cofitting spectra taken at two incident energies
with shared exciton energies and widths for each momentum and
temperature. The data taken at the other incident energy E, are
shown in Supplemental Material Sec. S2 [32]. The vertical black
lines indicate the FM transition temperature 7', and the horizontal
black lines in (c) and (d) indicate the energy resolution.

fits at two momenta. All excitons show an overall trend
toward larger widths at higher temperatures. Such behavior
is similar to RIXS measurements of excitons in other
related materials such as NiPS; [13] and nickel dihalides
[17,24]. D2 (and, to a lesser extent, B3) shows a clear
anomaly around the FM transition temperature 7. The
trends are even opposite through 7. at the two selected
momenta, demonstrating an unusual momentum-dependent
coupling between magnetism and dark exciton states.
Other bright excitons, such as B1, also exhibit anomalies
across T at certain momenta and incident energies (see
Supplemental Fig. S3 [32]). The momentum dependence of
these anomalies indicates underlying physics that cannot be
fully captured by established cluster-based methods com-
monly used to interpret RIXS. We also note that B1 (and, to
a lesser extent, D2) softens steadily upon warming,
particularly above T, which is reminiscence of the exciton
behavior in NiPS; and Nil, [13,24]. Such interesting
behavior might be related to the electron-phonon inter-
actions, which was used to explain the electronic gap shift
observed in optics [34].

VI. ELECTRONIC CHARACTER OF EXCITONS

An advantage of RIXS compared to optics is that it
couples directly to dipole-forbidden transitions in a well-
known way, allowing us to extract the electronic character
of the excitons. Indeed, ambiguities in the optical cross
section for these excitons have led to different suggestions
for the types of excitations present in chromium trihalides
in the 1.50-1.85 eV window including features coming
from trigonal crystal fields to vibronic structures [21,22].
To interpret the present spectra, we built an Anderson
impurity model (AIM) for Crl; and computed the RIXS
spectrum using ED methods [35]. The model includes
Coulomb repulsion, Hund’s coupling, crystal field, and
hopping terms derived from the Wannierization of our Crly
density functional theory (DFT) calculations as detailed in
the Appendix. The spectra, shown in Figs. 4(a) and 4(b),
capture the exciton energies including the double-peak
structure of the two dark excitons and the overall trends in
the resonances.

To identify the excitons, we report the final state
expectation values of the spin-squared (3‘2) and electron
population operators in Figs. 4(c)—4(e). We note that it is
vital to have a small charge-transfer energy (in fact, the best
fit is achieved using A = —1.3 eV with an error bar of
approximately 1 eV) to obtain the correct energies for the
entire spectrum. Such a small (or even slightly negative)
charge-transfer energy leads to approximately four elec-
trons in the d states and approximately one hole occupying
the ligand e, orbitals not only in the ground states, but also
in the low-energy excitations, as shown in Fig. 4(e), and in
accordance with previous DFT-based results [31,36-38].
The importance of charge transfer is further underlined by
the fact that a single-site atomic model cannot adequately
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FIG. 4. Electronic character of the dark excitons. (a) RIXS intensity map as a function of incident photon energy through the Cr L;
resonance. These are the same data presented in Fig. 1 with an energy window chosen to highlight the low-energy excitations. (b) RIXS
calculations that reproduce the energy and resonant profile of the five lowest-energy excitons in the material. (c) Calculated RIXS stick
diagram at the main resonant energy E, . (d),(e) Analysis of the ground and excited states for the calculated RIXS spectrum.

(d) Expectation value of the total spin operator squared (3‘2) (e) Electron occupations of Cr 3d (denoted by d) and ligand (denoted by L)

orbitals.

fit the spectrum (see Supplemental Material Sec. SA [32]).
As such, the excitations observed here have substantial I
character and are not strictly dd excitations. The non-
dispersive modes observed here are well described by the
broader concept of ligand-field excitons [39]. However,
since these are by definition local, the dispersive D1 and D2
are, in our opinion, best termed as excitons, although all
these terms share some similarities [40].

The ground state features half-filled #,, orbitals, with
<.§'2> ~3.75, corresponding to a high-spin configuration
with § = 3/2. The D1 and D2 dark excitons involve only a
small change in electron population, with the largest
component of charge motion being about 0.1 electrons
moving from the ligand L, to the L, states; the change
from d to L states is even smaller at 0.03 electrons. More
notably, this transition involves a low-spin configuration
final state close to S = 1/2. Consequently, the energy scale
of these dark excitons is determined mainly by the Hund’s
coupling for Cr 3d orbitals, consistent with their spin-flip
character. Although D1 and D2 have dominant f,, char-
acter, they feature nonzero mixing with the e, manifold [see
Fig. 4(e)]. This mixing endows D1 and D2 with a distinct
orbital angular momentum, leading to their small energetic
splitting and their distinct resonant profile at the 7,, and e,
conditions. The nearby bright excitons B1 and B2 are both
crystal field transitions, conserving spin and moving an

electron from the 7,, to the e, states. Their energies are
determined primarily by a combination of crystal field
10D, and charge-transfer energy A (see the Appendix for
the definitions of these quantities).

The higher-energy B3 exciton is again a spin-flip
transition but with different symmetry that also redistrib-
utes a small amount of weight from the 1,, to e, states. Its
intensity exhibits a temperature dependence similar to that
of the dark exciton D2 (although the change is less
dramatic) in Figs. 3(e) and 3(f), possibly implying their
similar spin-flip character. B3 is particularly broad, sug-
gesting that this mode may be coupling to other excitations.
Such a coupling could play a role in the finite optical cross
section for this mode, which is larger than expected since it
is a spin-flip transition. It is also possible that extended
lattice models could be required to understand the detailed
nature of the B2 and B3 excitons and their optical cross
section more fully, as suggested by many-body perturbation
theory plus Bethe-Salpeter equation calculations [31,41].

VII. DISCUSSION AND CONCLUSIONS

The results here provide the first example of dispersive
excitons in a FM vdW material, extending the recent
identification of this phenomenon in antiferromagnetic
vdW materials such as NiPS; [15] and nickel dihalides
[17]. These dispersive excitons are all sharp spin-flip
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excitations bound by Hund’s exchange interactions. The
sharpness of the exciton (i.e., its long lifetime) may be
related to its spin-flip nature, because such transitions do
not involve charge redistribution and, therefore, have
minimal couplings to phonons and reduced efficiency of
radiative recombination [20]. Prior works have made
similar arguments for NiPS; and Nil,, where the spin-flip
character of excitons is regarded as the major aspect of their
physics [13,15,42]. The small electron transfer involved in
the transition has been suggested to play a minor role, even
though the magnitude of electron transfer in NiPS; is of the
order of 0.2 electrons and about 7 times larger than the
charge transfer observed here [15].

All these excitons also have appreciable ligand-hole
involvement due to the small charge-transfer energy, which
may facilitate exciton propagation in the magnetic back-
ground [17]. However, there are also key distinctions
between Crl; excitons and their counterparts in antiferro-
magnets. One clear difference is the exciton bandwidth.
Phenomenologically, unlike the case in NiPS; or nickel
dihalides where the exciton bandwidth is significantly
smaller than the magnon bandwidth [15,17], both dark
excitons in Crl; have bandwidths comparable to the
magnon bands [33]. In addition, these excitons exhibit a
peculiar temperature dependence clearly correlated with
T.. Since Crl; exhibits layer-dependent magnetism [19], it
would be of high interest to examine the exciton behaviors
in the few-layer limit of Crl; in the near future. We also
note that the energies of the Crl; dark excitons are higher
than the electronic band gap, which was reported to be 1.1—
1.3 eV [34] in Crl;. This above-band-gap character may
explain relatively large linewidth and their darkness in
optics due to the strong sloping background coming from
interband transitions. As a comparison, the previously
discovered spin-flip excitons in NiPS; involve below-
band-gap transitions [13,15,43].

In conclusion, we report two dark excitons in Crl; directly
measured with high-resolution RIXS. Our results showcase
RIXS as a powerful tool in studying these dark states with a
readily interpretable cross section and large momentum
space coverage, complementary to optical measurements.
The excitons feature strong coupling with the magnetism—
they disperse with bandwidths similar to magnons and
display unusual temperature dependence across the magnetic
transition temperature. Our results will guide future optical
experiments to detect and manipulate these dark excitons in
Crl;. In the past, various methods have been employed to
brighten dark excitons in optical measurements, such as the
application of an in-plane magnetic field [3], near-field
coupling to surface plasmon polaritons [44], or by nano-
optical tip-enhanced approaches [45]. With the better-
targeted energies provided by our study, there is a high
likelihood of probing these dark excitons in Crl; using these
advanced optical techniques. Indeed, the possibility of
accessing D1 and/or D2 optically is supported by a subset
of the prior optical studies, which identified shoulder features

in the spectra indicative of modes in the 1.7 eV range [20].
Moreover, our ED calculations will also inform future theory
in more accurately describing the electronic properties of
Crl;. We believe that our discovery of dark excitons in Crlj is
just the tip of the iceberg, and the utilization of RIXS will
expedite the expansion of this family of materials and foster
both the understanding of the fundamental physics and the
potential applications of dark excitons in devices.

Note added in proof. Recently, we became aware of another
spectroscopic study of Crls, whose high-resolution RIXS
results and conclusions are in good accordance with those
we present here [46].
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APPENDIX: EDRIXS CALCULATIONS

The RIXS spectra in this work were simulated based on
standard ED methods implemented in the open source
software EDRIXS [35]. The RIXS cross section was
calculated using the Kramers-Heisenberg formula with
the polarization-dependent dipole approximation. The
model we employ here is an AIM, which was constructed
using the bonding ligand orbitals of a Crlg cluster model.
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Here, we provide details on the parameters that we used and
the methods that we employed to determine them.

In an AIM, we can represent a cluster with fewer orbitals
by using symmetry-adapted linear combinations of ligand
orbitals [48], making the calculation numerically much
more efficient with essentially no loss of accuracy. In our
case, we have ten Cr 3d spin orbitals and ten ligand spin
orbitals with the same symmetry, so there are 13 electrons
in total occupying 20 spin-resolved orbitals in the initial
and final states. In the intermediate states, the Cr 2 p orbitals
are included to simulate the core hole created in the RIXS
process. The calculations were performed in the full basis
using the FORTRAN ED solver provided in EDRIXS [35].
For the RIXS cross section calculations, we have the
experimental geometry explicitly considered; i.e., the
scattering angle 20 is fixed to 150°, and the sample angle
0 is kept at 14.5°. An inverse core-hole lifetime I, =
0.3 eV HWHM was used to fit the observed width of the
resonance, and the final state energy loss spectra were
broadened using a Lorentzian function with a FWHM of
0.03 eV, in order to match the observed minimum width of
the dark excitons.

The Hamiltonian of the model includes the Coulomb
interactions, on-site energy for each orbital, hoppings
between different orbitals, spin-orbit coupling, and the
Zeeman interaction.

We parametrize the Coulomb interactions via Slater
integrals, which include F9,, F2, and F%, for the Cr 3d
orbitals and ng, Ffip, G;p, and G?zp for the interactions
between Cr 3d and 2p core orbitals in the intermediate
states. Fg, and Fy, are related to the Cr 3d on-site

|

Coulomb repulsion Ug; and core-hole potential Uy,
respectively, which are discussed later. The rest of the
parameters are obtained by starting from their Hartree-Fock
atomic values and scaling them down to account for the
screening effect in the solids. For simplicity, we used two
overall scaling factors: one for Cr 3d orbitals (k,,) and the
other for the core-hole interactions (k).

Hopping integrals describe hybridization between differ-
ent orbitals. This can be expressed using a 10 x 10 matrix
Hpopping- We determined the off-diagonal interorbital hop-
ping parameters from first principles by calculating the
electronic structure with the vAsp DFT code [49,50]. In this
case, we used the Perdew-Burke-Ernzerhof generalized
gradient approximation [51] for the exchange-correlation
functional without spin-orbit coupling. We employed
projector augmented wave pseudopotentials [52,53], con-
sidering Cr 3p electrons as valence (Cr_pv). The energy
cutoff was set to 350 eV, and we used a 15 x 15 x 15
Monkhorst-Pack k-point mesh. We used a linear mixing
parameter AMIX of 0.05 and a smearing parameter
SIGMA of 0.05 eV. Finally, a tight-binding model was
constructed using WANNIERY0O [54-56]. We performed a
Wannier projection of Cr 3d and I 5p orbitals without
maximal localization. Disentanglement was omitted, since
these states form a well-isolated band set within the chosen
energy window. The band structure from DFT calculations
and the Wannier projected bands are shown in Fig. S12
[32]. The ligand orbitals were constructed from the
appropriate linear combinations of the Wannier orbitals
[47]. The hopping terms we obtained from this method are
listed below (in units of eV):

dyo e d,. d,. do_p

dyp2_p -9.634  0.002  0.001 0
d; 0.002 —10.244 0.003  0.003
dy: 0.001  0.003 —10.244 —0.003
de_y 00  0.003 —0.003 -9.634
Hpopping = oy —-0.003 0.003  0.003 0
Ly2 2 | —2008 —0.001 0.006 0.001
L, -0.011 -1.272 -0.002 -0.028
Ly -0.019 -0.001 -1.272 0.024
Loy —-0.001 0.007 —0.002 —2.008
Ly 0.03 —0.002 -0.001 0.004

Since hopping depends on how electronic wave func-
tions are spread between different atoms, it is only weakly
influenced by strongly correlated physics, and DFT gen-
erally captures the magnitude of hopping quite accurately.

dy  Lyap L. Ly, Laop Ly
~0.003 -2.008 —0.011 —0.019 —0.001 0.03
0.003  —0.001 —1272 —0.001 0.007 —0.002
0.003  0.006 -0.002 —1.272 —0.002 —0.001

0 0001 -0028 0024 -2.008 0.004
~10.244  0.005 —0.001 —0.002 —0.004 —1.272
~0.005 2689 001 0015 00 —0.026
~0.001 001  1.208 -0.017 0.024 -0.017
~0.002 0015 -0.017 1208 -0.021 —0.017
-0.004 0.0  0.024 -0.021 2.689 —0.003
~1272 —0.026 -0.017 —0.017 —0.003 1.208

(A1)

I

For this reason, we consider the off-diagonal interorbital
hopping values fixed to the quoted DFT-derived values.
The on-site energies correspond to the diagonal elements in
the hopping matrix Hygpping above. These on-site energies
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TABLE 1. Full list of parameters used in the AIM calculations [except for the hopping integrals, which are provided in Eq. (A1)]. Fyy;
and F,,, are for the initial and intermediate states, respectively. Units are eV.

IODq IODé A Uda Udp F%ld.i FZd,i Fzzid.n Ffld,n F%lp Gzlip ngp G n e
0.61 1481 —-13 4.0 6.0 7.005 4391 7.537 4726 3.263 2394 1361 0.035 0.047 5.667

for the Cr 3d states are not easily obtainable from first
principles because of the effects of strong correlations and
the challenges in handling double-counting effects. We,
therefore, consider the Cr 3d crystal field as a fitting
parameter, which, in view of the approximately cubic
symmetry of the Cr coordination, is specified by 10D,
which represents the splitting between the 7,, and e,
orbitals.

Since Coulomb interactions in the I 5p states are
relatively weak and since the probability that these states
are occupied by multiple holes is relatively low, the crystal
field on the states is more accurately captured by DFT, so,
to reduce the number of fitting parameters, we fix the ligand
orbital crystal field 10D% to the value extracted from our
DFT results (1.481 eV). In this work, we define the charge-
transfer, A, and Coulomb repulsion, U,,, energies as the
energy cost of specific transitions in the material with the
Cr-ligand hopping switched off. Uy, reflects a djd} —

d}d; transition, and A is defined as the energy for a d} —

d;‘L transition, where i and j label Cr sites and L denotes an
iodine ligand hole. These energies include the effect of the
Cr crystal field and represent the energies for a transition
into the lowest-energy ligand orbital (rather than the center
of the I p states). From a practical point of view, we
perform our calculations varying the energy splitting of the
Cr and ligand states, and we subsequently determine A by
diagonalizing the isolated Cr and ligand configurations and
computing the appropriate differences in energy. The
values of the diagonal elements in Eq. (A1) are the final
on-site energies determined for our model.

In the intermediate states with the presence of a core
hole, we include a core-hole potential Ug,. U 4, is usually
4-6 eV in early transition metals, and it is usually smaller
when the charge transfer energy is small (which we see is
the case here), so we choose 4 eV [57,58]. Uy, is only
weakly dependent on solid state effects, so we choose a
typical value of 6 eV.

The spin-orbit coupling terms for the Cr 3d orbitals ({;
and ¢, for the initial and intermediate states, respectively)
are weak and have negligible effects on the spectra. We
consequently simply fixed them to their atomic values.
Since we measured the RIXS energy map only at the L;
edge, we also simply fixed the core-hole spin-orbit cou-
pling parameter ¢ to its atomic value.

A small Zeeman interaction term gugB - S was applied
to the total spin angular momentum of the system, serving
as the effective exchange field in the magnetically ordered

state. We fixed ppB = 0.005 eV to match the energy scale
of the exchange interactions in Crlz [33].

In summary, we have four free parameters in our model,
iLe., kgq kqp, 10D,, and A. Most of these values are
constrained by physical considerations. k4, and k;,, quan-
tify the screening. These are known to vary within a range
of 0.5-0.9 from prior studies, and these values typically
also have reasonably similar values since both are affected
by similar screening processes [59]. 10D, in 3d octahe-
drally coordinated transition metal material ranges from
about 0.5 to 3 eV, and, since iodine is relatively large size in
ionic radius and relativity weakly electronegative, we
expect a value in the lower half of this range. kzq, kgp»
10D, and A have distinct effects on the RIXS energy map.
k44 directly scales the Hund’s coupling and, hence, controls
the energies of the dark excitons D1 and D2. The energies
of the bright excitons B1 and B2 are primarily determined
by both 10D, and A. k;, mainly affects the resonance
profiles of these peaks. Thanks to the richly detailed
spectra, the finite physically reasonable range of parame-
ters, and the distinct effects of different parameters, we
successfully obtained a well-constrained model with final
parameters as kg, = 0.65, k;, = 0.5, 10D, = 0.61 eV,
and A =—-13 eV and verified that no other solutions
exist. The level of agreement compares favorably with
what can be expected for a model of this type accurately
capturing the energy of the excitations while roughly
capturing trends in peak intensities [13,15,17,24]. The full
list of parameters used in the model is shown in Table I. The
estimated error bars are approximately 1 eV for all the
Coulomb interactions and the charge-transfer energy A and
approximately 0.2 eV for 10D,
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