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Electronic energy scales of CrX; (X = Cl, Br, and I) using high-resolution x-ray scattering
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Chromium trihalides CrX; (X = Cl, Br, and I) have recently become a focal point of research due to their
intriguing low-temperature, layer-dependent magnetic properties that can be manipulated by external stimuli.
This makes them essential candidates for spintronic applications. Their magnetic orders are often related to
the electronic structure parameters, such as spin-orbit coupling (SOC), Hund’s coupling (Jy), p—d covalency,
and interorbital Coulomb interactions. Accurately determining such parameters is paramount for understanding
CrX; physics. We have used high-resolution resonant inelastic x-ray scattering spectroscopy to study CrX; across
phase transition temperatures. Ligand field multiplet calculations were used to determine the electronic structure
parameters by incorporating the crystal field interactions in a distorted octahedral orientation with C3 symmetry.
These methods provide the most detailed description of CrX; magneto-optical and electronic (energetic) terms to
date. The crystal field distortion parameters Do and Dt were experimentally determined, and the energies of d
orbitals have been reported. The spectroscopic measurements reveal an energy separation between spin-allowed
quartet states and spin-forbidden doublet states, which increases upon going from CrCl; to Crlz. The role of
SOC, for Cr 2p orbitals, in spin-flip excitations has been demonstrated. The determined 10Dgq values are in
good agreement with the spectrochemical series, and Racah B follows the nephelauxetic effect. Such precise
measurements offer insights into the energy design of spintronic devices that utilize quantum state tuning within

two-dimensional magnetic materials.

DOLI: 10.1103/jdxn-51w4

I. INTRODUCTION

The chromium trihalides CrX; (X = Cl, Br, and I) com-
pounds have ferromagnetic (FM) order in the monolayer limit
with Curie temperatures 7, = 17, 34, and 61 K for bulk CrCl;,
CrBr3, and Crlj, respectively [1-3]. The interlayer interac-
tions in bulk CrCl; are antiferromagnetic, while CrBr; and
Crl; exhibit FM order. Electronegativity between metal Cr
and the halides decreases as the halogen changes from Cl
to Br to I [4-6]. This results in an increase in p—d cova-
lency from CrCl; to Crl;. With the presence of spin-orbit
coupling (SOC), the FM superexchange interaction across the
~90° Cr—X —Cr bonds becomes highly anisotropic in the edge-
shared octahedral orientation in CrXg [see Fig. 1(a)] [7]. The
produced magnetocrystalline anisotropy stabilizes the mag-
netic order in CrX3, overcoming the Mermin-Wagner theorem
[8,9] and leads to rich phase diagrams in CrX3. This magnetic
ordering appears to be dependent on the dimensionality, the
atomic halogen constituents, layer interactions, and temper-
ature. The electronic structure in the two-dimensional (2D)
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magnetic materials reveals a strong interplay between the ma-
terial’s atomic structure, spin interaction, and the movement
of electrons, which are crucial for applications in spintron-
ics and data storage [5,10]. Understanding magnetism also
appears to be linked to determining the electronic levels of
chromium bands near the Fermi energy. These circumstances
suggest that obtaining precisely determined energy scales is
an important for constructing theoretical models that explain
the magnetic ground states (GSs) of CrX3. The development
of a high-accuracy Hamiltonian for CrXj3, supported by ex-
perimental findings, is urgently needed to enhance the ability
of the condensed matter physics community to utilize these
intriguing materials. These findings could impact the field of
spin-based electronics since magnetism in CrX3; compounds
may be exploitable in the next generation of smart electronic
devices, potentially surpassing the capabilities of graphene
[11-17].

Measurements, including infrared spectroscopy, optical
absorption spectroscopy, Raman spectroscopy, and x-ray pho-
toemission spectroscopy, have been identified as excellent
techniques for probing electronic transitions and determin-
ing the electronic structure of transition metal (TM) halides
[18-21]. However, a significant challenge arises from the ex-
citations between d orbitals being dipole forbidden [22,23].
Even though some dd transitions can be observed with low in-
tensity, electronic transitions with different spin multiplicities
remain optically undetectable. This underscores the necessity

Published by the American Physical Society
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FIG. 1. (a) Lattice structure of CrX3. The metal Cr and halide
ions (X = Cl, Br, and I) are shown in green and red, respectively.
(b) The schematic diagram illustrates the experimental setup for
resonant inelastic x-ray scattering (RIXS) measurements. ki, and
ko are the incident and scattered photon beam wave vectors. (c) Cr
L-edge x-ray absorption spectroscopy (XAS) measurements on CrXs
(X = Cl, Br, and I). The photon energies labeled a, b, and ¢ were
used as the excitation energies in the RIXS measurements.

for spectroscopic probes that detect all potential dd transitions
in order to determine a more accurate electronic structure in
TM halides. With the development of 3rd generation syn-
chrotrons, XAS, along with RIXS, has been used to probe
the dd and charge-transfer (CT) excitations in TM complexes
[4,9,24-27]. Cr Ls;-edge RIXS is a resonant two-photon pro-
cess (2p — 3d followed by 3d — 2p) that offers more
flexibility in terms of selection rules compared to optical spec-
troscopy, primarily due to the core-hole intermediate state (IS)
and its associated dynamics and interactions. The strong 2p
core hole SOC permits the spin-selection rule to be alleviated,
allowing for the probing of transitions that are spin-forbidden
in optical spectroscopy. RIXS has been demonstrated to be
a suitable tool for providing detailed electronic structure
information in CrXj3, with the state- and element-selective
measurement capability providing detailed investigations in
atomic, crystal field, and charge-transfer information [4,9,28].

This paper reports enhanced RIXS spectral features in
CrX; using high-resolution spectroscopic measurements. A
significant outcome of our study is the first experimental
observation of a considerable energy separation between the
spin-allowed quartet and spin-forbidden doublet states in
CrX;. This energy gap shows an increment as the halogen

changes from Cl to I. The Tanabe-Sugano-like energy level
diagrams (ELDs) have been calculated and compared with the
experimental RIXS spectra to determine the energy scales,
such as crystal field splitting and Racah parameters. Atomic
multiplet 2p—3d RIXS calculations have been performed to
reconstruct the experimental RIXS spectra, and the electronic
structure parameters across all halide systems in CrX3 have
been summarized.

II. METHOD

A. Experimental method

We performed Cr L-edge high-resolution RIXS measure-
ments on CrXz at the 41A RIXS beamline of the Taiwan
Photon Source [24]. Figure 1(b) illustrates the scattering ge-
ometry of RIXS measurements. The crystalline ¢ axis was
aligned within the horizontal scattering plane (7 -polarization)
during the measurements. The ab plane was unaligned, and
the momentum dependence was not considered in this experi-
ment. Cr L-edge XAS data were acquired prior to the RIXS
measurements to determine the excitation photon energies.
For the RIXS measurements, the tuned incident soft x-rays
were directed at an angle (0) of 90° to the sample surface
(normal incidence), and the spectrometer was set at 140° (w)
backscattering geometry with respect to the incoming photon
beam. The instrumental energy resolution was ~30 meV.

Complementary XAS and RIXS measurements were per-
formed at the PEAXIS beamline, BESSY II, Germany, with
a resolution of 120 meV. CrX; single crystals were commer-
cially obtained from HQ Graphene, and their crystallinity was
verified using laboratory-based x-ray diffraction. Due to the
samples’ high hygroscopicity and sensitivity to oxygen, the
CrX; samples were stored and handled under an inert gas
atmosphere (Ar) in a glovebox environment to minimize air
exposure. The samples were subjected to scotch tape exfolia-
tion before being transferred to the experimental chamber to
ensure a clean surface.

B. Computational simulations

The quantum many-body script language QUANTY
[29,30] was used to simulate the experimental CrX; XAS and
RIXS spectra. The Hamiltonian that describes the electronic
structure of the system was built using multiplet ligand
field theory (MLFT) [29,31,32]. The relevant electronic
configurations in Cr** for the RIXS process consist of a GS
2p°3d? with an intermediate excited state 2p°3d* followed by
a de-excitation to the GS. They resulted in atomic multiplets,
which are described by 3d—3d Coulomb and 2p—3d ex-
change interactions parametrized in Slater-Condon integrals
Fj;» Fy, (Coulomb), and G}, (exchange) for Hartree-Fock
calculations [29,33]. The Racah B and Racah C parameters
were used to account for the ion covalency, which can be
related to the F7, and F}, by Racah B = (9F;, — 5F},)/441
and Racah C = 5Fd4d /63 [34]. The ligand-to-metal charge
transfer (LMCT) parameters were incorporated to account for
hopping between the halide ions and Cr** metal ions.

Local symmetry is a crucial parameter that can sig-
nificantly influence the electronic, magnetic, and optical
properties of materials [35]. While the perfect octahedral (Oy,)
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FIG. 2. Cr L;-edge RIXS data measured in CrXj at (a) 300 K and (b) 24 K. The RIXS data have been collected at three different excitation
energies: a, b, and c [see Fig. 1(c)]. The three regions, I, II, and III, show difterent spectral features in RIXS spectra. (c) Temperature comparison
of the RIXS data at Cr L3 edge. Solid (dashed) lines indicate the 300 K (24 K) RIXS data.

symmetry has been commonly assumed for the metal Cr** in
CrX; studies [4,5,19,36,37], only a few have accounted for the
actual distorted Oy, orientation. The trigonal distortion in CrX3
results in lowering the symmetry from O, to D3, and further
to C; [9,10,18,21,26,38]. Notably, C; symmetry is a subgroup
of the D3; symmetry [39]. Since the high-resolution RIXS
spectra enabled us to resolve multiple peak splittings, atomic
multiplet RIXS spectra calculations using lower symmetry C;
reproduced the experimental RIXS spectra more reliably.

III. RESULTS
A. XAS and RIXS

Figure 1(c) shows the Cr L-edge XAS spectra acquired
from 570 to 600 eV at room temperature (RT) in total electron
yield mode. During the XAS process, the 2p°®3d? GS electrons
are excited to the 2ps3d4 state. Therefore, spectral features
are dominated by dipole transitions from the core 2p level
to the empty 3d states. Consequently, the two primary peaks
observed in the XAS data can be attributed to the L3 (~575—
580 eV) and L, (~583-590 eV) lines [4,40]. The L3 edge [b
in Fig. 1(c)] in CrX; was determined to be 577.7, 576.8, and
576.4 eV for X = Cr, Br, and I, respectively; indicating a shift
toward lower energy as the halogen changes from Cl to I.

Next, the incident photon beam was tuned to energies a,
b, and ¢, and the RIXS measurements were performed. Fig-
ure 2(a) shows the experimental RIXS spectra measured at RT.
The 0 eV feature can be attributed to the elastic feature, where
the incident photon energy Ei, equals the scattered photon
energy E,,. The nonzero spectral features are divided into

three regions: I (1.3-1.9 eV), II (1.9-2.7 eV), and III (2.7—
4 eV). All three regions, L, I, and III, contain spectral features
that can be attributed to the interorbital dd excitations. In
this report, we only focus on d-site electronic structure and
related excitations. Spectral features related to the CT process
above 4 eV will be discussed elsewhere (see Fig. S1 in the
Supplemental Material [41]).

In Fig. 2(a), CrCl; shows a broader single peak in region I,
while CrBr; shows a shoulder feature, and Crl; reveals a dis-
tinct splitting between the two peaks. This splitting becomes
more pronounced from Cl to L. In region II, CrCl; has a main
peak with a shoulder characteristic, and CrBrs shows a clear
separation between two peaks, while the shoulder characteris-
tic in Crl; is dominated by the main peak in region I. Region
III consists of more broadened multiple subpeaks in all three
materials. The energy transfer values in the aforementioned
dd regions are independent of the incident energies and are
known as Raman-like losses. However, the spectral intensities
change with the excitation energies (a—c). These resonant and
Raman behaviors further justify the attribution of these peaks
to the well-known dd excitations.

Since CrX3 shows structural and magnetic phase transitions
at different temperatures, we repeated the RIXS measure-
ments at the low temperature (LT) of 24 K [see Figs. 2(b)
and 2(c)]. At 24 K, CrBr; and Crl; are magnetically ordered,
whereas CrCl; remains paramagnetic. The same energy re-
gions are demarcated in the LT RIXS spectra, and the spectral
features are much sharper. In particular, the intensity of the
shoulder features increases at 24 K. A peak shift is also ob-
served: In CrBrj3, the energy gap between the shoulder feature
and main peak in region II becomes smaller at LT. Moreover,
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AE;

FIG. 3. (a) Valence d orbital electron distribution in Cr** metal
ion. (b) Lifting of degeneracy of the d** spectroscopic term (free F*+
ion) due to O, symmetry. This configuration’s 5 d orbitals are divided
into two energy levels t,, and e,. (c) Lifting of the degeneracy of the
d** electrons due to C3 symmetry. The five d orbitals are divided into
one a state and two e states within the C; symmetry.

several extraneous peaks emerge in LT RIXS spectra of CrBrs
between 0 and 1.5 eV. However, such features are absent
in the LT RIXS data from BESSY II and Advanced Light
Source [4] (see Fig. S1 in the Supplemental Material [41]).
Therefore, a more extensive analysis is required to validate
these LT features in the 0-1.5 eV range, and their physical
origin remains unresolved.

B. Energy level diagrams and RIXS simulations
1. Energy level diagrams

In this study, electronic ELDs are utilized to analyze the
spectral features observed in the experimental RIXS data.
The ELDs are calculated by diagonalizing the standard ligand
field multiplet Hamiltonian. The results provide the number
of excited states in the system, including the spin-allowed and
spin-forbidden states, which can be directly compared with
the RIXS spectral features to determine the corresponding
energy scales.

The multielectronic atomic states of the Cr’*(d?) config-
uration are labeled in the diagrams. In a perfect octahedral
environment with Oy, symmetry, the Cr five d orbitals are split
into two energy levels #,, and e, [see Fig. 3(b)]. This crystal
field splitting results in the division of the 3d multielectronic
atomic quartet states into manifolds: *F — #A,,, *T,, and
*Tig(1), and *P — *T34(2) [4,42]. When the trigonal distortion
is considered and the symmetry is lowered from Oj to Cs
(D34), the 15, orbitals are further divided into two states a (a;)
and e* (e;), as shown in Fig. 3(c). Within the C3 symmetry
configuration, the atomic state *75, and *7Tj, branches into *A
and *E states (see Fig. S2 in the Supplemental Material [41])
[26,33,38]. The energies of the three states e, a, and e* can be
written using the crystal field parameter Dg, and the distortion
parameters Dt and Do as follows [29,39]:

E, = 6Dq + (7/3)Dr, (1a)
E, = —4Dq — 2Do — 6D, (1b)
E.. = —4Dq + Do + (2/3)Dr. (1c)

The initial parameters for ELD calculations were referred
from the literature corresponding to the Oy, symmetry [4]. The
Coulomb interaction U of 3.5 eV was used, and the ELDs do
not depend on the Coulomb interaction U, and its effect on
the RIXS intensity is very small [43]. The ratio between Uy,
and U, was kept constant at 1.5 eV. Figure 4 shows the ELDs
calculated as a function of the crystal field Dg, Racah B, and
Racah C in Crl;. Dashed blue and solid red lines indicate the
spin-doublet and spin-quartet states, respectively. Here, we
only report the ELDs for Crl3, as it has the maximum splitting
between energy states; the ELDs of CrCl; and CrBrs can be
found in Figs. S3 and S4 in the Supplemental Material [41].

The crystal field splitting 10Dg can be determined by con-
sidering the electronic transition “A,, — *75, states within the
Oy, environment [44]. This is equivalent to the first nonzero
energy transfer peak maximum in experimental RIXS spec-
tra, where the 4T2g state has been reported at 1.73, 1.6,
and 1.45-1.58 eV for CrCls, CrBrs, and Crls, respectively
[4,9,26,45]. These values align with the shoulder feature in
region I in our RIXS data. On the other hand, the sharp
peaks in the optical spectroscopy can be compared directly
with the dd excitations in the RIXS spectra. Optical absorp-
tion and magnetic circular dichroism measurements report
the spin-allowed *75, states and bright excitons in CrCls
at 1.7-1.75 eV, CrBrz at 1.6-1.65 eV, and Crl; at 1.45-
1.6 eV, respectively [18-21,37,46,47]. These peak positions
also show good alignment with the shoulder features in region
I. Therefore, considering the shoulder peak in region I and
comparing that with the ELD in Fig. 4(a), the crystal field
splitting 10Dgq in CrCls, CrBrs, and Crl; was determined to
be 1.58, 1.54, and 1.35 eV, respectively. The corresponding
electronic transition is ‘A — *E (t238 — tzzge;) for the C;
symmetry, since the transition of orbital singlets *A — %4 is
dipole-forbidden. The splitting of *E and *A (*T,) states can
be tuned by the distortion parameter Do, which was deter-
mined to be —20, —15, and —10 meV as the halogen changes
from Cl to I (see Fig. S2 in the Supplemental Material [41]).
A summary of the crystal field parameters and the energies of
each state is provided in Table I.

The Racah B was varied next, and the result is presented
in Fig. 4(b). The two peaks in region II were assigned to *A
and *E states, and they showed an increment in the splitting
as the halogen changed from Cl to I. Their expected order
of states and the energy gap were dependent on the crystal
field distortion parameter Dt, which was determined to be 27,
33, and 35 meV for CrCls, CrBrj, and Crls, respectively (see
Fig. S2 in the Supplemental Material [41]). The electronic
transition *A — *E (*T) ¢)» which corresponds to the double
electron excitation £3, — t] e2, was considered in determining
the Racah B values of 0.072, 0.071, and 0.067 eV in CrCls,
CrBr3, and Crls, respectively.

After tuning the 10Dg and Racah B values, the ELD was
calculated as a function of Racah C, as shown in Fig. 4(c). At
this stage, the quartet lines appear to be horizontal. However,
the ELDs include several doublet states influenced by Racah
B and Racah C. These doublet states represent spin-flip elec-
tronic transitions. The SOC in the Cr 2p level can accompany
the spin-flip electronic transition during the RIXS process,
producing spin-forbidden doublet states with S = 1/2, as
discussed in the latter. Racah C of 0.41—0.42 eV in all CrXj
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FIG. 4. Energy level diagrams as a function of (a) crystal field Dg (b) Racah B, and (c) Racah C in Crls. The quartet and doublet states in
Cr** metal are shown by solid red and dashed blue lines, respectively. The black, green, and purple stars indicate the extracted Dg, Racah B,
and Racah C values by comparing the ELDs with experimental RIXS spectra. (d) Calculated RIXS map recorded at 300 K. A broadening of

30 meV was considered, similar to the experimental resolution.

was determined after considering the transitions “A — 24 and
*A — 2E (*Tig). A summary of the energy scales calculated
in CrX; at RT is provided in Table II.

2. XAS/RIXS spectrum calculation

The XAS experimental data were used to tune the RIXS
intermediate parameters, as the RIXS process consists of an
XAS process followed by a resonant x-ray emission (see
Fig. S5 in the Supplemental Material [41]). The Slater integral
parameters sz s Gll7 4> and G; 4» Which account for the electron
exchange interactions 2p3d, were tuned to match the experi-
mental XAS data. Furthermore, the 2p3/, and 2p,/, spectral
parts are clearly separated by the core-hole SOC and the
core-hole lifetime broadening, which gives the sharp features
[48]. The energy separation of 8.5 eV between the L3 and L,
peaks [Fig. 1(c)] suggested a Cr 2p SOC value of ~5.7¢eV.

Subsequently, we calculated the RIXS spectra using all
refined parameters and compared the results with the exper-
imental RIXS data, as illustrated in Fig. 5. In each figure,
the top panel shows the experimental RIXS data measured at
the Cr L3 edge. The middle panel shows the calculated RIXS
spectra analogs of the top panel. The RIXS spectra calculated

with a broadening of 30 meV (red shaded line) exhibit fine
spectral features and energy positions that are responsible for
the main intensities in the experimental data. We only reported
the results at the L3 edge (excitation energy b) in Fig. 5.
Similar results were obtained for all the excitation energies
[see the RIXS map in Fig. 4(c)]. The peak positions extracted
from the simulated RIXS spectra are shown in the bottom
panel with red lines indicating spin-allowed quartet states and
blue lines indicating spin-flip doublet states. Figure 5 clearly
demonstrates the RIXS ability to probe states with different
spin multiplicities selectively.

A clear energy gap between the spin-allowed quartets and
spin-forbidden doublets in regions I and II was observed with
high resolution in RIXS data. This energy difference becomes
more prominent as the halogen changes from CI to Br to
I, which explains the appearance of a shoulder feature as
the halogen changes from Cl to I in the experimental RIXS
data (see Fig. 5). Two peaks observed in region II primarily
depend on the crystal field distortion parameter Dt as they
can be attributed to “A and *E states and result in improved
RIXS fitting using the distorted octahedral orientation with
C; symmetry in CrX;. There is a slight mismatch between
the experimental RIXS data and the simulated RIXS spectra

TABLE I. Summary of the crystal field splitting parameters and the energy levels in Cr d orbitals in CrX;.

T 10Dg Dt Do E, E, E.. AE, AE, AE;
CrCl; 300 K 1.580 0.027 —0.020 1.011 —0.754 —0.634 1.765 —0.120 1.645
CrBr; 300 K 1.540 0.033 -0.015 1.001 —0.784 —0.609 1.785 —0.175 1.610
Crls 300 K 1.350 0.035 —0.010 0.892 —0.730 —0.527 1.622 —0.203 1.418
CrCl; 24K 1.620 0.020 —0.020 1.019 —0.728 —0.655 1.747 —0.073 1.673
CrBr; 24K 1.540 0.028 —0.015 0.989 —0.754 —0.612 1.743 —0.142 1.602
Crls 24K 1.370 0.035 —0.010 0.904 —0.738 —0.535 1.642 —0.203 1.438
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TABLE II. Summary of the electronic structure parameters calculated at 300 K for CrX;. All values are in eV.

CrCl; CrCl; CrBr3 CrBr3 Crl; Crl3
3d?) 2p°3d*) 3d?) 2p°3d*) 3d*) 2p°3d*)
Racah B 0.072 0.077 0.071 0.076 0.067 0.072
Racah C 0.410 0.441 0.420 0.452 0.410 0.441
F} 6.398 (59%) 6.884 (59%) 6.419 (60%) 6.907 (60%) 6.153 (57%) 6.620 (57%)
Ffd 5.166 (76%) 5.561 (76%) 5.292 (78%) 5.696 (78%) 5.166 (76%) 5.561 (76%)
szd - 5.873 (90%) - 5.546 (85%) - 5.220 (90%)
G;]d - 3.254 (68%) - 3.110 (65%) - 2.871 (60%)
G;d - 1.633 (60%) - 1.361 (50%) - 1.088 (40%)
SOCyy 0.018 (50%) 0.018 (50%) 0.018 (50%) 0.018 (50%) 0.018 (50%) 0.018 (50%)
SOC,, - 5.668 (100%) - 5.668 (100%) - 5.668 (100%)
Jy 0.826 0.889 0.837 0.900 0.809 0.870
A 3.800 3.800 3.300 3.300 3.000 3.000
10DgL 0.103 0.103 0.238 0.238 0.032 0.032
V. 1.992 1.992 1.940 1.940 1.836 1.836
Vi 1.320 1.320 1.380 1.380 1.400 1.400
\% 1.320 1.320 1.380 1.380 1.400 1.400

in region III due to the cluster of doublets (see Fig. 4) and
CT excitations, which we have not discussed in this study.
As the temperature is lowered to 24 K, the shift in the RIXS
spectral features in region I [see Fig. 2(c)] results in higher

10Dg values and thus a greater crystal field splitting at LT.
This increase in splitting will enhance the single-ion mag-
netic anisotropy, which helps stabilize the magnetic order at
LT, requiring more energy to probe the 1, — e, excitation
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FIG. 5. Comparison of experimental and simulated RIXS spectra at Cr L3 edge (a)—(c) at 300 K and (d)—(f) at 24 K in CrCl;, CrBr3, and
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FIG. 6. (a) Electronic excitation corresponds to the spin-allowed
quartet state. The GS, IS, and FS electron configurations are in-
dicated. The spin moment is conserved throughout the process.
(b) Electronic excitation for the spin-flip doublet state. The incident
and scattered x-rays are labeled as in and out, respectively. (¢) Com-
parison of RIXS spectra with the contribution of SOC (green) and
without SOC (brown) in the Cr metal ion.

[49,50]. In region II, the shift in Crls is negligible. The
peak shift in CrCl; and CrBr3 can be explained by Dt and
Racah B. Since CrXj exhibits both MPT and SPT at different
temperatures, the SPT can possibly cause a change in octa-
hedral distortion, resulting in different crystal field distortion
parameters and, consequently, different electronic structure
parameters.

A schematic representation of Cr 2p3d RIXS in Figs. 6(a)
and 6(b) shows the electronic excitations from the initial GS
through the intermediate core-excited to the final valence-
excited states. Figure 6(a) captures the electronic excitation
corresponding to the spin-allowed quartet states, where the
total spin moment of the GS and the final state (FS)is S = 3/2
(2S + 1 =4), indicating a conserved spin moment during
the RIXS process. On the other hand, Fig. 6(b) shows the
electronic excitation that corresponds to the spin-forbidden
(spin-flip) doublet states, where the total spin moment
changes from § =3/2to S = 1/2 (25 + 1 = 2) from the GS
to the final state, indicating a spin-flip during the process.
The presence of Cr 2p SOC [given by the Cr 2p spin-orbit
parameter ¢(2p) (5.668 eV)], which is much stronger than
the 3d SOC [given by the Cr 3d spin-orbit parameter ¢ (3d)
(0.018 eV)], contributes to this spin-flip process and enables

the probing of spin-forbidden states [19,48]. Figure 6(c)
compares the RIXS spectra calculated with the SOC (green
line) and without SOC (brown curve). Spectra without SOC
do not produce the spin-forbidden doublet states, disagreeing
with the experimental data. Therefore, our calculation
suggests that SOC must be considered in RIXS calculations
in order to probe the spin-forbidden doublet states.

IV. DISCUSSION

Based on high-resolution RIXS spectra for CrX3, a detailed
electronic structure parameter calculation was presented, in-
cluding the determination of the crystal field splitting and
Racah parameters in CrX3. Now, we discuss how the obtained
values relate to previously determined electronic structure
parameters in CrX3;. The extracted energies of the spin-
quartet and spin-doublet states are consistent with the d
ELDs in Cr’t systems [4,33]. Density functional theory
calculations predict that the magnetic moment is hosted
predominantly in the Cr** ions with S = 3/2 spin config-
uration and a reported spin moment of 3 u,/Cr [3,51,52].
From our calculations, the spin moment of the Cr was
determined to be ~3.75 u,/Cr, indicating a larger value com-
pared to the nominal spin moment in Cr due to the ligand
contribution [4,53].

The reported 10Dg values in CrCl; (1.50-1.75 eV), CrBr3
(1.45-1.65 eV), and Crls (1.30-1.45 eV) exhibit significant
overlap and variability, indicating inconsistency and a vari-
ence in the determined values [4,9,18,19,21,26]. This makes
it hard to draw firm conclusions about the trend in the ligand
field strength. The improved energy resolution from our RIXS
measurements enabled further refinement of the 10Dg param-
eter using C; symmetry with distorted octahedral orientation
across all halides. As the halogen changes from CI to Br to
I, a clearly decreasing trend is observed in the refined 10Dg
values from our study (1.58, 1.54, and 1.35 eV for CrCl;,
CrBrs, and Crls, respectively). This is in good agreement
with the spectrochemical series explaining the strength of
various ligand-induced crystal fields: I-! < Br~! < C17! [54].
This work highlights the need for high-resolution RIXS mea-
surements when it comes to determining precise electronic
structure parameters.

The determined crystal field distortion parameters (see Ta-
ble I) show an opposite sign relation: negative for Do and
positive for Dt. As the halogen changes from CI to I, the
Do and Dt show incremental changes, suggesting a higher
(lower) distortion in Crlz (CrCls). A similar study reports
the distortion parameters for Crl3: Do = —0.3eV and Dt =
0eV, and CrF;: Ds = —0.2eV and Dr = 0.2eV, showing
a good agreement with our results [9,55]. The determined
crystal field parameters were applied to Eqgs. (la)—(lc) to
calculate the energies of the states e, a, and e* as summarized
in Table I and graphically represented in Fig. 7. The results
suggest that a state has the lowest energy. A similar 2D van
der Waals family VX3 reports a trigonal contraction when the
a state is lowest, and our results suggest a similar behavior in
CrX; [56,57]. The energy gap between each state is given by
AE,, AE,, and AFE; (see Fig. 3) as summarized in Table L.
The energy gap between the highest and lowest states (AE3)
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FIG. 7. The calculated energy levels of the Cr d orbitals in CrCls,
CrBrj3, and Crl; at (a) 300 K and (b) 24 K.

decreases as the halogen changes from Cl to I, consistent with
the 10Dq trend.

A summary of the electronic structure parameters used in
the RIXS simulations at 300 K is provided in Table II, includ-
ing the LMCT parameters (see Table S1 in the Supplemental
Material [41] for the electronic structure parameters at 24 K).
Note that the unequal scaling in Hartree-Fock Slater integrals
F2, and F}, and the exchange parameters G, and G3,, are es-
sential to reproduce the RIXS spectra. The Racah B parameter,
which accounts for interelectronic repulsion, shows a decreas-
ing trend as the halogen changes from Cl to Br to I, agreeing
with the nephelauxetic effect. These values reflect the increas-
ing covalency that is observed from Cl < Br < I with higher
scaling of the Hartree-Fock parameters corresponding to the
ionic interactions and lower scaling corresponding to the
covalent interactions [4,10,31,54]. The determined Racah B
values show a good agreement with the reported values, which
are in range of 0.067-0.095, 0.062-0.09, and 0.047-0.087
for CrCls, CrBrj3, and Crls, respectively [4,10]. The Racah
C values do not change as the halogen varies. The Racah A
(A= Fdod - F;d /9) was ignored because it is considered the
same for any metal ion. The determined C/B ratios at RT of
5.69, 5.92, and 6.12 were lower than the literature-reported
values and closer to the expected value of 3.75—4. The Racah
B parameter primarily determines the ratio C/B, as the Racah
C is constant. It increases with the halogen change from
Cl to I, reflecting the shift from ionic bonding in CrCl; to
covalent bonding in Crl;. The Hund’s exchange coupling

Jy = (Fdzd + F;‘d)/14 for CrCl;, CrBr3, and Crl; was calcu-
lated to be 0.826, 0.837, and 0.809 eV, respectively [4,5].
These values indicate that all CrX; materials are in the high-
spin state, given the relation 2Jy < 10Dgq [58].

The SOC in CrXj plays a significant role in the spin-
flip (spin-forbidden) process, as discussed earlier. Recent
studies suggest that the spin-flip excitations are responsi-
ble for the anisotropic SOC, which, in turn, contributes to
the Dzyaloshinskii-Moriya (DM) interaction [9,59]. However,
further investigations are needed to better understand the re-
lationship between the strength of SOC and its influence on
the DM interaction. This study lays an important foundation
for future investigations into CrX3 as a material for spintronic
and optoelectronic devices, where precise control over elec-
tronic and optical properties is crucial for achieving advanced
functionalities.

V. CONCLUSIONS

We conducted Cr 2p—3d XAS and Cr L-edge high-
resolution RIXS measurements on CrX;. Atomic multiplet
RIXS simulations, interpreted using the MLFT approach,
showed good agreement with the experimental RIXS data, as
illustrated in Fig. 5. This study marks the first experimental
observation of clear energy separations between spin-allowed
and spin-forbidden electronic transitions in CrX3 using the
improved high-resolution RIXS measurements. By applying
ELDs in atomic multiplet calculations, we have refined the
electronic energy scales, taking into account the distorted
octahedral orientation with C3 symmetry in CrX3, as detailed
in Tables I and II. These findings indicate that the ligand
substitution significantly affects the d-orbital electronic struc-
ture. The superexchange coupling effect on the interatomic
orbital splitting was discussed, as well as the DM interactions
and the role of SOC in the spin-forbidden excitations. We
propose that investigating RIXS on few-layer CrX; samples
could offer deep insights into the electronic structure prop-
erties of these materials. Further investigations are needed
to understand the low-energy RIXS spectral features in the
0-1.5 eV range.
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