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ARTICLE

Orbital-selective metal skin induced by alkali-
metal-dosing Mott-insulating Ca2RuO4

Masafumi Horio 1,2✉, Filomena Forte 3,4✉, Denys Sutter 2, Minjae Kim5,6,7, Claudia G. Fatuzzo2,

Christian E. Matt 2, Simon Moser8,9,10, Tetsuya Wada1, Veronica Granata4, Rosalba Fittipaldi 3,4,

Yasmine Sassa11, Gianmarco Gatti 12,13, Henrik M. Rønnow 12, Moritz Hoesch 14,15, Timur K. Kim 14,

Chris Jozwiak 8, Aaron Bostwick 8, Eli Rotenberg 8, Iwao Matsuda1, Antoine Georges 5,6,13,16,

Giorgio Sangiovanni 10,17, Antonio Vecchione 3,4, Mario Cuoco 3,4 & Johan Chang 2

Doped Mott insulators are the starting point for interesting physics such as high temperature

superconductivity and quantum spin liquids. For multi-band Mott insulators, orbital selective

ground states have been envisioned. However, orbital selective metals and Mott insulators

have been difficult to realize experimentally. Here we demonstrate by photoemission spec-

troscopy how Ca2RuO4, upon alkali-metal surface doping, develops a single-band metal skin.

Our dynamical mean field theory calculations reveal that homogeneous electron doping of

Ca2RuO4 results in a multi-band metal. All together, our results provide evidence for an

orbital-selective Mott insulator breakdown, which is unachievable via simple electron doping.

Supported by a cluster model and cluster perturbation theory calculations, we demonstrate a

type of skin metal-insulator transition induced by surface dopants that orbital-selectively

hybridize with the bulk Mott state and in turn produce coherent in-gap states.
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Interface metallicity paves the way for two-dimensional fer-
mionic gasses with interesting properties such as
superconductivity1–3. Insulators are building blocks for such

interfaces. Upon doping (charge transfer), two-dimensional metals
can occur at the interface between two insulators like LaAlO3 and
SrTiO3

4,5 or at the insulator-vacuum interface like the surface of
SrTiO3

6,7. Such metallic states confined at interfaces are broadly
dubbed quantum well states. This term is used irrespectively of
insulating nature (band or Mott insulators). For many spectro-
scopies, insulator–vacuum interfaces are interesting as they are
directly accessible in contrast to buried8 insulator-insulator quan-
tum wells. Doping of insulator–vacuum interfaces are often
achieved by dosing with alkali metal atoms9–13. Electrons from the
alkali-metal layer can form a quantum-well state confined by
vacuum and the band gap of the substrate. When the substrate
band gap is sufficiently large, the metallic state can be strictly
confined inside the alkali-metal overlayer11. On the other hand,
with significant energy and momentum overlap, the quantum well
state will hybridize with the substrate and form a hybrid state10,12.
In this context, particularly interesting is the case of Mott insulators
as a substrate. In contrast to the rigid band gap of band insulators, a
Mott gap is maintained by a delicate balance between kinetic
energy and electron correlation14. This in turn suggests that the
interaction between the alkali metal and the electronic states of the
Mott insulator could trigger the breakdown of the Mott state at the
surface, leaving a hybrid quantum-well state.

Here we demonstrate—using photoemission spectroscopy—
that alkali add-on atoms on Mott insulating Ca2RuO4 generates
such a hybrid quantum well state. Independent of the chosen
alkali-metal element (K, Rb, Cs), we observe a depletion of the
lower-Hubbard-band (LHB) spectral weight and an evolution of
the Ru core-level states as a function of doping, which are typical
manifestations of a Mott breakdown15–17. Eventually, a single-
band metal emerges as a result of the interaction between the
alkali-metal dopants and the Ca2RuO4 substrate. Our work
reveals a type of orbital-selective surface metal-insulator transi-
tion induced through in-gap state formation generated by orbital
hybridization between surface dopants and the Mott insulating
substrate (schematically illustrated in Fig. 1).

Results
Electronic-structure evolution by alkali-metal dosing. Rb 4p
core level spectroscopy and electronic band structure of Ca2RuO4

single crystals as a function of alkali-metal deposition are shown
in Fig. 2a and b, respectively. Angle-resolved photoemission

spectroscopy (ARPES) spectra are recorded along the Γ–M
direction. Before alkali-metal deposition, the electronic structure
—shown in Fig. 2b, left panel – is consistent with previous
reports15,18. Around the Brillouin zone center, dispersive bands
(2.5–0.5 eV) are observed and the non-dispersive LHB is located
about ~ 1.7 eV below the Fermi level (EF). Previously, the dis-
persive bands have been assigned predominately to the dxy orbital
and the LHB to the dxz/dyz orbitals15,18,19. Upon dosing Rb, the
whole structure is shifted downwards [Fig. 2b] and a Rb 4p core
level peak develops [Fig. 2a]. By further dosing Rb, an in-gap state
with an electron-like dispersion evolves from its band bottom.
Whereas the low-energy spectral weight is initially negligible, the
band extends with the increase of the Rb amount and finally
produces finite spectral weight at EF (See Supplementary Fig. 1).
These changes occur qualitatively in the same manner irrespective
of the choice of alkali-metal dopants—see Fig. 2c, d for the case of
K and Cs dosing.

Surface Mott breakdown in Ca2RuO4. Momentum-integrated
energy distribution curves (EDCs) are plotted in Fig. 3a. Besides Ru
4d-derived states including LHB, O 2p states are identified at
~3.2 eV below EF18. Upon Rb dosing, the O 2p peak moves to higher
binding energy until the shift saturates at ~0.3 eV, followed by a
slight shift backward. While Ru ions could change their valency
when doped with electrons, oxygen ions should remain chemically
unperturbed. The O 2p peak position thus serves as a measure of the
chemical-potential shift as demonstrated by previous studies of
oxide materials16,20. In Fig. 3b, we align the O 2p peak position to
compensate for the chemical-potential shift and unravel, in this
fashion the intrinsic lower-energy structures. The total spectral
intensities, within the displayed energy window, are normalized to
eliminate attenuation effects from the Rb overlayer. After these data
treatments, a prominent decay of LHB intensity (magenta-shaded
region) is observed concomitantly with the growth of near-EF
spectral weight (green-shaded region)—see Fig. 3c. In contrast to
the drastic changes in the spectral weight, the position of the LHB is
essentially independent of alkali dosing [Fig. 3d]. This suggests that
the size of the Mott gap is unaffected by alkali-metal dosing even
though the chemical potential moves inside the gap. Instead of the
shrinkage of the gap size, the collapse of the Mott gap is driven by
the spectral-weight loss in the Hubbard bands.

Core-level structure. The Ru 3d core levels, probed by x-ray
photoemission spectroscopy (XPS), provide insights into the
dosing-induced metallic surface state. In Mott insulating
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Fig. 1 Mott-insulator re-metallization schemes of Ca2RuO4. a Schematic representation of the Ca2RuO4 band-Mott insulating structure45. LHB and UHB
denote the lower and upper Hubbard bands, respectively. In the short c-axis phase, the dxy band is fully occupied whereas the half-filled dxz/dyz orbitals are
Mott insulating forming LHB and UHB. b Homogeneous bulk doping, and chemical or applied pressure are expected to generate a multi-band metal that
involves all the t2g orbitals. c Impurity electron doping, from surface alkali-metal deposition, turns out to generate in-gap states through hybridization with
the Mott insulating dxz/dyz orbitals. The in-gap states emerge in conjunction with partial spectral weight suppression of the Hubbard bands (indicated by
dashed gray lines). d Re-metallization upon crossing a certain threshold of impurity doping level. Due to the orbital-selective hybridization between surface
dopants and the high-energy incoherent excitations, a single-band metal is formed.

ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01436-1

2 COMMUNICATIONS PHYSICS |           (2023) 6:323 | https://doi.org/10.1038/s42005-023-01436-1 | www.nature.com/commsphys

www.nature.com/commsphys


Ca2RuO4 and Y2Ru2O7, the Ru 3d peak is composed of a single
set of spin-orbit-split peaks (3d5/2 and 3d3/2) as shown in Fig. 4a,
b. Isovalent Bi substitution for Y17 drives a band-width-controlled
Mott transition, and the resulting metallic state of Bi2Ru2O7

yields splittings within the 3d5/2 and 3d3/2 levels [Fig. 4b]. It has
been proposed that the low-energy peak stems from a final state
where core holes are screened by conduction electrons17. Upon

Cs dosing of Ca2RuO4, a very similar splitting of the core levels is
observed [Fig. 4a]—suggesting the emergence of conduction
electrons with Ru character.

Surface metallic state. Having tracked in detail the evolution of
the electronic structure by alkali-metal dosing, we now focus on the
character of the created metallic state. To embed the momentum-

dxy

dxy dxy

Fig. 2 Surface electronic structure evolution of Ca2RuO4 by alkali-metal dosing. a, b Rb 4p energy distribution curves (EDCs) and valence-band energy
distribution maps (EDMs), respectively, recorded at the temperature of T= 150 K with dosing Rb in incremental steps. p-polarized 125-eV incident light is
used. The momentum cut is indicated in the inset of the leftmost panel. The color bar quantifies photoemission intensity. c, d EDMs recorded with dosing K
and Cs using p-polarized light of hν= 31 and 107 eV, respectively. Similar changes as the Rb case are observed.
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Fig. 3 Surface Mott breakdown in Ca2RuO4. aValence-band energy distribution curves (EDCs) versus energy relative to EF plotted in the order of Rb deposition
levels. Spectra are given arbitrary vertical offsets for a visibility purpose. The inset indicates the momentum window for integration. b Valence band EDCs aligned
to the O 2p peak position and normalized to the total intensity in the displayed energy region. c Spectral weight of the lower Hubbard band (LHB) and the near-EF
part integrated within the magenta and green shaded regions, respectively, in (b). The LHB spectral weight is estimated after subtracting a tangential linear
background shown by dotted lines in (b). The weight has been normalized to the maximum values. d The position of LHB with respect to the O 2p peak position
plotted as a function of the Rb deposition sequence. The error bar is determined from intensity variation around the peak surpassing the noise level.
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resolved photoemission signal into the Brillouin zone of Ca2RuO4,
we use the constant-energy map intersecting oxygen bands18—see
Fig. 5a. Then, Fermi surface after metallization is mapped out in the
same momentum regions. The resulting map [Fig. 5b] reveals
circular Fermi surfaces in accordance with the tetragonal Brillouin
zone. The bulk crystal structure of Ca2RuO4 is orthorhombic.
Numerous ARPES studies have accumulated evidence that the
potential of orthorhombic distortion is strong enough to cause
band folding21–25. The absence of band folding suggests that the
metallic surface state is not strictly confined in the Ca2RuO4 crystal.
The spectral intensity of the electron-like band composing the
Fermi surface depends strongly on incident light polarization
[Fig. 5c–e] and is suppressed with s-polarized light. In contrast, the

band is visible with p-polarized light irrespective of the azimuthal
angle of the mirror plane [see also Fig. 2b, c]. The band therefore
possesses in-plane even character. As shown in Fig. 5f, the metallic
band exhibits a kink (sudden change of band velocity) at ~ 0.4 eV
below EF (see also Supplementary Fig. 2 for detailed analysis). This
is also evidenced by a saturation of the momentum distribution
curve (MDC) linewidth [Fig. 5g].

Discussion
Our main observation is a metallization of Ca2RuO4 upon
application of alkali-metal atoms. A central question is whether
this quantum well state is a hybrid state between alkali metals and
Ca2RuO4. We address this question by inspecting: (i) the spectral

17

Fig. 4 Evolution of core levels. a Ru 3d spectra of Ca2RuO4 measured by x-ray photoemission spectroscopy (XPS) before and after dosing Cs at 300 K.
b Ru 3d XPS spectra of Mott-insulating Y2Ru2O7 and metallic Bi2Ru2O7 from ref. 17 with the binding energy aligned to that of Ca2RuO4.
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Fig. 5 Metallic surface state of alkali-metal dosed Ca2RuO4. a Constant-energy map of pristine Ca2RuO4 at E= EF− 5.1 eV recorded with hν= 90 eV, p-
polarized photons at the temperature of T= 150 K. The oxygen bands draw a periodic structure. Overlaid gray solid and dashed squares represent Brillouin
zones in the tetragonal and orthorhombic notations, respectively. b Fermi surface after K dosing for 10min at 6.5 A. The color bar quantifies photoemission
intensity. c–e Energy distribution maps (EDMs) recorded with circular, p, and s polarization, respectively, along the cut indicated in (b). The band becomes
indiscernible when measured with s-polarized light. f EDM of the K-dosed state [identical to K-3 in Fig. 2c] overlaid with momentum-distribution-curve
(MDC) peak positions, recorded with hν= 31 eV, p-polarized photons along the cut shown in the inset. g MDC full width at half maximum averaged over
the two branches. The dashed curve indicates the low-energy dependence to guide the eye. Kinks in the MDC peak position and width are indicated by
arrows. Error bars are based on the standard deviation of the fitting.
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weight of the LHB, (ii) the Ru-core levels, and (iii) the self-energy
effects of the induced quantum well state.

(i) Mono-, bi-, and tri-layer alkali-metal deposition have been
reported9,26 on Sr2IrO4 and Sr2RuO4. Due to the large inelastic
mean free path of alkali metals27, bulk bands are observed through
the alkali-metal layers in both cases. The observation of drastic
LHB suppression (Fig. 3) is thus intrinsic and not an artifact of an
alkali-metal overlayer. With few exceptions28, spectral weight
suppression of the Hubbard bands is associated with quasi-particle
formation near the chemical potential16,29. This is consistent with
our observation of a fading Hubbard band being replaced by a
valence band as a function of alkali-metal dosing.

(ii) Also the Ru core level [Fig. 4a] is modified by alkali-metal
deposition. The simplest possibility of lower-energy satellite in the
Ru 3d peak is a Ru3+ component created by doping Ru4+ with an
electron. However, the intense low-energy peak translates into
more than 0.6 electrons doped per Ru atom. This value is unrea-
listic as previous alkali-metal adsorption studies on oxides found at
most ~0.15 electrons doped per atom9,13,16,26. Instead, such
an intense low-energy satellite peak, which appears upon metalli-
zation of Mott insulators like cuprates30,31 and ruthenates17,32, has
been associated with a final state where core holes are efficiently
screened by conduction electrons. The change induced by alkali-
metal dosing [Fig. 4a] thus suggests the emergence of itinerant
electrons with, at least partially, the Ru 3d character. We note that
the linewidth of other core levels such as Ca 3p is essentially
insensitive to dosing of alkali atoms [see Supplementary Fig. 3]
suggesting that the Ru 3d transformation is intrinsic.

(iii) Finally, the kink witnessed both in the band dispersion
[Fig. 5f] and MDC linewidth [Fig. 5g] of the metallic band sug-
gests strong self-energy effects. The energy scale of 0.4 eV is
incompatible with electron-phonon interactions and rather points
to electron-electron interactions. In fact, such high-energy kinks
have been widely observed in strongly correlated systems like
cuprates33,34 and ruthenates35, and interpreted as a manifestation
of many-body self-energy effects. The kink, therefore, suggests
substantial electron correlations induced by substrate Ru orbitals.
Such correlation effects are not expected (or reported) for a
purely alkali-metal quantum-well states11.

Based on observations (i)–(iii), we conclude that the induced
metallic state involves an interaction between alkali-metal atoms
and Ca2RuO4.

So far, bulk electron doping of Ca2RuO4 has been achieved
only by substituting La or Pr for Ca36–38. This substitution
inevitably involves chemical pressure. As a similar metal-insulator
transition is observed with isovalent Sr substitutions39, chemical
pressure rather than doping is most likely the metallization
mechanism of La/Pr doping. In all cases, the resulting metallic
state comprises multiple Fermi surfaces—composed of almost
evenly filled dxz, dyz, and dxy orbitals15,24. These electronic
structures are realistically captured by dynamical mean-fied the-
ory (DMFT) calculations, which take into account both electronic
structure and strong correlations (self-energy) effects15,24. In the
present surface-dosed case, it is unclear whether the transition
involves c-axis changes. We therefore performed DMFT calcu-
lations for the short c-axis phase to evaluate genuine electron-
doping effects. As shown in Supplementary Fig. 4, electron
doping again leads to the formation of multiple Fermi surface
sheets (see also Supplementary Note 1). This demonstrates that
alkali metal dosing does not correspond to the standard theore-
tical description of homogeneous electron doping [Fig. 1b]. Sur-
face re-metallization due to Coulomb screening is also expected
to yield a multiband metal.

Inspection of the initial stage of the band-structure evolution
by alkali-metal dosing [Fig. 2b–d] indicates no detectable spectral
weight accumulation at EF. This is in direct contrast to electron

doping of Mott insulating cuprates16,40, and is an indication that
the charge transfer of the alkali valence electrons to the upper
Hubbard band (UHB) is not complete. This result suggests a
covalent nature of bonding with partial charge transfer to the Ru
bands. Alkali-metal s electrons are thus not directly injected into
the UHB. Instead, they reside on localized impurity states with
pinned chemical potential within the gapped region. Such
impurity states can hybridize with the Ru d orbitals provided
sufficient spacial overlap and symmetry compatibility. Linear
combination of dxz and dyz orbitals (with even parity) is the most
obvious candidate for such hybridization. The formation of
interfacial bonding states between surface-dosed alkali-metal s
and transition-metal d orbitals has been frequent observation in
previous photoemission studies12,41–44.

We therefore evaluated the orbital-dependent spectral function
via exact diagonalization of a cluster made of one Ru site and one
impurity level. The model consists of the local interaction terms at
the Ru and the impurity sites, and the kinetic term t among the dxz/
dyz and the impurity orbitals. The following choices are made for
the parameters: U= 2 eV, J= 0.5 eV, ΔCF= 0.3 eV, λ= 0.075 eV,
UI= 1 eV18,45,46, where U is the Coulomb interaction between Ru
4d electrons, J is the Hund’s coupling, ΔCF is crystal-field splitting
within the t2g sector, λ is spin-orbit coupling, and UI is the Cou-
lomb interaction within the impurity level. We assume that the
impurity level lies close to the bottom of the UHB and we mimic
the increase of the doping concentration by increasing the para-
meter t, allowing more hybridization between the Ru dxz/dyz and
impurity level. As shown in Fig. 6a, b, the initial change with small t
is the shift of chemical potential to accommodate the impurity
level. Upon increasing hybridization, the spectral weight of the dxz/
dyz LHB located at E ~ EF− 2 eV is significantly suppressed and
instead a new state with a mixed character of Ru dxz/dyz and
impurity s appears near EF [Fig. 6c]. Further increase of t results in
accumulating the spectral weight of this bonding state [Fig. 6d].
The overall changes are in good agreement with the experiment.
We can provide a qualitative interpretation of the cluster calcula-
tions by analyzing the multiplet eigenstates and electronic transi-
tions for the Ru and the alkali impurity state at the ionic level. A
detailed analysis is reported in Supplementary Figs. 5, 6, Supple-
mentary Notes 2 and 3. The ground state is built up as a quantum
superposition of local d; sj i configurations with a fully occupied dxy
orbital, due to the extreme flattening of the Ru-O octahedra.
Assuming a selective hybridization among the s level and dxz/dyz
doublet, this superposition involves d4; s1

�
�

�

and d5; s
�
�

�

states. Thus,
two spectral features can be obtained via the removal of one elec-
tron from the dxz/dyz doublet, which arise from an electronic
transition to the d3 s1

�
�

�

and d4; s
�
�

�

state, respectively. While the
former contributes to the weight of the LHB, the latter corresponds
to the in-gap states and is expected to increase its spectral weight as
the deposition sequence goes on.

The effects of such orbital-selective hybridization mechanism
on the extended system are schematized in Fig. 1d. Here we show
that the Mott breakdown takes place due to the progressive
depletion of the dxz/dyz LHB and consequent filling of the in gap
impurity-driven states. It is worthwhile to notice that such
mechanism has side effects also on the dxy band through Hund’s
coupling. Due to the covalent nature of the ground state, the
spectral weight associated to the dxy removal states spreads out
between several allowed electronic transitions at slightly higher
binding energies (See Supplementary Figs. 5, 6, and Supplemen-
tary Note 3 for details), depleting the dxy spectral weight in the
low energy state (Fig. 6c) as seen experimentally (Fig. 2). After
sufficient dosing (Rb-8 in Fig. 2), ARPES reveals broad spectral
weight around the binding energy of 0.5–1 eV, spreading over a
wide momentum range. Referring to the theoretical prediction
(Fig. 6d), this electronic state is likely of dxy origin.
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Finally, we notice that the orbital-selective hybridization can
naturally lead to the formation of a single-sheet Fermi surface
that is not reproduced by the homogeneous doping picture. The
symmetry analysis of the metallic state (Fig. 5) is also compatible
with the in-plane even character of the bonding state. To further
explore compatibility with the observation of a single Fermi
surface sheet with free-electron-like dispersion, we combined the
cluster calculation with cluster perturbation theory (CPT). The
latter uses exact diagonalization of small clusters to construct a
strong-coupling perturbation theory for the lattice problem47 (see
Supplementary Note 4). Even though this approach represents a
simplification of the complex physics characterizing the large
dopant regime, it allows to determine the Fermi surfaces to be
compared to our experimental results. In particular, we are
interested in the evolution with the alkali-metal content of the
low-energy features corresponding to the in-gap states. In the
atomic regime, as demonstrated in the cluster calculation, the in-
gap localized states are mainly made of s- and dxz/dyz states with a
relative charge distribution dictated by the hybridization and the
multiplet configurations at the Ru sites. These localized states can
overlap along the Ru-O-Ru bond directions. In order to under-
stand the formation of the Fermi pocket as due to the hybridi-
zation of the s-states with the Ru d-bands, it is particularly
instructive to consider the limit with no direct overlap between
the s-states. In this case, the effective mass of the s-state is due to
the hybridization through the mixing with the Ru d-states across
the Mott gap. As shown in Fig. 7a, b, we observe that the impurity
level acquires an effective mass with a dispersion that sub-
stantially follows that of the dxz/dyz bands, due to the local
hybridization. Since the dxz and dyz states have a quasi 1D elec-
tronic dispersion of the type coskx and cosky, respectively, elec-
trons in the s-state can propagate both along the x and y
directions in the lattice. As a consequence of the orbital hybri-
dization, the effective acquired dispersion of the s-state will have
the following general structure ϵsðkx; kyÞ ¼ �2~tðcos kx þ cos kyÞ.
Here, due to the correlated nature of the hosting electronic states,
the effective hopping amplitude ~t depends on the Coulomb
interaction and the spin-orbit coupling at the Ru site as well as on
the electron density of the impurity level. Taking into account the
form ϵs(kx, ky) of the dispersion close to the Fermi energy, the
resulting Fermi pocket is isotropic as shown in Fig. 7c, d. Due to
the hybridization among the impurity s- and the Ru dxz/dyz states,
the emerging Fermi pocket for the s-state has also a non-
vanishing spectral weight projected on the dxz and dyz orbital
configurations. The displayed Fermi surface for the concomitant
projection on both dxz and dyz [Fig. 7c] thus has the same profile
as that for the s-states, even though the projection on the single

orbital configuration (dxz or dyz) would yield a Fermi line that is
anisotropic and reflects the dominant 1D like character of the dxz
and dyz bands. This result is confirming that our orbital selective
model supports the formation of a single-sheet isotropic Fermi
pocket.

The analysis has been performed for a representative case for
the set of parameters used for the single site cluster calculation.
Small variations do not affect the qualitative character of the
Fermi pocket. The overall outcome is compatible with our
experimental observation. We conclude that this scenario pro-
vides a novel type of surface Mott-insulator to metal transition
realized through chemical doping. Note that a metallic in-gap
state can also emerge by directly injecting carriers to the Hubbard
bands16,48. However, the present single-band in-gap state is
incompatible with such direct carrier doping and instead suggests
the orbital-selective formation of covalent bonds.

Due to the reduced coordination at surfaces, correlated systems
have the opposite tendency, namely that of spontaneously
forming a skin with suppressed conductivity. This has been
observed and discussed in various oxides such as vanadates49–51,
cuprates30, and ruthenates52,53. The present work demonstrates
the opposite case where dosed alkali metals increase surface
hopping channels and produces a metallic skin on the Ca2RuO4

Mott insulating state. Although the multiband Mott insulating
state of Ca2RuO4 is rather unique in nature, similar physics could
be realized in other systems. Typical ingredients would be quasi-
two-dimensional materials with Mott bands composed of inter-
layer directed orbitals (pz, dz or dxz) and moderate electron cor-
relation. These criteria are uniquely satisfied in Ca2RuO4. The
Mott bands have predominately 4dxz/yz character and the mod-
erate correlation strength makes hybridization with deposited
alkali-metal electrons possible.

Methods
Sample preparation and photoemission experiments. High-
quality Ca2RuO4 single crystals were grown by the flux-feeding
floating-zone method54,55. ARPES measurements were carried
out at the MAESTRO and I05 beamlines at Advanced Light
Source and Diamond Light Source, respectively, at 150 K in the
insulating short c-axis phase. Photon energy was varied in the
range of 30–130 eV with energy resolution better than 50 meV.
Presented ARPES data are recorded either using s-, p-, or circu-
larly polarized light, with s and p denoting odd and even parity
with respect to the photoemission mirror plane, respectively. XPS
measurements were conducted at BL07LSU of SPring-8 at 300 K
and 500 eV of incident photon energy. Samples #1–#3 and #5
were measured with ARPES and sample #4 with XPS. For all the

Ru ion

dxy

dxz /dyz

Impurity level

t = 0.01 eV t = 0.1 eV t = 0.2 eV

Rb-0 Rb-3 Rb-6 Rb-8

a b c d

Fig. 6 Cluster analysis of Ca2RuO4 interacting with an alkali-metal impurity level. a–d Spectral function calculated for Ru ion, t= 0.01 eV, t= 0.1 eV, and
t= 0.2 eV, respectively, where t represents the hybridization term. Superimposed are energy distribution maps from Fig. 2b with Rb deposition sequences
as indicated. The color bar quantifies photoemission intensity.
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photoemission measurements, samples were cleaved in situ using
the top-post method. SAES Getter dispensers were used to eva-
porate K, Rb, or Cs onto the Ca2RuO4 surface in incremental
steps. Unless otherwise stated, one dose corresponds to eva-
poration of K, Rb, and Cs for respectively 40, 30, and 30 s with a
filament current of 6.6, 6.4, and 8.3 Ampere. Note that Cs dosing
for the ARPES and XPS measurements were done at different
instruments and hence the dose unit is not exactly equivalent. No
detectable charging was observed when varying the photon flux as
long as the temperature was kept above 150 K. The tetragonal
notation with a= 3.80 Å is used to display ARPES data.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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