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a-RuCl; has been hinted as a spin-orbital-assisted Mott insulator in proximity to a Kitaev spin
liquid state. Here we present ARPES measurements on single crystal a-RuCls in both the pristine
and electron-doped states, and combine them with LDA4+SOC+U calculations performed for the
several low-energy competing magnetically ordered states as well as the paramagnetic state. A large
Mott gap is found in the measured band structure of the pristine compound that persists to more
than 20 times beyond the magnetic ordering temperature, though the paramagnetic calculation
shows almost no gap. Upon electron doping, spectral weight is transferred into the gap but the new
states still maintain a sizable gap from the Fermi edge. These findings are most consistent with a
Mott insulator with a somewhat exotic evolution out of the Mott state with both temperature and
doping, likely related to unusually strong spin fluctuations.

PACS numbers: 71.20.-b, 71.15.Mb, 75.10.Kt

The study of frustrated strongly interacting electronic
systems has occupied a forefront seat in condensed mat-
ter physics for generations, originating from the separate
proposals of the correlation driven insulating state[1] and
the Resonant-Valence-Band (RVB) model[2]. Together,
these ideas have spawned many offshoots, for example
ideas on quantum criticality[3], frustrated magnetism[4,
5], and the spin liquid state[6, 7], with many of these ideas
also connecting to the everlasting puzzle of high temper-
ature superconductivity in cuprates[8]. Recently, these
ideas have made major inroads into topological quan-
tum computation[9], especially when paired with the ex-
actly solvable Kitaev model [10]. This model is based on
spin-1/2 moments arrayed on a honeycomb lattice with
a bond-dependent Kitaev coupling term. More gener-
ally, considering a system with the Kitaev term K and
other spin exchange terms J (such as the usual Heisen-
berg term) in its Hamiltonian, an increased strength of K
relative to J would govern the evolution of magnetically
ordered states towards the spin liquid state. It has been
proposed that a significant Kitaev term K can be realized
in systems with strong spin-orbit coupling effects forming
a Jers = 1/2 state, such as the A;IrO3 iridates[11, 12].
Nevertheless, lattice distortions deviate AsIrOgz iridates
from the Kitaev ideal[13, 14], and experimental evidence
confirming the “Kitaev physics” remains scarce and in-
conclusive.

Recently, a-RuCl3[15], a compound with its RuClg oc-
tahedra sharing edges on a nearly perfect honeycomb lat-
tice, has been highlighted as a perhaps more promising
Kitaev candidate, even though its spin-orbital coupling is
expected to be weaker. Initially labeled as a semiconduc-
tor with a small gap of 0.3 eV[16], it was later discussed
as a Mott-insulator[17] in which spin-orbit coupling plays

a critical role[18]. A number of experimental studies with
very different techniques have revealed a rich and intrigu-
ing paradigm of magnetism in this system[19-23, 25, 26].
In earlier works, an AFM ground state with a Neel tem-
perature Ty of 14 K was suggested by magnetic suscepti-
bility and Mossbauer spectroscopy measurements[19, 20].
Later studies of specific heat, magnetic susceptibility and
NMR, further identified two distinctive magnetic phases
with a pair of magnetic transitions at 8 K and 14 K[21-
23]. A recent structural study[24] clarify the 7-8 K tran-
sition as being associated with a default 3-layer stacking
of the C3/2m unit cells in as-grown samples, and the
14 K transition being associated with a 2-layer stack-
ing sequence induced by structural deformation. Neu-
tron scattering studies[21, 25] identified both stacking
sequence phase as a “zig-zag” magnetically ordered state
near the spin liquid phase, and have found a collective
magnetic excitation mode qualitatively unchanged across
T'n. The presence of this ordered state raises a question
on whether the system is a genuine Mott insulator or a
Slater insulator. In parallel, theoretical calculations of
RuCl13 band structures have emphasized the importance
of the Kitaev exchange interaction to the Mott physics
on this system[27, 28], while a direct comparison between
theory and experiment has not been established.

In this work, we studied the experimental band
structure and density of states of a-RuCls, potassium-
intercalated a-RuCls and in-situ Rubidium-doped
a-RuCls with Angle-Resolved Photoemission Spec-
troscopy (ARPES). At a temperature 30-40 times larger
than Ty where long-range magnetic order is absent, we
found a large charge gap of 1.2 eV, establishing a-RuClj
as a genuine Mott insulator. Not surprisingly, its band
structure cannot be captured by DFT calculations in the
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FIG. 1: Iso-energy plot for RuCls showing a 6-fold symmetry
at a) 5.5 eV; b) 3.8 ¢V and ¢) 1.2 ¢V below Er near the first
Brillouin zone. Data were taken in ALS beam line 4.0.3 with
hv = 75 eV and linear horizontally polarized light.

paramagnetic state; interestingly, the ARPES spectra
resemble a substantially broadened mixture of DFT
calculations in several magnetically ordered states in
the proximity of a Kitaev spin liquid, suggesting that
strong spin fluctuations survive to very high tempera-
tures. Upon electron doping it undergoes a novel Mott
transition, in which the Mott gap is abruptly reduced
but not closed. These observations possibly highlight
the unusual magnetism in the Mott state, which appears
to intimately connect to the Kitaev spin liquid phase.

Fig. 1 shows iso-energy plots in momentum space at
a variety of binding energies (i.e. energy below Fr). A
six-fold symmetry is apparent as shown in Figure la at
binding energy 5.5 eV. Due to the matrix element effect,
at different binding energies such as 3.8 eV and 1.2 eV
the spectra show six-fold or three-fold symmetry. Such
clear symmetries confirm the quality of our sample and
spectra.

Figures 2a, 2b and 2c¢ show the rich band structure
measured along the high symmetry cut I'-M-K-I" under
different experimental geometries and incident light po-
larizations at a temperature of 300 K (see supplementary
information). It has been demonstrated[29] that ARPES
data taken with s-polarized light is more sensitive to the
in-plane orbitals while the p-polarized light is more sen-
sitive to out-of-plane orbitals. As shown in Figure 2d,
this suggests that the bands between -8 to -3 eV (with 0
defined at Er) correspond mostly to in-plane orbitals, in
contrast to the bands between -3 to -1 eV which appear to
be a mixture of in-plane and out-of-plane orbitals. DFT
calculations[27] label the former as Cl p-bands, and the
latter Ru to4 bands. Different from the Cl p-bands, the
Ru to4 bands can be characterized with very flat disper-
sion (see supplementary information), anomalously large
energy broadening (see below), and most importantly a
large charge gap. While ARPES lacks the ability to probe
the density of states above Er, with the “leading edge”
method (i.e. measuring the gap from the mid-point of
the spectral weight edge) we estimate that the gap is at
a minimum 1.2 eV at 300 K.

The existence of such a large gap as well as the gi-

ant energy broadening at such a high temperature has
strong implications. First of all, the gap most likely arises
from strong spin or charge correlations (i.e. Mott type),
since its magnitude cannot be reproduced with LDA-only
calculations[27]. More importantly, the gap persists to a
temperature 40 times the Neel temperature Ty ~ 7 K,
ruling out the possibility of a Slater-type gap which re-
lies on long-range magnetic order. The persistence of
the gap at high temperature is reminiscent of the Mott
phenomenology in iridates in which spin-orbital coupling
plays a vital role[30], even though the spin orbital cou-
pling effect in RuClg is relatively smaller. We note, as
show in Figure 2e, our nonmagnetic DET+SOC+U cal-
culation with a large Ucsy = 5 eV, yields only a van-
ishingly small gap of 0.02 eV. To investigate the role of
spin correlations played in the Mott physics here, we per-
formed DFT calculations incorporating several magneti-
cally ordered states, as shown by examples of Figure 2f
for “zig-zag” order, Figure 2g for ferromagnetic order,
and Figure 2h for antiferromagnetic order, respectively.
The qualitative features of the ARPES spectra such as
the very flat Ru to4 bands and the magnitude of the gap
are well reproduced by the DFT projections, whereas
a Gaussian energy broadening of about 0.4 eV has to
be introduced in the DFT projections to match the ex-
perimental observation (see supplementary information).
The broadening shifts spectral weight inside the gap, re-
sulted in an onset of the electron continuum at about 1
eV which is consistent with the optical measurements[28].
In general, we found the ARPES spectra resemble mix-
tures of these DFT projections, and seems to resemble
the one with the zig-zag order most. Please note that
while the zig-zag order is the predicted ground state, the
ferromagnetic and antiferromagnetic phases are so close
in energy (< 4meV) in the extended Kitaev spin model
at zero temperature[27] that they would likely become
relevant with increasing temperatures. Thus within this
Kitaev-type framework, it is natural to find a thermal av-
erage of these phase above the Neel temperature, with no
single stable, dominant long range magnetic order but in-
stead with fluctuating short-range magnetic correlations,
which assist the Mott physics at high temperature. The
anomalous energy broadening on the order of 0.4 eV can
also naturally arise from this scenario, as the Kitaev spin
liquid is notable for hosting very many massless spin ex-
citations. This is quite consistent with the neutron scat-
tering observation of a strong, flat magnetic excitation
band above 14 K[25], and the Raman scattering results
of a scattering continuum around 100 K[26], even though
these temperatures are much lower. In contrast, alterna-
tives interpretations can be mostly ruled out: the instru-
ment resolution is about 20 meV, the sample is rather
clean as evidenced by the easy cleavage and clear Cl p-
bands, charge fluctuations are forbidden by the insulating
gap, and the phonon-related effect should be at least one



order of magnitude smaller (about 0.03 eV at 300 K).
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FIG. 2: ARPES spectra showing band structures for RuCls at a) ALS beam line 10.0.1 with hv = 55 eV and s-polarized
light; b) ALS beam line 10.0.1 with hv=55 eV and p-polarized light and ¢) ALS beam line 4.0.3 with hv = 75 eV and linear
horizontally polarized light (mixed s and p polarization). d) Comparison of the normalized spectral weight (integrated in
k-space) for measurements with a) s-polarized light and b) p-polarized light respectively. e) Broadened DFT calculation with
spin-orbital coupling and in the paramagnetic phase; f) with a zig-zag magnetic order; g) with FM magnetic order and h) with
AF magnetic order. Band dispersions along I'-M direction are represented by dashed lines.
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FIG. 3: ARPES spectra along I'-K direction for RuCls with a) no Rb dosing; b) 1 Rb dosing; ¢) 5 Rb dosing and d) 14 Rb
dosing (saturation) at 300 K. Significant weights are shifted into the gap from the Ru valence bands while the Cl bands remain
largely unaffected. ¢) ARPES spectra for as-grown Ko 5sRuCls at 300 K. Data were taken in ALS beam line 4.0.3 with hv =

75 eV and linear horizontally polarized light.

To investigate how the Mott physics and the unusual
magnetism evolve with doping, we studied the ARPES
spectra of a-RuCls with gradual in-situ rubidium dop-
ing (see supplementary information) and as-grown potas-
sium intercalation in ALS beam line 4.0.3 with 75 eV and
linear horizontally polarized light. Figure 3a shows the
un-doped pristine ARPES spectra along the K-I'-K direc-
tion. With a single dose of in-situ rubidium doping, it

was observed that some spectral weight developed at an
energy closer to Er, as shown in Figure 3b. With more
dosing, such weight grows significantly, while the CI va-
lence bands remain qualitatively unchanged. As shown
in Figure 3d, with 14 dosings at which the impact of
dosing was saturated, the original Ru bands are greatly
weakened, indicating that spectral weight has been trans-
ferred from the original Mott-like bands to the “new”
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FIG. 4: a) Core level scan of RuCl3 with in-situ Rb dosing.
Inset: spectral weight transfer into the gap (zoomed in near

bands closer to Er. As indicated by Figure 3e, spectra
on as grown potassium-intercalated a-RuCls show qual-
itatively the same behavior. Even though there is a lack
of clear dispersion possibly due to disorder, the locations
of all the spectral weight maxima can be approximately
tracked to their counterparts in Figure 3d. This indicates
that the evolution we observed with in-situ Rubidium-
dosing is very similar to the intrinsic and bulk physics in
the intercalated system.

To further illustrate the evolution with doping, we
compared the integrated spectral weights in Figure 4 at
different dosing levels. In principle, the integrated weight
is proportional to the density of states that is associated
with occupied bands. We found that the small amount
of Rubidium dosed on the sample surface had very little
impact on the spectral weight at deep binding energies
(>10 eV). The chemical potential, as referenced by the
many peak positions, shows minimal change even with
14 doses. Such a phenomenology is in sharp contrast to
a similar study on another Kitaev candidate NagIrOs,
in which the chemical potential is gradually shifted for-
ward with K-dosing [30]. There is a small suppression
of the spectral weight of the Cl bands from 3 to 8 eV
binding energy, which can be readily understood as the
attached Rubidium atoms scattering the photoelectrons.
The most drastic change happens near Fr, where the
spectral weight of the original Ru bands is substantially
suppressed, along with a large increase in spectral weights
peaking at 0.9 eV. To first order, there seems to be weight
transfer between the original bands and the “new” bands.
In addition, with substantial Rb-dosings we managed to
lessen the impact of sample charging, and were able to
approach ARPES spectra at lower temperatures. Asides
from the persisting charging effect, we found there was
practically no change in the electronic structure from 300
K to 100 K (see supplementary information). Such a con-
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FIG. 5: a) Sketch of an ordinary Mott transition, in which the
spectral weights (solid line) is transferred to the new states
(dashed line) at middle of the Mott gap at the chemical poten-
tial p. b) Sketch of another ordinary Mott transition, in which
the chemical potential is lowered towards the lower Hubbard
band. c¢) Sketch of the Mott transition observed in this study,
in which the spectral weights (solid line) is transferred to new
states (dashed line) that remains gapped from the chemical
potential.

tinuity, along with the scattering continuum from 100 K
to 5 K as observed in the Raman scattering study[26],
favor the scenario that spin fluctuations persist to much
higher than the Neel temperature.

These observations suggest a novel type of Mott transi-
tion. Conventionally, the Mott transition is often thought
to happen in two ways, either that spectral weight is
abruptly filled in the middle of the Mott gap[31], or that
the chemical potential abruptly lowers towards the lower
Hubbard bands, as indicated by the sketches in Fig. 5a
and 5b. With the Mott transition, the system gener-
ally evolves from an insulator to a metal. In this study,
we did not observe any notable chemical potential shift
due to the electron doping, as evidenced by the stable
location of the Cl bands as a function of dosing level.
While we did observe an abrupt spectral weight transfer
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FIG. 6: RuCls (cross) in the potential phase diagram as de-
scribed by the J-K-I' model[26]. The competition between
the Kitaev term K and other spin exchange terms J results
in a continuous quantum critical area above Neel temperature
in which our ARPES observations were made.

from the 1.6 eV peak to the 0.9 eV peak as soon as we
doped the system, the “new” state is clearly not a metal
even with substantial doping, as none of these new states
reach Er, as shown in the sketch of Fig.5c. Consider-
ing that in this system the persistence of the gap with
electron doping suggests a persistence (but weakening)
of the spin correlations with electron doping, it is likely
that the spin fluctuations play an important role in the
Mott transition.

Overall, the persistence of the gapped band struc-
ture across a large temperature range and upon surface-
dosing, support a-RuCls as a Mott insulator with strong
spin fluctuations far above T . Such a phenomenology
can be consistently understood within the extended Ki-
taev spin liquid framework[27], as shown in Figure 5.
The general agreement between the ARPES spectra and
the DF'T calculations suggests the presence of a substan-
tial Kitaev term K in a-RuClz, which locates it in the
vicinity of the Kitaev spin liquid phase. The Kitaev spin
liquid, due to its unique property of supporting continu-
ous gapless spin excitations upon quantum and thermal
fluctuations, might give rise to a quantum critical regime
in which the intriguing Mott physics far above the Neel
temperature manifests.

As a summary, in this work we present a thorough
ARPES study of «a-RuCls, potassium-intercalated
a-RuCls and in-situ Rubidium-doped a-RuClz. At a
temperature much higher than the Neel temperature,
the band structure shows a large Mott gap and a
giant energy broadening that appears only possible
with the assistance of surviving short-range magnetic
correlations. With electron doping this gap is abruptly
reduced but not destroyed, which we interpret as a novel
Mott transition driven by the evolution of magnetic
correlations. These results are consistent with a-RuClg
being in the proximity of a Kitaev test-ground, with

rich evolutions of magnetic correlations and fluctuations
towards the spin liquid.
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