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Novel ground states might be realized in honeycomb lattices with strong spin-orbit coupling. Here we
study the electronic structure of a-RuCls, in which the Ru ions are in a d> configuration and form a
honeycomb lattice, by angle-resolved photoemission, x-ray photoemission, and electron energy loss
spectroscopy supported by density functional theory and multiplet calculations. We find that a-RuCl; is a
Mott insulator with significant spin-orbit coupling, whose low energy electronic structure is naturally
mapped onto J states. This makes a-RuCl; a promising candidate for the realization of Kitaev physics.
Relevant electronic parameters such as the Hubbard energy U, the crystal field splitting 10 Dq, and the

charge transfer energy A are evaluated.
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The search for novel electronic and magnetic ground
states has ever been a driving force of condensed matter
physics. The effects of strong spin-orbit coupling, possibly
competing with other energy scales, have turned out to be
especially fruitful in this respect in recent years. This is
most prominently manifested by the advent of topological
insulators [1]. More recently, the Kitaev model was
established, which describes the bond-dependent spin
interactions on a honeycomb spin 1/2 lattice [2]. The
Kitaev model attracts enormous attention because it is
exactly solvable and its ground state is an exotic quantum
spin liquid. However, unambiguous experimental evidence
is lacking so far. The prime candidates for the realization of
Kitaev physics have been the 5d° iridates A,IrO; (A = Na,
Li) [3-7]. This thread of research relies on the realization of
effective J.; = 1/2 pseudospins by the combined inter-
action of spin-orbit coupling and crystal field splitting. But
the concept of J = 1/2 pseudospins is under debate for
the iridates due to substantial lattice distortions lifting the
1,, degeneracy, which, strictly speaking, invalidates the J.
description.

a-RuCl; appeared recently against this background as a
4d analogue to the iridates [8,9]. Ru is in a 3 + state and
features a d° electron count with a low spin state. Its spin-
orbit coupling (A~ 0.1 eV) is strongly reduced as com-
pared to the iridates, but so is its bandwidth W due to
presumed correlation effects. Importantly, the local cubic
symmetry is almost perfect in contrast to the iridates.
Hence, the J; description might be still operable for
a-RuCl;. Another practical advantage is that it can be
synthesized as large, easy-to-cleave single crystals, which
offer the possibility of exfoliation.
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RuCl; has been known for a long time and is even of
some importance as a chemical [10]. Its electronic structure
has been repeatedly investigated over the years by optical
spectroscopy and photoemission [11-13]. The picture of a
Mott-insulating state was proposed where the Ru 4d bands
are situated close to Ey but show little dispersion [13].
More recent optical data confirmed the magnitude of the
charge gap E; =~ 1.1 eV, which is much smaller than the
charge transfer energy A x5 eV as expected for a Mott
insulator [14]. U has been estimated to be about 1.5 eV
[8,13,15], a value often used as an input parameter for band
structure calculations.

As for the magnetic properties, one or two (depending on
the study) phase transitions at 7 ~ 7 and 15 K are reported
[16-19]. A strong magnetic anisotropy is found with large
effective moments exceeding the S = 1/2 limit and imply-
ing a large orbital contribution. Neutron scattering below
T =7 K is consistent with a zigzag type order, one of the
types of magnetic order predicted within the framework of
the Kitaev-Heisenberg model [9,15,18-20].

Here we elucidate the electronic structure of a-RuCl; by
state of the art photoemission (PES), electron-energy-loss
spectroscopy (EELS), density-functional-theory (DFT),
and multiplet calculations. We achieve a consistent, quan-
titative picture of a spin-orbit assisted Mott insulator. The
central question of this study, and decisive for the prospects
of a-RuCl; as a possible carrier of Kitaev ground states, is
whether or not the J ¢ = 1/2 description of the electronic
structure is appropriate. Based on the comparison of the
DFT calculations with results from angle-resolved photo-
emission spectroscopy (ARPES), we can answer this
question affirmatively.
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FIG. 1. (a)—(c) J. description of the d-level electronic struc-

ture. (a) Schematic density of states without interactions.
(b) Under the presence of strong spin-orbit coupling. (c) With
spin-orbit coupling and on-site correlation U. (d) Calculated
density of states of a-RuCl; with spin-orbit coupling and on-site
correlation.

Platelet-like single crystals up to several mm in diameter
of a-RuCl; were grown by chemical vapor transport
reactions. PES measurements were performed using a
laboratory based system at room temperature after cleaving
the crystals in situ. The EELS (Electron Energy Loss
Spectroscopy) measurements in transmission have been
conducted using thin films (d ~ 100 nm) at 7 = 20 K. The
density functional calculations were performed using the
all-electron full-potential local-orbital (FPLO) code [21,22]
within Perdew-Wang parametrization [23]. See the
Supplemental Material for details [24].

Under a cubic crystal field, the 4d electron manifold of
Ru splits into 7,, and e, states separated by the crystal field
splitting parameter 10 Dq. Figure 1(a) shows schematically
the 7,, states. This band cuts the Fermi energy (Ep),
because in a low-spin configuration with 5 d-delectrons
it is not completely filled. Introducing the spin-orbit
coupling, the J = 1/2 and 3/2 states separate from each
other [Fig. 1(b)]. The on-site correlation energy U causes a
gap opening within the J . = 1/2 band. Figure 1(d) shows
the density of states (DOS) of a-RuCl; obtained by DFT
calculated by taking into account spin-orbit coupling
(SOC) and the correlation energy (U =2¢eV,
Jy =04eV, Ug = 1.6 eV) projected onto J.q4 = 1/2
and 3/2. The DOS correctly reproduces the gap opening
and the insulating nature of a-RuCl;. Comparing it to the
general J g picture, it bears out the almost pure J . = 1/2
character of the sharp upper Hubbard band (UHB). The
lower Hubbard band (LHB), on the other hand, is strongly
mixed with the J = 3/2 states. This is a consequence of
the antiferromagnetic order imposed on this calculation,
which gives the lowest total energy. The J. description
appears to be well justified by the DFT in agreement with
previous studies [15,18]. In the following we compare the
DFT to a variety of experimental probes.

Figure 2 shows angle-integrated photoemission spectra
of the valence band region taken with three different photon
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FIG. 2. Valence band of a-RuCl; measured by photoemission
spectroscopy with different photon energies at room temperature
compared to an orbital projected density of states calculation.

energies. The spectra consist of three main features, labeled
1-3. Their relative intensity varies as a function of photon
energy. Peaks 1 and 2 display an intensity minimum
relative to peak 3 for hv = 40.8 eV. This reflects the
different orbital character of the underlying states, which
causes a different dependence of the photoionization cross
section on photon energy. By comparison with tabulated
values, peak 1 and 2 can be assigned to Cl 3 p and peak 3 to
the Ru 4d states [29] in agreement with previous results
[12]. However, an important difference to the earlier studies
is that we observe a larger gap. The onset of the valence
band is located at Eygg =~ 1 eV. The data reported by a very
recent ARPES study, on the other hand, are similar to our
results [30]. Together with E; ~ 1.2 eV (see Fig. 3) this
places the Fermi level close to the bottom of the d°
conduction band. The full width half maximum of the
Ru 4d peak (without the shoulder at E = —2.7 eV) is
W4, = 0.75 eV only, which indicates that the system is
susceptible to correlation effects even for moderate values
of U.

The lower part of Fig. 2 presents the Ru 4d and CI 3p
orbital projected DOS. It is identical to the DOS in Fig. 1(d)
but has been renormalized for better comparison with
experiment (stretching factor 1.5, offset 1.1 eV). The
low energy region is dominated by the Ru 4d weight
while at higher energies CI 3 p dominates in agreement with
experiment.

Figure 3(a) exhibits the angle dependence of the
valence band approximately along M —I' — K (see the
Supplemental Material [24] for details). The renormalized
theoretical band structure is overlayed over the experimen-
tal data. Two regimes can be distinguished: the low-energy
region of weakly dispersing Ru 4d states and at higher
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(a) Color coded representation of the angle dependence of the full valence band. Energy regions of mainly Ru 44 and C1 3p

character are denoted on the right side. Red dotted lines are results of band structure calculations under the same renormalization as the
DOS in Fig. 2. (b) Expansion of the Ru 4d region. (c) Band structure without bandwidth renormalization but with offset. The color
corresponds to the degree of Ru 4d orbital character. (d) Comparison of experimental and theoretical I'-point spectra extracted from
calculations with and without spin-orbit coupling (SOC). (e) Band structure without inclusion of the SOC.

energies more strongly dispersing CI 3p derived bands,
which are clearly separated from each other. The calcu-
lation is again in qualitative agreement to the data. The low-
energy region is expanded in Fig. 3(b) along the same cut.
The Ru 4d bands disperse on the order of 200 meV. They
form a minimum around I" and maxima around M and K.
Note that this is not the dispersion of a single band, but a
superposition of many d bands forming a broad peak. In
order to compare it to theory, we present the unrenormal-
ized, but offset low-energy band structure in Fig. 3(c). The
total bandwidth and the principal shape of the dispersion
approximately agree with experiment. In contrast, we show
in Fig. 3(e) a calculation where the SOC has been switched
off, that is, the J.; mapping is not operable anymore. The
shape of the Ru 4d derived bands significantly changes
around I" and the agreement with experiment worsens.
Figure 3(d) compares experimental and theoretical I™-point
spectra. The latter have been extracted from the data in
Figs. 3(b), 3(c), and 3(e) by considering the Ru 4d band
weight at I and applying appropriate energy broadening.
The model spectrum including the SOC compares reason-
ably well to experiment on a qualitative level, while the
spectrum without SOC fails to do so. The difference is not
as pronounced for the K and M point (not shown).
Nevertheless, Fig. 3 underlines the importance of the
SOC for the electronic structure of a-RuCl;. The SOC
also affects the conduction band and the gap value (see the
Supplemental Material [24] for details).

The electronic structure of @-RuCl; bears out similarities
to the iridates, e.g., Na,IrO3. In both cases there is a
relatively broad, weakly dispersing 7,, band followed by

Cl/0O-p bands at higher energies and a Mott-type gap [31].
The broadness of the d states has been explained in this
case by the hampered hole motion in a Heisenberg-Kitaev
spin background [32] or by polaronic effects [31,33].
The photoemission experiments presented so far probe
the occupied states only. The charge gap is not accessible in
this way. We have, therefore, performed EELS experiments
and measured the loss function, which can be expressed as
Im(-1/€), where e is the dielectric function (see Fig. 4). We
assign peak A at E; = 1.2 eV to interband transitions
across the charge gap, ie., d@>°d® — d*d®. This peak is
rather sharp (W, = 0.3 eV). Conventionally, one would
relate E; to Uy and the onset of the gap feature with
Uetr — 3 Wins — 3 Wung. However, here the gap feature is
narrower than the valence band alone, invalidating this
view in its pure form. We propose instead that excitonic
effects contribute to the gap excitation, which shifts spectral
weight towards the low energy onset. Therefore, E; =
1.2 eV should be considered as a lower boundary of U.g-.
Excitation B centered at E = 2.1 eV can be associated
with the cubic crystal field splitting, i.e., excitations into the
e, states and is approximately 10 Dq. This claim will be
substantiated further when discussing the core levels
(Fig. 5). Features C and D are both due to Cl 3p-Ru 4d
charge transfer excitations. The onset of C is ~3 eV which
corresponds to the onset of peak 2 in Fig. 2. The energy
scales of photoemission and energy loss agree roughly in
this case because the d° conduction band is situated close to
Er. The energy difference of features C and D is equal to
the separation of peaks 1 and 2 in Fig. 2, lending further
support to this assignment. Both features are broad and
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FIG. 4. Loss function measured by EELS at q = 0.1 A. Lower
inset: Low energy loss function as a function of momentum
transfer. Upper inset: Orbital projected DOS with transitions
labeled according to the peaks in the main panel.

show fine structures reflecting the pronounced dispersion
of the CI 3p bands.

The lower inset of Fig. 4 shows the momentum depend-
ence of the loss function. The overall dispersion of the gap
excitation is small (=50 meV). This is consistent with the
valence band and conduction band dispersion being small.
Comparing the DFT results for the conduction band
dispersion with and without SOC the bandwidth increases
by a factor of 2 for the latter, which is against the trend seen
in the EELS momentum dependence (see Supplemental
Material [24] for details). The upper inset shows again the
DOS with an assignment of the transitions A-D.

Taking together Figs. 2—4, a consistent description of the
electronic structure of a-RuClj is obtained. The electronic
parameters introduced so far (U, A, 10 Dq) determine the
shape of the core levels, which can then be used to check
the validity of the above arguments.

Figure 5 presents the 3 p spectra measured by XPS (x-ray
photoemission spectroscopy) and EELS, along with multi-
plet calculations using a joined set of parameters. The
spectra are split due to the 3p spin-orbit interaction by
22eVina3p;, and a3p, ), state. A double peak structure
is observed in the EELS 3 p3, line which is absent in 3p,
and in XPS. In fact, this double feature is a consequence of
the spin-orbit coupling of the d electrons. The latter splits
the d levels into 4ds,, and 4d;, states. According to the J
selection rule, the 4d3, state can be reached by both 3p, »
and 3ps/,, whereas the 4ds,, is accessible for the 3p;/,
state only. The double peak of the 3p;3,, EELS line
indicates that the t,, hole is of J =5/2 character. The
energy difference between the two components is mainly
determined by the crystal field splitting.

For the photoemission, the transitions to #,, or e, are not
operative and only one ionization peak is observed.

crystal field Soc

EELS S Ru3p
g
c
=]
£
s
Z
5
5
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FIG. 5. Ru 3p EELS and XPS. Red lines show charge-transfer

multiplet calculations (see text for details).

Figure 5 confirms that the spin-orbit coupling must be
taken into account when describing the d electrons. A
similar conclusion was drawn previously from the line
shape of the Ru L, 3 edge of x-ray absorption spectra [8].

Closer inspection reveals weak satellite features at the
high energy side of the main peaks with an energy
separation of about 8 eV. They originate from charge
transfer processes, where an electron from the surrounding
Cl ligands hops to the central Ru. We modeled the spectra
by charge-transfer multiplet calculations wusing the
CcTM4xXAS package [34]. Motivated by the low energy
PES and EELS results discussed above, we fixed
10 Dg =2.2, A =5¢eV. The latter is to be considered
as an average value for the broad energy region of charge
transfer excitations seen in Fig. 4. The Slater integrals have
been reduced to 25% of their atomic values [35]. We set the
overlap integrals T, =2 eV and T;,, =1 eV and the d-

level core-hole repulsion U,. = 3 eV. U, is always larger
than U due to the more localized character of the core hole.
With these parameters and appropriate Gaussian and
Lorentzian broadening the red spectra are obtained. For
XPS, quantitative agreement is accomplished. The branch-
ing ratio differs slightly, probably due to cross section and
diffraction effects. The shape of the EELS spectrum is also
correctly reproduced, in particular the line splitting of the
P32 peak. The satellite intensity is underestimated by the
calculation due to the presence of a Ru 3p — Ru 5s
transition [36]. See the Supplemental Material for further
XPS results [37].

In summary, we have investigated the electronic struc-
ture of @-RuCl; in detail. The photoemission data show a
main Ru 4d contribution to the valence band at E =
—1.6 eV with a width of W,; = 0.75 eV and ~200 meV
dispersion. The data are well described by DFT calculations
exhibiting a clear correspondence to the generic J.
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description of local cubic systems with large spin-orbit
coupling. From EELS measurements the direct gap is £, =
1.2 eV with a sharp but weakly dispersing gap excitation
mode. The electronic parameters obtained (Ugy = 1.6,
10 Dg =2.2, A =5¢V) are also successfully used for
quantitative modeling of the EELS and photoemission core
levels. The splitting of the 3p3/, line into two components
seen in EELS but not in XPS indicates the relevance of the
SOC for the 4d electrons. The above observations convey
the picture of a Mott insulator whose low-energy structure
is dictated by a mixture of the local cubic symmetry and
spin-orbit coupling which might give rise to exotic mag-
netic ground states.

This work has been supported by the German Research
Foundation (DFG) under SFB 1143.
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