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A quantum spin-liquid might be realized in a-RuCls, a honeycomb-lattice magnetic material with
substantial spin-orbit coupling. Moreover, a-RuCls is a Mott insulator, which implies the possibility
that novel exotic phases occur upon doping. Here, we study the electronic structure of this material
when intercalated with potassium by photoemission spectroscopy, electron energy loss spectroscopy,
and density functional theory calculations. We obtain a stable stoichiometry at Ko sRuCls. This
gives rise to a peculiar charge disproportionation into formally Ru** (4d°) and Ru®* (4d®). Every
Ru 4d® site with one hole in the t2, shell is surrounded by nearest neighbors of 4d® character, where
the to4 level is full and magnetically inert. Thus, each type of Ru sites forms a triangular lattice
and nearest-neighbor interactions of the original honeycomb are blocked.

The quantum spin liquid (QSL) is an exotic state
of matter which carries fractionalized excitations, com-
pletely different from the standard spin waves found for
conventional magnetic order [1]. The long search for a
realization of this state has recently led to a-RuCls, a
layered honeycomb Mott-insulator with a 4d° configura-
tion and substantial spin-orbit coupling [2, 3]. From mea-
surements of the magnetic excitation spectrum [3-5], but
also from other experiments [6-11], and theory [12-16],
evidence is mounting that a-RuCls is close to a Kitaev
QSL, that is, a realization of the exactly solvable Kitaev
model [17], with some modifications due to Heisenberg in-
teractions [6, 18-20]. In particular, there are indications
of a QSL state in an external magnetic field [15, 21-25].
This offers the opportunity to study the fractionalized
excitations, most prominently Majorana Fermions and,
possibly, to exploit the fact that they are protected from
decoherence for quantum information processing schemes

[26].

The magnetic state is usually described within the
framework of Heisenberg—Kitaev Hamiltonians. How-
ever, these attempts face the difficulty that the exchange
parameters are not exactly known and higher order in-
teractions (i.e. beyond nearest neighbor) can be decisive
[15, 27-29]. This problem hinders a deeper understand-
ing and theoretical progress of the field.

The QSL is the main driver of interest in a-RuCls,
but a-RuCl; is also a Mott-insulator. Doping a Mott-
insulator often results in novel ground states with intrigu-
ing properties. Well known examples are the cuprates
and manganates. Usually, also the magnetic order asso-
ciated with the Mott-state reacts sensitively to doping.
Therefore, doping a-RuCljs is a promising proposition for
both: i) stabilizing new, interesting phases, and ii) prob-
ing the properties of the QSL.

Here, we study the electronic structure of electron
doped a-RuClz. This is achieved by in situ potassium
intercalation. An apparent goal of such an approach is
to reach a metallic phase. However, this has not been
accomplished, similar to previous attempts by rubidium
doping instead of potassium [30]. Nevertheless, we show
by a combination of electron energy loss spectroscopy
(EELS), photoemission spectroscopy (PES), and density
functional theory (DFT) that electron doping alters the
ground state of a-RuCls in a peculiar fashion. We ob-
serve a charge disproportionation which quenches the
magnetic moment at every alternate Ru site and may
serve as a platform to study the interplay of nearest
neighbor and next-nearest neighbor Kitaev exchange.

Platelet-like single crystals of a-RuCls 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
measurements in transmission have been conducted us-
ing thin films (d ~ 100 nm) at 7" = 20 K. Undoped crys-
tals were intercalated with potassium in situ by metal
vapor from SAES dispensers. The density functional
(DF) calculations were performed with the all-electron
full-potential local-orbital (FPLO) code [31, 32]. See the
Supplemental Material for further details.

Figure 1a shows the effect of successive K intercalation
on the low-energy loss function measured by EELS in
transmission, a bulk sensitive probe. The pristine spec-
trum shows a peak at E = 1.2 eV (labeled A), which
corresponds to optical gap excitations. The peaks at
higher energies (B—-D) are due to crystal field and charge-
transfer excitations [11]. K intercalation causes drastic
changes to the electronic structure, in particular, to the
character of the gap. The inset of Fig. la expands the
low-energy region. We observe that with increasing K
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FIG. 1. a) Loss function measured by electron energy loss
spectroscopy for different degrees of potassium intercalation
of a-RuCls starting from the undoped material and reaching
saturation at Ko.sRuCls. Capital letters mark peaks in the
spectrum of the undoped, small letters of the doped material.
(Inset) Magnification of the gap region. b) Schematic repre-
sentation of the one-particle low-energy electronic structure
of undoped and doped a-RuCls. Capital and small letters
correspond to the peak assignments in (a).

content the spectral weight of the original A peak de-
creases and a new peak at lower energies appears (la-
beled a). Finally, at saturation, A completely vanishes.
In order to find a rationale of these observations we show
a schematic picture of the low-energy electronic struc-
ture in Fig. 1b. Near the Fermi energy the electronic
states are dominated by Ru 4d character. In the undoped
case A corresponds to excitations across the Mott gap
(d®d® — d*d®). With doping new d° states are created
inside the gap. The fact that A completely vanishes in
the experiment could be naturally explained by full elec-
tron doping, that is, every Ru®t (4d®) ion is reduced to
Ru?T (4d°) by formation of KRuCls. Then the occupied
d® states would disappear. However, this stoichiometry
is not realized.

Quantitative ~ X-ray photoemission spectroscopy
(XPS), core level EELS, and DFT consistently hint at
a saturated stoichiometry Ko sRuCls (see Supplemental
Material). Further, low-energy electron diffraction
(LEED) shows a hexagonal pattern as in the pristine

sample with modest lattice expansion but without
superstructure (see Supplemental Material for details).
This information allows us to construct a structural
model where the K intercalation takes place between
two adjacent Cl layers and occupies interstitial sites (see
Fig. 2 and Supplemental Material for details). Most
intriguingly, within our DF calculations a ground state
with charge order among the two Ru sites, denoted
Ru(1) and Ru(2) henceforth, is found. This charge
order is not driven by structural symmetry breaking
due to the K intercalation. To show this we relaxed the
same structure, Ko sRuClz(a), but with exchanged Ru
charge and spin states, i.e., starting from the density
and d-occupation data of the respective other Ru
position (see SFig.1). In this way we obtained a slightly
modified geometry, denoted Ko sRuCls(a’) in STab. 1.
The electronic state remained essentially unchanged,
but with Ru(l) and Ru(2) features exchanged. The
total energy of the new solution is only 4 meV per
formula unit higher than that of the previous one. This
means, the slightly different structural environment of
Ru(1) and Ru(2) in Ko sRuCls(a) allows for charge and
spin disproportionation due to the broken structural
symmetry; however, it does not determine which of the
two Ru sites has a hole in the t5, band and which is
non-magnetic. Since the charge order even develops in
the case of Ko 5RuCls(b) (see SFig.1), where originally
both Ru positions are identical, the order is generic for
the considered composition and structural details do not
matter.

The Ru 4d projected densities of states (DOS) of the
isomer from Fig. 2a, b and of prisitine RuCls are pre-
sented in Fig. 2c, d. The calculations support the
schematic picture in Fig. 1b. New states are created
inside the Mott gap by potassium doping. The strik-
ing difference between RuCls and Ky 5RuCls consists in
a splitting of the occupied ¢34 and of the unoccupied e,
bands in the latter case, caused by the charge order. The
empty ta4 sub-band of RuCls can be identified as driv-
ing force of the charge order: Upon doping this band to
half-filling, it is split into an occupied, Ru(1) dominated
and an unoccupied, Ru(2) dominated part. Further, the
observed reduction of the gap size from A = 1.2 €V in
RuCl;3 to a = 0.8 eV in Ky 5sRuCl3 can be understood by
the splitting of the occupied ¢4 band into an upper Ru(1)
sub-band at the Fermi level and a lower Ru(2) sub-band.
The distance of the latter to the first empty, Ru(2) band
is fixed by the U term.

The described situation is summarized in Fig. 2e, f
and explains the complete suppression of A upon half
doping. In the undoped case, the gap is defined by the
Mott excitation d°d® — d*d®. In the doped case, this
transition is blocked, as all d® sites are surrounded by d°
sites. The gap excitation a is now associated with the
charge fluctuation d®d® — d°d®. Features B-D of the
undoped material have been assigned recently to inter-
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FIG. 2. a, b) Proposed structure of Ko sRuCls. The brown frame includes one conventional unit cell (four chemical units). The
conventional b lattice vector is the sum of the indicated primitive lattice vectors a, b. (a) View onto the a — b plane. (b) View
onto the z — z plane with distinct layers of Ru (green), Cl (yellow), and K (violet). Details of this and of another possible isomer,
Ko.5RuCls(b), are given in Supplemental Material. c¢) Densities of states of pristine and d) K doped RuCls with assignement
of the gap feature of related EELS data. The DOS were obtained by means of full relativistics GGA+4U calculations in the
ferro-magnetic state using relaxed structures detailled in the Supplemental Material. Here, both spin channels are added up.
Grey shaded areas highlight lower and upper Hubbard band of the pristine RuCls and how they are inherited to Ko.sRuCls.
e) Honeycomb lattice with d® configuration, corresponding to the undoped case. The Mott excitation is sketched. K; and Ks
denote nearest and next-nearest neighbor Kitaev exchange. f) Real space electronic structure of the fully doped Ko.5s RuCls.

band transitions with strong charge transfer character of
C and D [11] or, alternatively, to d*d® multiplets (A-C)
and charge transfer excitations (D) [33]. While further
work is needed for a unified theoretical description, we
note that the d° initial state concentration still amounts
to 50 % under full doping and, thus, should be present
in the doped spectrum but likewise reduced in intensity
by 50 %. This is indeed observed (see the charge transfer
feature d in comparison to D in Fig. 1).

Further quantitative support for the calculated charge-
ordered ground state is provided by XPS core level spec-
tra of the Ru 3d states, Fig. 3. The Ru 3d line is spin-
orbit split into d5/» and d3/2 components. With dop-
ing a narrow lower-energy peak appears for both com-
ponents. Quantitative analysis of these spectra is com-
plicated and a complete fitting is not possible (see Sup-
plemental Material). However, we modeled the spectral
shape of a high resolution scan of the fully doped sample
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FIG. 3. Ru 3d core level measured by X-ray photoemission
spectroscopy with model description. Inset: Dependence on
K evaporation time.

(Fig. 3, main panel) by five Voigt peaks (two spin—orbit
components for each of the two Ru sites plus one small
charge transfer satellite at the high energy side) and a
standard Shirley background. The intensity ratio of the
spin—orbit components is fixed to 3 : 2 and the Ru?T :
Ru3" ratio to 1: 1. Peak positions and total width have
been allowed to vary freely. This fit results in reasonable
agreement with experiment, which implicitly confirms a
Ko.5sRuCl;3 stoichiometry of the fully doped sample and
the Ru?* : Ru" ratio. The measured energy separation
between Ru?* and Ru®*t of AE = 1.8 eV agrees well with
the corresponding DF value of 1.6eV.

Nominally, K doping of a-RuCl3 to Ky 5 RuCls reduces
Ru(1) from Ru®* (4d®) to Ru?* (4d%), while Ru(2) re-
mains in a (4d®) configuration. However, our Mulliken-
type analysis tells a different story: the charge differ-
ence between Ru(1) and Ru(2) amounts to only 0.15 e
and the K electron is mainly supplied to the Cl ions be-
ing adjacent to the K layer. Almost 50 % of the Ru 4d
electrons form a broad hybrid band with CI 3p states be-
tween —5.5 and —2.0 eV. Reversely, the narrow ¢y, and e,
bands contain an appreachiable weight of Cl 3p between
10 % and 60 %, i.e., they are formed by 4d-3p molecu-
lar states of the appropriate symmetry (see Supplemental
Material for details). Thus, a better description of the
charge-ordered state would be K!'T[RuCl3]°[RuCls]!~,
where [RuCl;]° has one hole in the 4d-3p-to, states and
[RuCl;)'~ has filled 4d-3p-to, states. Note, that each Cl
ion is shared among one Ru(1) and one Ru(2); thus, all
Cl ions carry almost the same charge. For the sake of
brevity, we will further stick to the nominal notation.

Figure 4 presents the valence band photoemission re-
sults. The doped sample shows an additional peak at
low energies (red arrow in Fig. 4a). The original Ru®*

related peak is reduced in intensity and shifts somewhat
to higher energies. A similar spectral shape was obtained
by Rb intercalation, although without any peak shift [30].
A similar spectral evolution upon alkali metal doping of
the d' Mott-insulator TiOCI has been explained previ-
ously by the electrostatic potential of the K ions, which
effectively localize the doped electron at the closest Ti
site [34]. In the present case, at variance, the charge or-
der develops out of a rather homogeneously distributed
charge supplied by the K ions to the CI layers.

With increasing evaporation time the principal shape
of the low-energy region does not change anymore (see
the Supplemental Material). For better comparison of
the DF calculations with experiment we have stretched
the energy axis by a renormalization factor of 1.25 and
shifted the energy by 0.5 eV within the gap. Such fac-
tors are often encountered when comparing photoemis-
sion data to DF calculations, especially when the screen-
ing is bad [11].

Figure 4b shows the angle dependence of the valence
band for the doped sample. The CI 3p related region
shows clear dispersion, similar to the undoped sample
[11]. This excludes strong surface deterioration by the
intercalation process. The Ru 4d bands, on the other
hand, do not show any dispersion, in agreement with
previous results for Rb doping [30], although a small but
finite dispersion is present for the undoped material [11].
Within the charge disproportionation scheme this is read-
ily understood: the Ru?* are too far apart in the doped
sample to maintain a visible dispersion and so are the
newly formed Ru?t. The CI network is homogeneously
doped and retains its dispersion.

The charge ordered ground state found in the DF cal-
culations is consistent with EELS, valence band and core
level photoemission data. It is depcited in Fig. 2f. Other
examples of charge order in half doped Mott insulators
are manganites, where the order is of checkerboard type
[35, 36]. Geometric frustration is present in magnetite
(Fe3O4) and causes a complicated charge pattern below
the Verwey transition [37]. Transition metal dichalco-
genides with similar crystal lattices tend to form charge
density waves [38]. The observed real charge difference
in charge ordered systems is always much smaller than
one due to the large electrostatic energy cost. Here, our
DFT calculation yields a charge difference between Ru(1)
and Ru(2) of only 0.15 e. Nevertheless, the local spin
and orbital magnetic moments are distinctly different:
ms = 0.05up, m; = 0.11up for Ru(l), my = 0.73up,
my; = 0.79up for Ru(2). This means, the charge order
causes a difference of one order of magnitude between
the magnetic moments of the two Ru sites. The charge
order develops due to the combination of two facts: (i)
the number of electrons which are available for the 4d-3p-
tog states of each a-RuCls entity is not integer and (ii)
a metallic state that would allow to distribute the extra
charge equally among both Ru sites is prevented by the
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FIG. 4. Valence band photoemission results. a) Comparison of undoped and electron doped a-RuCls. The arrow marks the
new, Ru®" (d°) related peak and the dotted lines highlights the Ru®* states in the doped/undoped sample, respectively. Lower
part: Ru 4d partial density of states obtained by density functional theory. A stretching factor of 1.25 has been applied to the
energy axis of the theory. b) angle dependence of the doped valence band and low-energy region.

very small dispersion of the bands in the vicinity of the
Fermi level. Reduction of U decreases the gap until it
is closed below U =1 eV, J = 0.2 eV. Concomitantly,
the charge order disappears and magnetic moments of
comparable size develop at the two Ru positions.

K intercalation offers a possibility to manipulate the
charge and spin pattern of the honeycomb lattice in a
controlled fashion. This is especially relevant because
these patterns appear independently of the potassium
lattice. The effect could be useful to study fundamen-
tal properties and to create qualitatively new magnetic
groundstates. In particular, the zigzag antiferromagnetic
order of the parent compound will disappear. The re-
maining effective triangular d® lattice for Ky sRuCls is
geometrically frustrated. Model calculations are needed
to elucidate the magnetic groundstate. As the dominat-
ing nearest-neighbor Kitaev exchange term vanishes the
prominent background seen in INS [3] and Raman [4]
should decrease. Also the spin wave spectrum should
vanish or, in case an alternative order is established,
look different. The suppresion of nearest neighbor Ki-
taev interactions might allow quantification of higher or-
der terms, which is a prerequisite for a complete theoret-
ical understanding of the QSL in a-RuCls. In practice,
the process of intercalation modifies bond lengths and,
hence, the exchange parameters, which has to be taken
into account for a quantitative description. But even on a
qualitative level the originally homogeneous honeycomb
lattice of a-RuCls decomposes into two triangular lat-
tices of d® and d° character which may host new magnetic
groundstates [15, 27]. Recently, in a different approach,
the Ru honeycomb lattice has been diluted by Ir sub-
stitution, which quickly obstructs the antiferromagnetic
order [39].

In summary, we have investigated the electronic struc-
ture of potassium intercalated a-RuCls. EELS, PES,
and DFT show consistently and independently a stable

Kq.5sRuCl;3 stoichiometry in which a charge dispropor-
tionation into Ru?* and Ru3T takes place. The charge
order is accompanied by almost complete quenching of
the magnetic moment at every alternate Ru site. This
type of combined charge and spin disproportionation on
a honeycomb lattice is difficult to achieve otherwise. In
principle, double perovskites may have some potential in
this direction, but Ky 5sRuCls has the advantage of chem-
ical simplicity. The resulting peculiar state could offer a
valuable platform for the investigation of the Kitaev ex-
change including higher-order interactions and frustrated
magnetism in general.
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