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ABSTRACT: The van der Waals (vdW) chromium trihalides (CrX;) exhibit field- 2p3d RIXS cr3
tunable, two-dimensional magnetic orders that vary with the halogen species and the T =

number of layers. Their magnetic ground states with proximity in energies are sensitive to
the degree of ligand—metal (p—d) hybridization and relevant modulations in the Cr d-
orbital interactions. We use soft X-ray absorption (XAS) and resonant inelastic X-ray
scattering (RIXS) spectroscopy at Cr L-edge along with the atomic multiplet simulations
to determine the key energy scales such as the crystal field 10 Dq and interorbital
Coulomb interactions under different ligand metal charge transfer (LMCT) in CrX; (X=
Cl, Br, and I). Through this systematic study, we show that our approach compared to
the literature has yielded a set of more reliably determined parameters for establishing a . : . : . . .
base Hamiltonian for CrX.

Energy loss (eV)

wo-dimensional (2D) materials with unique electronic calculations. For example, the magnetic exchange energy in

structures that can host novel magnetic, photonic, CrX; calculated by DFT remains debated as an outcome of
electric, and superconducting properties have recently imprecision of key energy scales.’”” These theoretical energy
attracted attention because of their potential applications in scales are often compared with the d—d (for TM complexes;
spintronics, quantum computing, quantum information, transition between the Cr 3d orbitals) and charge-transfer
catalysts, and energy storage.'”'' Among these 2D materials, excitations seen in optical conductivity and Raman spectros-
the van der Waals (vdW) semiconductors CrX, (X = Cl, Br, copy, the tabletop techniques with high energy resolution and
and 1)"*7"° with hexagonal stacking order and strong spin— versatile control of photon polarization for resolving the
lattice interaction have demonstrated highly tunable, layer- symmetry of excitations, to gauge their magnitude."""'
dependent magnetic ground states that can be controlled by However, optical conductivity is sensitive to optically allowed
applied electric field, magnetic field, pressure, and strain.'®™’ transitions (hence suppressed d—d excitations), whereas
This tunability stems from the nearly degenerate ground-state Raman spectroscopy lacks the elemental, bonding, and orbital

sensitivity."” On the other hand, soft X-ray spectroscopies such
as X-ray absorption (XAS) and, in particular, resonant inelastic
X-ray scattering (RIXS) can provide this critical informa-
tion.” ™ In this Letter, we report the XAS and RIXS
measurements on CrX; assisted by the atomic multiplet
simulations to extract the key energy scales with varying
degrees of ligand—metal charge-transfer (LMCT) effect. We
further compare the obtained parameters with the literature to
highlight the advantage of using RIXS spectra to better
determine their magnitudes.'>***>*>*

CrX; consists of vdW-coupled layers with each layer formed
by tilted octahedra where the central Cr’" ion is coordinated

ferromagnetic (FM) and antiferromagnetic (AFM) orders
caused by the substitution of halogens that introduces distinct
ligand effects on the transition metal (TM) site and modulates
the key energy scales such as the crystal field and interorbital
Coulomb interaction."”**™*° As a result, Crl; and CrCl; can
exhibit interlayer FM and AFM couplings, respectively, and
even their room-temperature paramagnetic spin moment can
be altered by halogen substitution.’** Besides the potential
applications, the intricate spin interactions in the projected
hexagonal stacking in CrX; may manifest phenomena like
edge-sharing honeycomb Kitaev physics,”” spin current,”* and
topological spin excitation that are of great physics

. 3537 with six X-ions. The edge-sharing of octahedra produces a
interest.

To date, density functional theory (DFT) and cluster-based
calculations have been used to explain the effects of ligands on Received:  November 22, 2020

the low-temperature magnetic orders in CrX; and understand Accepted:  December 28, 2020
their evolution under the applied electric field;*> 7> Published: January 5, 2021
however, energetic proximity between different magnetic

ground states sets a stringent requirement for the precision

of key energy scales used in the Hamiltonian in these

© 2021 The Authors. Published b
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Figure 1. (a) Rhombohedral structure of CrX;. (b) Schematic plot of the experimental setup. (c) X-ray absorption spectra at Cr L;,-edge of CrCl,,
CrBr;, and Crl; in the rhombohedral structure phase. The photon energies labeled a, b or b, and ¢ (inverted triangles) are the excitation energies
used in the RIXS measurements. (d) RIXS spectra recorded at excitation photon energies labeled a (blue solid line), b or b’ (green solid line), and
c (red solid line) in panel c. The peaks in region I are the d—d excitations, and the broad feature in region II is the charge-transfer excitation.
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Figure 2. (a) Energy level diagrams of Cr’* in CrCly with O;, symmetry for determining the values of the crystal field 10 Dq (left), Racah B
(middle), and Racah C (right). The red and gray/green lines are for the quartet and doublet in the 3d° states, respectively. (b) The simulated RIXS
spectra as a function of excitation photon energy (RIXS map). The white lines a, b, and c denote the excitation photon energies for the simulated
RIXS spectra in Figure 3a. The schematic presentation of the O; symmetry and the spin/orbital configurations of *F ground state, inter-*F
transitions, and *F to *P transition are shown next to the Racah C panel.

honeycomb structure as illustrated in Figure 1a.>"** There is a
structural phase transition from high-temperature monoclinic
to low-temperature rhombohedral phase in bulk CrCl;, CrBr;,
and Crl; at 240, 420, and 200 K, respectively.l‘%"}’1 The
magnetic orders emerge at even lower temperatures in the
rhombohedral phase,-48_51 therefore, we focus our XAS and
RIXS measurements in this phase. The experimental setup is
shown in Figure 1b, and the details are described in
Experimental and Simulated Methods. The Cr L;,-edge XAS
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spectra recorded at 100 K for CrCl; and CrBr; and at 80 K for
Crl; are shown in Figure 1c. With halogen substitution from CI
to Br and I, the spectra exhibit a monotonic shift toward lower
energy, signaling the weakened ionicity and the stronger
influence on the Cr’* site from ligands. This trend is observed
in both rhombohedral and monoclinic phases (see Figure S1).
In addition to the energy shift, there are subtle changes in the
spectral line shape; for example, the features at the L; edge are
better resolved in CrCl; (a clear dip at ~576 eV) than in CrBr;,

https://doi.org/10.1021/acs.jpclett.0c03476
J. Phys. Chem. Lett. 2021, 12, 724-731
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Figure 3. Comparison of experimental (top) and simulated (middle) RIXS spectra of (a) CrCly, (b) CrBr;, and (c) Crly with parameters

determined from ELDs. The compared simulations i—v (bottom) in panels a—c are from the literature.

38,41,47

and Crl;, and the high-energy shoulders at L,, edges are more
pronounced in CrCl,.

Although key energy scales such as crystal field, charge
transfer, interorbital Coulomb interaction, etc. may be extracted
by comparing the experimental XAS spectra with the cluster-
based calculations, the spectral broadening from finite core-
hole lifetime and the contribution of nonlocal excitations above
the absorption edge can complicate this approach (see later
discussion).”” On the other hand, it has been suggested that
RIXS can provide further information to circumvent these
difficulties.”*"* In Figure 1d, we show the RIXS spectra of
CrX,; recorded at selected excitation photon energies labeled a,
b/b’, and ¢ in Figure lc. The excitation energy a = 575.1 and
5754 eV for CrBry and CrCly; b = 575.1 €V for Crl;, b =
575.6 and 576 eV for CrBr; and CrCly; and ¢ = 576, 576.1, and
576.6 eV for Crl;, CrBr;, and CrCl;, respectively. In these
spectra, low-energy excitations around 2 eV energy loss (region
I) can be attributed to the inter-Cr 3d orbital transitions (d—d
excitations), whereas the broad feature at higher energy loss
(region II) is the ligand—metal charge-transfer (LMCT)
excitation.”” Consistent with the XAS spectra, the monotonic
energy shift toward smaller energy loss is present in these
excitations. Furthermore, this energy shift behavior is also in
agreement with Raman spectroscopy.42

Unlike XAS and Raman, the well-resolved d—d and LMCT
excitations in RIXS spectra offer the opportunity to determine
the key energy scales of CrX; more reliably. To proceed, we
resort to the energy-level diagrams (ELDs) in the atomic
multiplet simulations with Cr** (3d®) state in the O,
symmetry.*>>® We first choose CrCly because of the reduced
overlap between its LMCT and d—d excitations. We note that
the energy scales of LMCT and crystal field 10 Dq will both
affect the energy of *A,, — 4T2g excitation in the 3d® system
(see Figure S2); to be consistent with the Nephelauxetic effect
and DFT calculations,””** we set the LMCT parameters based
on the values in the literature.””>> The LMCT parameters are
listed in Table S1. We also choose the following Racah
parameters (the interorbital Coulomb interactions) as a
starting point: 0.091 eV, 0.381 eV, and 4.187 for Racah B,
Racah C, and C/B, respectively.””** The ELD with varying 10
Dq value using the initiall LMCT and Racah parameters is
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shown in Figure 2a (left panel). In this figure, the term
symbols and further substates are assigned by comparing the
ELD with the 3d® reference system (see Figure S2 for the
determination of term symbol in ELD with different LMCT
and Coulomb parameters; see Figure S3 for the discussion
about states in the *G term symbol).’® Although the LMCT
effect might affect the term symbol and its further substates
symbol, this assignment is still useful for the CrXj system.*'
The 10 Dq value for CrCly is chosen to be 1.55 eV (red dashed
line) such that the energy of 4A2g - 4T2g transition (red cross)
matches the first inelastic peak around 1.7 eV energy loss in
Figure 1d.

With this 10 Dq value, we fine-tuned the Racah B (middle
panel, Racah C is fixed at the initial value of 0.381 eV) and
Racah C (right panel, the Racah B is fixed at the new value of
0.067 eV, see later discussion) values using the ELDs, and the
results are shown in Figure 2a. From these figures, one can see
that the energies of quartet (red lines) and doublet (gray and
green lines) states exhibit much stronger dependences on the
magnitude of 10 Dq than the Racah B and Racah C, justifying
the choice of fixing the 10 Dgq value first. For determining the
Racah B (blue dashed line and crosses) and Racah C (black
dashed line and cross), the term symbols *T,, (*F, ~2.3 eV),
4T1g (*P, ~3.8 V), and ZTZg (®G, ~4.2 €V) are used to
compare with the energy loss features in the CrCl; RIXS
spectra. In addition, the two doublet states *E, (*G) and T,
(*G) around 1.7 eV will split away from the 4T2g quartet state if
the Racah C value is too small, and this splitting will produce a
shoulder on the lower energy loss side. With these
considerations, we have determined Racah B and Racah C to
be 0.067 and 0.421 eV, respectively, for the presented CrCly
RIXS spectra. Using these energy scales, we have simulated the
excitation photon energy-dependent RIXS spectra (RIXS map)
in Figure 2b. The spectra selected at energies marked by a, b,
and c (white dashed lines) are shown in Figure 3.

In Figure 3, we show the comparison of experimental (top)
and simulated (middle) RIXS spectra at the same excitation
photon energies for CrCl;, CrBr;, and Crl; in panels (a), (b),
and (c), respectively. For CrBry and Crl;, we follow the same
approach of using the ELDs and experimental RIXS spectra to
determine the energy scales, see Figure S3 for details. For the

https://doi.org/10.1021/acs.jpclett.0c03476
J. Phys. Chem. Lett. 2021, 12, 724-731
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Table 1. Electronic Structure Parameters of Cr** Used in the Atomic Multiplet Simulations®

Fu Ftu Bb cb 20d Gl Gy Op Ga 10D
b 4 /52 q
O S N T B B o B ) S
HF%°< HF%® HF%<¢ HF%°¢ HF%° HF%° HF%°
6251 5303 0.018
Cr?f, 0067 0421 6242  0.848 - - - - 1.55
B 58%  78.5% 50%
ccl, 6726 5708 5873 3828 2721 5668  0.024
e 0073 0453 6242 0.848 1.55
@p3d)  s8%  785% 90%  80%  100% 100%  50%
5981 5303 0.018
CePrs 0062 0421 6797 0887 - - - - 1.45
(3 55.5% 78.5% 50%
CrBr 6.436  5.708 4894 3110 2449 5668  0.024
B 0.067 0453 6797  0.887 1.45
@p>3d)  555%  78.5% 5% 6%  90%  100%  50%
Cils 5227 5303 0.018
o 0047 0421  9.010 1015 - - - - 1.45
Bd) 48.5%  78.5% 50%
Cil 5624 5708 4241 2632 2177 5668 0.024
e 0.050 0453  9.010  1.015 1.45
@p3d)  485% 78.5% 65%  55%  80%  100%  50%

“LMCT and Uy, parameters are from reference.”> Uyy/ Upq is fixed at 1.25 for all simulations. YRacah B, Racah C, and their ratio C/B are rounded
to the third decimal place. C/B ratio is calculated using the unrounded values. “The percentage shows the scaling factor relative to the atomic
Hartree—Fock integrals. acet ground-state parameters (unshaded). “Excited-state parameters (shaded) with a 2p core-hole. {5p and {34 are spin—

orbit coupling (SOC) for Cr 2p and 3d orbitals, respectively.

ease of comparison, the intensity of first peak is scaled to be
the same in these spectra. From this figure, one can see that the
agreement between experiment and simulation is very
satisfactory, although certain discrepancies seen in the features
at higher energy loss and around 1.4 eV for the low-energy
doublet states 2Eg and 2T1g (*G) increase from Br to 1. These
discrepancies can be related to the enhanced interference
between the LMCT excitations in the RIXS spectra and the
reduced ionicity in Crl;, and resolving them calls for more
precise determination of these parameters (see later
discussion).

To demonstrate the advantage of using the experimental
RIXS spectra as the starting point for determining the energy
scales, we also simulate the CrX; RIXS spectra with the
parameters from literature (ref 41 and 47 for CrCly and CrBr;,
and ref 38 for Crl;; the LMCT parameters of CrCl; and CrBr;
are taken from ref S5). The resulting simulated spectra (Cf.
sim) are shown in the bottom panel of Figure 3. Although the
Cf. simulated spectra for CrCl; and CrBr; in Figure 3a,b can
reproduce the low-energy d—d excitations around 2 eV energy
loss, there is a discernible energy shift toward higher energy
loss. This energy shift can be attributed to the slightly larger 10
Dq from optical measurements. Moreover, the larger 10 Dgq
and dissimilar Coulomb parameters also yield different
energies for quartet (4T2g) and doublet states (2Eg and 2T1g)
such that their varying intensities with respect to the excitation
photon energies manifest the seeming shift in the broad feature
around 1.7 eV energy loss.

For Crl; (Figure 3c), the Racah B, Racah C, and ligand 10
Dgq (10 DgL) parameters are not listed in the literature (the 10
DgqL values for CrCl; and CrBr; are taken from refs 53 and 54
and are listed in Table S1). We resort to the ELDs to find the
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best values for them, see Figure S4. We have chosen different
sets of parameters for Racah B, Racah C, and 10 DgL: 0.122,
0.375, and 0.320 eV for iii; 0.115, 0.429, and 0 eV for iv; and
0.115, 0.429, and 0.320 eV for v. Irrespective to the choices of
these parameters, the simulated RIXS spectra are grossly
misaligned with the first prominent feature showing up around
1 eV energy loss. This misalignment is due to a much smaller
10 Dq value reported in the literature and is insensitive to the
values of other parameters.

We note that the magnetic order does not affect the
experimental RIXS spectra (see Figure S5) as the energy scale
of magnetic exchange interaction is much smaller than the
experimental resolution. Even the variation in the Uy value
and 2p3d core-hole effects influence only the intensity of
inelastic features in the RIXS spectra, but not their energy
positions (see Figure S6 for the details). Furthermore, we
simulate the CrX; XAS spectra using the energy scales derived
from both RIXS (Table 1) and optical measurements in Figure
S7, and all simulations can faithfully reproduce the
experimental XAS spectra. This exercise further demonstrates
that using RIXS instead of XAS can better determine these
energy scales.

The energy scales of CrX; from this study are summarized in
Table 1. Here we focus on the energy scales from RIXS for
3d—3d interaction. In this table, one can see that the
magnitude of crystal field 10 Dg decreases from CI to Br
and I, which can be understood from the spectrochemical
series for the strength of various ligand-induced crystal field: I™
< Br~ < CI™.*° The interorbital Coulomb interactions, as
defined by the Racah parameters in metal complexes, generally
vary as the ligand changes. As suggested by the Nephelauxetic
effect (series), the most ionic (covalent) bond should lead to a

https://doi.org/10.1021/acs.jpclett.0c03476
J. Phys. Chem. Lett. 2021, 12, 724-731
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smaller (larger) reduction in the Racah parameters relative to
the atomic values.’® Per the electronegativities, the degree of
ionicity should decrease from CrCl; to CrBr; to Crl;, and our
reported Racah B values display this expected trend. The
values of Racah B and Racah C, related to the Coulomb Slater
integrals F*y and F*y, respectively (see the Experimental and
Simulated Methods), do not always yield a fixed ratio.’
Because Racah C value is constant and Racah B value increases
with ionicity, the ratio C/B will increase from the ionic
bonding (CrCl;) to the covalent bonding (Crl;) and exceed
the standard value (3.75—4)." It is noted that the ratio F*;;/
F?y4 can become larger than the standard value (~0.63) if the
d—p screening effect is considered.””>® This screening effect is
treated in the DFT calculations for CrX;,” and the reported
reduced trend from calculation is also seen in Table 1.

It has been shown that the spin moment of Cr is larger than
the nominal 345/Cr value in both CrCly and Crl;.*"** The
larger spin moment can be understood from the LMCT effect
that the Cr 3d orbital occupation is more than 3d* (see Table
S2). Using the 10 Dq values and the Hund’s rule exchange

_ ElatFiu20,5457

]H - 4
obtained the Jiy values of 0.825 and 0.752 eV for CrCl; and
Crl;, respectively. These Ji; values are similar to those reported
in the literature.”” Because the 10 Dq values are smaller than
two times the Ji values, this implies that both CrCl; and Crl;
will prefer the high spin, i.e,, more ¢, spin-up occupations from
LMCT electrons than t,, spin-down ones (see Table S2), and
justifies the aforementioned analysis.

In conclusion, we present the XAS and RIXS measurements
on CrX;. Using the ELDs in atomic multiplet calculations with
the consideration of LMCT effect, we can reliably extract
energy scales as summarized in Table 1. These parameters,
compared to the literature values that were derived from
optical and XAS spectra, can well-produce the experimental
RIXS spectra. This substantiates the claim that starting with
the RIXS spectra is a much more accurate approach to obtain
these energy scales than XAS despite its relatively lower energy
resolution. One can envision that higher energy resolution
RIXS spectroscopy will be beneficial for extending the current
work to explore the temperature dependence of these energy
scales when CrXj is driven to different magnetic ground states.

to analyze the high spin state,” we

B EXPERIMENTAL AND SIMULATED METHODS

CrX; Crystal Growth. Single-crystal CrBr; samples were
produced by a short chemical vapor transport (CVT) method
where an evacuated quartz tube loaded with the mixture of
chromium (Cr, Alfa Aesar 99%) and tellurium bromide
(TeBr,, Alfa Aesar 99.9%) powders was annealed at a
temperature gradient of 750/450 °C for 72 h. The single-
crystal CrCl; samples were synthesized by vacuum sublimation
of commercially available CrCly powder (Alfa Aesar 99.9%) at
a temperature gradient of 700/550 °C for 72 h. Ampule with
precursors was evacuated down to 10™° Torr and sealed
afterward using an oxy-acetylene flame torch. Sealed tubes are
placed in a three-zone furnace (MTI OTF-1200X) for
annealing in such a way that the hot end of the tube was
placed toward the center of the furnace. The evacuated ampule
with samples were heated at 3 °C/min to 700—750 °C,
annealed for 72 h, and cooled to room temperature at 5 °C/
min. Several thin flakes of CrBr; and CrCl, single crystals were
formed at the cold end of the quartz tube.”” Crl, single crystals
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were purchased from HQ Graphene (Groningen, The
Netherlands).

XAS and RIXS Measurement. The XAS (total fluorescence
yield mode, TFY) and RIXS measurements were performed in
the qRIXS endstation at Beamline 8.0.1 at the Advanced Light
Source (ALS), Lawrence Berkeley National Laboratory
(LBNL).®" The air- and light-sensitive Crl; samples were
cleaved ex situ in a dark Ar environment before being
introduced into the experimental chamber. For CrCl; and
CrBr; crystals, they were loaded into the experimental chamber
right out of the sealed quartz tubes without cleavage. The
experimental chamber was maintained at dark conditions and
high vacuum (5 X 107 Torr) during the measurements. The
X-ray photon polarization was kept in the horizontal scattering
plane (m-polarization), and the combined (beamline and
spectrometer) energy resolution was 0.3 eV (0.35 eV) for
CrCl; and CrBr; (Crly) at Cr L-edge. An open cycle cryostat
with liquid nitrogen (LN,) flow was used to cool the CrX,
samples to 80 K or 100 K for the measurements in the
thombohedral structural phase. The angle between the
incident X-ray beam and the photon detector (a GaAsP
photodiode with a front aluminum window to block out the
visible light and photoelectrons, for TFY mode of XAS) and X-
ray spectrometer (for RIXS,”*) was 40°, and the sample normal
was pointing to the detector/spectrometer (see the exper-
imental schematic in Figure 1b). The sample orientations were
not aligned for specific order states. The XAS spectra were first
normalized by the photocurrent from an upstream Au mesh;
the pre- and postedge spectral weights were then set to zero.
We used the elastic peak from a carbon tape to convert the
pixel number of the 2D CCD detector on the spectrometer to
the emission energy in electronvolts. For RIXS spectra in
Figure 1d, the collection time of each spectrum was fixed and
the intensity was normalized by total counts on the CCD
detector.

Energy-Level Diagrams and RIXS Simulation. The quantum
many-body script language QUANTY and CRISPY, imple-
mented in QUANTY, were used to calculate the ELDs and
simulate the RIXS and XAS spectra.”***~® The ELDs were
scanned to capture the energy level of all Cr’* (3d%)
subconfigurations in various crystal fields and 3d’ electron
Coulomb interactions. In the present work, we use the single
Cr site atomic multiplet calculations and consider the effect
from ligands through LMCT. The crystal field 10 Dg, 3d
Coulomb interactions, 3d spin—orbital coupling, and the
LMCT are taken into account for the Hamiltonian of the
ELDs; moreover, the configurations of 3d? and 3d* were taken
into account because of the LMCT effect. The Racah
parameters comprising Coulomb Slater integrals Fy (k =0,
2, 4 for 3d system) were used to describe the intra-atomic
3d3d multipole Coulomb interaction in the system. The
definitions of two major Racah parameters for intra-atomic
3d3d multipole interaction, Racah B and Racah C, are
B= 9XFyy—SXFj and C = SXFfy
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Racah A = Fj; —

9
only introduces a constant offset to the spectra. The average
on-site Coulomb repulsion between two d-orbitals is
Uy = Fyy — %(Fjd + F§,). On the other hand, the Coulomb

Slater integrals F’;d (k =0, 2 for the 2p3d system) and exchange
Slater integrals Gj; (k = 1, 3 for the 2p3d system) are
considered for the core—valence interaction. The Coulomb

. We do not discuss the

on all 3d subconfigurations because it
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interaction between the 2p-core hole and 3d electrons is

Upa = ng - %G;d - 7_30G§d- All Slater integrals, Uyg, and U,q
mentioned above are included as a part of the Hamiltonian for
the XAS and RIXS simulations by using CRISPY. To compare
the simulated RIXS spectra with the experimental spectra, the
Gaussian broadening of 0.35 eV for Crl; and 0.3 eV for CrCl,

and CrBr; was applied to the simulated spectra.
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