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Noncubic local distortions and spin-orbit excitons in K2IrCl6
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The cubic antifluorite K2IrCl6 has recently garnered renewed attention due to its relevance to Kitaev mag-
netism. Combining Raman spectroscopy with numerical calculations, we investigate its electronic structure and
ensuing low-lying excitations as well as lattice instabilities. For temperatures below T ∗ ≈ 180 K, we observe
several lattice anomalies: (i) a gradual appearance of the symmetry-forbidden phonons; (ii) a central-mode-like
excitation; and (iii) a soft-mode-like behavior of the �5+ mode involving vibrations of the K+ ion relative
to the Cl− ion. All these features indicate the occurrence of local noncubic distortions. At high energies,
we observe spin-orbit (SO) excitons made of five peaks at ω = 0.62–0.79 eV as well as a weak electronic
excitation at ω = 0.12–0.86 eV. Our numerical calculations reproduce their spectral energy and shape with
the electronic parameters: SO coupling λ = 465 meV; Hund’s coupling JH = 300 meV; tetragonal distortion
strength �t = 30 meV and on-site Coulomb interaction U = 2.2 eV. The multiple SO excitons are interpreted
in terms of bounded SO excitons of the | jeff = 3

2 ,± 1
2 〉 states arising from the coupling between the SO excitons

and electron-hole excitations. Our results showcase that K2IrCl6 is on the brink of a structural phase transition.

DOI: 10.1103/PhysRevB.105.184433

I. INTRODUCTION

Over the last decade, half-filled 4d and 5d transition-metal
(TM) compounds have been a topic of keen interest as a
material platform for realizing novel quantum ground states.
A concerted interplay of on-site Coulomb repulsion, crystal
field splitting, and spin-orbit (SO) coupling with comparable
energy scales engenders jeff = 1/2 SO-assisted Mott insula-
tors and constitutes a prerequisite for Kitaev magnetism [1–8].

The prominent classes of materials encompass honeycomb
iridates A2IrO3 (A = Li, Na) and their derivatives and α-
RuCl3, which are proximate to Kitaev spin liquids entailing
Majorana fermions [7–13]. Recently, searching for Kitaev
materials has expanded into triangular, kagome, pyrochlore,
hyperkagome, and face-centered-cubic (fcc) lattice systems
beyond the d5 jeff = 1/2 honeycomb lattice [14–19]. In
these magnetic sublattices built on edge-sharing octahedra,
the jeff = 1/2 Ir4+ ions are predicted to accommodate bond-
directional Kitaev interactions and host exotic states of matter
including vortex crystal, spin-liquid, and nematic states.

In the pursuit of fcc Kitaev physics, a renewed interest
in a family of cubic antifluorite-type A2MX6 (A = alkali
metals; M = 4d/5d TM; X = halides) has arisen. In the
early days, the magnetism of A2MX6 was described within
an antiferromagnetic Heisenberg model on the frustrated fcc
lattice [20–31]. However, recent theoretical and experimental
studies unraveled that a parallel edge-sharing geometry of
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isolated MX6 octahedra (M-X-X-M superexchange pathways)
provided an alternative route to achieve bond-directional Ki-
taev exchange interactions beyond the Jackeli and Khaliullin
mechanism based on direct edge-sharing IrO6 octahedra in
A2IrO3 [32,33].

Here, we will focus our attention on the fcc antiferromag-
net K2IrCl6, which crystallizes in the Fm3̄m space group.
Unlike other A2MX6 antifluorite compounds, K2IrCl6 expe-
riences neither global nor local symmetry lowering down to
at least 0.3 K [34,35]. The ideal antifluorite structure ensures
that a near-ideal jeff = 1/2 electronic state of the Ir4+ ions
is retained over the entire temperature range. Notwithstand-
ing, the unavoidable, weak noncubic crystal-field splitting of
� ≈ 70 meV is attributed to the enhanced covalency of the
Ir and Cl bonds, which, in turn, leads to the reduction of the
g = 1.79(1) factor from the free-spin value of g = 2 [36]. As
possible origins of the deviations from a perfect jeff = 1/2
state, local structural distortions or a dynamic Jahn-Teller
effect are invoked.

Ab initio calculations advocate the presence of a sizable
antiferromagnetic Kitaev exchange interaction of K/kB � 5 K
in addition to a dominant nearest-neighbor Heisenberg in-
teraction of J1/kB � 13 K and a weak next-nearest-neighbor
exchange interaction of J2/kB � 0.2 K [34]. These magnetic
parameters can explain a type-III antiferromagnetic order at
TN ≈ 3 K. Contrarily, a subsequent study of antiferromagnetic
resonance modes reveals a much smaller value of K/kB �
1 K, alluding to the significance of Hund’s coupling on the
Cl ligand [36]. Given that K2IrCl6 is on the verge of structural
instabilities, electronic and lattice excitations should be simul-
taneously assessed for a better understanding of an electronic
structure and SO-entangled state.
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FIG. 1. X-ray diffraction pattern of K2IrCl6 samples. The ob-
served data, Rietveld refinement fit, Bragg peaks, and difference
curve are denoted by the cross symbols, black solid line, green bars,
and blue line, respectively.

In this study, we combine Raman spectroscopy with
exact diagonalization calculations to probe and quantify low-
energy phonon and electronic excitations of K2IrCl6. Phonon
excitations reveal noncubic local distortions. Multiple SO ex-
citations evince their bounded nature through their coupling to
electron-hole excitations. Further, we find that incipient struc-
tural instability affects an electronic structure to some degree.

II. EXPERIMENTAL DETAILS

Commercially available K2IrCl6 powders (99.99% purity,
Alfa Aesar) were dissolved in distilled water using a glass
beaker. The supersaturated solution was then heated up to
90 ◦C and kept at the temperature for 10 h. After cooling the
solution down to room temperature at a rate of 1.25 ◦C/h,
black, octahedral-shaped crystals of K2IrCl6 with a diame-
ter of 1–2 mm were obtained. A single crystallinity of the
obtained samples was analyzed and confirmed using an x-
ray diffractometer (D8-Advance, Bruker-AXS), and a Laue
diffractometer. In Fig. 1, we plot the room-temperature pow-
der x-ray diffraction pattern of K2IrCl6 together with Rietveld
refinements. The K2IrCl6 compound crystallizes in the Fm3̄m
space group with the fitted lattice parameters a = b = c =
9.75479(0) Å (χ2 = 1.62), which are in good agreement with
previous results [34,35].

Polarization-resolved Raman spectroscopic measurements
were carried out using a micro-Raman spectrometer (Xper-
Ram200VN, NanoBase) and a holographic transmission
diffraction grating (1800 grooves/mm). The samples were
shined with a diode-pumped-solid-state (DPSS) laser of wave-
length λ = 532 nm. The laser beam was focused on a
few-micrometer-diameter spot on the surface of the crystals
using a ×40 microscope objective. To reduce local heat-
ing effects, the incident laser power was set below P =
100 μW. We further employed a notch filter to reject Rayleigh
scattering to a lower cutoff frequency of 15 cm−1. For
temperature-dependent Raman experiments, single crystals of
K2IrCl6 were mounted onto a liquid-He-cooled continuous
flow cryostat (MicrostatHires, Oxford) by varying a temper-
ature T = 4.3–390 K.

FIG. 2. (a) Raman spectra of K2IrCl6 measured at T = 4 K and
300 K in parallel (blue and red lines) and cross (light blue and
pink) polarizations. C near zero shift denotes a central-mode-like
excitation and the asterisks label activated phonon modes at low tem-
peratures. The �5+ and νi(i = 1, 2, 5) modes are symmetry-allowed
phonons for the fcc phase. The color shading differentiates one-
phonon from multiphonon scatterings. (b) Temperature dependence
of one-phonon Raman spectra in parallel polarization. The spectra
are vertically shifted by a constant amount. (c) Contour plot of
the one-phonon intensities in the temperature-Raman-shift plane.
The horizontal dotted line represents a characteristic temperature, at
which the phonon intensity starts to increase strongly.

To analyze the Raman spectra involving SO excita-
tions theoretically, we employed the Hubbard model of
t2g orbitals incorporating SO coupling, tetragonal distortion,
Kanamori-type Coulomb interaction, and hopping integrals.
We considered the five Ir sites in the xy-plane to simulate
Raman-active electronic excitations in the (xx) and (xy) polar-
ization channels [see the inset of Fig. 5(b)]. We set the on-site
Coulomb repulsion U and Hund’s exchange JH to be 2.2 and
0.3 eV, respectively, according to Ref. [34]. Hopping integrals
characterized by the four parameters (t1, t2, t3, t4) were set
with scaled values of those in Ref. [34]. The optimal scale of
hopping integrals (s), the SO coupling (λ), and the tetragonal
distortion strengths (�t ) were set to reproduce experimental
Raman spectra. We calculated the Raman spectra by solving
the Kramers-Heisenberg-Dirac formula for Stock’s scattering
(see the details in the Appendix).

III. RESULTS AND DISCUSSION

A. Phonon excitations and central mode

In Fig. 2, we present the polarized Raman spectra of
K2IrCl6 measured at base (T = 4 K) and room temperature
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FIG. 3. Temperature dependence of the full width at half maximum (FWHM) �(T ) and intensity I (T ) for (a) the quasielastic scattering
C. (b) Thermal evolution of the frequency ω(T ) and I (T ) for (b) the �5+ mode, (c) the ν5 mode, and (d) the ν1 mode. The yellow vertical
bars mark the characteristic temperature T ∗. ω(T ) of the �5+ mode is described by the mean-field-like behavior ω(T ) = A(T ∗ − T )1/2 + ω0

and ω(T ) of the ν1 mode is fitted to an anharmonic model ω(T ) = ω0 + A[1 + 2/(eh̄ω/kBT − 1)]. An exponentially decaying intensity I (T ) is
modeled as I (T ) ∝ exp(−kBT/Eg).

(T = 300 K). Raman measurements were performed in two
in-plane polarizations, namely, parallel (xx) and cross (xy)
polarizations. Here, x is chosen to be an arbitrary direction in
the crystallographic ab plane and y is rotated in plane by 90◦
with respect to x. In these scattering configurations, the factor
group analysis for the Fm3̄m crystal symmetry yields the
total irreducible representation for four Raman-active modes:
� = A1g(xx, xy) + Eg(xx, xy) + 2T2g(xx).

At room temperature, we were able to observe four one-
phonon peaks in the frequency range of 10–400 cm−1 (marked
by the color shading): one �5+ mode at 89 cm−1 and three
internal modes at ν5 = 174 cm−1, ν2 = 299 cm−1, and ν1 =
350 cm−1 (refer to Ref. [37] for the notation). The weak �5+
mode corresponds to out-of-phase motions of the K atoms and
the internal νi modes involve breathing and bending vibrations
of the IrCl6 octahedra. The weak structures appearing above
400 cm−1 are ascribed to multiphonon excitations. Overall,
the observed room-temperature phonon peaks agree well with
the factor group predictions for the undistorted fcc phase. At
low temperature, on the other hand, we identify several new
peaks as sidebands of the symmetry-allowed modes (marked
by the asterisks) and quasielastic scattering (denoted by C).
Noteworthy is that the newly activated excitations are consid-
erably broader than the major phonon modes inherent to the
fcc phase. Possibly, several unresolved peaks may coalesce or
overlap.

Shown in Figs. 2(b) and 2(c) are the temperature variation
of the one-phonon spectra and the color plot of the phonon in-
tensity in the temperature-Raman-shift plane, respectively. As
the temperature is lowered to the base temperature, the phonon
intensities increase steadily with no apparent saturation. The
continuous growth of the symmetry-forbidden phonons with
decreasing temperature indicates the gradual development of
local lattice distortions, rendering silent or infrared-active
modes Raman-active.

We recall that many of A2MX6 antifluorite compounds
display structural phase transitions driven by a soft rotational

mode at the zone center (�) and zone boundary (X ) [37,38].
In distorted fcc phases accompanying the tilt and rotation of
the MX6 octahedra and lattice deformations, phonon anoma-
lies typical for the displacive-type phase transitions appear,
including phonon sidebands, soft rotary modes, and a central
mode. For the case of K2IrCl6, there are opposing experimen-
tal reports on the existence of symmetry-lowering structural
transitions. An earlier study proposed a structural transition at
TS = 2.8 K [29]. In sharp contrast, very recent neutron powder
diffraction and synchrotron x-ray diffraction measurements
found no deviations from the ideal antifluorite structure down
to 0.3 K [34,35]. However, the lacking structural transition
seems to be incompatible with the splitting of the jeff = 3/2
quartet into two doublets probed by resonant inelastic x-ray
scattering (RIXS). As possible origins of the noncubic crystal-
field splitting, local, static structural distortions and a dynamic
Jahn-Teller effect are invoked. The present Raman data indi-
cate that the noncubic local distortions develop in a continu-
ous manner down to the lowest measured temperature, defy-
ing the occurrence of global structural transitions (vide infra).

We now turn to a thermal evolution of the phonon param-
eters extracted from fitting the phonon spectra to a sum of
the Lorentzian profiles. In Fig. 3, we present the temperature
dependence of the frequency ω(T ), full width at half maxi-
mum (FWHM) �(T ), and intensity I (T ) for the four selected
modes. Several salient features are discernible.

First, with decreasing temperature, the high-energy in-
ternal ν1 mode exhibits a moderate hardening by 10 cm−1

and a narrowing, which can be described by an anharmonic
model [see the solid line in Fig. 3(d)]. Notably, the inte-
grated intensity shows a marked exponential-like decrease
I (T ) ∝ exp(−kBT/Eg). In insulating materials, the phonon
intensity I (T ) hinges on changes in the electronic band en-
ergies caused by ionic displacements. Given the variation
of penetration depth and scattering volume with temperature
exerts minor effects, the steep increase of I (T ) alludes to
the thermal modulation of electronic bands. Second, the ν5
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FIG. 4. (a) Temperature dependence of spin-orbit exciton and electronic (pink shading) excitations in (xu) polarization. The inset shows
representative fit of the T = 4 K high-energy spectrum to five Lorentzian profiles Pi(i = 1–5). (b) Enlarged view of a temperature evolution
of the weak electron excitation in the frequency range of ω = 1000–4500 cm−1. (c) False-color map of the Raman intensity in the frequency-
temperature plane. Temperature dependence (d) frequency, (e) FWHM, and (f) integrated intensity of the spin-orbit excitons Pi (i = 1–4).

mode exhibits a small softening below T ∗ ≈ 180 K, indicative
of the renormalization of phonon energy by magnetoelastic
coupling or couplings to other degrees of freedom. Similar
to the ν1 mode, the phonon intensity increases exponentially
with temperature. Third, the �5+ mode exhibits the most
drastic temperature variation of ω(T ) and I (T ). The rapid
suppression of the �5+ signal above T ∗ disallows keeping
track of the phonon parameters over the entire temperature
range. We further note that the �5+ mode is much broader than
the other symmetry-allowed modes. Most probably, the �5+
mode is intertangled with several symmetry-forbidden peaks,
which do not permit an unambiguous decomposition. The gi-
ant frequency hardening by 20 cm−1 is largely approximated
by the mean-field formula ω(T ) = A(T ∗ − T )1/2 + ω0. The
soft-mode-like behavior of the �5+ mode suggests that the
changing position of the K+ ions relative to the Cl− ion plays a
pivotal role in the noncubic lattice distortions. Fourth, on cool-
ing through T ∗, the rather broad quasielastic scattering grows
in intensity, which resembles a central mode expected in a
displacive, second-order structural phase transition [39,40].
Generically, the central peak arises from the decay of a soft
mode into acoustic modes or phonon density fluctuations. As
such, the central peak becomes most intense at TS, whose
intensity reflects a fluctuation of the order parameter. This is
contrasted by the unsaturated growth of the central-mode-like
excitation in K2IrCl6, negating the presence of a well-defined
structural transition at finite temperature.

Further comments on the observed lattice anomalies are in
order. First, we could not detect a rotary soft mode, which lies
below 100 cm−1 [37]. This means that a degree of cooperative
rotations of the IrCl6 octahedra is insufficient to trigger a
structural transition. Second, the characteristic temperature T ∗
is close to the structural phase transition temperature TS =
170 K of the sister compound [34,35]. In this vein, T ∗ is
associated with the onset of the local noncubic distortions.
Third, the empirical energy gap extracted from the exponen-
tially decaying intensity with increasing temperature ranges
from 180 meV to 763 meV, which falls into the energy of
electronic excitations [see the pink shading in Fig. 4(a)]. All in
all, the present Raman data underpins the persistence of local

noncubic distortions to the base temperature with no hint of a
global structural transition.

B. Spin-orbit exciton

To shine a light on a Mott insulating jeff = 1/2 state,
we measured high-energy excitations up to 8000 cm−1 (=
984 meV). As shown in Fig. 4(a), we can resolve five peaks
Ai(i = 1–5) between energy transfers ω = 0.62–0.79 eV [in-
set of Fig. 4(a)] and the broad, weak electronic excitation
between ω = 0.12–0.86 eV [pink shading in Fig. 4(a)]. It
is worthwhile to note that both the Pi (i = 1–2) and Pi (i =
3–4) exhibit a double-peak structure. We assign the ω =
0.62–0.79 eV features to a SO exciton, which corresponds
to excitonic quasiparticle excitations between the SOC-split
levels jeff = 1/2 and jeff = 3/2 [41]. The Raman peak ener-
gies are slightly larger than ω = 0.58–0.71 eV extracted from
RIXS due to the different underlying mechanisms between the
Raman scattering and RIXS [34,35]. As the peak energy is
related to the SOC constant λR ≈ (2/3)ωPi , the SOC constant
is evaluated to λR ≈ 0.41 eV.

On heating, the SO excitons soften gradually and their scat-
tering intensity is strongly reduced through T ∗. We recall that
a similar trend is observed for the temperature dependence
of the low-energy lattice excitations [compare Fig. 3 with
Fig. 4(f)]. This signals that an electronic structure is affected
by lattice distortions. The influence of the lattice distortions
on the electronic excitation is further seen in the thermal
redistribution of the electronic continuum [see Fig. 4(b)]. Five
peaks are modeled using Lorentzian line shapes, as marked
by color shadings in the inset of Fig. 4(a). Fitting results
are summarized in Figs. 4(c)–4(f). The Pi peaks undergo a
red-shift and thermal broadening with increasing temperature.
Qualitatively, the marked decrease of the scattering intensity
resembles the exponential-like decay of the phonon inten-
sity [compare Fig. 3 with Fig. 4(f)]. The energy difference
between the (P1, P2) and (P3, P4) peaks amounts to roughly
10–20 meV. The split peaks are reminiscent of the double-
peak RIXS spectra with the noncubic crystal-field splitting of
� = 48–58 meV [34,35]. The similar spectral features of the
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FIG. 5. (a) Comparison between the calculated Raman spectra
(purple line) and experimental spin-orbital excitons (open green
squares) in (xy) polarization. (b) The distribution functions 	1/2

and 	3/2 of single spin-orbit excitons for the | jeff = 3
2 , ± 1

2 〉 and
| jeff = 3

2 ,± 3
2 〉 states, respectively. The inset depicts the schematic

cluster configuration used for numerical calculations. The Raman
spectrum map as a function of (c) the scale of hopping integrals and
(d) the tetragonal distortion strength �t . The density map is plotted
on a logarithmic scale.

Raman and RIXS data support the notion that the jeff = 3/2
levels are split due to noncubic distortions. To examine this
scenario, we performed numerical calculations.

Figure 5 presents the theoretical Raman spectra of the
SO exciton. With the optimal hopping scale s = 2, the SO
coupling strength λ = 465 meV, and the tetragonal distor-
tion strength �t = 30 meV, we reach a good agreement
between the theoretical (purple line) and experimental (green
squares) Raman spectra as shown in Fig. 5(a). The adopted
SO coupling strength is slightly larger than λRIXS ≈ 444 meV
extracted by the RIXS data [35]. The calculated spectra
comprise the two main peaks denoted as P1,2 ≈ 647.6 meV
(5223 cm−1) and P3,4 ≈ 676.4 meV (5456 cm−1). Their peak
positions coincide with the (P1, P2) and the (P3, P4) peaks
in the experimental spectra, respectively. In addition, a weak
peak appears around 724.4 meV (5843 cm−1), which is lo-
cated close to the P5 peak.

To identify the origin of the observed multiple peaks, we
examine the distribution of SO excitons. 	1/2 (	3/2) is named
the distribution of the SO exciton pertaining to the transi-
tion from | jeff = 1

2 ,± 1
2 〉 to | jeff = 3

2 ,± 1
2 〉 (| jeff = 3

2 ,± 3
2 〉).

As shown in Fig. 5(b), the distribution 	1/2 constitutes the
three peaks denoted by D1, D2, and D3, whereas the distribu-
tion 	3/2 consists of a single Q1 peak. The peak positions of
D1, D2, and Q1 match well with those of the P1,2, P3,4, and
P5 peaks of the Raman spectra, respectively. Note that the
hopping integral between the adjacent xy orbitals (t3) is one
order larger than others in the xy plane and that only | jeff =
3
2 ,± 1

2 〉 spin-orbital states have an xy orbital component. We
attribute the three-peak splitting of 	1/2 to the coupling be-
tween the SO excition and electron-hole excitations of the
jeff = 1/2 orbitals. This coupling was proposed in Ir- and Ru-
based honeycomb systems [42,43]. In K2IrO6, this scenario is

probable since the electronic excitation [pink shading in
Fig. 4(a)] overlaps with the SO excitations. In this conjecture,
the P1,2 and P3,4 Raman peaks are related to the bounded SO
excitons of the | jeff = 3

2 ,± 1
2 〉 states. As plotted in Fig. 5(c),

the P1,2 and P3,4 peaks of K2IrO6 shift to lower energies
and their splitting slightly increases when the hopping scale
increases. This behavior gives credence to the bounded SO
exciton interpretation.

Figure 5(d) presents the Raman spectra as a function of
the tetragonal distortion strength �t . We find that the weak P5

peak is well separated from the main P1,2 and P3,4 peaks for the
positive �t (elongated IrCl6 octahedron). On the other hand, it
is buried inside the main peaks for the negative �t (contracted
IrCl6 octahedron). When �t is set to about 30 meV, the exper-
imental Raman peaks are well reproduced. Our calculations
are consistent with the noncubic lattice distortion in K2IrO6.

IV. CONCLUSION

In summary, we elucidated the nature of structural insta-
bilities K2IrO6 and multiple SO excitations. Our phonon data
confirm noncubic local distortions, while lacking a true struc-
tural phase transition. We observe concomitantly multiple SO
excitons and electronic excitations. The coupling between
them raises the possibility of forming bounded SO excitons.
Our results demonstrate that K2IrO6 has an incipient structural
transition, which modifies slightly an electronic structure.
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APPENDIX: NUMERICAL CALCULATION

We employ the Hubbard model of t2g orbitals described by
the following Hamiltonian:

H =
∑

iασ

εαc†
iασ ciασ + λ

∑

iαβσσ ′
(l · s)ασ,βσ ′c†

iασ ciβσ ′

+ 1

2

∑

i,σ,σ ′,α,β

Uαβc†
iασ c†

iβσ ′ciβσ ′ciασ

+ 1

2

∑

i,σ,σ ′,α 	=β

Jαβc†
iασ c†

iβσ ′ciασ ′ciβσ

+ 1

2

∑

i,σ,α 	=β

J ′
αβc†

iασ c†
iασ̄ ciβσ̄ cβσ

+
∑

〈i, j〉αβσ

(
tαβ
i j c†

iασ c jβσ + H.c.
)
, (A1)

where c†
iασ is the creation operator of t2g electrons with α

orbital and σ spin states at the ith site. The first term is
the local electronic splitting due to the tetragonal distortion
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(εxy = 2�t
3 , εyz/zx = −�t

3 ). The second term gives the spin-
orbit coupling of t2g orbitals. The third, fourth, and fifth
terms are associated with the Kanamori-type Coulomb inter-
actions which are parameterized with the on-site Coulomb
repulsion U and Hund’s exchange JH such that Uαα = U ,
Uα 	=β = U − 2JH, and Jαβ = J ′

αβ = JH. tαβ
i j are the hopping

integrals between the nearest-neighboring α orbital at the i
site and β orbital at the j site. In the xy plane, they are
given as t yz,yz

i j = t zx,zx
i j = t1, t yz,zx

i j = t zx,yz
i j = t2, t xy,xy

i j = t3, and
t xy,yz
i j = t xy,zx

i j = t yz,xy
i j = t zx,xy

i j = t4.
To calculate the resonant Raman spectra, we solve the

Kramers-Heisenberg-Dirac equation for the Stokes scattering
as

IRM (ω, ε, ε′) =
∑

f

|M f g(ε, ε′)|2δ(ω − E f + Eg), (A2)

where

M f g(ε, ε′) = 〈� f |ε′∗ · j† 1

ωin − H + Eg + iδin
ε · j|�g〉,

(A3)

where |�g〉 (|� f 〉) and Eg (E f ) are the ground (excited) state
and its energy, respectively. j is the current operator of t2g

electrons, ε (ε′) is the polarization vector of incident (scat-
tered) photons, and ωin and δin are the energy and broadening
of an incident light.

To analyze the Raman spectra further, we calculate the
distribution of single SO excitons. According to the authors
of Ref. [41], the distribution of a single SO exciton at the ith
site is given by

	i
J (ω) = − 1

π
Im

∑

m=±J
σ=± 1

2

〈
� i

mσ

∣∣ 1

ω − H + Eg + iδ

∣∣� i
mσ

〉
, (A4)

where |� i
mσ 〉 is the many-body state obtained by replacing

a | ji
eff = 1

2 , σ 〉 multiplet state (σ = ± 1
2 ) with a | ji

eff = 3
2 , m〉

multiplet state (m = ± 1
2 ,± 3

2 ) at the ith site in the ground state
(|� i

mσ 〉 = | ji
eff = 3

2 , m〉〈 ji
eff = 1

2 , σ | �g〉). m is either 1
2 or 3

2 .
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