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Nonlocal features of the spin-orbit exciton in Kitaev materials

Blair W. Lebert ,1 Subin Kim ,1 Beom Hyun Kim ,2,3 Sae Hwan Chun,4 Diego Casa,5 Jaewon Choi,6

Stefano Agrestini ,6 Kejin Zhou,6 Mirian Garcia-Fernandez,6 and Young-June Kim 1

1Department of Physics, University of Toronto, Toronto, Ontario, M5S 1A7, Canada
2Center for Theoretical Physics of Complex Systems, Institute for Basic Science, Daejeon 34126, Republic of Korea

3Korea Institute for Advanced Study, Seoul 02455, Republic of Korea
4Pohang Accelerator Laboratory, Pohang, Gyeongbuk 37673, Republic of Korea

5Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA
6Diamond Light Source, Harwell Campus, Didcot OX11 0DE, United Kingdom

(Received 1 April 2023; revised 11 August 2023; accepted 26 September 2023; published 16 October 2023)

A comparative resonant inelastic x-ray scattering (RIXS) study of three well-known Kitaev materials is
presented: α-Li2IrO3, Na2IrO3, and α-RuCl3. Despite similar low-energy physics, these materials show distinct
electronic properties, such as the large difference in the size of the charge gap. The RIXS spectra of the spin-orbit
exciton for these materials show remarkably similar three-peak features, including sharp low energy peak (peak
A) as well as transitions between jeff = 1/2 and jeff = 3/2 states. Comparison of experimental spectra with
cluster calculations reveals that the observed three-peak structure reflects the significant role that nonlocal
physics plays in the electronic structure of these materials. In particular, the low-energy peak A arises from
a holon-doublon pair rather than a conventional particle-hole exciton as proposed earlier. Our study suggests that
while spin-orbit assisted Mott insulator is still the best description for these materials, electron itinerancy cannot
be ignored when formulating low-energy Hamiltonian of these materials.
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I. INTRODUCTION

Honeycomb Kitaev materials have been studied exten-
sively in search of a Kitaev quantum spin liquid [1–9].
The main Kitaev candidates are α-Li2IrO3 [10,11], Na2IrO3

[10–16], and α-RuCl3 [9,17–21] which all have honey-
comb planes formed from edge-sharing IrO6/RuCl6 octahedra
[13,19,22–25]. Due to the large spin-orbit coupling (SOC), λ,
the magnetism of these materials is described by jeff = 1/2
pseudospins which experience a bond-dependent Kitaev in-
teraction (K). In addition, off-diagonal symmetric exchange
(so-called �) and isotropic Heisenberg interaction (J1) are
necessary to describe these Kitaev materials [4,26–28]. How-
ever, it turns out that the J1-K-� model is insufficient to
explain the observed magnetic ground states, and at least one
more interaction term is required. Two leading candidates are
the third neighbor Heisenberg interaction J3 and the extra
off-diagonal term due to trigonal distortion, �′ [29–35]. While
these two interactions can give rise to the zigzag ground state
found in α-RuCl3 and Na2IrO3, they represent very different
viewpoints on these materials. Unlike �′, which arises from
the trigonal distortion in the strong-coupling limit, further
neighbor interactions require longer-range hopping and em-
phasizes the more itinerant nature of electrons [30].

The nature of electron itinerancy and the strength of elec-
tron correlation in these systems has been debated in earlier
studies. While the jeff = 1/2 picture arises from the strong
correlation limit [2], quasimolecular orbital (QMO) theory
was proposed to describe Na2IrO3 in the weak correlation
limit [16,36]. Experimental studies, in particular resonant in-
elastic x-ray scattering (RIXS), have been particularly useful
in this debate in favor of the strong correlation. In their

Ir L3-edge RIXS study of Na2IrO3, Gretarsson et al. [37]
showed a three-peak structure (labeled A, B, and C from low
to high energy), where peaks B and C are due to intrasite
transitions from the jeff = 1/2 to the jeff = 3/2 states. The
fact that these excitations are found near 3λ/2, as expected
from atomic calculations and that they show flat dispersion,
combined with small splitting between peaks B and C (due
to trigonal distortion), supported the spin-orbit (SO) Mott
insulator picture. Meanwhile, peak A at lower energy (just
below the charge gap) was attributed to a conventional exciton
due to Coulomb interaction between electron and hole (e-h)
[37–39]. This explanation is unsatisfactory, since it resorts to
a weak-correlation picture for A, while B+C is explained in
the strong-correlation picture. An alternate explanation was
put forward in the theoretical work by Kim et al. [40]. In their
numerical study of a three-band Hubbard model, they showed
that peak A can be present without explicit e-h Coulomb
interaction [40–43].

In this paper, we revisit the RIXS spectra of spin-orbit
excitations in honeycomb Kitaev materials to resolve the de-
bate about electron correlation in these materials. Specifically,
we carried out new RIXS measurements on α-RuCl3 and
α-Li2IrO3 single crystals using higher energy resolution of
35 meV. We note that the charge gap in α-RuCl3 is well
separated from the spin-orbit energy scale and α-Li2IrO3 has
the magnetic ground state distinct from the other two, thus
each material brings properties distinct from the well-studied
Na2IrO3. We find that the RIXS spectra of both samples
are remarkably similar to the three-peak structure previously
observed for Na2IrO3 [37], indicating that the full three-peak
structure comprises the spin-orbit exciton spectral feature.
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FIG. 1. (a) In-plane reciprocal space showing hexagonal Bril-
louin zone (purple) and projection of C2/m Brillouin zone (green).
The C2/m lattice is used throughout this paper and the projection
of its a∗ = (h, 0) and b∗ = (0, k) axes are shown as green vectors.
(b) RIXS scattering plane used for experiments and calculations. In-
coming x-rays with π polarization and momentum k are scattered at
2θ = 90◦ with momentum k′ transferring q = k − k′ momentum to
the sample (green bar). The sample is mounted with the honeycomb
plane at an angle θ leading to transferred in-plane momentum q‖. The
azimuthal angle φ rotates the sample around the c∗ axis, with a∗ (b∗)
in the scattering plane at φ = 0◦ (φ = 90◦). (c), (d) Schematic en-
ergy diagram of two excitation processes. Filled and unfilled arrows
represent electrons and holes, respectively, where up (down) arrows
denote Kramer’s doublet with positive (negative) eigenvalues of jz

eff .
See text for details.

To investigate the origin of peak A, we performed cluster
calculations on the three-band Hubbard model. While the
experimental three-peak feature is reproduced well with the
calculation, the absence of peak A in our single-site calcu-
lation indicates the intersite nature of peak A. Our result
therefore reveals the importance of hopping, or “nonlocal”
physics in these materials, which suggest importance of
longer-range interactions, such as J3, in the magnetic Hamil-
tonian.

II. METHODS

High-quality α-RuCl3 [17,18] and α-Li2IrO3 [44,45] sin-
gle crystals were grown by the vapor transport method and
have previously been characterized [46,47]. Single domains
of α-Li2IrO3 were found using magnetic Bragg peaks as de-
scribed in Ref. [47]. In this paper, we use C2/m notation and
reciprocal lattice units to describe the honeycomb materials
[Fig. 1(a)]. We use our previously published data for Na2IrO3

[37].
All RIXS measurements were taken in horizontal scat-

tering geometry with 2θ = 90◦ and incident π polarization
to minimize elastic scattering [Fig. 1(b)]. Only the in-plane
momentum component shown as q‖ = (h, k) is considered
due to the quasi-2D nature of these materials [37]. The a∗ axis
has an out-of-plane component, but this does not influence
our measurements [37]. Likewise, the RIXS data shows very
little temperature dependence (see Appendix A), and only
low-temperature data are discussed in the main text [9,11,48–
52].

The Ir L3-edge RIXS (11.215 keV) experiment on
α-Li2IrO3 was performed on the 27-ID-B endstation

FIG. 2. In-plane momentum dependence of excitations in
α-Li2IrO3 at 7.5 K measured with Ir L3-edge RIXS. The main peaks
are labeled from low to high energy as A, B, and C.

(MERIX) at the Advanced Photon Source of Argonne
National Laboratory [53]. Incident photons were monochro-
matized with a Si(844) channel-cut monochromator and
scattered photons were analyzed using a spherically bent
diced Si(844) analyzer on a two-meter Rowland circle giving
35 meV FWHM total energy resolution. Ru M3-edge RIXS
(459.5 eV) was performed on the I21 beamline at the Diamond
Light Source [54]. Incident photons were monochromatized
with a 1000 �/mm variable line spacing plane grating and
50μm exit slit, while scattered photons were analyzed using a
1500 �/mm spherical variable line spacing grating and a CCD
with 13.5 × 13.5μm2 pixels at a 30◦ grazing angle, resulting
in 35 meV FWHM total energy resolution.

Calculations were performed using the three-band (t2g-
band) Hubbard model of clusters incorporating the electronic
hopping among nearest neighbor t2g orbitals, spin-orbit cou-
pling (SOC), trigonal distortion, and Kanamori-type Coulomb
interactions (see the details in Refs. [40] and [55]). The
1-site and 4-site calculations used an open boundary condi-
tion, while the 6-site calculation used a periodic boundary
condition. To calculate the RIXS spectra, we employed the
Kramers-Heisenberg formula with the fast collision approxi-
mation and dipole approximation [56]. The RIXS spectra are
calculated with the same geometry as each individual mea-
surement, i.e., the same 2θ , θ , and φ as described in Fig. 1(b).
To match the experiments, RIXS spectra are calculated with
π incoming polarization (defined as the polarization vector
in the scattering plane) and with a 1:1 ratio of π :σ for the
outgoing polarization since it is not analyzed in our experi-
mental setup. Finally, we convolve the RIXS calculations with
a 35 meV resolution function. Physical parameters used in our
calculations are given further below and more details can be
found in Appendix B.

III. RESULTS AND DISCUSSION

Ir L3-edge RIXS spectra of α-Li2IrO3 are shown in Fig. 2
along two high-symmetry directions measured at 7.5 K. This
result is very similar to the Na2IrO3 spectra reported in
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TABLE I. Measured excitation energies at (0,0) given in eV.
Unless noted with (p), all samples are single crystals.

Technique Peak A Peak B Peak C

α-Li2IrO3 Ir L3 RIXS 0.47(1) 0.77(1) 0.89(1)
α-Li2IrO3 (p) [37] Ir L3 RIXS 0.45(2) 0.72(2) 0.83(2)
α-Li2IrO3 [57] O K RIXS 0.46(2) 0.77(2) 0.88(2)

Na2IrO3 [37] Ir L3 RIXS 0.42(1) 0.72(2) 0.83(2)

α-RuCl3 Ru M3 RIXS 0.159(2) 0.245(6) 0.289(9)
α-RuCl3 [58] Raman 0.248(1) 0.290(4)
α-RuCl3 [59] Ru L3 RIXS 0.25(2)
α-RuCl3 [60] Ru M3 RIXS 0.231(3)

Ref. [37], described by the characteristic three peak structure
on top of a background of continuum excitations. All peaks
show small dispersion of about 20 meV bandwidths. Although
it is tempting to attribute the observed dispersive behavior of
these peaks to magnetic energy scale, further systematic study
with higher resolution will be required to investigate the dis-
persion, and will not be discussed further in the current paper.
The peak positions found in the current single crystal study
is slightly different from the powder data in Ref. [37], likely

due to powder averaging. Overall the peaks in α-Li2IrO3 are
7–11% higher in energy with respect to Na2IrO3. This result
also agrees well with the O K-edge RIXS data reported in [57]
as summarized in Table I.

In Fig. 3, we show Ru M3-edge RIXS spectra which clearly
confirm the existence of peak A in α-RuCl3. The splitting
between the B and C peaks is not resolved with our resolution,
however a shoulder feature is visible, for example, in the
(0, 0.22) spectrum. Therefore, we fitted our results with the
small B-C splitting. The peak assignment is supported by the
good agreement between our extracted energies at (0,0) and
the Raman results (see Table I). In their previous Ru L3-edge
RIXS study, Suzuki et al. [59] observed a single peak around
≈250 meV (Table I), but were unable to resolve any splitting
due to 
t because of the coarse (100 meV) resolution. They
did, however, note excessive spectral weight at lower energy
which they associated with peak A.

The existence and possible origin of peak A, however,
remains a mystery. The Mott gap in α-RuCl3 is widely de-
bated with values ranging from 0.2 to 2.2 eV [17,58,61–75],
however, the consensus seems to be 0.9–1.2 eV [58,61,63–
67,70,72,73]. This implies that if peak A exists in the RIXS
spectra of α-RuCl3, then it cannot be an e-h excitation across
the Mott gap. In fact, Kim et al. [40] explicitly predict that
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FIG. 3. Experimental Ru M3-edge RIXS data and fits of α-RuCl3 at 11 K compared to calculations. Spectra were taken with b∗ axis in
scattering plane (φ = 90◦) while varying θ from grazing incidence [panel (a)] to grazing emission [panel (e)] with corresponding q‖ and θ

shown in the top right corner of each panel. Data are shown as black circles and fits are shown as solid purple lines, with fit components
as dashed purple lines: in particular peaks A, B, and C which are labeled in (c), as well as an additional higher energy excitation. RIXS
calculations are shown as green lines for 
t < 0. The momentum points and scattering geometry are decoupled in our calculations, therefore,
since all Ru M3-edge measurements are close to (0,0) we calculate the RIXS spectra at (0,0) while using the experimental θ angle. The
momentum dependence of the extracted peak positions are plotted in (f).
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FIG. 4. Comparison between experimental (black) and calcu-
lated RIXS spectra at (0,0) with 
t > 0 (blue) and 
t < 0 (green).
The rows correspond to different materials and the columns to cal-
culations with different number of sites. The energy axis has been
scaled by the spin-orbit coupling (λ) used in the calculation for each
compound (Table II). The 1-site calculated spectra’s intensities have
been scaled by half for visibility. The A, B, and C peaks are labeled
in the middle panel.

peak A exists in α-RuCl3 and is unrelated to the Mott gap.
They propose that peak A is a doublon-holon excitation cre-
ated by a jeff = 1/2 → jeff = 3/2 intersite process [Fig. 1(d)
coupling with the RIXS active jeff = 3/2 → jeff = 1/2 intra-
site process [Fig. 1(c).

The small momentum transfer of Ru M3-edge RIXS limits
our exploration of reciprocal space [60]. Still, we see some
hints of dispersion especially toward grazing emission geom-
etry, seen in Fig. 3(e), where peak A is most clearly resolved.
The peak positions are plotted as a function of momentum
in Fig. 3(f). However, we would like to point out that the
matrix-element effect might be partially responsible for the
observed momentum dependence. To illustrate this point, we
plot our calculations (see below) as green lines in Fig. 3,
where all the calculations are performed at (0,0) but indepen-
dently varying the RIXS geometry to match experiment. The
calculations capture qualitatively the redistribution of spectral
weight toward lower energies going from grazing incidence to
grazing emission. However, the agreement becomes progres-
sively worse as θ increases, with peak A shifting its position
by almost 30 meV. Further studies, such as outgoing photon
polarization analysis and calculations using larger clusters,
will be necessary for quantitative understanding of this ob-
servation.

To illustrate the similarity of RIXS features in three Ki-
taev materials, we compare experimental and calculated RIXS
spectra for α-Li2IrO3, Na2IrO3, and α-RuCl3 at (0,0) in Fig. 4.
The energy axes have been scaled by λ used in our calcula-
tions and we observe robust scaling behavior indicating very
similar SO Mott insulator physics.

The physical parameters used in the calculations are shown
in Table II. The λ0 and 
t values were chosen by matching
the energy positions of peaks B and C in 1-site calculations to
the experimental peaks (left column of Fig. 4). Both positive
and negative 
t of equal magnitude were calculated and are

TABLE II. Physical parameters for the spin-orbit couplings of
the 1-site and 4/6-site calculations λ0 and λ, trigonal distortion 
t

(Ea1g − Ee′
g
), Coulomb repulsion U , and hopping integrals t1 to t4

used in 4/6-site calculations given in meV. JH = 350 meV for all
compounds.

λ0 λ 
t U t1 t2 t3 t4

α-Li2IrO3 540 540 ±160 1800 72.0 251.2 −136.1 −49.6
Na2IrO3 510 470 ±180 2000 44.3 321.1 −4.9 −23.4
α-RuCl3 165 145 ±40 2350 54.3 185.0 −138.1 −17.7

shown as blue and green lines, respectively. Since we are only
considering t2g orbitals, the λ0 is an effective λ and we found
that slightly different λ0 values are found for Na2IrO3 and
α-Li2IrO3, presumably due to the slight difference in lattice
environments. In addition, we ended up adopting slightly dif-
ferent values for λ in 4- and 6-site calculations to improve
the fit, because nonlocal effects (described below) changes the
positions of peaks B and C from 3

2λ0 [55]. U was selected to
fit the optical conductivity while keeping Hund’s coupling at
JH = 350 meV [68] (see Appendix C). Hopping parameters
were adopted from Winter et al. [30] with averaging in order to
preserve the threefold rotational symmetry of our cluster. We
also scaled the hopping parameters by 104% for α-Li2IrO3,
120% for Na2IrO3, and 115% for α-RuCl3 to better match the
energy position of peak A.

The 1-site calculations (left column) show only two peaks:
B and C. These peaks are created in the direct RIXS process
summarized in Fig. 1(c), where a core electron is excited to
jeff = 1/2 while an electron from jeff = 3/2 falls to fill the
core hole. This is effectively a local jeff = 3/2 to jeff = 1/2
transition which leaves behind a hole in jeff = 3/2. Note that
the trigonal distortion is omitted in Figs. 1(c) and 1(d) for
simplicity. The lack of peak A in single-site calculations in-
dicates that local (intrasite) physics is insufficient to describe
the observed spectra and an additional intersite interaction is
required. Our attempt to distinguish between positive and neg-
ative 
t by comparing calculations with experimental spectra
is inconclusive, as shown in Fig. 4 with blue and green lines.
Chaloupka and Khaliullin [76] present a method of determin-
ing the sign of 
t by comparing the intensity of B and C
peaks (using neutron scattering). When you include intersite
hopping, B and C excitations are not easy to separate and the
neat distinction between the two using the atomic picture is
no longer valid.

Peak A is found only when intersite hopping is included
in 4-site (middle column) and 6-site (right column) cal-
culations. The final state of a possible intersite process is
shown in Fig. 1(d). This describes a higher-order process,
in which the jeff = 3/2 hole left on site 1, after intrasite
jeff = 3/2 → jeff = 1/2 process [i.e., Fig. 1(c), is filled by
jeff = 1/2 electron from site 2. We note that an equivalent
intersite jeff = 1/2 → jeff = 1/2 direct hopping process is
strongly suppressed in these edge-shared honeycomb materi-
als because of the nearly 90◦ Ir-O-Ir or Ru-Cl-Ru bond angle.
The final state depicted in Fig. 1(d) is a doublon-holon pair
that could give rise to peak A in RIXS spectra, as suggested
in Ref. [40]. The doublon-holon peak is lower in energy with
respect to the intrasite SO excitons due to the kinetic energy
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gained from hopping [40]. We repeated the calculation for a
4-site cluster, which does not support the QMO state due to the
absence of ring geometry [16], while still allowing intersite
excitations. The persistence of peak A even in 4-site calcula-
tions, therefore strongly supports that these compounds can be
described as SO Mott insulators, even though not quite in the
limit of strong correlation. The importance of hybridization
and hopping in the RIXS spectra was also pointed out by de
la Torre et al. [77] in their study of Ag3LiIr2O6.

IV. CONCLUSIONS

We have performed RIXS on single crystals of α-RuCl3

and α-Li2IrO3 which complement earlier data on Na2IrO3

[37]. The discovery of peak A in α-RuCl3 shows the ubiq-
uitousness of this excitation in honeycomb Kitaev materials,
whether they be 4d or 5d , even when the Mott gap is
not involved. Our calculations show the importance of in-
tersite hopping in producing peak A, which is attributed
to a doublon-holon excitation. Furthermore, our calculations
emphasize that all three compounds can be described with
intermediate correlation. While electron itinerancy is impor-
tant, these systems still remain in the realm of spin-orbit Mott
insulator, and the nonlocal effect can be revealed through the
longer range magnetic interaction J3. Our work is a first step—
quantitative description of full nonlocal effects will require
calculations including contributions from eg orbitals and hop-
ping integrals between further neighbors. In addition, detailed
measurements of magnon dispersion relation will be desirable
for Ir-based Kitaev materials, which is currently limited by
RIXS instrumental energy resolution [78,79].
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APPENDIX A: TEMPERATURE DEPENDENCE
OF THE RIXS SPECTRA

As discussed in Sec. II, we observed very little temperature
dependence of the RIXS spectra in all three samples. The
spectra obtained at two temperatures are compared in Fig. 5.
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FIG. 5. Comparison of the RIXS spectra at the room temperature
and the base temperature. Note that features are sharper and back-
ground is lower at the base temperature, but overall lineshape and
the peak positions are unchanged between the two temperatures.

APPENDIX B: THEORETICAL RIXS CALCULATION

To calculate the theoretical RIXS spectra, we have em-
ployed the three-band (t2g-band) Hubbard model of 6-site
periodic cluster incorporating the electronic hopping among
nearest neighboring t2g orbitals, spin-orbit coupling (SOC),
trigonal distortion, and Kanamori-type Coulomb interactions
(see the details in Refs. [40,55]). The RIXS peak of spin-orbit
exciton is determined by the SOC parameter λ. λ is deter-
mined to fit the positions of main RIXS peaks well. Because
the main peak of optical conductivity in the Mott insulator
of t2g orbitals are attributed to U -3JH parameters [40], we set
JH = 0.35 eV as the estimated value of α-RuCl3 [68] and U
was selected to fit the optical conductivity well (see Fig. 6).
Hopping parameters were adopted in Ref. [30]. To keep the
threefold rotational symmetry of cluster, hopping integrals
characterized by four parameters t1, t2, t3, and t4 were deter-
mined by average values of those in the C2/m structures over
three neighboring directions. Because the theoretical RIXS
peak A estimated with hopping parameters without scale is
slightly higher than experimental, we enhanced the hopping
parameters up to 104% for α-Li2IrO3, 120% for Na2IrO3,
and 115% for α-RuCl3, respectively. The trigonal distortion
parameter 
t (=Ea1g − Ee′

g
) was also set to fit the splitting of

RIXS peaks of spin-orbit exciton well. The physical parame-
ters are presented in Table II.

To calculate the RIXS spectra, we employed the Kramers-
Heisenberg formula with the fast collision approximation and
dipole approximation as follows [56]:

I (ω, q, ε, ε′) ∼ − 1

π
Im

[
〈�g|R(ε′, ε, q)†

× 1

ω − H + Eg + iδ
R(ε′, ε, q)|�g〉

]
, (B1)

where |�g〉 and Eg are the ground state and its energy, re-
spectively. ε′ and ε are the polarization vectors of incoming
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FIG. 6. Theoretical and experimental optical conductivity spectra for (a) α-RuCl3, (b) Na2IrO3, and (c) α-Li2RuO3. Solid and dotted lines
refer to the theoretical and experimental spectra, respectively. Theoretical spectra are calculated with physical prameters in Table II, while
experimental ones are obtained in Ref. [65] for α-RuCl3, Ref. [39] for Na2IrO3, and Ref. [38] for α-Li2Ir3, respectively.

and outgoing x-rays, respectively, and the RIXS scattering
operator R(ε′, ε, q) is given as

R(ε′, ε, q) =
∑

i

∑
ν,ν ′,σ

eiq·ri Tν ′ν (ε′, ε)ciν ′σ c†
iνσ , (B2)

where Tν ′ν (ε′, ε) = ∑
s〈φs|ε′ · r|ψν ′ 〉〈ψν |ε · r|φs〉 and r is the

position operator of valence and core-hole electrons, ri is
the position vector of lattice site i, ψν is the local atomic
wave function for t2g orbital ν, and φs refers to the core-hole
wave function (2p3/2 for the L3-edge spectrum).

We considered the experimental x-ray geometry and as-
sumed the incoming x-ray has the π polarization but the
outgoing x-ray has an arbitrary direction. The ground state
and energy were calculated by the Lanczos method. We per-
formed additional 300 Lanczos iterations with an initial state
of R(ε′, ε, q)|�g〉. To keep the orthonormality, we did the
Gram-Schmidt orthonornalization for each Lanczos step. The
broadening parameter δ in Eq. (B1) is set to be 0.02 eV.

APPENDIX C: THEORETICAL OPTICAL CONDUCTIVITY

To verify the relevant physical parameters for α-RuCl3,
Na2IrO3, and α-Li2IrO3, we also calculated the optical con-
ductivity by using the Kubo’s formula:

σ (ω) ∼ 1

ω

∑
n

|〈�n|Ĵ|�0〉|2δ(ω − En+Eg)

= − 1

π
Im

∑
n

|〈�n|Ĵ|�g〉|2
(En − Eg)(ω − En+Eg + iδc)

, (C1)

where Ĵ is the current operator. Excited state |�n〉 and its
energy En are approximately estimated with the help of the
Lanczos iterations with an initial vector of Ĵ|�g〉. The broad-
ening parameter δb is set to be 0.02 eV. As shown in Fig. 6, the
main optical peaks at around 1.2 eV for α-RuCl3, 1.6 eV for
Na2IrO3, and 1.4 eV for α-Li2IrO3 are well simulated by the
calculation with the physical parameters presented in Table II,
respectively.
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G. Khaliullin, H. Gretarsson, and B. Keimer, Nat. Commun. 12,
4512 (2021).

[60] B. W. Lebert, S. Kim, V. Bisogni, I. Jarrige, A. M.
Barbour, and Y.-J. Kim, J. Phys.: Condens. Matter 32, 144001
(2020).

[61] G. Guizzetti, E. Reguzzoni, and I. Pollini, Phys. Lett. A 70, 34
(1979).

[62] S. Rojas and G. Spinolo, Solid State Commun. 48, 349 (1983).
[63] I. Pollini, Phys. Rev. B 50, 2095 (1994).
[64] H.-S. Kim, V. S. Vijay Shankar, A. Catuneanu, and H.-Y. Kee,

Phys. Rev. B 91, 241110 (2015).
[65] L. J. Sandilands, C. H. Sohn, H. J. Park, S. Y. Kim, K. W. Kim,

J. A. Sears, Y.-J. Kim, and T. W. Noh, Phys. Rev. B 94, 195156
(2016).

155122-7

https://doi.org/10.1038/nphys4264
https://doi.org/10.1103/PhysRevLett.114.147201
https://doi.org/10.1016/j.jssc.2008.04.005
https://doi.org/10.1103/PhysRevB.92.235119
https://doi.org/10.1103/PhysRevB.93.134423
https://doi.org/10.1103/PhysRevLett.112.077204
https://doi.org/10.1088/1367-2630/16/1/013056
https://doi.org/10.1103/PhysRevB.92.024413
https://doi.org/10.1088/1367-2630/14/7/073015
https://doi.org/10.1103/PhysRevB.93.214431
https://doi.org/10.1103/PhysRevB.99.184436
https://doi.org/10.1103/PhysRevB.91.245134
https://doi.org/10.1103/PhysRevB.93.184420
https://doi.org/10.1038/s41467-019-10405-8
https://doi.org/10.1038/s41567-020-0874-0
https://doi.org/10.1103/PhysRevB.88.035107
https://doi.org/10.1103/PhysRevLett.110.076402
https://doi.org/10.1103/PhysRevB.99.235116
https://doi.org/10.1103/PhysRevLett.109.266406
https://doi.org/10.1103/PhysRevLett.117.187201
https://doi.org/10.1103/PhysRevB.89.081109
https://doi.org/10.1088/0953-8984/28/2/026006
https://doi.org/10.1016/j.elspec.2016.08.003
https://doi.org/10.1021/cg201238n
https://doi.org/10.1038/srep35362
https://doi.org/10.1103/PhysRevB.106.L041102
https://doi.org/10.1103/PhysRevB.103.L020410
https://doi.org/10.1103/PhysRevB.93.195158
https://doi.org/10.1103/PhysRevB.83.220403
https://doi.org/10.1103/PhysRevB.95.144406
https://doi.org/10.1103/PhysRevB.85.180403
https://doi.org/10.1103/PhysRevB.95.180411
https://doi.org/10.1016/j.elspec.2012.09.003
https://doi.org/10.1107/S1600577522000601
https://doi.org/10.1038/s41535-021-00340-7
https://doi.org/10.1103/RevModPhys.83.705
https://doi.org/10.1103/PhysRevB.100.224303
https://doi.org/10.1103/PhysRevResearch.2.042007
https://doi.org/10.1038/s41467-021-24722-4
https://doi.org/10.1088/1361-648X/ab5595
https://doi.org/10.1016/0375-9601(79)90319-0
https://doi.org/10.1016/0038-1098(83)90738-X
https://doi.org/10.1103/PhysRevB.50.2095
https://doi.org/10.1103/PhysRevB.91.241110
https://doi.org/10.1103/PhysRevB.94.195156


BLAIR W. LEBERT et al. PHYSICAL REVIEW B 108, 155122 (2023)

[66] L. J. Sandilands, Y. Tian, A. A. Reijnders, H.-S. Kim, K. W.
Plumb, Y.-J. Kim, H.-Y. Kee, and K. S. Burch, Phys. Rev. B 93,
075144 (2016).

[67] A. Koitzsch, C. Habenicht, E. Müller, M. Knupfer, B. Büchner,
H. C. Kandpal, J. van den Brink, D. Nowak, A. Isaeva, and T.
Doert, Phys. Rev. Lett. 117, 126403 (2016).

[68] S. Sinn, C. H. Kim, B. H. Kim, K. D. Lee, C. J. Won, J. S. Oh,
M. Han, Y. J. Chang, N. Hur, H. Sato, B.-G. Park, C. Kim, H.-D.
Kim, and T. W. Noh, Sci. Rep. 6, 39544 (2016).

[69] M. Ziatdinov, A. Banerjee, A. Maksov, T. Berlijn, W. Zhou,
H. B. Cao, J.-Q. Yan, C. A. Bridges, D. G. Mandrus, S. E.
Nagler, A. P. Baddorf, and S. V. Kalinin, Nat. Commun. 7,
13774 (2016).

[70] X. Zhou, H. Li, J. A. Waugh, S. Parham, H.-S. Kim, J. A. Sears,
A. Gomes, H.-Y. Kee, Y.-J. Kim, and D. S. Dessau, Phys. Rev.
B 94, 161106(R) (2016).

[71] S. Reschke, F. Mayr, Z. Wang, S.-H. Do, K.-Y. Choi, and A.
Loidl, Phys. Rev. B 96, 165120 (2017).

[72] T. Biesner, S. Biswas, W. Li, Y. Saito, A. Pustogow, M.
Altmeyer, A. U. B. Wolter, B. Büchner, M. Roslova, T. Doert,
S. M. Winter, R. Valentí, and M. Dressel, Phys. Rev. B 97,
220401(R) (2018).

[73] A. Koitzsch, E. Müller, M. Knupfer, B. Büchner, D. Nowak, A.
Isaeva, T. Doert, M. Grüninger, S. Nishimoto, and J. van den
Brink, Phys. Rev. Mater. 4, 094408 (2020).

[74] S. Reschke, F. Mayr, S. Widmann, H.-A. K. von Nidda, V.
Tsurkan, M. V. Eremin, S.-H. Do, K.-Y. Choi, Z. Wang, and
A. Loidl, J. Phys.: Condens. Matter 30, 475604 (2018).

[75] D. Nevola, A. Bataller, A. Kumar, S. Sridhar, J. Frick,
S. O’Donnell, H. Ade, P. A. Maggard, A. F. Kemper, K.
Gundogdu, and D. B. Dougherty, Phys. Rev. B 103, 245105
(2021).

[76] J. Chaloupka and G. Khaliullin, Phys. Rev. B 94, 064435
(2016).

[77] A. de la Torre, B. Zager, F. Bahrami, M. DiScala, J. R.
Chamorro, M. H. Upton, G. Fabbris, D. Haskel, D. Casa,
T. M. McQueen, F. Tafti, and K. W. Plumb, Phys. Rev. B 104,
L100416 (2021).

[78] H. Gretarsson, J. P. Clancy, Y. Singh, P. Gegenwart, J. P. Hill, J.
Kim, M. H. Upton, A. H. Said, D. Casa, T. Gog, and Y.-J. Kim,
Phys. Rev. B 87, 220407(R) (2013).

[79] J. Kim, J. Chaloupka, Y. Singh, J. W. Kim, B. J. Kim, D.
Casa, A. Said, X. Huang, and T. Gog, Phys. Rev. X 10, 021034
(2020).

155122-8

https://doi.org/10.1103/PhysRevB.93.075144
https://doi.org/10.1103/PhysRevLett.117.126403
https://doi.org/10.1038/srep39544
https://doi.org/10.1038/ncomms13774
https://doi.org/10.1103/PhysRevB.94.161106
https://doi.org/10.1103/PhysRevB.96.165120
https://doi.org/10.1103/PhysRevB.97.220401
https://doi.org/10.1103/PhysRevMaterials.4.094408
https://doi.org/10.1088/1361-648X/aae805
https://doi.org/10.1103/PhysRevB.103.245105
https://doi.org/10.1103/PhysRevB.94.064435
https://doi.org/10.1103/PhysRevB.104.L100416
https://doi.org/10.1103/PhysRevB.87.220407
https://doi.org/10.1103/PhysRevX.10.021034

