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RuX3 trihalides (X=halogen atoms) offer a prominent platform for exploring the Kitaev spin
liquid. Using polarization-resolved Raman spectroscopy, we report a comparative study of lattice,
magnetic, and electronic excitations on X=Cl and Br. Our phonon Raman spectra show that RuBr3

retains a three-layer honeycomb lattice without structural transition, unlike α-RuCl3 that undergoes
a monoclinic-to-rhombohedral structural transition at ∼ 150 K. In addition, both RuX3 compounds
commonly feature single and double spin-orbit excitons of almost identical energies, alluding to the
realization of a jeff = 1/2 state to the same degree. In contrast to α-RuCl3 two-magnon scattering
dominates over fractionalized excitations in RuBr3. Our results suggest that a Br-for-Cl substitution
moves RuX3 further away from a pure Kitaev phase despite enhanced p− d hybridization.

PACS numbers: 75.10.Pq, 75.50.Ee

I. INTRODUCTION

Over the last decades, the theoretical proposal of a
Z2 quantum spin liquid (QSL) in the S = 1/2 Kitaev
honeycomb model has sparked experimental endeavors
to substantialize QSLs in 4d and 5d Mott insulators with
strong spin-orbit coupling (SOC) [1–9]. Singularly, a Ki-
taev QSL harbors a variety of exotic elementary exci-
tations, including itinerant Majorana fermions and lo-
calized fluxes at zero field as well as anyons with non-
Abelian statistics and chiral Majorana edge modes in
the presence of a small external magnetic field [1, 10, 11].
The latter has strong relevance to fault-tolerant quantum
computation.

In the quest for Majorana fermions in a magnetic in-
sulator, RuX3 trihalides (X=Cl, Br, I) have been exten-
sively investigated as benchmark materials [12–16]. α-
RuCl3 shows zigzag magnetic order at TN ≈ 7 K, pre-
cluding a Kitaev QSL. Although the long-range mag-
netic order and trigonal lattice distortions conceal in-
herent Kitaev physics, there is ample experimental and
theoretical evidence that α-RuCl3 lies close to a Ki-
taev phase boundary [17–24]. These tantalizing signa-
tures for Kitaev magnetism give impetus to tuning selec-
tively the strength of Kitaev, Heisenberg, Γ, and Γ′ in-
teractions towards achieving a sought-after Kitaev QSL.
One promising approach is to control p − d hybridiza-
tion, SOC, and electron correlations by halogen substi-
tution. At ambient pressure, however, only polymorphs
with a one-dimensional chain structure (space group:
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P63/mcm) have been known, which form a Ru dimer-
ized state [12–14]. We recall that the molecular orbital
state formed in chain polymorphs quenches spin-orbital-
entangled jeff = 1/2 degrees of freedom.

In this stalemate, honeycomb polymorphs of RuX3

were recently synthesized under moderately high pres-
sures [25–27]. RuBr3 turns out to share common elec-
tronic and magnetic properties with its sibling α-RuCl3,
namely, a spin–orbit-assisted Mott insulator and zigzag
magnetic order, except that the Néel temperature in-
creases up to TN ≈ 34 K. In sharp contrast, RuI3 shows
metallic and paramagnetic behaviors with no indication
of long-range magnetic order down to 0.35 K.

Subsequent first-principles calculations [28–30] un-
cover that the nearest-neighbor (NN) hopping parame-
ters are suppressed with increasing ligand atomic number
in spite of the stronger hybridization. On the other hand,
further-neighbor magnetic exchange parameters are en-
hanced in gross. This intriguing tendency implies the
increasingly significant role of further-neighbor exchange
interactions in determining a ground state, going from Cl
to Br to I. As to honeycomb RuI3, the resistivity data
are typical for semimetallic behavior, yet the theoretical
calculations disagree on conducting properties. Kaib et
al. [29] purported that RuI3 is on the insulating side of a
metal-insulator transition. Conversely, Zhang et al. [30]
spoke for the metallicity arising from the reduction of
electronic correlation due to the strong hybridization be-
tween Ru 4d and I 5p orbitals.

To assess the viability of Kitaev magnetism in the
RuX3 family, it is highly desired to probe directly low-
energy electronic and magnetic excitations. In the previ-
ous works of α-RuCl3 [31–42], Raman spectroscopy was
well-established as an experimental tool for gauging Ki-
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taev and non-Kitaev interaction, crystal structure, SOC,
and Mottness in extended Kitaev systems.

In this study, we employ polarization-resolved Raman
spectroscopy to characterize phonon, magnetic, and elec-
tronic excitations of RuX3 (X=Cl, Br) with respect to
temperature, symmetry, and dynamics. A detailed com-
parison of RuX3 unravels that RuBr3 moves away from
the much-wanted Kitaev realm, possibly due to enlarged
further-neighbor exchange interactions, compared to α-
RuCl3.

II. EXPERIMENTAL DETAILS

Single crystals of α-RuCl3 were grown by a vacuum
sublimation method [24]. X-ray and neutron diffrac-
tion investigations of α-RuCl3 showed that a struc-
tural transition occurs from the room-temperature mon-
oclinic (C2/m) to the low-temperature rhombohedral
(R3̄) structure [43]. Polycrystalline samples of RuBr3

with a honeycomb lattice were synthesized using a cubic-
anvil high-pressure apparatus as detailed in Ref. [25].

For the Raman scattering experiment, the samples
were installed into a He closed-cycle cryostat with a
varying temperature range of T=3-300 K. The scat-
tered light was collected with a single-grating spectrom-
eter (Princeton Instruments, SP-2500i) equipped with a
liquid-nitrogen-cooled CCD (charge-coupled device) de-
tector. We collected the Raman spectra in an exact
backscattering geometry with the laser excitation line
λ=532 nm. A Bragg notch filter (BNF) was used for
spectral narrowing of the incident light. Rayleigh scat-
tering was substantially eliminated by using additional
BNFs, enabling the observation of a Raman signal down
to ∼ 15 cm−1.

III. RESULTS

A. Phonon Raman spectra

As the detailed Raman spectra of α-RuCl3 were re-
ported in the previous works [31–39], a comparative Ra-
man study of honeycomb polymorphs RuX3 (X=Cl, Br)
will shed light on the possible differences and similari-
ties in their crystal structure and stacking pattern. We
conducted Raman scattering measurements using a cir-
cularly polarized light that is incident and scattered on a
honeycomb layer. In Kitaev-dominant honeycomb mag-
nets, magnetic and electronic excitations are dominant in
in-plane scattering channels. Thus, circularly polarized
light, lying in the ab plane, is sufficient for making one-
to-one comparison of Raman spectra between α-RuCl3
and honeycomb polymorphs RuBr3.

For the rhombohedral R3̄ space group, the factor group
analysis predicts a total of eight Raman-active phonon
modes, ΓRaman = 4Ag(aa,bb,cc) + 4Eg(aa,bb,ab,ac,bc).
Shown in Fig. 1 are the Raman spectra of α-RuCl3

FIG. 1. Low-energy Raman spectra of (a) α-RuCl3 and (b)
RuBr3 measured in (RL) and (RR) polarizations at T=300 K
(red line) and 3 K (blue line). Phonon modes are labeled
according to Ag and Eg symmetry. The asterisks indicate a
polarizer leakage and the black dot is an activated phonon
due to reverse-observe twinning. The color shadings depict a
magnetic continuum.

and RuBr3 measured in (RL) and (RR) polarizations at
T=300 K and 3 K. The circular (RL) and (RR) polariza-
tions in the ab plane correspond to aa − bb − i(ab + ba)
and aa+ bb− i(ab− ba) geometries with R = a− ib and
L = a+ ib, respectively, and probe selectively the respec-
tive Eg and Ag symmetry. Notably, α-RuCl3 undergoes
the monoclinic-to-rhombohedral transition that is driven
by the alteration of layer stacking sequence sequence [43].
This type of structural transition is not expected to in-
duce an appreciable change in phonon peaks (see below
for more details). Thus, the phonon assignment is made
based on the low-T R3̄ space group. We refer to Ref. [32]
for the phonon assignment in terms of the high-T C2/m
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space group.

At T = 300 K we identify the four Eg modes as-
signed as 115.6 cm−1 [Eg(1) mode], 163.2 cm−1 [Eg(2)],
271.9 cm−1 [Eg(3)], and 295.8 cm−1 [Eg(4)], and three
Ag modes as 221.6 cm−1 [Ag(1) mode], 311 cm−1 [Ag(2)],
and 343.7 cm−1 [Ag(3)] for α-RuCl3. One Ag mode
cannot be resolved due to its small scattering cross sec-
tion. A close look at the phonon spectra reveals that the
phonon modes are divided into two groups separated by
200 cm−1. The lower-energy modes below 200 cm−1 in-
volve mainly the motion of the heavier Ru atoms: twist
of the Ru-Cl-Ru-Cl plane and Ru in-plane relative move-
ment [31]. On the other hand, the higher-energy modes
are dictated by the displacement of Cl atoms: Ru-Cl-
Ru-Cl plane shearing, breathing motion of Ru-Cl-Ru-Cl
ring, and symmetrical breathing between the upper and
lower chlorine layers. On cooling down to T = 3 K, fine
features (marked by the asterisks and dot) become vis-
ible. The asterisks are associated with a polarizer leak-
age, inferring from the fact that they have partner modes
with the same frequency and strong scattering intensity
in different polarizations. The 222 cm−1 peak (black dot)
is ascribed to an activated phonon arising from reverse-
observe twinning or stacking faults [23]. We find neither
a split of peaks nor additional phonon modes through the
structural transition at 150 K from the monoclinic C2/m
to the rhombohedral R3̄ structure [23, 32, 33]. The weak
influence of the structural symmetry reduction on the
phonon spectra confirms that the alteration of the layer
stacking sequence exerts little effect on lattice dynamics
in van der Waals materials.

We next turn to the Raman spectra of RuBr3 shown
in Fig. 1(b). It is remarkable that the polarized Raman
spectra of single-crystalline domains obey the same polar-
ization dependence as those of α-RuCl3. At T = 300 K,
we detect the four Eg modes at 75.2 cm−1 [Eg(1)],
124.8 cm−1 [Eg(2)], 171.2 cm−1 [Eg(3)], and 221.9 cm−1

[Eg(4)], and the three Ag modes at 116.6 cm−1 [Ag(1)],
112.7 cm−1 [Ag(2)], and 194.6 cm−1 [Ag(3)]. We note
that RuBr3 and its counterpart CrBr3 show similar
phonon spectra [44]. Compared to α-RuCl3, the phonon
frequencies of α-RuBr3 are reduced roughly by 30 %,
consistent with the calculated phonon frequencies [45].
Unlike α-RuCl3, however, the low-T spectra exhibit no
additional feature related to stacking disorders, indica-
tive of the formation of a uniform stacking pattern. This
observation is in accord with the notion that a honey-
comb polymorph of RuBr3 lacks a structural phase tran-
sition and retains a three-layered honeycomb structure
over the whole temperature range [25].

Before proceeding, we recall the selection rule for Ma-
jorana spinon excitations. In a pure Kitaev model, mag-
netic Raman scattering is exclusively permitted in the
(RL) channel (Eg symmetry) [46]. In an extended Kitaev
system, non-Loudon-Fleury (non-LF) scattering terms
contribute to a magnetic Raman signal, thereby modify-
ing the polarization dependence expected from the con-
ventional LF mechanism [47]. For α-RuCl3, a magnetic

continuum prevails in the Eg symmetry [see the color
shading in the upper panel of Fig. 1(a)]. We single out
the magnetic Raman response by subtracting two Fano
phonons from the total Raman scattering intensity. We
refer to our prior work for a fitting procedure (Fig. 4(a)
in Ref. [23]). This is contrasted by RuBr3 whose mag-
netic excitations are dominant in the Ag symmetry [see
the color shading in the lower panel of Fig. 1(b)]. As dis-
cussed below, the distinct selection rule of the magnetic
excitation is related to the altering nature of quasiparti-
cles. More specifically, two-magnon scattering is domi-
nant in RuBr3.

B. Thermal evolution of the phonon parameters

Figure 2(a) presents the thermal evolution of the Ra-
man spectra of RuBr3 measured in (RR) polarization by
heating from T = 3 K to 300 K. In the chosen (RR) scat-
tering channel, the interference between optical phonons
and magnetic scattering is minimized, while the magnetic
excitations are the strongest.

At T = 3 K, we observe three Ag modes superim-
posed on a weak, broad magnetic continuum centered
at 127 cm−1 and extending to ∼ 300 cm−1. With in-
creasing temperature, the magnetic continuum evolves
into a quasielastic scattering due to the thermal damp-
ing of spin excitations (see below for further discussion).
To trace the thermal behavior of the phonon modes, we
fit them to Lorentzian profiles. The extracted phonon
parameters of the Ag(1) and Ag(3) modes are plotted
as a function of temperature in Figs. 2(b) and 2(c), re-
spectively. Overall, the phonon frequencies show an in-
creasing trend with decreasing temperature, while the
full width at half-maximum (FWHM) decreases. To ex-
amine phonon anomalies due to spin-phonon coupling, we
attempted to analyze the temperature dependence of the
phonon parameters in terms of the anharmonic phonon
model [48]

ω(T ) = ω0 +A[1 + 2/(eh̄ω0/2kBT − 1)], (1)

Γ(T ) = Γ0 +B[1 + 2/(eh̄ω0/2kBT − 1)]. (2)

Here, ω0 and Γ0 are the phonon frequency and linewidth
at T=0 K, respectively, and A and B are the coefficient
describing cubic anharmonic contribution to ω(T ) and
Γ(T ).

Upon heating, the Ag(1) and Ag(3) modes exhibit a
weak hardening by 0.5 - 2 cm−1, revealing deviation from
the anharmonic phonon-phonon model. For the Ag(3)
mode, the frequency, FWHM, and normalized intensity
show anomalies below T ∗ ∼ 70 K. The characteristic
temperature T ∗ corresponds to the broad maximum in
the static magnetic susceptibility χstat(T ) [25] [see the
solid line in Fig. 3(c)]. This implies that the phonon
anomalies are linked to the development of magnetic cor-
relations. In contrast, the Ag(1) mode, lying on top of
the magnetic continuum, displays anomalous behavior in
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FIG. 2. (a) Temperature dependence of the Raman spectra of
RuBr3 measured in (RR) polarization. The asterisks denote a
leakage of polarizer. Thermal evolution of the frequency, the
FWHM, and the normalized intensity of (b) the Ag(1) and
(c) the Ag(3) mode. The solid lines represent the anharmonic
phonon interaction model as described in the text. The ver-
tical dashed lines mark the two characteristic temperatures
T ∗ = 70 K and T ∗∗ = 160 K.

a wider temperature range below T ∗∗ ∼ 160 K. More
specifically, the FWHM is broader than the anharmonic
estimate below T ∗∗, alluding to the presence of an ad-
ditional decaying channel. In the identical temperature
interval, the phonon frequency is shifted to lower energy
than the anharmonic value. Noteworthy is that the re-
cent theoretical calculation on optical phonons coupled
to a Kitaev QSL predicts the renormalization of phonon
energy and the shortening of phonon lifetime [40–42]. As
such, our phonon anomalies raise the possibility of cou-
pling the optical Ag(1) phonon to the magnetic contin-
uum that entails fractionalized quasiparticles (see the fol-

lowing subsection for detailed analysis). In this scenario,
T ∗∗ ∼ 160 K is linked to the onset of spin fractionaliza-
tion.

C. Magnetic Raman scattering of RuBr3

We now expound on the nature of magnetic excita-
tions observed in the Ag [(RR)] scattering channel [see
the violet shading in the lower panel of Fig. 1(b)]. In
Fig. 3(a), we present the thermal evolution of the mag-
netic Raman susceptibility χ′′(ω, T ) obtained after sub-
tracting phonon peaks from the as-measured spectra
I(ω). Here, χ′′(ω) is related to I(ω) through the rela-
tion I(ω) = (1 + n(ω))χ′′(ω) with the Bose-factor n(ω) =
[1 − exp(h̄ω/kBT )].

With increasing temperature, the magnetic contin-
uum systematically softens and dampens. The spec-
tral form is approximately described by a sum of three

Gaussian profiles Imag(ω) =
∑3
i=1

Ai

σi

√
2π

exp(− (ω−ωi)
2

σ2
i

).

The orange shading with the fitting parameters ω1 =
126.9(9) cm−1, σ1 = 42.3(9) cm−1, and A1 = 0.73 repre-
sents two-magnon scattering (abbreviated as 2M). On the
other hand, the sea-green shading the parameters ω2 =
88.6(3) cm−1, ω3 = 178.6(3) cm−1, σ2 = 30.4(5) cm−1,
σ3 = 188.7(5) cm−1, A2 = 0.07 and A2 = 1 is associ-
ated with the rest magnetic excitations (abbreviated as
ME). The two-component decomposition of the magnetic
excitations points to the presence of two disparate quasi-
particles.

We further visualize this thermal behavior in the color
plot of χ′′(ω, T ) vs. temperature in Fig. 3(b). The
thermal softening and damping of the magnetic excita-
tions experiences marked changes through T ∗ and T ∗∗

[see the solid and dashed lines in Fig. 3(b)]. The red-
shifting of the peak energy is not compatible with the
thermal characteristics of Majorana fermions, which re-
main unchanged with temperature [49]. Rather, this
thermal behavior is highly reminiscent of the renormal-
ization and damping of two-magnons in antiferromag-
nets [37, 50]. Thus, we assign the 2M contribution to
two-magnon scattering which originates through double
spin-flip processes by inelastic light scattering within the
LF theory [51]. The broad spectral weight extending to
300 cm−1 is not part of the 2M scattering whose spec-
tral weight dominated by a zone boundary magnon is
limited below 200 cm−1. As mentioned above, for ex-
tended Kitaev systems, non-LF scattering processes give
rise to additional magnetic excitations [47]. In this light,
the ME excitation comprises 2M-like excitations involv-
ing multiple exchange paths, multimagnon, or fractional-
ized excitations. We stress that the presence of residual
fractionalized excitations is compatible with the Ag(1)
phonon anomalies [see Fig. 2(b)].

Next, we calculate the dynamic Raman susceptibil-
ity through the Kramers-Kronig relation χdyn(T ) ≡
2
π

∫∞
0

χ′′(ω,T )
ω dω [52]. In Fig. 3(c), we plot the tempera-
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FIG. 3. (a) Temperature dependence of the magnetic Raman susceptibility χ′′(ω) of RuBr3 obtained after subtracting phonon
peaks in (RR) polarization. (b) Color plot of χ′′(ω) vs temperature. The solid and dashed lines mark the two characteristic
temperatures T ∗ and T ∗∗. (c) Temperature dependence of the dynamic Raman susceptibility plotted together with the static
magnetic susceptibility. Temperature dependence of (d) the two-magnon peak energy ω2M and (e) the linewidth Γ2M. The
vertical lines are the Néel temperature TN = 34 K.

ture dependence of χdyn(T ) together with the static sus-
ceptibility χstat measured by a SQUID magnetometer.
χdyn(T ) scales nicely with χstat(T ). In a pure Kitaev sys-
tem, the static and dynamic behavior are distinct from
each other due to extremely short-ranged spin correla-
tions. In this regard, the agreement between χdyn(T )
and χstat signals the predominance of non-Kitaev mag-
netic correlations. In Figs. 3(d) and 3(e), we summarize
the temperature dependence of the peak energy ω2M and
the linewidth Γ2M of the 2M signal. We find that ω2M

and Γ2M show notable changes as the temperature is in-
creased through TN. Further, we estimate the energy
scale of exchange interactions from the 2M scattering. In
the classical limit, the peak energy of the 2M continuum
is given by J(2zS− 1), where J is the exchange constant
between the Ru spins, z = 3 is the number of NN spins,
and S = 1/2 is the spin quantum number [37]. From
ω2M = 127 cm−1, we obtain J=7.75 meV (≈90 K). The
value J amounts to a sum of all exchange interactions
including Kitaev, Heisenberg, Γ, and Γ′ interactions.

Taken together, the temperature and polarization de-
pendences of our magnetic Raman data evince that a
dynamical response of RuBr3 is largely governed by
magnons. Further, we stress that the Ag symmetry of
two-magnon excitations observed in RuBr3 is distinct
from the Eg symmetry of the fractionalized excitation in
α-RuCl3. Deviations from the conventional 2M behavior
indicate that a small fraction of fractionalized excitations
is also present. According to recent calculations by Kaib

et al. [29], the third NN Γ′ term becomes stronger for
RuBr3. This along with enhanced interlayer interaction
may be responsible for a more robust zigzag antiferro-
magnetic order, driving RuBr3 to a classical limit.

D. Spin-orbit excitons

To shine a light on the Mott insulating jeff = 1/2
state and the electronic structure, we measured electronic
excitations at high-energy transfers up to 5000 cm−1.
In Fig. 4, we compare the high-energy Raman spectra
between α-RuCl3 and RuBr3 at selected temperatures
at T = 3, 100, and 300 K. α-RuCl3 and RuBr3 com-
monly exhibit a double-peak feature at A1≈ 1986 cm−1

and A1
′ ≈ 2294 cm−1 and a single-peak excitation at

A2≈ 3692 cm−1.
The previous extensive studies of electronic structures

of α-RuCl3 [39, 53–55] established that the A1 and A1
′

peaks correspond to a SO exciton that is excitonic quasi-
particle excitations between the SOC-split levels jeff =
1/2 and jeff = 3/2. On the other hand, the A2 peak is
assigned to a double SO exciton. The double-peak struc-
ture (A1 and A1

′
) is due to a trigonal distortion of RuX6

octahedra, leading to the splitting of jeff= 3
2 levels. Fur-

ther, we note that a SO-entangled state is conditioned
by SOC, Coulomb interaction, hopping integrals, and
trigonal distortions. Given that the SOC increases with
going from α-RuCl3 to RuBr3, it may appear counter-
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FIG. 4. Comparison of spin-orbit exciton excitations between
α-RuCl3 and RuBr3 at selected temperatures at T=300, 100,

and 3 K. A1 and A1
′

denote the peaks of single spin-orbit
exciton and A2 is the peak of double spin-orbit exciton.

intuitive that the SO-exciton energies hardly vary with
the halogen atom X. On the qualitative level, the de-
crease of the hopping integrals with increasing X, which
counteracts the increasing SOC, can explain why there is
no essential difference of the SO excitons between RuX3

(X=Br,Cl) [29].

Nonetheless, a close comparison reveals some discrep-
ancies. At 3 K, the double SO exciton of RuBr3 is sup-
pressed relative to the single SO exciton. Unlike α-RuCl3
that has the electronic bandgap of 1.1 eV, the reduced
optical gap in RuBr3 renders coupling between the SO
exciton and charge excitations possible, leading to the
damping of the double SO exciton. On heating, the dou-
ble SO exciton dampens more rapidly than the single
SO exciton due to the increase of thermally activated
charge carriers, confirming our assertion. Our compara-
tive study of SO excitons showcases that RuBr3 realizes
a SO entangled jeff = 1/2 state to a similar degree as
α-RuCl3.

IV. CONCLUSIONS

To conclude, a comparative Raman scattering study of
honeycomb polymorphs RuX3 (X=Cl, Br) enables us to
assess halogen-substitution effects on Kitaev magnetism
and a spin-orbital-entangled jeff = 1/2 state.

Our phonon data confirm a three-layer honeycomb lat-
tice of RuBr3, while lacking a structural phase transi-
tion unlike its counterpart α-RuCl3. Both RuX3 fea-
ture nearly identical single and double SO excitons in
their energies and spectral forms, except that RuBr3

is subject to charge fluctuations due to a reduced op-
tical gap. This shows that a jeff = 1/2 state is little
affected by the stronger p − d hybridization. The po-
larization and temperature dependence of magnetic ex-
citations unveils that the symmetry and dynamics of a
magnetic continuum are distinct between RuX3. Based
on the dominant scattering intensity in the Ag symme-
try and the magnon-like thermal evolution of magnetic
scattering, we infer that for RuBr3, magnons occupy the
majority of the magnetic spectral weight. This is con-
trasted by α-RuCl3 whose magnetic scattering is domi-
nated by Eg symmetry-allowed fractionalized excitations.
Our results demonstrate that a halogen substitution in
RuX3 (X=Cl, Br) leads to a weakening of Kitaev mag-
netism possibly because the stronger p− d hybridization
enhances a third NN Γ′ term against a NN Kitaev inter-
action. As such, further fine-tuning of exchange interac-
tions by halogen engineering is needed for the ultimate
stabilization of a Kitaev spin-liquid phase in the RuX3

family.
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E. Aktürk, Exploring the electronic and magnetic prop-
erties of new metal halides from bulk to two-dimensional
monolayer: RuX3 (X=Br,I), J. Magn. Magn. Mater. 476,
111 (2019).

[17] L. J. Sandilands, Y. Tian, K. W. Plumb, and Y.-J. Kim,
Scattering Continuum and Possible Fractionalized Exci-
tations in α-RuCl3. Phys. Rev. Lett. 114, 147201 (2014).

[18] R. D. Johnson, S. C. Williams, A. A. Haghighirad, J.
Singleton, V. Zapf, P. Manuel, I. I. Mazin, Y. Li, H. O.
Jeschke, R. Valent́ı, and R. Coldea, Monoclinic crystal
structure of α-RuCl3 and the zigzag antiferromagnetic
ground state. Phys. Rev. B 92, 235119 (2015).

[19] J. A. Sears, M. Songvilay, K. W. Plumb, J. P. Clancy, Y.
Qiu, Y. Zhao, D. Parshall, and Y.-J. Kim, Phys. Rev. B
91, 144420 (2015).

[20] H.-S. Kim, and H.-Y. Kee, Crystal structure and mag-
netism in α-RuCl3: an ab initio study, Phys. Rev. B 93,
155143 (2016).

[21] S.-H. Baek, S.-H. Do, K.-Y. Choi, Y. S. Kwon, A. U. B.
Wolter, S. Nishimoto, J. van den Brink, and B. Büchner,
Evidence for a Field-Induced Quantum Spin Liquid in
α-RuCl3, Phys. Rev. Lett. 119, 037201 (2017).

[22] A. Banerjee, J. Yan, J. Knolle, C. A. Bridges, M. B.
Stone, M. D. Lumsden, D. G. Mandrus, D. A. Tennant,
R. Moessner, and S. E. Nagler, Neutron scattering in the
proximate quantum spin liquid α-RuCl3, Science 356,
1055–1059 (2017).

[23] A. Glamazda, P. Lemmens, S.-H. Do, Y.S. Kwon, and K.-
Y. Choi, Relation between Kitaev magnetism and struc-
ture in α-RuCl3, Phys. Rev. B 95, 174429 (2017).

[24] S.-H. Do, S.-Y. Park, J. Yoshitake, J. Jasu, Y. Motome,
Y. S. Kwon, D. T. Adroja, D. J. Voneshen, K. Kim, T.-H.
Jang, J.-H. Park, K.-Y. Choi, S. Ji, Majorana fermions
in the Kitaev quantum spin system α-RuCl3, Nat. Phys.
13, 1079 (2017).

[25] Y. Imai, K. Nawa, Y. Shimizu, W. Yamada, H. Fujihara,
T. Aoyama, R. Takahashi, D. Okuyama, T. Ohashi, M.
Hagihala, S. Torii, D. Morikawa, M. Terauchi, T. Kawa-
mata, M. Kato, H. Gotou, M. Itoh, T.J. Sato, and K.
Ohgushi, Zigzag magnetic order in the Kitaev spin-liquid
candidate material α-RuBr3 with a honeycomb lattice,
Phys. Rev. B 105, L041112 (2022).

[26] K. Nawa, Y. Imai, Y. Yamaji, H. Fujihara, W. Yamada,
R. Takahashi, T. Hiraoka, M. Hagihala, S. Torii, T.
Aoyama, T. Ohashi, Y. Shimizu, H. Gotou, M. I Itoh,
K. Ohgushi, and T. J. Sato, Strongly electron-correlated
semimetal RuI3 with a layered honeycomb structure, J.
Phys. Soc. Jpn. 90, 123703 (2021).

[27] D. Ni, X. Gui, K. M. Powderly, and R. J. Cava,
Honeycomb-structure RuI3, a new quantum material re-
lated to α-RuCl3, Adv. Mater. 34, 2106831 (2022).

[28] H.-S. Kim, Spin-orbit-entangled nature of magnetic mo-
ments and Kitaev magnetism in layered halides, Appl.
Sci. Converg. Technol. 30, 191–194 (2021).

[29] D. A. S. Kaib, K. Riedl, A. Razpopov, Y. Li, S. Backes, I.
I. Mazin, and R. Valent́ı, Electronic and magnetic proper-
ties of the RuX3 (X = Cl, Br, I) family: two siblings—and
a cousin ? npj Quantum Materials 7, 75 (2022).

[30] Y. Zhang, L.-F. Lin, A. Moreo, and E. Dagotto, Theo-
retical study of the crystal and electronic properties of
α-RuI3, Phys. Rev. B 105, 085107 (2022).

[31] G. Li, X. Chen, Y. Gan, F. Li, M. Yan, F. Ye, S. Pei,
Y. Zhang, L. Wang, H. Su, J. Dai, Y. Chen, Y. Shi, X.
W. Wang, L. Zhang, S. Wang, D. Yu, F. Ye, J.-W. Mei,
and M. Huang, Raman spectroscopy evidence for dimer-
ization and Mott collapse in α-RuCl3 under pressures,
Phys. Rev. Mater. 3, 023601 (2019).

[32] T. T. Mai, A. McCreary, P. Lampen-Kelley, N. Butch,
J. R. Simpson, J.-Q. Yan, S. E. Nagler, D. Mandrus, A.
R. H. Walker, and R. V. Aguilar, Polarization-resolved
Raman spectroscopy of α-RuCl3 and evidence of room-
temperature two-dimensional magnetic scattering, Phys.
Rev. B 100, 134419 (2019).

[33] D. Lin, K. Ran, H. Zheng, J. Xu, L. Gao, J. Wen, S.-L.
Yu, J.-X. Li, and X. Xi, Anisotropic scattering continuum
induced by crystal symmetry reduction in atomically thin
α-RuCl3, Phys. Rev. B 101, 045419 (2020).

[34] A. Sahasrabudhe, D. A. S. Kaib, S. Reschke, R. Ger-
man, T. C. Koethe, J. Buhot, D. Kamenskyi, C. Hickey,
P. Becker, V. Tsurkan, A. Loidl, S. H. Do, K. Y. Choi,
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