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Moiré-resonant surface state in ultrathin RuO2(110)
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RuO2 has emerged as a prototypical candidate for altermagnetism. In the face of daunting evidence for
magnetic order in the bulk, the focus naturally shifted to surfaces and ultrathin films, where Coulomb interactions
are dimensionally quenched and electron correlations strongly enhanced. Here, we examine atomically ordered,
ultrathin RuO2(110) grown on Ru(0001) using a combination of scanning tunneling microscopy (STM), density
functional theory, and density matrix renormalization group methods. We observe a nonmagnetic charge order
that is imprinted by the incommensurate moiré stacking with the substrate and enhanced by the electronic
Fermi-surface scattering within the flat-band surface state. We further identify a nonmagnetic, metastable
c(2 × 2) surface reconstruction that arises from surface phonon softening and can be toggled reversibly via
STM tip manipulation. Spin-polarized STM measurements, however, reveal no evidence of magnetic order on
the RuO2(110) surface. Our findings of a nonmagnetic charge modulation position ultrathin RuO2(110) as an
intriguing platform for exploring moiré-assisted electronic orders.

DOI: 10.1103/cvqr-4wkd

The binary oxide RuO2 has emerged as a material of mul-
tifold significance, drawing attention for both its exceptional
catalytic properties and its proposed role as a functional Dirac
semimetal with allegedly unconventional magnetic behavior
[1–4]. Historically valued for its performance in electrochem-
ical water splitting and its stability as a contact material
[1,5,6], RuO2 has more recently been identified as a potential
prototype of altermagnetism—a novel magnetic phase where
the presence of alternating magnetic moments within the unit
cell combined with the absence of an antiunitary symmetry
enables spin-split magnon excitations and thus hybridizes
characteristics of conventional ferro- and antiferromagnets
[7,8].

Although several experimental studies have reported find-
ings not inconsistent with an altermagnetic interpretation
[4,9–12], the existence of intrinsic magnetism in stoichio-
metric RuO2 remains highly contested. Theoretical work has
suggested that strong Fermi-surface nesting in RuO2 could
drive spin-density wave instabilities [2,13–16], and early
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neutron and resonant x-ray scattering studies appeared to
support collinear magnetic order [17–19]. Recent and more
sensitive muon spin rotation and neutron scattering measure-
ments, however, have excluded the presence of long-range
magnetic order or sizable local moments in both bulk and
thin film samples [20–22]. Moreover, transport anomalies
initially attributed to an anomalous Hall effect [4,9] can
now be reconciled from nonmagnetic mechanisms [23,24],
while purported time-reversal symmetry breaking in the
band structure [25] has been challenged by the absence of
measurable spin splitting [26]. Numerous additional studies
have raised further skepticism about altermagnetism in bulk
RuO2 [27–30].

As a result, recent theoretical efforts have increasingly
focused on ultrathin films and surface-specific magnetic phe-
nomena, with particular attention to the thermodynamically
stable RuO2(110) surface. This is because the associated
dimensionality reduction, combined with an expected break-
down of the Fermi liquid paradigm due to enhanced electron
correlations [31], has been promoted as a possible mechanism
for surface magnetic instabilities [32–35].

In this context, spin-polarized scanning tunneling mi-
croscopy and spectroscopy (SP-STM/STS) have been pro-
posed as powerful tools to probe emergent surface magnetism
with atomic-scale resolution [35–37]. However, such spin-
sensitive, atomically resolved measurements have remained
experimentally challenging. A key limitation has been the
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FIG. 1. Surface characterization of the stoichiometric RuO2(110) thin film grown on Ru(0001): (a) Room-temperature LEED measurement
(EKin = 80 eV) of a large single domain of RuO2(110); the surface Brillouin zone is indicated in black. (b) STM constant current topography
map showing an extended RuO2(110) terrace (IT = 500 pA, Vbias = 5 mV). (c) Magnified view of panel (b) overlaid with the ball-and-stick
model of the unreconstructed stoichiometric RuO2(110), exposing [001]-oriented Ru−Obr chains separated by rows of undercoordinated Rucus

[1]. Oxygen atoms are marked in purple and ruthenium atoms in gray. (d) ARPES Fermi-surface map from a single domain, measured at the
MAESTRO beamline of the Advanced Light Source with 69 eV p-polarized photons at <3 × 10−10 mbar and 40 K.

absence of high-quality, atomically ordered RuO2(110) sur-
faces: Despite yielding high-quality bulk films, conventional
epitaxial methods—including magnetron sputtering, molecu-
lar beam epitaxy, and pulsed laser deposition—often fall short
of achieving the defect-free surface order required for large-
scale STM/STS [38]. A well-established alternative involves
the controlled oxidation and reactive segregation of RuO2 on
single-crystalline Ru(0001), producing ultrathin, stoichiomet-
ric RuO2(110) films with excellent atomic order and minimal
defect density [1,39]. This approach offers two key advan-
tages: (1) It enables high-resolution STM/STS measurements
that resolve the local electronic structure of the RuO2(110)
surface and (2) self-passivation restricts RuO2 to thicknesses
where correlation effects are expected to be most pronounced,
potentially giving rise to emergent electronic or spin instabil-
ities.

Our results reveal surface-terminating chains of Ru and
O that host a nested, quasi-one-dimensional flat-band sur-
face state (FBSS), characterized by a local density of states
(LDOS) peak near the Fermi energy—consistent with prior
angle-resolved photoemission spectroscopy (ARPES) obser-
vations on bulk-truncated RuO2(110) [3,14,15,40]. This FBSS
is modulated by a moiré potential originating from the under-
lying ruthenium substrate, the strength of which can be tuned
by varying the RuO2 film thickness.

The moiré potential induces a surface charge modulation
that resonates with Fermi-surface nesting of the FBSS, with-
out evidence for a corresponding spin modulation: Within
its limits, spin-polarized STM reveals no magnetic contrast,
consistent with our Density Matrix Renormalization Group
(DMRG) calculations. Additionally, we identify a metastable,
previously unreported c(2 × 2) surface reconstruction that can
be reversibly toggled using the STM tip and originates from
a structural relaxation, as corroborated by density functional
theory (DFT). Together, these findings reveal intriguing com-
plex structural and electronic phenomena on the RuO2(110)

surface yet argue against its propensity toward magnetic in-
stabilities.

I. FERMI SURFACE NESTING IN RuO2(110)

The C3v symmetry of the Ru(0001) substrate permits the
growth of three rotational domains of RuO2(110). Fine-tuning
of the growth conditions (see Secs. S1 and S2 in the Supple-
mental Material [41]), however, achieves selective formation
of millimeter-scale single-domain RuO2(110) films. Low-
energy electron diffraction [LEED, Fig. 1(a)] confirms the
long-range crystalline order, while atomically resolved STM
topography images [Fig. 1(b)] reveal well-ordered terraces
with typical widths of several tens of nanometers.

A magnified view [Fig. 1(c)] resolves the characteristic sur-
face structure, consistent with the ball-and-stick model of the
stoichiometric RuO2(110) surface [1]. In particular, the sur-
face features quasi-one-dimensional [001]-oriented Ru−Obr

chains separated by rows of undercoordinated Rucus sites.
As previously reported [3,14,35], the hybridization of Ru 4dz

and Obr 2pz orbitals in these chains gives rise to an FBSS
that disperses along the [001] direction and is flat in the
[11̄0] direction. This FBSS is clearly observed in ARPES
measurements on our ultrathin, �3 nm RuO2(110)/Ru(0001)
films [Fig. 1(d)]. Notably, ARPES displays the canonical
(110)-oriented Fermi surface known from cleaved bulk RuO2

[14,26,40], indicating that the band structure is largely unaf-
fected by quantum confinement at this thickness. The Fermi
surface is dominated by two linear features of the FBSS
oriented along the [11̄0] direction. Its near-parallel geometry
enables strong Fermi-surface nesting, suggesting an enhanced
susceptibility to electronic instabilities and a possible break-
down of Fermi liquid behavior due to electron interactions
(see Sec. S6.2 in the Supplemental Material [41]). The cor-
responding nesting vector is determined to be qN ≈ 0.24 ±
0.04 Å−1.
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FIG. 2. Moiré pattern arising from the lattice mismatch of the RuO2(110) thin film and the Ru(0001) substrate: (a) STM constant current
topography map showing real-space moiré pattern (IT = 500 pA, Vbias = 5 mV). (b) FFT of the STM measurement depicted in panel (a). The
green and black lines mark the boundaries of the Ru(0001) and RuO2(110) surface Brillouin zones, respectively. (c) Real-space simulation of
the moiré pattern, i.e., FFT of the structure factor |Sq|2 in panel (d) calculated via Eq. (1). The Ru atom positions of the Ru(0001) substrate
and RuO2(110) surface are indicated by gray and purple circles, respectively. (e) STM constant current topography map exposing different
apparent heights of the RuO2 film (IT = 10 pA, Vbias = −500 mV). Corresponding dI/dV STS line spectroscopy along the [001] direction of
the two different regions is shown in panels (f) and (g) (IT = 10 pA, Vbias = −500 mV, Vrms = 2 mV, δz = −0.27 nm).

II. SUBSTRATE-INDUCED MOIRÉ MODULATION

Having established the synthesis of atomically ordered
RuO2(110) surfaces with an electronic structure consistent
with cleaved single crystals, we now turn to two notable
features observed in the STM topography of Figs. 1(b) and
1(c) [39,42,43]:1

(1) The registry shift between some occasional on top Oot

atoms and the Ru−Obr chains [42] indicates that our low bias
voltage (Vbias = 5 mV) STM measurements predominantly re-
solve the Ru positions. This contrasts earlier work at higher
bias voltages (∼ − 1 V) that resolved the Obr positions [39].

(2) The Ru−Obr chains, which host the FBSS, show a
distinct apparent height beating on the order of 30 pm. The
magnitude and phase of this beating vary from chain to chain.

While the sensitivity of low bias voltages to Ru-derived
density of states [3] explains point (1), point (2) requires a
more detailed examination: Applying a two-dimensional (2D)
fast Fourier transform (FFT) to the quasiperiodic modulation
observed in the STM topography [Fig. 2(a)] reveals addi-
tional peaks within the first Brillouin zone [Fig. 2(b)], which
are inconsistent with the RuO2(110) lattice alone. These are

1According to a private communication with Michael Schmid (TU
Vienna), the authors of Ref. [39] occasionally observed a periodic
corrugation in ultrathin RuO2(110)/Ru(0001) films using room-
temperature STM at a bias voltage of −30 mV. This corrugation is
consistent with our observations (2), although these results have not
been published.

rationalized by the incommensurate lattice of the underly-
ing Ru(0001) substrate, which imprints a moiré potential on
the RuO2(110) surface [44,45] [see inset of Fig. 2(c)]. This
induces a surface charge density modulation that can be ex-
pressed in terms of a moiré structure factor (see Sec. S3 in the
Supplemental Material [41]):

Sq =
∑

GRu

∑

GRuO2

δ(q − GRu − GRuO2 ) f (GRuO2 ), (1)

with atomic scattering factor f (GRuO2 ) [46], and reciprocal
lattice vectors GRuO2 and GRu of film and substrate.

The calculated |Sq|2 [Fig. 2(d)] matches remarkably well
with the experimental FFT [Fig. 2(b)], as well as the LEED
pattern [EKin = 80 eV, T = 300 K, Fig. 1(a)]. To compare
with real-space data, we performed an inverse FFT of
Fig. 2(d), applying a Gaussian filter to simulate STM resolu-
tion. The resulting image [Fig. 2(c)] is in excellent agreement
with the measured topography [Fig. 2(a)], revealing a leading
moiré wavelength of λM = 22.9 ± 2.0 Å, i.e., ≈7.6 lattice
constants along the chain direction.

To investigate the thickness dependence of the moiré mod-
ulation, we prepared a stepped RuO2(110) film with terraces
of varying apparent heights. A representative STM image
[Fig. 2(e)] shows an apparently thicker region (bright orange)
and an apparently thinner region (dark orange).

In the thicker region, spatially resolved dI/dV spectra
[Fig. 2(f)] reveal a modulated LDOS, with peaks near zero
bias. They alternate in intensity with the spatial period of
λM—a clear fingerprint of moiré-induced LDOS trapping.
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FIG. 3. Moiré interaction with FBSS: (a) FFT of constant current dI/dV maps collected at bias voltages from Vbias = −25 to 15 mV
(IT = 500 pA, Vrms = 5 mV). The red arrow indicates a dispersing moiré peak. (b) LDOS integrated over the entire area (purple) of an STS
grid measurement, as compared to LDOS integrated only over the moiré frequencies (black) at qM as indicated in panel (a), [the grid scan
was measured on the thicker region of Fig. 2(e) with IT = 10 pA, Vbias = −500 mV, Vrms = 2 mV, and δz = −0.27 nm]. While the total LDOS
exhibits maxima at −30 mV and near zero bias, the moiré features exhibit a resonance at −5 mV. The markers show the oscillation amplitude
at qM calculated by DMRG for the FBSS without moiré (turquoise), for noninteracting FBSS and moiré (green) and for interacting FBSS and
moiré (orange), the latter of which reproduces the experimentally observed resonance (black).

Additionally, a second LDOS feature appears at −30 meV,
which shows almost no spatial modulation and aligns with
the FBSS binding energy observed in ARPES [see Figs.
S1 and S2(c) in the Supplemental Material [41]]. This in-
dicates a substrate-decoupled surface electronic structure of
RuO2(110) in the thicker region [14].

In contrast, the thinner region shows these LDOS features
shifted upward by ≈20 meV, now located at bias voltages of
−10 and 20 meV [Fig. 2(g)]. Both signatures exhibit a clear,
inversely phased spatial modulation with period λM, indicat-
ing stronger coupling to the underlying Ru(0001) substrate
and a more pronounced influence of the moiré potential. This
suggests a progressive attenuation of the moiré potential with
increasing film thickness and underscores the decisive role
of the substrate in shaping the RuO2(110) thin film’s surface
electronic structure.

III. RESONATING FERMI-SURFACE SCATTERING

Building on our interpretation of the moiré-induced surface
charge modulation, we note that a contrast inversion between
STM images taken at opposite bias polarities—similar to
Fig. 2(g)—is often regarded as a hallmark of charge density
wave order [47–49], i.e., of a Fermi-surface instability. We,
however, reconcile this modulation by a resonant coupling
between the moiré potential and the Fermi-surface nesting,
corroborated by a striking correspondence: The moiré wave
vector qM = 2π/λM ≈ 0.27 ± 0.02 Å−1, as extracted from
STM data, closely matches the Fermi-surface nesting vector
qN ≈ 0.24 ± 0.04 Å−1 identified within the FBSS via ARPES
[Fig. 1(d)] [14]. This near-coincidence naturally implies a
contribution of the Fermi-surface nesting within the FBSS to
the observed moiré scattering features:

Indeed, we find that the electronic fluctuations encoded
in the bare susceptibility χ (q) can constructively interfere
with the moiré potential when both wave vectors are com-
mensurate. In this sense, the Coulomb interaction can drive
a resonant response by coupling the moiré potential to χ (q),
which itself is a property of the noninteracting band structure.

To explore this possibility experimentally, Fig. 3(a)
presents two-dimensional Fourier transforms (FFTs) of dI/dV
maps, which reflect the local density of states near the
Fermi level, acquired at bias voltages of Vbias = −25, −15,
5, and 15 mV. As expected, the FFTs qualitatively reproduce
the peak pattern associated with the static moiré modula-
tion observed in the STM topography [Fig. 2(c)]. Notably,
however, the intensity profile of the corresponding moiré scat-
tering peaks at qM [black curve in Fig. 3(b)]—measured by
STS-grid spectroscopy—exhibits a pronounced bias-voltage
dependence, reaching a maximum at −5 meV. This behavior
is qualitatively distinct from a corresponding dip in the total
surface density of states, which we obtained by integration
over all wave vectors of the dataset (purple curve). This dis-
crepancy indicates that the resonance is not driven by the
LDOS itself, but instead reflects a moiré-induced interaction
with Fermi-surface nesting in the FBSS, occurring at band
fillings where qM and qN coincide—a phenomenon that, to the
best of our knowledge, has not been previously reported.

To theoretically examine this resonance, we employed
the DMRG method, well suited for probing quasi-one-
dimensional strongly correlated systems [50,51]. We con-
structed a minimal Hamiltonian model incorporating key
features of the RuO2(110) surface: (1) a tight-binding term
(HKin) derived from the DFT surface band structure and
adapted to the FBSS ARPES results [3,14], (2) a periodically
modulated on-site energy representing the moiré potential
(HMoiré), and (3) a two-particle interaction term capturing elec-
tronic correlations (HCor). The total Hamiltonian reads (see
Sec. S6.1 in the Supplemental Material [41])

HFull = HKin + HMoiré + HCor. (2)

The prominent anisotropy of the electronic single-particle
spectrum in Fig. 1(d) suggests weakly coupled Ru−Obr chains
to dominate the low-energy physics of the RuO2(110) surface.
This intuition is substantiated by the almost one-dimensional
(1D) electronic fluctuation spectrum characterized by the bare
susceptibility χ (q) (see Sec. S6.2 in the Supplemental Mate-
rial [41]) and motivates us to start our analysis by considering
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an isolated Ru−Obr chain along the [001] axis. Using open
boundary conditions, we solve the model for varying FBSS
binding energies by tuning the chemical potential. As an
analog to the experimental LDOS, we compute the expec-
tation value of the site-resolved electronic density 〈n̂i〉 =
〈n̂i↑ + n̂i↓〉.

Consistent with experiment, 〈n̂i〉 displays a periodic mod-
ulation along the investigated 1D chain [see Fig. S9(c) in the
Supplemental Material [41]]. Its FFT amplitude, plotted as a
function of energy and momentum, reveals two main features:
a dominant, nondispersive peak at qM = 2π/λM = 0.27 Å−1,
matching the experimentally determined moiré period, and a
quadratically dispersing mode associated with Friedel oscil-
lations from the FBSS (see Sec. S6.4 in the Supplemental
Material [41]) [52]. The strength of the charge modulation at
qM is plotted as function of binding energy in Fig. 3(b) (orange
curve), and indeed reproduces the characteristic resonance
at −5 mV observed experimentally (black curve), where the
Fermi wave vector qN perfectly matches the moiré period qM.

While in the real material the moiré potential and Fermi-
surface nesting are intrinsically intertwined, the DMRG
framework allows us to disentangle their respective roles
(see Sec. S6.4 in the Supplemental Material [41]). When
Fermi-surface scattering is suppressed by setting HCor = 0,
a charge modulation with the correct periodicity qM is re-
covered; however, the resonant enhancement is absent (green
curve). Conversely, when the moiré potential is switched off
(HMoiré = 0), electronic correlations alone are insufficient to
drive a charge instability at qM, and only residual Friedel
oscillations arising from the open boundary conditions remain
(turquoise curve).

Extending our 1D analysis to the full 2D surface model,
we find that charge ordering along the [001] axis is indeed
consistent with the resonant behavior of the isolated chains.
The interchain ordering is governed exclusively by the moiré
potential HMoiré, whereas the weak interchain coupling con-
tained in HKin and HCor plays only a marginal role due to
the pronounced anisotropy of the FBSS. Taken together, these
results demonstrate that the charge modulation is primarily
driven by the moiré potential, while electronic correlations at
the Fermi surface substantially enhance this modulation and
give rise to the experimentally observed resonance in STS.
Consequently, we do not expect charge ordering at qM on the
bulk-truncated RuO2(110) surface.

For completeness, let us also focus on the four distinct
peaks that are indicated by red arrows in the FFTs of Fig. 3(a),
peaks that are predicted by our structure factor model [inset of
Fig. 2(d)]. Unlike the other moiré peaks, these features exhibit
a pronounced energy-dependent momentum shift: As the bias
voltage increases from −25 to 15 mV, the peaks shift from
0.87qM to 1.08qM, a currently unexplained energy dispersion
that is about twice as steep as expected for quasiparticle inter-
ference of the FBSS.

IV. EMERGENT SURFACE RECONSTRUCTION

In addition to the charge-ordering phenomena discussed
above, STM topography measurements on a subset of samples
[Fig. 4(a)] reveal a pronounced c(2 × 2) periodic modula-
tion. This reconstruction is characterized by an alternating

FIG. 4. RuO2(110) surface instabilities: (a) Constant current
STM topography scan showing a c(2 × 2) reconstruction of the
RuO2(110) surface (IT = 1000 pA, Vbias = −15 mV). (b), (c) Con-
stant current STM topography scans on the same area taken before
and after switching between the two metastable reconstructions (IT =
20 pA, Vbias = −15 mV). (d), (e) c(2 × 2) surface reconstruction of
RuO2(110) as found by DFT slab calculations. FFT of constant
current dI/dV scans measured with spin polarized Gd tip at (f)
Vbias = −60 mV and (g) Vbias = 60 mV (IT = 200 pA, Vrms = 5 mV).
(h) Corresponding FFT of unpolarized Ag-tip scan showing qualita-
tively similar results, indicating the peak’s origin to be nonmagnetic.

intensity pattern of surface Ru sites, effectively doubling the
RuO2(110) surface unit cell.

As shown in Figs. 4(b) and 4(c), two symmetry-equivalent
metastable configurations of this c(2 × 2) pattern can be re-
versibly switched with tunneling currents of IT = 100 pA,
demonstrating the bistable nature of the surface reconstruc-
tion.

A previous study under ambient conditions attributed a
similar 2 × 2 reconstruction on RuO2(110) to the adsorption
of CO molecules at oxygen bridge sites [43]. This interpre-
tation, however, is incompatible with our observations, since
CO adsorption is known to quench the FBSS [3], which re-
mains clearly discernible in our measurements. Instead, our
DFT calculations for a clean RuO2(110) surface slab reveal
a structural reconstruction that intrinsically doubles the sur-
face unit cell [Figs. 4(d) and 4(e)], is driven by a surface
phonon softening, and is ≈25 meV more stable than the un-
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reconstructed 2 × 2 surface unit cell (see Sec. S6.5 in the
Supplemental Material [41]).

V. NO EVIDENCE FOR MAGNETIC SURFACE
INSTABILITY

Finally, none of our experimental observations provide ev-
idence for magnetic order in the RuO2 thin films, consistent
with the nonmagnetic ground states obtained from DMRG.
Even when considering on-site Coulomb repulsions exceed-
ing both FBSS bandwidth and ab initio bulk values [20],
neither of the considered models exhibits any tendency toward
long-range magnetic order in the spin expectation value Sz

i =
〈n̂i↑ − n̂i↓〉/2. Instead, all computed ground states remain spin
singlets without any local magnetization.

In light of recent theoretical predictions of surface mag-
netism on RuO2(110) [33–35], we explicitly probed potential
magnetic order using spin-polarized STM measurements per-
formed with a Gd-coated tip. The magnetic sensitivity of the
tip was independently verified on a Gd reference surface (see
Fig. S6 in the Supplemental Material [41]). Within the exper-
imental resolution, no significant differences were observed
between data acquired with the spin-polarized tip [Figs. 4(f)
and 4(g)] and those obtained using an unpolarized Ag tip
[Fig. 4(h)]. In particular, we find no indications of spin-density
waves, magnetic domains, or spin-polarized surface states.

We note that the subatomic magnetic order with small
magnetic moments predicted in the context of altermagnetism
in Ref. [35] approaches the sensitivity limits of spin-polarized
STM (spatial resolution ≈3 Å, magnetic resolution ≈0.3μB)
[53–57]. The absence of a measurable spin contrast therefore
constitutes an important experimental benchmark for future
studies addressing possible magnetic ordering on RuO2(110).

Experimental signatures of altermagnetism in epitaxial
RuO2 thin films have primarily been reported for RuO2

grown on TiO2(110), where substantial strain and symmetry
breaking are imposed on the (110) surface [12,33,58–60]. In
contrast, Ref. [29] reports ARPES measurements on RuO2

thin films grown on metallic Ru substrates, which, similar to
our results, are consistent with a nonmagnetic surface band

structure. This apparent substrate dependence raises questions
about the intrinsic nature of altermagnetism in RuO2 thin films
and highlights the need for a more systematic investigation of
substrate-induced effects.

Irrespective of this open issue, our study establishes ultra-
thin RuO2 films as a versatile platform for correlated electron
physics, in which tunable electronic and structural instabilities
intertwine to give rise to ordering phenomena and surface
reconstructions that, within the limits of our experimental
resolution, remain nonmagnetic.
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