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Spin-orbit excitations and electronic structure of the putative Kitaev magnet «-RuCl;
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Mott insulators with strong spin-orbit coupling have been proposed to host unconventional magnetic states,
including the Kitaev quantum spin liquid. The 4d system «-RuCl; has recently come into view as a candidate
Kitaev system, with evidence for unusual spin excitations in magnetic scattering experiments. We apply a
combination of optical spectroscopy and Raman scattering to study the electronic structure of this material.
Our measurements reveal a series of orbital excitations involving localized total angular momentum states of

the Ru ion, implying that strong spin-orbit coupling and electron-electron interactions coexist in this material.
Analysis of these features allows us to estimate the spin-orbit coupling strength, as well as other parameters
describing the local electronic structure, revealing a well-defined hierarchy of energy scales within the Ru d
states. By comparing our experimental results with density functional theory calculations, we also clarify the
overall features of the optical response. Our results demonstrate that «-RuCl; is an ideal material system to study

spin-orbit coupled magnetism on the honeycomb lattice.
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I. INTRODUCTION

A variety of novel electronic phases are predicted to emerge
in the solid state due to the cooperative action of spin-orbit
coupling and electron correlation [1]. One prominent example
is the proposed realization of the Heisenberg-Kitaev model in a
strongly spin-orbit coupled Mott insulator on the honeycomb
lattice [2,3]. In this scenario, the combination of spin-orbit
coupling and orbital degeneracy leads to the formation of
Jetf = 1/2 pseudospins. The spatial anisotropy inherent to
these pseudospins in turn yields bond-dependent, anisotropic
exchange interactions that can be mapped onto a generalized
Heisenberg-Kitaev model [4], which hosts a variety of unusual
magnetic states, including the Kitaev quantum spin liquid [5].
Experimental work in this direction has focused on honeycomb
lattice iridates [6,7], although the electronic structure of these
materials is complicated by structural distortions and electron
itinerancy [8].

In this context, «-RuCl; (hereafter RuCls) is a promising
material for investigating the physics of the spin-orbit coupled
Mott insulator on the honeycomb lattice [9]. This compound
crystallizes in a layered structure consisting of planes of edge-
sharing RuClg octahedra arranged on a honeycomb lattice [ 10],
although there is some debate on the detailed structure and
interlayer stacking [11]. An important structural detail is that
the Ru 47 ion sits in an almost perfect Cl octahedron [10,12].
The noncubic crystal fields are expected to be small, and the
combination of electron-electron interactions and the modest
spin-orbit coupling (A ~ 100 meV) of the Ru** ion is thought
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to be sufficient to induce a Mott insulating, jegr = 1/2 ground
state [9,13,14]. Evidence for a spin-orbit coupled electronic
structure is provided by the line shapes and branching ratio
observed in x-ray absorption spectroscopy (XAS) [9]. Recent
investigations of the static magnetic properties have pointed
towards anisotropic magnetic interactions and therefore to the
Jeft = 1/2 state [15,16], while the broad features observed in
inelastic magnetic scattering experiments suggests RuCl; may
be close to a Kitaev quantum spin liquid state [17,18].

Existing experimental studies of the electronic structure
of RuCl; are, however, limited. A particularly pressing
question is whether the je = 1/2 state is well defined in
this material. Angle-resolved photoemission spectroscopy
measurements found an almost dispersionless feature near
the Fermi level which was attributed to weakly dispersing
Ru d bands [19,20], while previous optical absorption and
reflectivity measurements have identified a series of peaks
in the range 0.1-10 eV [21-23]. Some controversy exists as
to the origin of the optical features and of the magnitude
of the fundamental gap, with estimates ranging from 0.2 to
1 eV [9,19,22,24]. However, existing optical studies have
considered only a limited temperature range and no electronic
Raman scattering data has been reported. More generally,
experimental studies of the RuCl; electronic structure have
been hampered by a neglect of spin-orbit coupling (SOC), as
well as a lack of electronic structure calculations, which are
now available [9,14].

To clarify the low energy electronic structure of this material
and determine the relevant energy scales, we have investigated
in detail the electronic excitations of RuCls using optical
spectroscopy and electronic Raman scattering. Importantly,
the combination of these methods allows us to obtain a com-
plete picture of the electronic excitations and firmly establish
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TABLEI. Parameters characterizing the local electronic structure
of the Ru ion. The 10Dg value is estimated from the XAS data of
Ref. [9]. The remaining values follow from the application of the
single-ion model to the optical data reported here.

UeV) Ju (V) 10Dg (eV) A (eV)

=24 0.4 22 0.096

the role of SOC in RuCl;. Optical spectroscopy is well-
suited to the study of strongly correlated insulators [25,26]
and has provided key insights into the spin-orbit coupled
Mott state [27-31]. Raman scattering is also sensitive to
electronic excitations, albeit of different symmetry than optical
spectroscopy, and is therefore an excellent complementary
probe [32]. The high energy resolution (<1 meV) of our optical
techniques is also advantageous for studying the effects of the
modest A ~ 100 meV of 4d elements such as Ru.

Our findings support the notion that Ru is close to the
Jeft = 1/2 limitin RuCls. The optical and Raman data evince a
series of unusual orbital excitations below 1 eV that correspond
to transitions involving highly localized and spin-orbit coupled
d states of the Ru ion. Analysis of these features allows us
to estimate the parameters characterizing the local electronic
structure: the spin-orbit coupling (1), the effective Hubbard
parameter (U), and the Hund’s coupling (Jg). The estimated
values are tabulated in Table I and demonstrate a well-defined
hierarchy of energy scales (A < Jy < 10Dgq), making RuCl;
an ideal platform for exploring the excitations of the spin-orbit
coupled Mott insulating state. At higher energies, we identify
Mott- and charge-transfer-type intersite excitations and find a
fundamental optical gap of about 1 eV.

II. EXPERIMENTAL DETAILS

The RuCl; crystals used in this study were grown by
vacuum sublimation of prereacted RuCl; powder, as described
in Ref. [9]. For the range 0.9-6 eV, é(w) was determined
for an a-b crystal face using spectroscopic ellipsometry. For
0.1-1.2 eV, we measured the transmittance through a thin
(~30 um) sample using an FTIR spectrometer described in
Ref. [33], with light polarized in the crystallographic a-b
plane. We then extracted é(w) using a standard model for the
transmittance of a plate sample that accounts for interference
effects [34]. The é(w) determined in this fashion from the
transmittance data is in agreement with the é (w) obtained from
ellipsometry. Raman scattering measurements were performed
in the quasi-backscattering geometry in both collinear (E, +
Ay,) and crossed (E, + Aj,) polarization geometries using a
Raman microscopy system described in Refs. [35] and [36].
Exciting light polarized in the a-b plane from a 532-nm laser
was focused down to a ~10-pum spot, and the power at the
sample is estimated to be 500 uW. A pair of notch filters was
used to reject light from the fundamental and the resolution of
our Raman spectrometer is estimated to be 0.6 meV.

III. EVIDENCE FOR ORBITAL EXCITATIONS

We first focus on the low-energy (<1 eV) spectra, leaving
discussion of the higher-energy features, which reflect the band
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FIG. 1. Optical and Raman response of RuCl;. (a) Imaginary part
of the dielectric function €;(w) at 295 K. (b) Raman susceptibility Im
x (w) for two polarization channels at 10 K. Below 1 eV, orbital
excitations lead to narrow features, which we label Ay—Aj3, in both
€ (w) and Im x (w).

structure, for later. The imaginary part of the dielectric function
€>(w), shown in Fig. 1(a), consists of three weak and narrow
peaks (A;—A3). A low-energy excitation (Ag) is also visible
in the crossed channel of the Raman data shown in Fig. 1(b).
The energy of the four A peaks are large compared to the
infrared and Raman active phonon energies (~40 meV) and the
Curie-Weiss temperature (O¢cw ~ 3—12 meV) [16,17,37] of
RuCls, and so the features in our data correspond to electronic
excitations. The narrow widths and low intensities (compared
to the interband excitations described later) of the A peaks
suggest an on-site, orbital origin for these features. Indeed,
orbital excitations, also referred to as crystal field excitons [38]
or dd excitations [39] in the literature, can often be found
below the fundamental absorption edge in transition-metal
compounds [40]. These are local excitations involving the
d-orbital degrees of freedom of the transition-metal ion. As
such, they are formally dipole forbidden, leading to small
optical spectral weights, and have energies dictated by the
octahedral crystal electric field (10Dgq), Hund’s coupling (Jg ),
and SOC (A). As described later, the energies, symmetry, and
oscillator strength of these features allow us to assign the £
peaks to transitions between spin-orbit coupled multiplets of
the Ru ion.

The Ru site symmetry in RuCls is close to Oy, and so the
electronic states can be classified according to their parity. Due
to the dipole selection rule, transitions between even-parity d
states are not expected to be optically (infrared) active [41].
However, such transitions can still acquire a finite optical
spectral weight by coupling with an odd parity phonon [39].
In other words, the optical absorption process involves a
dd excitation together with the simultaneous creation or
annihilation of an odd parity phonon. A signature of this
mechanism is that the optical response [i.e., €2(w)] should
be suppressed at low T due to a reduction in the number of
thermally populated phonons. Specifically, the optical spectral
weight (SW) acquires a characteristic temperature dependence
SW = A + Bcoth(hw,/2kpT), which reflects the thermal
population of the relevant phonon mode(s) with effective
energy hw, [39]. To verify this, we measured €;(w) for different
temperatures between 10 and 295 K. As shown in Fig. 2(a),

€(w) is indeed reduced in going from 295 to 10 K. The

integrated SW = [ ¥ wey(w)dw displayed in Fig. 2(b)

also shows a smooth decrease with temperature, consistent
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FIG. 2. Temperature dependence of the Ay—A; orbital excita-
tions. (a) €(w) at 10 and 295 K. (b) Spectral weight SW =
O(?,lsz\jv wéx(w)dw. The smooth decrease in total SW is consistent
with phonon-assisted orbital excitations.

with the phonon-assisted mechanism. As seen in Fig. 2(b), the
temperature evolution of SW can be well approximated by the
expression for phonon-activated absorption with hw, = 22.2
4 2.8 meV. This value is in good agreement with a previous
study that found infrared active phonons at21 and 23 meV [37].
The temperature dependence of A;—Aj is therefore consistent
with parity-forbidden orbital excitations that become optically
active through electron-phonon coupling.

We note that features A;—Az are significantly broader
(width ~100 meV) than A (width ~2 meV). This is because
in €;(w) we observe a dd excitation plus the simultaneous
creation/annihilation of an odd-parity phonon. In other words,
€(w) reflects the (multi-)phonon sidebands of the dd tran-
sitions, not the dd transitions themselves [40]. As a result,
the widths of A;—A; are dictated by the number of phonon
sidebands and the relevant phonon energy, rather than the
intrinsic lifetime of the underlying dd transition. In contrast, no
phonon sidebands are required in the Raman process [i.e., Im
X (w) probes the zero-phonon line] and so A is more reflective
of the intrinsic linewidth of the relevant d levels.

IV. ORBITAL EXCITATIONS INVOLVING t25g
CONFIGURATIONS

To understand the nature of the electronic states involved in
the A transitions, we start by considering the low-energy mul-
tiplet structure of the Ru>* ion, shown schematically in Fig. 3.
Absent SOC, we expect that the ground state is the low-spin
tzsg (*T») configuration, consistent with magnetic susceptibility

measurements [15]. The 27, configuration possesses a spin and
orbital degeneracy and splits into total momentum j.g states
once SOC is introduced. A number of transitions, shown in
Fig. 3 as arrows, are therefore expected. For large 10Dg and
Ju, 2T splitsinto a jor = 1/2 doublet and a joir = 3/2 quartet
of energies —1/2X and A, respectively [41]. Identifying A, with
the doublet-quartet transition yields A = 96 meV, comparable
to the Ru*t free ion value [13]. The A, doublet-quartet
transition has in fact been observed in several iridium-based
spin-orbit coupled Mott insulators through resonant inelastic
x-ray scattering (RIXS) experiments [7,42,43] and is usually
termed a spin-orbit (SO) exciton. Importantly, the presence of
a well-defined SO exciton in RuCls; places the Ru ion in a
Jett = 1/2 ground state [44,45].
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FIG. 3. Orbital excitations in RuCl;. In the absence of spin-orbit
coupling, the Ru d° ion is in a low-spin t25g (*T») configuration. The
first excited state is then the intermediate-spin té‘geg state. As shown,
spin-orbit coupling splits these states, leading to the four transitions
observed experimentally.

V. ORBITAL EXCITATIONS INVOLVING t;‘geg
CONFIGURATIONS

At the energies relevant to the A|—Aj3 features, the multiplet
structure of Ru becomes more complex and excitations involv-
ing e, orbitals become relevant. Specifically, intermediate- and
low-spin tggegconﬁgurations are expected near 10Dg — 4Jy
and 10Dg [44]. In principle, the high-spin 73,¢2(° A ;) state may
be in a similar energy range but is not expected to contribute
to €2(w), as a transition to tggeﬁ involves two changes in the
single-electron occupancies. The energy of these excitations
reflects the energy cost for promoting a 1, electron to the
e, levels that is partially offset by the (orbitally averaged)
Hund’s coupling Jy. Following Sham [46] and using A =
96 meV, the Ru L3 edge XAS data of Ref. [9] suggests a
10Dg ~ 2.2 eV. Meanwhile, for Ru Jy is expected to fall
in the 0.3-0.7 eV range [9,47-49]. Intermediate-spin-state
excitations, in particular, 4T, and *T, are therefore plausibly
expected in the region of the experimental A;—Aj; states.

The *T| and *T; states retain a spin and orbital degeneracy
that should be lifted by SOC. Specifically, they should split
into jegr = 1/2, 3/2, and 5/2 states. The expected splittings
can be estimated from the Landé intervalrule £, — E;._| =
—3Ajesr/2 for T states [50]. For A = 96 meV, the estimated
splittings between the three states are 216 and 360 meV,
comparable to the experimental values of 220 and 200 meV.
This assumes that A is the same in both ,, and e, states. The
A1—Aj; features can therefore be assigned to the SOC split
components of the intermediate-spin 5, <€ state. Similar SOC-
split orbital excitations have also been observed with optical
techniques in, for instance, Fe- and Co-based spinels [51].
Within the single-ion model, the lowest-lying component
of the intermediate-spin state (jer = 1/2) is expected at
E =10Dqg — 4Jy — 151 /4 [44,50]. Equating this with the
experimental location of the A peak of 0.31 eV and taking
10Dg =2.2 eV and A = 0.096 eV yields a reasonable value
of Jy =0.38eV ~ 0.4eV [52].
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The localized, single-ion picture including SOC provides a
natural explanation for the number of peaks observed in the
optical and Raman data as well as their rough separations.
This is shown schematically in Fig. 3, where the relevant
energy levels and transitions are indicated schematically and
compared to the experimental data. The parameters derived
from the single-ion model are shown in Table 1. However,
we note that the single-ion picture discussed here does not
account for electron itinerancy and noncubic crystal fields [44].
Indeed, the Az peak is not energetically well separated from the
onset of delocalized charge excitations, as we discuss later, and
electron itinerancy may therefore be important in determining
the energy of this state. Interconfigurational mixing due to
noncubic crystal fields or SOC may also be important. The
values shown in Table I should therefore be interpreted with
these considerations in mind. More sophisticated approaches,
such as have been applied to iridates and 3d transition-
metal oxides, are required to achieve a more complete and
quantitative understanding of the spectrum [7,40,44,45].

The comparatively large oscillator strength of A;—Aj3 in
fact provides further evidence for the importance of SOC
in RuCl;, even without a detailed understanding of these
transitions. Since the Ru site symmetry is close to Oy [10,12],
transitions to a intermediate-spin tggeg excited state, from
which the A peaks in €;(w) are likely derived, are formally
spin and dipole forbidden (i.e., do not conserve spin and
involve states of like parity) in the absence of SOC. Spin-
forbidden and dipole-forbidden transitions are typically orders
of magnitude less intense than their spin-allowed, dipole-
forbidden counterparts [41]. One might therefore expect that
the orbital excitations in RuCl; should be extremely weak
compared to the spin-allowed orbital excitations observed in
other materials, such as in 3d transition-metal oxides [40,51].
However, this is not the case, as spin is not a conserved
quantity in RuCl; due to SOC. Our measurements show that

the spectral weight SW = 0(?'181\?\/ wey(w)dw of the Aj—Aj
features in RuCls is 1.5 x 1072 eV? at 10 K. As a comparison,
the spin-forbidden ®A;, — %A, *E, and ®A, - *T,
transitions in MnF, have spectral weights in the 107> eV?
range, more than 2 orders of magnitude lower [53,54]. The
comparatively large SW of the A;—Aj transitions therefore
signals a breakdown of the spin selection rule due to the
spin-orbit coupled nature of the Ru d states in RuCl;. In
fact, the SW of the orbital excitations in RuClj is comparable
to the values observed for spin-allowed transitions in 3d
transition-metal compounds, whose spectral weights typically
fall in the 1073 to 1072 eV? range [39,55-57].

A last consistency check of our assignment concerns the
different orbital character of Ay compared to A;—Az. We
note that putative SO exciton Ag involves only f,, orbitals,
while A;—-Aj involve both £, and e, levels. The A;—A3
excitations are therefore sensitive to the octahedral crystal
field and couple strongly to phonons that modify 10Dg. As
a result, the spectral weight of the A;—A; features acquired
through the electron-phonon mechanism should be large
compared to that of Ay [41], in agreement with the data of
Fig. 1. While there is some structure visible near 160 meV
[Fig. 1(a)] that is possibly related to Ay, it is weak compared to
A-As.
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VI. COMPARISON WITH THE SPIN-ORBIT EXCITON
IN IRIDATES

Despite their common origin, the details of A differ in
certain respects from the SO exciton observed in iridium-
based spin-orbit coupled Mott insulators [7,42,43] due to the
particular hierarchy of energy scales in RuCl;. In particular, the
width of the Ay transition (~2 meV) in RuCl; is significantly
reduced in comparison to, for instance, the 40 meV width
of the corresponding excitation in SryIrO4 [43]. This is a
consequence of the well-separated energy scales of RuCls
compared to SryIrOy4. In the iridates, A is typically larger
than the charge gap and so the SO exciton can easily decay
into the electron-hole pairs. As we shall see later, the onset
of the electron-hole continuum is located near 1 eV in RuCl;,
significantly higher than L. As a result of this separation of
energy scales, no electron-hole states are available for the SO
exciton to decay into, leading to a correspondingly longer
exciton lifetime in RuCl;. This also explains why no orbital
excitations have been identified to date in optical studies
of existing iridate materials: they are obscured by the more
intense, dipole-allowed electron-hole continuum.

Noncubic crystal fields, such as trigonal distortion, are
expected to split the j. = 3/2 states into two doublets. As a
result, the SO exciton in Li;IrO3 and Na,IrO5 [7,44], where the
trigonal distortion is sizable, shows a characteristic two-peak
structure. In contrast, the A feature in Fig. 1(b) displays only
a single peak. At first glance, this would imply that the effect
of noncubic distortions is small (~1 meV). However, a second
possibility is that we do not observe the resulting second
peak, either for symmetry reasons (e.g., a selection rule) or
that it falls outside the energy range of our experiment. The
two components of the SO exciton observed in tetragonally
distorted Sr,IrO4 [43] and in trigonally distorted NayIrO3 [58]
indeed display distinct polarization dependences, with one of
the components being enhanced depending on polarization
and direction of the incoming x-ray photon. Furthermore, a
recent study of (tetragonally distorted) Sr,IrO4 demonstrated
that the different j.ir = 3/2 states should contribute to Raman
excitations of distinct symmetry [59]. The fact that we observe
a single Raman-active peak (Ag) in the crossed channel could
be a consequence of this. Addressing the selection rule of
the SO exciton would require a detailed understanding of the
Raman process, which is beyond the scope of the present study.
Thus, while our measurements indicate significant SOC, we
are not able to directly quantify the relative strength of any
noncubic crystal fields and our value of A ~ 96 meV should
be taken with this in mind.

Another aspect of the iridate RIXS data that bears men-
tioning is the observation of a sharp peak near the onset
of the electron-hole continuum [7,43]. Similar to Ag, this
feature is narrow (resolution limited in RIXS) and located at I".
However, we do not believe these two excitations are related.
To our knowledge, two explanations for the RIXS feature have
been proposed: an excitonic enhancement of the electron-hole
continuum due to long-range Coulomb interactions [7] and
a mixing between the on-site SO exciton and the continuum
of intersite electron-hole excitations [44]. Both proposals rely
on the existence of delocalized charge excitations at similar
energies to the sharp feature. However, in RuCl; delocalized,
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intersite charge excitations are located at significantly higher
energies (above 0.9 eV), as described in the latter part of our
manuscript. Further evidence for this point is provided by
photoconductivity measurements, which show a strong onset
(indicating delocalized states) near 1 eV [22]. We therefore
believe that Ay and the sharp RIXS feature do not share a
common origin and that A instead corresponds to the on-site
SO exciton.

VII. BAND STRUCTURE AND HIGH-ENERGY
OPTICAL RESPONSE

We now turn away from the orbital excitations and focus on
the overall electronic structure, as revealed by the high-energy
features in €;(w), shown in Fig. 4(a). Peaks are visible near
1.16, 2.0, 3.2, and 5.1 eV, which we label «, 8, y, and
A, respectively. This portion of our data can be interpreted
with the aid of existing photoemission and ab initio stud-
ies [14,19]. Specifically, photoemission experiments detected
three features at binding energies of roughly 0.7, 3.2, and
4.7 eV [19]. The 0.7-eV feature was identified with narrow
bands derived from the Ru d states, while the higher binding
energy features were assigned to more dispersive Cl p-like
bands. This is qualitatively consistent with the LDA4-SOC+U
density functional theory band structure and orbitally projected
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FIG. 4. High-energy optical response and electronic structure of
RuCl;. (a) €;(w) from 0.1 to 6 eV and (b) density functional theory
band structure and orbitally projected density of states (PDOS).
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density of states (PDOS) displayed in Fig. 4(b) [60]. Near
the Fermi level, the occupied states are of primarily of Ru #,,
character, while CI p-like states are evident at binding energies
larger than 2 eV. Importantly, the fact that the lowest-energy
feature in photoemission is located at a 0.7 eV binding
energy is consistent with the interpretation of the Ag—Aj
features in terms of orbital excitations, rather than interband
transitions.

Given the 3.2-4.7 eV binding energies of the Cl states
measured in photoemission, we expect that &> — d°L charge-
transfer excitations should appear at comparable or greater
energies in the optical data (L indicates a ligand hole). The
o and B peaks at 1.16 and 2.0 eV, which occur at far lower
energies, can therefore be interpreted as intersite dd transitions
involving neighboring Ru ions (e.g., d> + d> — d* + d®). We
note that the narrow line shape and asymmetry of o« are
suggestive of strong electron-hole interaction effects, even if o
does not correspond to a true bound state [61]. For the low-spin
d’ case and neglecting electron-hole interaction effects, the
lowest energy intersite excitation occurs at U — 3Jy [26].
Using Jy ~ 0.4 eV as determined earlier, we estimate U = 2.4
eV. Given that this reasoning neglects electron-hole interac-
tions, U = 2.4 eV represents a lower bound. Meanwhile, the
intense A peak can be assigned to a charge-transfer excitation
from CI to Ru. The origin of y at 3.2 eV is more ambiguous,
as both Mott and charge-transfer excitations may contribute
in this spectral region. This discussion identifies RuCl; as
a Mott-Hubbard, rather than charge-transfer, insulator in
the Zaanen-Sawatzky-Allen scheme [62]. The optical gap,
corresponding to the onset of «, is about 1 eV. This is
larger than reported in some previous works which mistakenly
identified the onset of A; with the true gap [9,24]. We caution
that a more rigorous theoretical approach, including both
band structure and multiplet effects, is needed to confirm
this interpretation and obtain a quantitative description of the
data [44,45,63].

VIII. SUMMARY

We have studied the electronic structure of RuCl; using
optical and Raman scattering spectroscopies. The observed
orbital excitations can be understood in terms of well-
localized, spin-orbit coupled Ru d states. Our results are
broadly suggestive of the importance of spin-orbit coupling
in determining the electronic structure of RuCl; and, by
extension, of unconventional magnetic interactions in this
material. The well-separated energies of spin-orbit coupling,
electron-electron interactions, and charge excitations make
RuCl; an excellent candidate for further theoretical and
experimental studies of spin-orbit coupled magnetism on the
honeycomb lattice.
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