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Spin-degenerate bulk bands and topological surface states associated with Dirac nodal lines in RuO,
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Altermagnets are a novel platform to realize exotic electromagnetic properties distinct from those of con-
ventional ferromagnets and antiferromagnets. We report results of microfocused angle-resolved photoemission
spectroscopy (ARPES) on RuO,, in which its altermagnetic nature has been under fierce debate in connection
with crystal-orientation-dependent spintronic functionalities. By elucidating the band structure of the (100),
(110), and (101) surfaces of a bulk single crystal using micro-ARPES, we found that, irrespective of the surface
orientation, the experimental band structures show a good agreement with the bulk-band calculations for the
nonmagnetic phase, but display a severe disagreement with those for the antiferromagnetic phase. Moreover,
spin-resolved ARPES signifies a negligible spin polarization in the bulk bands, suggesting the absence of
antiferromagnetism and altermagnetic spin splitting. In addition, we identified a nearly flat surface band and
a dispersive one near the Fermi level at the (100)/(110) and (101) surfaces, respectively. Our first-principles
calculations and analysis of Berry phase attribute these states to the topological surface bands emerging from the
bulk Dirac nodal lines around the Fermi level. Our results indicate that such topological surface/interface states
must be considered to understand the spintronic functionalities of RuO, and may provide new insights into its
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catalytic characteristics.
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I. INTRODUCTION

The coupling of spin and charge is one of the key ingre-
dients to give rise to novel quantum phases. When the space
inversion symmetry is broken in materials such as noncen-
trosymmetric bulk crystals and heterostructures, the energy
bands become spin split due to the spin-orbit coupling (SOC)
[1,2]. These spin-split bands exhibit a momentum-dependent
spin texture (spin-momentum locking), leading to novel func-
tionalities in spintronics such as the spin-Hall effect and
spin-charge conversion [3—-6]. They are also responsible for
various exotic physical properties such as unconventional su-
perconductivity and the superconducting diode effect [7—11].
Recent theoretical proposals together with the experimental
verification of momentum-dependent spin splitting in some
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collinear antiferromagnets are revolutionizing the field of
spintronics and spin-related physics, because the splitting
can be realized even without SOC [12-20]. In these anti-
ferromagnets called altermagnets [19,20], the existence of
opposite-spin sublattices connected by a certain symmetry of
the crystal triggers an anisotropic sign-changing spin splitting
associated with the breaking of PT symmetry (P: space-
inversion, T': time-reversal). Intriguingly, the magnitude of
splitting reaches as large as 1 eV, which is even larger than
the SOC-induced spin splitting, making altermagnets an ex-
cellent platform to realize novel electromagnetic properties
associated with the spin-charge coupling [13,14,16-20].
RuO, with rutile structure [see Fig. 1(a)] has attracted
significant attention because of its outstanding properties
associated with the spin-charge coupling [12,15,21,22], pro-
voking active discussions on whether these properties are
attributable to the altermagnetic spin splitting [22-31]. When
one assumes a collinear antiferromagnetic (AFM) structure
[12,32-34], the oxygen atoms surrounding the Ru atoms

©2026 American Physical Society
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FIG. 1. X-ray characterization of RuO, crystal on different sur-
face planes. [(a) and (b)] Crystal structure and photograph of a typical
RuO; single crystal, respectively. (c) X-ray Laue images for (100),
(110), and (101) surfaces [shaded areas in (a)].

break the PT symmetry [Fig. 1(a)], resulting in a d-wave-
like anisotropic spin splitting of maximally 0.8 eV along
the [101] direction with gap nodes in the (100) and (010)
planes [15,22]. This anisotropic splitting was theoretically
predicted to give rise to a giant anomalous Hall effect and
highly efficient spin-charge conversion, both of which show
a strong crystallographic-axis dependence [15,21,22]. These
predictions have been examined experimentally using thin-
film samples with various crystal orientations [22-25,27-30],
as highlighted by the observation of anomalous Hall conduc-
tivity comparable to that of Fe in a (110)-oriented sample
[22] and high spin-charge conversion efficiency in a (101)-
oriented sample [21,25]. RuO, also shows intriguing physical
and chemical properties such as anisotropic anomalous Nernst
effect [35], anisotropic tunneling magnetoresistance [36-38],
terahertz emission [39,40], and catalytic reactivity on the
(110) surface [41], while their relationship with the electronic
states has yet to be clarified.

While the experimental evidence showing the crystal-
orientation-dependence to support the anisotropic spin split-
ting is accumulating in RuO, [22-24,26-30], there exist
some contradictory reports from the neutron scattering and
1SR [42,43] that do not support the magnetic order. Conse-
quently, there remain two key unresolved questions; i.e., (i)
whether RuO, truly exhibits altermagnetism, and (ii) what
microscopic electronic structures underlie the observed strong
crystal-orientation-dependent transport properties. Although
angle-resolved photoemission spectroscopy (ARPES) is con-
sidered to be one of the essential techniques for addressing
these issues through direct observation of the band struc-
ture, current ARPES studies are limited to the (110) crystal
plane, leaving a comprehensive understanding of its elec-
tronic structure incomplete [44—49]. Moreover, even within
ARPES studies on (110)-oriented single crystals, the results
remain highly controversial, with conflicting reports between
the paramagnetic (PM) band degeneracy and the altermag-
netic band splitting [48,49] (for a chronological overview
of the ARPES studies on rutile oxides, see Supplemental
Note 1 [50]). This controversy cannot be resolved solely by

the ARPES studies of the (110) orientation, because a key
spectral feature to distinguish the altermagnetic band splitting,
a flat band near the Fermi level (Eg, which will be detailed
later), may be attributed either to a spin-split bulk band [49] or
to surface states [48]. Therefore it is essential to comprehen-
sively investigate the electronic states of multiple orientations
to disentangle surface and bulk states as well as to clarify the
universality and dissimilarity in the surface-dependent elec-
tronic states.

In this article, we report a spin-resolved ARPES study with
a RuO; bulk single crystal that has three different surface
planes of (100), (110), and (101), in combination with first-
principles calculations, to address the key questions above.
Our ARPES results provide strong spectroscopic evidence
supporting the absence of altermagnetic spin splitting in bulk
RuO, irrespective of crystal orientations. We also found en-
ergy bands crossing Er associated with the surface states (SS)
in the (E, k) region where no corresponding bands exist in the
bulk-band calculation. The effective mass of SS strongly de-
pends on the crystal orientation. We discuss the implications
of the present results in relation to the topological properties.

II. EXPERIMENTS AND CALCULATIONS

RuO, single crystals were grown by the vapor-transport
method in flowing oxygen [51]. Polycrystalline RuO, pel-
lets were placed in an alumina tube and heated at 1250°C
for 168 hours to yield single crystals of the size up to
5 x 3 x 2 mm? at lower temperature locations. Obtained crys-
tals were characterized by x-ray diffraction spectra as well as
Laue photographs and electrical resistivity. The temperature
(T') dependence of the electrical resistivity shows a metallic
behavior in the whole T range. Residual resistivity is 0.1 & cm
for the current along [001], and the residual resistivity ratio
(RRR) reaches 400. This value is the highest level among
thus-far reported RRR values for the bulk crystal (20-230)
[51-54] and thin films (2-5) [22,24,34], confirming the high-
quality nature of our single crystal.

ARPES measurements were performed at BL-28A in Pho-
ton Factory (PF) with circularly polarized 40-200 eV photons
using a micro beam spot of 12 x 10 um? [55]. Spin-resolved
ARPES measurements were carried out at CASSIOPEE
beamline in SOLEIL with circularly and linear horizontally
polarized 46-74 eV photons. Samples were cleaved in situ
along the (100), (110), and (101) crystal planes in an ultrahigh
vacuum of ~1.0 x 1071% Torr, and the successful cleaving
was confirmed by looking at the cleaved surface with an opti-
cal microscope and by checking the symmetry and periodicity
of observed band dispersions and Fermi surface (FS). The
sample was kept at 7 = 40 K during ARPES measurements.

First-principles band-structure calculations were carried
out by using the projector augmented wave method imple-
mented in the Vienna abinitio simulation package (VASP)
code [56]. The SS was obtained with the surface Green’s
function method implemented in the WannierTools code [57]
after the maximally localized Wannier functions for Ru-4d
and O-2p orbital states were obtained by using the Wannier90
code [58]. To stabilize the AFM order, we included on-site
Coulomb interaction energy U = 2.0 eV for the calculation in
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FIG. 2. ARPES spectra obtained from the (100) surface of RuO, crystal. (a) Calculated FSs obtained by (top) NM calculation, and AFM
calculation for (middle) spin-up and (bottom) spin-down states. In the calculation for the AFM phase, we neglected the SOC. [(b) and (c)]
FS mapping at 7 = 40 K for the (100) surface at k, = 0.0 obtained with ~7v = 110 eV, overlaid with the FS obtained by NM and AFM
calculations, respectively. Spin-up and spin-down FSs in (c) indicated by red/blue dashed curves completely overlap in this plane. [(d) and
(e)] ARPES-intensity plot obtained along the principal k cut (XMARX cut) at k, = 1.0 (in the unit of 7 /a) and corresponding calculated band
dispersions. Black solid curves are for the NM phase, and red/blue dashed curves (they overlap along this k cut) are for the AFM phase.
Dashed curves in (d) are guides to the eye to trace the experimental band dispersion. Experimental band dispersions extracted by tracing the
peak position in energy distribution curves (EDCs) are indicated by open circles in (e). [(f)—(i)] Same as (d) and (e) but obtained at k, = 0.5
and 0.0, respectively. Light gray circles in (e), (g), and (i) highlight features which may originate from the spectral broadening along the wave
vector perpendicular to the (100) plane. Orange circles highlight possible SS. Note that a band within 0.4 eV of Er along the AR, TU, and RZ
cuts (orange circles), which has no counterpart in the bulk band calculation in the NM phase, is attributed to the SS, because it shows a good

correspondence with the surface band dispersion obtained by the slab calculations along the S¥ cut shown in Fig. 5(f).

the AFM phase, whereas the calculation in the nonmagnetic
(NM) phase was obtained without including U.

III. ELECTRONIC STRUCTURE FROM (100),
(110), AND (101) SURFACES

Although previous ARPES measurements with bulk single
crystals and thin films were carried out on the (110) sur-
face [44—49], we found that the bulk crystal can be cleaved
nicely also on the (100) and (101) surfaces [indicated by the
shaded area in Fig. 1(a)]. These three types of flat surfaces are
identified as facets of an as-grown single crystal as shown in
Fig. 1(b). We have characterized the orientation of these sur-
faces by x-ray Laue backscattering measurements [Fig. 1(c)]
in which clear and sharp diffraction spots, consistent with the
symmetry of each surface, are well recognized.

We first present the band structure and FS with incident
photons on the (100) surface which have not been accessed
by previous ARPES studies. This plane has a straightforward
relationship with the altermagnetic nodal plane. Figure 2(a)
shows the calculated bulk FS for the NM (top panel) and AFM
(middle and bottom panels) phases. Since the calculation in
the PM phase is difficult because of the random alignment of
spins, we approximate the experimental PM phase with the
NM phase in the calculation. One can immediately recognize
several large spin-degenerate 3D pockets in the NM phase.
On the other hand, the FSs in the AFM phase are spin split
due to the altermagnetic band splitting. Because of the d-wave

nature, the spin-up and spin-down FSs are rotated by 90° from
each other about the k, axis, and the band splitting vanishes
on both the kyory = 0.0 (TXRZ) and kyory = 1.0 (XMAR)
high-symmetry nodal planes. Away from the high-symmetry
planes, such as the k, = 0.5 (AYTU) plane, the bands are
spin split unless the measured k cut crosses the nodal planes
(ky = 0.0 and 1.0). Such a dramatic difference in the shape of
FSs between the NM and AFM phases (hereafter called NM
and AFM calculations, respectively) enables identification of
plausible magnetic phases by a direct comparison with the
ARPES-derived band structures [12,15,22,59].

Figures 2(b) and 2(c) show the experimental FSs for the
(100) surface plotted against the in-plane wave vectors (k,
and k;) obtained for the k, ~ 0.0 plane, which are directly
compared with the slice of bulk FSs obtained with the NM
and AFM calculations, respectively. The ARPES intensity
signifies some characteristic features, such as the absence of
spectral weight around the R point and complicated intensity
distribution around the I" point. These features have a peri-
odicity of bulk Brillouin zone (BZ) with twofold symmetry,
indicative of the successful cleavage at the (100) surface.
As shown in Fig. 2(b), the calculated FSs in the NM phase
show an excellent agreement with the ARPES intensity. In
particular, rounded triangular pockets (called o) around the
Z point intersecting along the ZR cut and the absence of FS
around the R point seen in the experiment are nicely repro-
duced in the NM calculation. On the other hand, as shown in
Fig. 2(c), the calculated FS in the AFM phase is too simple;
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it just contains small pockets centered at the I and Z points,
in contradiction to the ARPES result. We have confirmed by
systematically changing the on-site Coulomb energy U in the
AFM calculation that the discrepancy between the experiment
and AFM calculation is not attributed to the incorrect choice
of U (for details, see Appendix A).

To obtain further insights into the band structure, we
directly examine the experimental band dispersion. Fig-
ures 2(d)-2(i) show the ARPES intensity plotted against the
in-plane wave vector (k, or k;) and binding energy (Eg)
along high-symmetry k cuts, obtained at selected k, slices of
k. = 1.0 [Figs. 2(d) and 2(e)], 0.5 [Figs. 2(f) and 2(g)],
and 0.0 [Figs. 2(h) and 2(i)]. These plots signify several
dispersive bands. One can make a clear comparison between
the ARPES results and band calculations by following the
band dispersion indicated as B1. At k, ~ O [Fig. 2(h)], one
can recognize a band at Eg ~ 0.2 eV at the X point which
disperses upward along the XR cut and crosses Eg (green
circle). This band disperses back toward higher Eg, crossing
Er again (green square) and stays at Eg ~ 0.5 eV around the
R point. Along the RZ cut, it touches Ef around the Z point
and rapidly disperses toward higher Eg along the ZI" cut.
A direct comparison with the calculated band dispersions in
Fig. 2(i) signifies that the NM calculation (black solid curves)
semiquantitatively reproduces the ARPES-derived band dis-
persion (dark gray open circles); in particular, regarding a
shallow hole band topped at slightly above Er along the XR
cut, producing the 8 and y FSs in Fig. 2(b) as well as the hole
band topped at slightly above Er along the RZI" cut associ-
ated with the o pocket in Fig. 2(b). On the other hand, the
AFM calculation (red and blue dashed curves; they overlap at
k, = 0) shows a fatal disagreement with the experiment along
the XR cut [Fig. 2(i)]. The hole band, which crosses Er in
the experiment, sinks well below Ex (Eg ~ 0.2 V) and stays
at ~0.9 eV at the R point, away from the experimental one
(~0.5 eV). Another hole band at the Z point is topped at far
(~0.2 eV) above Ef, indicating overestimation of the Fermi
wave vector (kg) along the ZI' cut (red arrow). Moreover,
the Ep crossing of another band midway between Z and I
in the experiment (green triangle) is not reproduced in the
AFM calculation.

We identified an experimental feature which is not repro-
duced in either the NM or AFM calculations. That is a nearly
flat band in the vicinity of Er along the I'XR and I'Z cuts in
Fig. 2(h) [near-Ef region of orange circles in Figs. 2(e), 2(g),
and 2(1)]. It is assigned to the surface state (SS), as supported
by its Av-independent band dispersion and also by our slab
calculations (for details, see Appendixes B and F). In fact,
the v invariance at the T point can be inferred by looking
at the commonly identified near-Ef flat band at X, A, and I
points in Figs. 2(d), 2(f), and 2(h) all of which are projected
onto the T point in the surface BZ, despite a strong intensity
modulation due to the matrix-element effect of photoelectron
intensity. A clear identification of the sharp SS supports good
surface quality. Moreover, the crystals used in this study are
of substantially higher quality, with RRR of 400, than those in
other recent reports in 2019-2025, 10 to 200 [22,24,34,51—
54]. Previous ARPES reports did not mention the sample
quality in terms of RRR as summarized in Table S1 in Ref.
[50].

The argument above is further corroborated by a compar-
ison of band dispersions at k, ~ 1.0 between ARPES and
calculations in Figs. 2(d) and 2(e). Besides the B1 band, the
ARPES intensity along the MA cut signifies another band
called B2, which shows Dirac-like crossing with the B1 band
around Eg. This crossing is nicely reproduced by the NM
calculation in the similar (E, k) region [Fig. 2(e)], and is
attributed to the bulk Dirac nodal line 1 (DNL1) with the
quadruple band degeneracy appearing commonly in rutile ox-
ides [44,45,60-62]. Interestingly, the SS shows the dispersion
starting from this DNL1 along the MA cut; we will come
back to this point later. Although the AFM calculation also
shows a Dirac-crossing behavior at Er (open red diamond),
its k point and the energy dispersion corresponding to the
B2 band are very different, again supporting the agreement
with the NM calculation. As can be seen in Fig. 2(g), the
AFM calculation shows the altermagnetic spin splitting at
ky = 0.5 (the off-nodal plane), leading to the doubling of
some bands with respect to the NM case. The ARPES in-
tensity in Fig. 2(f) exhibits no clear signature of such band
doubling, as inferred from the smooth evolution of spectral
features from k, = 0 [Fig. 2(h)] to 1.0 [Fig. 2(d)] through
k. = 0.5 [Fig. 2(f)]. We carried out spin-resolved ARPES
measurements at k points where the altermagnetic band split-
ting is theoretically predicted [red line in Fig. 2(f)], but found
that the spin polarization for the bulk bands always remains
zero within experimental uncertainty (for details, see Ap-
pendix C). All these results indicate that the electronic struc-
ture of the (100) surface does not support the altermagnetic
band splitting.

We found that the ARPES data for the (110) surface
[see Fig. 3(a)] share several common features with the (100)
surface. The FS mapping against the in-plane wave vectors
in Fig. 3(b) obtained in the kj110; ~ O plane [['ZAM plane;
red-shaded plane in Fig. 3(a)] signifies a twofold-symmetric
intensity pattern with the periodicity obeying that of the bulk
BZ, consistent with the previous reports [44—49]. A side-by-
side comparison of the FS mapping with the NM and AFM
calculations in Figs. 3(b) and 3(c), respectively, signifies that
the overall FS shape surrounding the I" point is reproduced
well by the NM calculation, whereas the size of I'-centered
FS in the AFM calculation is much smaller than that of the ex-
periment. The ARPES intensity shown in Fig. 3(d) along the
I'ZAMT cut signifies several dispersive bands. Comparison of
the ARPES-derived band dispersion with the calculated band
dispersions for the NM and AFM cases in Fig. 3(e) reveals that
the (E, k) position of experimental bands is semiquantitatively
reproduced in the NM calculation, whereas the AFM calcu-
lation apparently shows a mismatch in the energy position.
Similarly to the case of the (100) surface, we found evidence
for a flat SS around the T point with its surface nature sug-
gested from the hv invariance of the peak position as shown
in Fig. 3(f). It is remarked here that the previous ARPES study
supporting the altermagnetic band splitting [49] attributed this
flat band to the flat band at 0.4 eV seen in the AFM calculation
along the I'M cut (red dashed line) by largely shifting the
calculated Ef position downward, while this amount of energy
shift is unrealistic taking into account the nearly stoichiomet-
ric nature of the RuO, single crystal. It is emphasized here
that ARPES measurements on different surface orientations
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FIG. 3. ARPES spectra obtained from the (110) surface of RuO, crystal. (a) Bulk BZ and k plane (k(;;0y = 0.0) where the FS mapping
shown in (b) and (c) was obtained. Blue lines represent DNL predicted by the DFT calculation [60]. For simplicity, DNL are depicted as
straight lines. The region enclosed by the DNL, i.e., bulk-band-inverted k region, is indicated by red dashed box. [(b) and (c)] FS mapping at
the (110) surface obtained at kjj19; = 0.0 with hv = 126 eV, overlaid with the calculated FS obtained by NM (b) and AFM (c) calculations.
(d) ARPES intensity plotted against £y and a wave vector along the 'ZAMT cut. (¢) ARPES-derived band dispersion (open circles) overlaid
with the calculated band dispersions obtained by the NM calculation (black curves) and AFM calculation (red and blue dashed curves). The
ARPES results are explained well with the NM calculation, but sharply disagree with the AFM calculation. (f) Normal-emission ARPES
intensity plotted against E and a wave vector along the ko) axis. SS refers to the surface states.

play a crucial role in testing the validity of band assignments,
since the surface and bulk band dispersions inherently exhibit
different sensitivities to changes in surface orientation. More-
over, transport data in RuO, thin films are known to depend
strongly on surface orientation (e.g., Refs. [15,20-30]). Be-
cause such transport properties reflect bulk electronic states,
clarifying the variations in bulk-band dispersions across sur-
face orientations is highly valuable for identifying the origin
of the orientation-dependent transport properties.

Now we turn our attention to the ARPES results for the
(101) surface. As shown in Fig. 4(a), the (101) surface is
largely tilted from the nodal planes of the altermagnetic spin
splitting. Figure 4(b) displays the FS mapping in the kjj1; ~ 0
plane, corresponding to the I'XV W plane [see right top panel
of Fig. 4(a)]. One can recognize a prominent intensity pattern
following the symmetry and periodicity of the (101) surface,
such as hexagonal and ellipsoidal pockets (dashed curves,
called § and ¢) centered at the I' point, a small diamond-
shaped pocket at the X point (k), and X-shaped pattern (1)
around the V point. A direct comparison of the ARPES inten-
sity with the NM and AFM calculations in Figs. 4(b) and 4(c),
respectively, signifies that the calculated FS in the AFM phase
simply contains elongated pockets centered at the I' point,
showing a disagreement with the ARPES intensity, whereas
the calculated FS in the NM phase shows a better agreement
with the experiment.

To clarify the band character, we show in Figs. 4(d) and
4(f) the ARPES intensity along representative k cuts in the
kpio1; ~ 0.0 and 1.0 planes, respectively, compared with the
corresponding band dispersions obtained by the NM and AFM
calculations in Figs. 4(e) and 4(g). One can recognize in

Figs. 4(d) and 4(f) several dispersive bands, some of which
cross Er to contribute to the pockets seen in Figs. 4(b) and
4(c). Although the distinction of more appropriate calculation
(NM or AFM) is difficult compared to other surface planes,
the experimental broad feature at Eg ~ 0.3-0.6 eV along the
RAAR cut in Fig. 4(f) appears to show a better agreement
with the NM calculation in Fig. 4(g). Besides these bulk-
originated features, one can find in both Figs. 4(d) and 4(f)
several dispersive features within Eg ~ 0.3 eV of Ef, while
they have no counterparts in the calculation. For example, an
inner electron band that produces the hexagonal § pocket in
Fig. 4(b) appears in the (E, k) region where the calculated
bands in the NM phase are absent. This band displays no
band dispersion along the out-of-plane wave vector, ko)
[Figs. 4(d) and 4(f)], supporting its surface origin. One can
also recognize a hole band producing a small pocket at the X
point associated with the « pocket in Fig. 4(b). This band is
not predicted by the NM calculation and has no dispersion
along kpj1 in the experiment [Fig. 4(g)], and hence, it is
also attributed to the SS. Therefore the (101) surface of RuO,
hosts several dispersive SS that contribute to the formation of
surface-derived FS. It is noted here that the inclusion of SOC
in the NM calculation slightly improves the matching between
the experiment and calculation (see Appendix D), but a fatal
disagreement is still found in the AFM calculation even when
the SOC is included.

IV. TOPOLOGICAL SURFACE STATES

The present study supports the absence of antiferromag-
netism and altermagnetic band splitting in a bulk single crystal
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FIG. 4. ARPES spectra obtained from the (101) surface of RuO,
crystal. (a) Bulk BZ and & planes (kjj0;; = 0.0 and 1.0) in which the
FS mapping and ARPES intensity shown in (b)—(g) were obtained.
Right panels indicate the k cuts (red solid lines) where the ARPES-
intensity plots in (d) and (f) are obtained. Note that V, W, £, and A
points are not the high-symmetry points. [(b) and (c)] FS mapping
at the (101) surface at kjj0;) = 0.0 at hv = 83 eV, overlaid with the
FS obtained by the NM and AFM calculations, respectively. Red and
blue curves in (c) represent spin-up and spin-down FSs. Note that
the calculated FS in the NM phase shows a better agreement with
the experiment, in particular, regarding the presence of an ¢ pocket
and the existence of FS around the W point. A careful look further
reveals that the experimental §, «, and A FSs show no counterparts
in the calculation, suggesting their SS origin. [(d) and (e)] ARPES-
intensity plot obtained along the principle k& cut (CXWI'VX cut)
at kpj01; = 0.0 and corresponding calculated band dispersions in the
NM (black solid curves) and AFM (red and blue dashed curves)
phases, respectively. Experimental band dispersions are shown by
open circles in (e). [(f) and (g)] Same as (d) and (e) but measured
along the RAARXA cut at k[]o]] =1.0.

of RuO, (note that, at the moment, we do not exclude the
possibility that a RuO, thin film shows altermagnetic behav-
ior, because the crystal defects and lattice strain are not the
same as those of the bulk crystal). Besides this conclusion, we
propose that the key characteristics of SS observed at the three
different crystal orientations are commonly explained in terms
of the nontrivial band topology that is responsible for the

emergence of topological SS associated with the bulk DNL.
This is enabled by the observation of electronic structures for
the (100) and (101) orientations, which yields two key find-
ings: (i) the identification of several metallic SSs independent
of surface orientations, and (ii) strongly orientation-dependent
surface band dispersion (flat versus dispersive). These results
are important for understanding the mechanisms underlying
spintronic functionalities, because such functionalities are re-
ported by the thin film experiments [21-31,39,40] and thereby
the SSs would play a significant role. Importantly, (i) indicates
that the emergence of the SSs could be attributed to the bulk-
edge correspondence in the topological band structure like the
Dirac-cone SS in a strong topological insulator.

To elaborate on this discussion quantitatively, we examine
the topological nature of the band structure in terms of Berry
phase in topological semimetals [63—-67]. Since RuO; has a
rutile structure (space group P4,/mnm) and is found to be
nonmagnetic from our APRES and first-principles calcula-
tions, there exist several nodal lines in the bulk BZ, protected
by PT and mirror symmetries (see Appendix E). Among these
nodal lines, the DNL located near Er in the mirror plane,
referred to here as DNL1 [Fig. 5(a)] is the most important
DNL because it is associated with the observed SS. SOC lifts
the degeneracy of the DNLs, opening a gap and thereby re-
moving their strict topological protection. However, this does
not imply that the original DNLs are topologically trivial. In
fact, the Berry curvature generated around the SOC-induced
gaps originates from the nontrivial topology of the DNLs that
existed before the gap opening, and this curvature can lead to a
large intrinsic spin Hall effect [60]. Therefore, to establish the
topological nature of RuOs, it is crucial to experimentally ver-
ify the existence of surface states that reflect the bulk DNLs,
even when the degeneracy is lifted by SOC. Demonstrating
such correspondence provides direct evidence that the gapped
DNLs inherit their topological character from the underlying
band inversion, and thus offers a solid foundation for un-
derstanding the spin-current generation mechanism in RuO;.
Because the SOC strength in RuO, is significantly weaker
than that in IrO,, this compound provides an ideal platform
for investigating the weak-SOC limit where the link between
topology and spin transport can be clearly resolved.

In PT-symmetric material without SOC, the topological
invariant describing the DNLs is given by the Zak phase (6):

occ.

o) =iy [ ok @idk,

where u, (k) is a Bloch wave function for nth occupied band,
and kj is the wave vector in the surface BZ (for details,
see Appendix E) [63,64,68]. In the prototypical nodal-line
semimetal, the DNL forms a closed loop (i.e., nodal ring),
which gives rise to a well-defined 6 = 7 region inside the
projection of the nodal ring on the surface BZ. Due to the
bulk-edge correspondence, this 8 = w region hosts nearly
dispersionless drumhead-type SSs [63—-67]. In contrast to such
Dirac nodal ring, the DNL1 extends across the BZ, connecting
its opposite boundaries without forming a closed loop. The
DNLI1 does not enclose any finite area, and, therefore, no well-
defined “inside” region can be assigned to the § = 7 phase.
Nevertheless, we found that the mirror eigenvalues of bulk
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FIG. 5. Topological nature of surface band on (100) surface. (a) DNLI1 (light-blue dots) in bulk BZ. The Wilson loop associated with
DNLI1 was calculated along the k loops indicated by red circles. A map of Zak phase on the (100) plane is shown in the right side. The four
red-blue 3D maps represent the schematic illustration of energy band dispersion for DNL1 with the Dirac point extending one-dimensionally
in the k space. The blue and red color indicate upper and lower branches, respectively. (b) Enlarged view of the Zak phase mapping around
DNL1 shown in magenda line in (a). Light blue wavy line is a projection of the DNL1 onto the (100) surface. (c) Schematic illustration of the
energy dispersion of the bulk DNL (black curve) and the associated topological SS (blue curve) along a k cut (here the XS cut) crossing the
DNL, shown without (left) and with (right) SOC. (d) Bulk BZ and (100) surface BZ. (e) Representative k cuts (cuts 1-4) in which ARPES
intensity in (g) were obtained. (f) Slab calculation including SOC along high-symmetry lines in the surface BZ. Circle size indicates the surface
spectral weight, while the Ru-4d and O-2p orbital characters are shown in blue and yellow, respectively. (g) ARPES intensity plots along four

representative k cuts, indicated by green lines in (e).

bands forming the DNL1 are exchanged along (110)/(110)
plane, and this change acts as an effective topological bound-
ary within the BZ from which the SS emerges (for details, see
Appendix E). Analogous to the case of nodal line semimetals,
each crossing for DNL1 causes a 7w jump in the Zak phase
due to the inversion of the occupied-band mirror eigenvalues.
This is confirmed by our calculation of Wilson loop encircling
a single DNL1 [see the three red circles in Fig. 5(a)] that
consistently yields a value of m, demonstrating the intrinsic
topological nature of DNL1. We evaluated the Wilson loop
around three different k loops to examine the nontrivial nature
of DNL1 with particular care, to confirm that the Wilson
loop, which represents a local Berry phase, indeed captures
the global topology of DNLI. Since the two mirror planes,
(110) and (110), are symmetry-related and induce opposite
phase inversions, the two m shifts cancel each other, resulting
in a net Zak phase of & = 0 along the [100] directions. This
is manifested in Figs. 5(a) and 5(b) as a blue region in the
color map around the projected DNLI, depicted as a wavy

cyan line. Thus no well-defined 6 = 7 region can be defined,
even though SSs can still emerge around the projections of the
nodal lines protected by mirror and PT symmetries. Namely,
the dispersion of SSs of RuO; on the (100) surface exhibits
a drumhead-like shape but lacks a corresponding topologi-
cal @ = & character. Consequently, on the (100) and (110)
surfaces where DNL1 is doubly projected, two topological
SS (assuming spin-degenerate bands) are expected to emerge
from the DNL when SOC is neglected, as illustrated in the left
panel of Fig. 5(c). Although SOC opens a finite gap along the
former DNL, surface-related states remain in the correspond-
ing k region, reflecting the residual band connectivity that
exists without SOC, as shown in the right panel of Fig. 5(c).
To make the above qualitative arguments more quantita-
tive, we carried out slab calculations for the (100) surface. As
shown in Fig. 5(f), the slab calculation including SOC predicts
two prominent SSs along the X S cut of surface BZ [for surface
BZ, see Fig. 5(d)], both appearing within £0.2 eV of Er. We
confirmed that these two SSs have topological nature, because
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they merge into the DNLI along the XS cut of surface BZ,
consistent with the schematics in Fig. 5(c) (for details, see
Appendix F). The corresponding ARPES intensity along the
same cut (cut 4) shown in Fig. 5(g) reveals one SS (SS2)
with strong spectral weight, while the other SS is not clearly
resolved, likely because it is largely unoccupied. Systematic
ARPES intensity mapping along a few off-X S cuts (cuts 1-3)
allows us to trace the second SS (SS1). Taken together, our
ARPES results demonstrate the presence of SSs connecting
the bulk DNL, in good agreement with our first-principles
calculations, supporting the topologically nontrivial nature of
the DNL and associated SSs. We have also carried out the slab
calculations on other surface orientations, (110) and (101),
and found that the characteristics of the SS and the DNL
is universally explained in terms of nontrivial topology and
bulk-edge correspondence (Appendix F).

While the present study focuses on the surface of a bulk
crystal, it would be natural to extend our arguments to the
interface between RuO; (including RuO; thin film) and other
materials. The present study suggests that the outstanding
transport properties of RuOj; thin film such as the spin-charge
conversion (spin splitting torque), tunneling magnetoresis-
tance, and other physical properties [21-31,38-40]. Such
properties involve charge/spin transport across the interface
and should be discussed with taking into account the exis-
tence of prominent topological interface states besides the
bulk DNL that strongly contributes to the spin Berry curvature
[30,60]. Our results also show strong crystal-orientation-
dependent variation in the band velocity (flat/dispersive) of
topological SSs, which would cause significant anisotropy in
film properties (for details, see Appendix G). In this regard,
an effective model for the surface states and a more elabo-
rate microscopic theoretical framework should be constructed
in future studies. It is also worthwhile to comment on the
possibility that the catalytic reaction particularly known for
the (110) surface [41] may be promoted by the existence of
topological SS [60], because high surface conductivity and
robustness of the topological SS would be useful for the cat-
alytic reaction [69,70], working as a “topological catalyst.” In
RuO;, the proximity of the topological SS to Er [~20 meV
(~200 K) of Ef; see Fig. 3(f)] for the (110) and (100) surfaces
would promote catalytic reaction at room temperature. Hence,
we caution that a theoretical model that simply deals with
the altermagnetic splitting of bulk bands without incorpo-
rating the topological surface/interface states and bulk DNL
is insufficient to fully account for some of the experimental
results of RuO,.

V. CONCLUSION

The present microARPES study for three different crystal
orientations, in collaboration with first-principles calcula-
tions, provides compelling spectroscopic evidence that bulk
RuO; does not exhbit altermagnetic band splitting, in agree-
ment with recent experimental reports. Besides the bulk-band
degeneracy, we observed topological surface states near Ep
associated with the bulk Dirac nodal lines irrespective of
the crystal orientation. Intriguingly, their characteristics, i.e.,
the flat versus dispersive nature, were found to be strongly
crystal-orientation dependent, and is well captured by our

slab calculations. Analysis of topological invariants, the Zak
phase and Wilson loop for the Dirac nodal lines, suggests its
nontrivial topology. The present results imply important roles
of the topological surface and interface states to account for
the exotic physical and chemical properties of RuO5.
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APPENDIX A: HUBBARD U DEPENDENCE
OF THE CALCULATED BAND STRUCTURE

To clarify the influence of on-site Coulomb interaction
energy (Hubbard U) on the calculated Fermi surface (FS)
and band structure in the antiferromagnetic (AFM) phase,
we compare in Figs. 6(a)-6(c) and 6(d)-6(f) the FS in the
two-dimensional wave vector and the ARPES-derived band
dispersion, respectively, for the (100) surface of RuO, at
k., = 0 at three different U values of 1.5, 2.0, and 2.5 eV.
We found from our calculations that the AFM phase is en-
ergetically more stable than the nonmagnetic (NM) phase at
U > 2.0 eV, whereas vice versa for U = 1.5 eV. Hence, the
calculation for U = 1.5 eV was carried out for the putative
(unstable) AFM phase. One can see in Figs. 6(a)-6(c) that the
calculated FS volume at this k slice is systematically reduced
upon increasing U'.

This shrinkage is also seen in the calculated band disper-
sion in Figs. 6(d)-6(f). Importantly, none of AFM calculations
satisfactorily reproduces the experimental data while the
matching between the experiment and calculation becomes
gradually better upon reducing U. This is reasonable because
the reduction of U makes the system closer to the NM phase.
It is remarked that although the matching between the exper-
iment and calculation becomes the best at U = 1.5 eV, the
agreement is still poorer than the case of the NM calculation
shown in Fig. 2(b) of the main text. Thus the disagreement of
the experimental data with the AFM calculation is not due to
the incorrect choice of the U value, but due to the intrinsic
absence of magnetic order in the RuO; single crystal.

APPENDIX B: SURFACE STATE AT THE (100) SURFACE

To clarify the surface or bulk nature of the observed
flat band around the I' point for the (100) surface pre-
sented in Figs. 2(d)-2(i), we carried out hv-dependent ARPES
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FIG. 6. Comparison of the Fermi surface between experiment and AFM calculations with different U values in RuO,. [(a)—(c)] FS mapping
of RuO, from ARPES at 7' = 40 K for the (100) surface at k, = 0.0 obtained with ~v = 110 eV, overlaid with the calculated FS obtained by
the AFM calculation without SOC at U = 1.5, 2.0, and 2.5 eV, respectively. Spin-down and spin-up FSs are indicated by red and blue dashed
curves, respectively. [(d)—(f)] ARPES-intensity mapping for the (100) surface along the TXRZT cut at k, = 0.0, compared with the AFM
calculation with U = 1.5, 2.0, and 2.5 eV, respectively. For U = 1.5 eV, the AFM state presented in (a) and (d) actually has a higher energy

than the NM state.

measurements. Figure 7(a) shows the hv dependence of
energy distribution curve (EDC) obtained with a normal
emission set-up. One can recognize several features dis-
persing upon hv variation, which originate from the bulk

(2)

Intensity (arb. units)

! |High

] Cow

. . T 4
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55 6.0
Energy (eV)

5.0
ke (A1)

FIG. 7. Photon-energy-dependent ARPES data in RuO,. (a) hv
dependence of EDC obtained at the normal-emission setup for
the (100) surface of RuO,. (b) Corresponding ARPES intensity
in the hv range of 40-160 eV plotted against k, and Ejg, together
with the calculated band dispersions in the NM phase (red curves)
along k, axis corresponding to the I'X cut. We estimated the inner
potential to be Vy = 15 eV from the periodicity of the observed band
dispersion.

bands. Corresponding to the flat band, a sharp peak is iden-
tified in the vicinity of Ep at hv = 40 eV. The energy
position of this peak is invariant against the Av variation,
supporting its surface nature, while its intensity is strongly
modulated by the photoelectron matrix-element -effect.
These characteristic spectral features are better seen in the
ARPES-intensity plot against k, and Eg in Fig. 7(b). Com-
parison with the calculated bands in the NM phase signifies
a reasonable correspondence of dispersive features between
the experiment and calculation, such as an electron band bot-
tomed at ~1.5 eV at the 4T point and a holelike band topped
at ~1.8 eV at the 5" T point, confirming its bulk nature.
On the other hand, there exist no corresponding bands in the
calculation that could account for the peak at Ep, supporting
its surface origin.

APPENDIX C: SPIN-RESOLVED ARPES DATA

To reconfirm the absence of altermagnetic band splitting
in bulk bands, we have carried out spin-resolved ARPES
measurements at CASSIOPEE beamline in the synchrotron
SOLEIL. Figures 8(a) and 8(c) show the spin-resolved EDCs
at T = 40 K measured at a k point midway between the I" and
M points for the (100) surface, where the AFM calculation
predicts a sizable (more than 0.4 eV) spin splitting. One can
immediately recognize no difference between the spin-up and
spin-down EDCs along the y axis (we set the x and y axes
parallel to the sample surface at the normal emission with the
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FIG. 8. Spin-resolved EDCs and spin polarizations in RuO,.
[(a)—(d)] Spin-resolved EDCs and Ey dependence of spin polariza-
tion at the wave vectors k, = £0.33 A~"in the AY cut [see red line
in Fig. 2(f) in the main text] at the (100) surface. [(e)—(h)] Same
as (a)—(d) but for the (110) surface, obtained at the wave vectors
ko) = £0.40 A~" in the TM cut [see red line in Fig. 3(d) in the
main text]. There is no spin splitting with the experimental precision,
supporting the absence of magnetic order in RuO,.

y axis being along [001]). The observed spin polarization is
essentially zero within experimental uncertainty as shown in
Figs. 8(b) and 8(d). Here, we estimate the experimental un-
certainty, namely the statistical error of the spin polarization.
It is written as AP(= /1/(S2N)), where S is the Sherman
function of the spin detector and N is the number of detection
counts [71]. In our measurements, S was in the range of
0.2-0.3, and the number of counts for each energy point was
60000-120000. These values yield an estimated theoretical
AP of 0.01-0.02, consistent with the experimental standard
deviations for the spin polarization shown in Figs. 8(b) and
8(d) [AP = 0.006-0.016]. We also found that the polarization
along the x axis is also zero (not shown). This supports the
absence of altermagnetic band splitting at the (100) surface.
We have carried out spin-resolved ARPES measurements also
for the (110) surface at the k£ point where the altermagnetic
splitting is theoretically predicted in the AFM calculation, but
found no clear spin polarization [Figs. 8(e)-8(h)].

APPENDIX D: INFLUENCE OF SOC ON THE
CALCULATED BAND STRUCTURE

To clarify the influence of SOC on the calculated band
structure of RuO,, we show in Figs. 9(a) and 9(b) a

side-by-side comparison of the calculated band dispersions
in the NM phase along the XMARX cut (k, = 1.0) obtained
without and with SOC, respectively, overlaid with the cor-
responding ARPES intensity at the (100) surface. One can
see an overall similarity in these calculations, in particular,
regarding their (E, k) position. A closer look reveals a small
band doubling in the calculation with SOC, together with a
hybridization gap at the intersection in some of these bands,
as highlighted by the band crossing point associated with the
DNL along the MA cut in Figs. 9(a) and 9(b). This trend is
also seen in the calculation for the TXRZT line (k. = 0.0)
shown in Figs. 9(c) and 9(d). The band doubling predicted in
the calculation is so small that it is unlikely to be resolved
within our experimental accuracy. At the (101) surface, one
can see a similar band doubling in the calculations with SOC
[Figs. 9(e)-9(h)], whereas the doubling leads to more complex
band dispersions at particular £ cuts like the XA cut due to
the band hybridization. The calculation with SOC along the
2 A cut shows a relatively good agreement with the ARPES
intensity near Ef, implying a finite influence of SOC on the
experimental spectral feature.

APPENDIX E: TOPOLOGICAL ANALYSIS
OF BULK NODAL LINES

Fermi surfaces in metals possess topological stability
when the constituent bands host spin-independent energy
degeneracies in the form of nodal points or nodal lines within
the BZ [72]. The corresponding topological invariant is given
by the Berry phase evaluated either on a closed surface enclos-
ing a nodal point or along a line that pierces a closed nodal
loop. When such a degeneracy is accompanied by the band
inversion, the invariant acquires a nontrivial, quantized value
as a “‘jump” in the Berry phase, and SSs that converge toward
the projected degeneracy points emerge. Many compounds
exhibit topological nodal structures and associated SS and are
therefore classified as topological semimetals.

We evaluate the topology of RuO, adopting the same
framework as these topological semimetals [63—67]. RuO,
has a rutile structure (space group P4,/mnm), and several
DNLs exist in the bulk BZ, protected by PT (P: space-
inversion, T': time-reversal) and mirror symmetry. As shown
in Fig. 10(a), our bulk band calculations without SOC in
the NM phase shown reveal several band crossings in the
energy range of approximately £0.3 eV with respect to Ef,
originating from band 16 and band 17 (energy bands are
sequentially labeled from the lowest one). Along the AM
cut, these bands intersect midway between A and M. This
Dirac crossing generates an X-shaped nodal line (DNL1) in
the 3D BZ at k, ~ £0.7 (in units of 7 /c), as illustrated by
the light-blue curves in Fig. 10(b), which forms the central
focus of this study. DNLI1 lies on the (110) mirror plane,
where bands with opposite mirror eigenvalues cross and keep
degeneracy due to the combined mirror and PT symmetry.
In addition to DNL1, the crossings of bands 16 and 17 give
rise to several other DNLs (DNL2-7) [Figs. 10(a) and 10(b)],
but their characteristics are distinct from those of DNL1. For
example, as shown in Fig. 10(a), DNL2/3—7 and DNL4 along
high-symmetry cuts are located at approximately —0.3 and
+0.6 eV, respectively, whereas DNL1 is situated much closer
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FIG. 9. Comparison of band dispersion between experiment and NM calculations with and without SOC. [(a) and (b)] Calculated band
dispersions in the NM phase of RuO, without and with SOC, respectively, along the principal k cut (XMARX cut) at k, = 1.0 for the (100)
surface. ARPES intensity [same as Fig. 2(d) in the main text] is also overlaid. [(c) and (d)] Same as (a) and (b), respectively, but along the
'’XRZT cut at k, = 0.0 for the (100) surface. [(e) and (f)] Same as (a) and (b), respectively, but along the principle k cut at kj;9;; = 1.0 for the
(101) surface. [(g) and (h)] Same as (e) and (f), respectively, but at k{;o;; = 0.0 for the (101) surface.
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FIG. 10. (a) Calculated bulk band dispersion along high-symmetry lines in the bulk BZ. Bands 16 and 17 are highlighted in blue and red,
respectively. Several DNLSs are identified as DNL1 and DNL2-7. (b) DNLs plotted in the 3D bulk BZ. The calculated Zak phases for the (100)
and (110) surfaces, together with the projections of the DNLs, are shown in the right and bottom panels, respectively. The area indicated by
white arrows shows the 8 = 0 region surrounded by the 6 = 7 region.
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to Er at ~ — 0.064 eV. While DNL1 forms open nodal lines
extending toward neighboring BZs, all the other DNLs exhibit
closed-loop structures around the bulk I" point [Fig. 10(b)].

We evaluate the Zak phase by using equation (1). The Zak
phase (6) corresponds to a Z, invariant, quantized to either 0
or w due to the PT symmetry. In the prototypical nodal-line
semimetal CaszP, (space group P63/mcm), the DNL forms
a closed loop (i.e., nodal ring), which gives rise to a well-
defined 6§ = & region inside the projection of the nodal ring
on the surface BZ [64]. Like RuO,, Ca3P, possesses mirror
symmetry with respect to the (001) plane. The nodal ring
appears on the k, = 0 mirror plane forming a single closed
nodal loop near the BZ boundary, in which bands keep degen-
eracy associated with the combined mirror and PT symmetry.
Due to the bulk-edge correspondence, this & = m region hosts
nearly dispersionless drumhead-type SSs, whereas no such
states appear outside the ring. When a single DNL is projected
onto the surface, the Zak phase takes a value of 7 on one
side of the projection and 0 on the other, giving rise to topo-
logical SS in the region with 6 = w. In contrast, when two
DNLs are projected onto the surface, the Zak phase becomes
2n (= 7 + ), which is effectively equivalent to 0.

In the case of RuO,, we found that many DNLs with a
closed loop structure as in CazP, show 6 =27 (=7 + )
which is effectively equivalent to O because two DNLs are
projected onto the surface. In the right panel of Fig. 10(b), we
mapped 6 as a function of the 2D wave vectors in the (100)
surface BZ. We found that 6 remains zero (blue region) for
the projections of all DNLs except for DNLS5, which yields
0 = m (red region). This is because all DNLs except DNL5
are elongated along the k, direction and are therefore doubly
projected onto the (100) surface for any k. In contrast, DNLS5
lies in the k,-k; plane (i.e., k, = 0) and is singly projected,
resulting in 6 = 7 inside its elongated loop. For the (110) sur-
face [bottom panel of Fig. 10(b)], the dog-bone-shaped nodal
loop of DNL6 (yellow curves) is singly projected, giving rise
to a region with 6 = . In the small area where projections
of two DNL6 loops overlap (indicated by six white arrows), 6
becomes 0. It should be noted, however, that since all of these
DNLs lie relatively far from Ep, the associated topological
SS are buried within the bulk bands and cannot be clearly
resolved in our ARPES measurements.

We now turn our attention to DNL1 near Ef, which is the
primary focus of this study and exhibits topological character-
istics distinct from the above case. While the DNLS forms an
enclosed loop in the (110) plane (namely 'ZAM), the DNLI
extends across the BZ, connecting its opposite boundaries
without forming a closed loop. Because the DNLI is open,
it does not enclose any finite area, and therefore no well-
defined “inside” region can be assigned to the § = 7 phase.
As aresult, the Zak phase calculated along the surface-normal
[100] direction does not correlate with the presence of the
SSs in RuO;. Instead, in the context of mirror symmetry, the
mirror eigenvalues of bulk bands are exchanged along (110)
plane between bands 16 and 17. This change in the mirror
representation acts as an effective topological boundary within
the BZ from which the SS emerges. Thus the existence of
the SS is not governed by the one-dimensional Zak phase
like in CasP,, but by the band connectivity protected by the
mirror and PT symmetries associated with the open nodal

lines [60]. In this sense, the SSs on the (100) surface of RuO,
relevant to DNLI1 reflect the open nodal-line topology, which
is not captured by a 6 = 7 phase, in contrast to conventional
drumhead SSs defined by a 6 = 7 region.

Analogous to the case of a nodal line protected by mirror
and PT symmetries, each crossing for DNL1 causes a 7 jump
in the Zak phase due to the inversion of the occupied-band
mirror eigenvalues. This is confirmed by our calculation of
Wilson loop encircling a single DNL1 [see the three red
circles in Fig. 5(a) of the main text] that consistently yields
a value of 7, demonstrating the intrinsic topological nature of
DNLI1. However, since the two mirror planes, (110) and (110),
are symmetry-related and induce opposite phase inversions,
the two m shifts cancel each other, resulting in a net Zak
phase of & = 0 along the [100] and [110] directions. Thus
no well-defined 6 = 7 region can be defined, even though
SSs can still emerge around the projections of the nodal
lines protected by mirror and P7T symmetries. Namely, the
dispersion of SSs of RuO, on the (100) surface exhibits a
drumhead-like shape but lacks a corresponding topological
6 = & character. Consequently, on both the (100) and (110)
surfaces where DNLI is doubly projected, two topological
SS (assuming spin-degenerate bands) are expected to emerge
from the Dirac node when SOC is neglected, as illustrated
in the top panel of Fig. 5(c). Although SOC open a finite
gap along the former DNL, surface-related states remain in
the corresponding k region, reflecting the residual band con-
nectivity that exists without SOC, as shown in the bottom
panel of Fig. 5(c).

APPENDIX F: SLAB CALCULATIONS

To clarify the characteristics of the observed SSs in more
detail, we have carried out slab calculations in the NM phase
for the (100), (110), and (101) surfaces by assuming the
oxygen-deficient termination as shown in Figs. 11(a)-11(c)
[corresponding BZs are also shown in Figs. 11(d)-11(f)]. We
found that the oxygen-deficient termination reproduces the
experimental results relatively well, as detailed below.

1. (100) surface

Figure 12(a) shows the calculated band dispersion along
high-symmetry lines in the surface BZ. In this calculation,
SOC was intentionally neglected in order to highlight the
connection between the DNL and the topological SS. Two
SSs, labeled SS1 and SS2, are connected to DNL1 along the
XS cut, as expected from the schematic in Fig. 5(c). Con-
sistent with the discussion based on the mirror eigenvalues
in the previous section (Appendix E), the calculated flat SSs
on the (100) surface bridges the projections of nodal lines,
instead of filling an enclosed area. Although the DNLI1 can-
not be characterized by a & = & phase, the resulting surface
bands (SS1 and SS2) exhibit a drumheadlike flat dispersion
in certain regions of the BZ (e.g., along T'X) and can be
interpreted as symmetry-protected SSs associated with the
nodal-line topology.

Next we have included SOC in our slab calculations. As
a result, we obtained a stable solution with a magnetic mo-
ment (—0.4up, —0.4up, —0.4up) in the (x,y, z) component
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FIG. 11. Slab models for (100), (110), and (101) orientations in RuO,. (a) Slab structure for the (100), (110), and (101) orientations
assumed in the calculation. [(c)—(e)] Corresponding surface BZ (purple shade) together with the bulk BZ.

induced in the surface oxygen atoms. In Figs. 12(b) and
12(c), we present two cases; one in which the total sur-
face magnetic moment was artificially constrained to zero,
and another in which no such constraint was imposed. In
Fig. 12(b), one can directly identify the influence of SOC.
The overall energy dispersion of SS1 and SS2 remains nearly
unchanged, except for a very small spin splitting. This in-
dicates that the effect of SOC on the SS dispersion is
relatively weak.

w/ SOC, nonmagnetic

In both Figs. 12(a) and 12(b), the flat band appears along
the T'X line, as in the experiment, but is located at ~0.45 eV
above Ef, in contrast to our ARPES data which show the flat
band pinned almost at Eg. This discrepancy is resolved in the
most stable solution, shown in Fig. 12(c) in which a band-
dependent exchange splitting of the SS can be seen; notably,
the flat band around the T" point now appears near Eg, corre-
sponding to the lower branch of the spin-split SS1 (SS1 |).
Although the validity of possible surface ferromagnetism

1 T

(a) w/0 SOC, nonmagnetic % (b)

Y ITr X S Y T

FIG. 12. (a) Slab calculation without SOC along high-symmetry lines in the surface BZ for the (100) surface. Surface-localized bands are
highlighted by colored curves. [(b) and (c)] Same as (a) but including SOC: (b) with and (c) without the constraint of zero total magnetization.
In (c), SOC lifts the spin degeneracy of the surface bands via exchange interaction. The notation “SS1 1 / | denotes spin-up and spin-down

components of the surface band, SS1.
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FIG. 13. (a) Bulk BZ and (110) surface BZ. (b) Slab calculation including SOC, obtained along high-symmetry lines in the surface BZ
for the (110) surface. Surface-localized bands are highlighted by colored circles. (c) Same as Fig. 3(e) in the main text. Experimental band
dispersion extracted from ARPES along the 'ZAMT cut. Black and orange circles correspond to bulk and surface bands, respectively. Black
solid curves and red/blue dashed curves denote the calculated dispersions for NM and AFM states, respectively.

remains to be clarified, this slab calculation exhibits much
better agreement with the ARPES data, as detailed further
below.

2. (110)/(101) surfaces

To further validate the topological character of DNL1, we
have investigated bulk-edge correspondence in other surface
orientations, (110) and (101). In the (110) case, DNL1 extends
along a momentum direction perpendicular to the surface
[Fig. 10(b)]. This causes DNLI to be buried within the pro-
jection of bulk bands, as illustrated in Fig. 13(b). Specifically,
a band crossing point at +-0.2 eV is observed midway between
" and ¥, originating from the crossing point of DNLI1 along
the I'Z line in bulk BZ [Fig. 13(a) in main text]. Similarly,
another band crossing point appears near Ef, close to the ¥
point, originating from the crossing point of DNL1 along the
MA line in the bulk BZ. Although the correspondence be-
tween the SSs and DNL1 is less clear in the (110) orientation
compared to the (100) case, two surface bands can still be
identified, extending from the DNL1 crossing point (along I'Z
line) toward I". These bands exhibit downward dispersions
and form flat features at Ep and ~-0.2 eV. Importantly, the
flat band at Er shows good correspondence with that observed
in the ARPES data on the (110) surface [yellow circles in
Fig. 13(c)].

On the other hand, as shown in Fig. 14(a), the (101) plane
is tilted with respect to the bulk BZ. As a result, the bulk-band
projection area in (E, k) space becomes even larger than in
the (100) and (110) cases, and the band-gap region around Er
is almost completely suppressed, as shown in Fig. 14(b). Con-
sequently, the SS near Ef is almost fully embedded within the

bulk band projection, and the surface component of the band
structure (indicated by the size of circles on the dispersion),
i.e., the degree of surface localization, is markedly reduced
compared to the (110) and (100) surfaces. Due to this strong
surface-bulk hybridization and the ill-defined DNL structures
in the slab calculation (arising from the aforementioned
tilting of the DNLs), it becomes difficult to directly trace
the relationship between bulk DNL1 and the SSs on the
(101) surface. Nevertheless, as indicated by yellow arrows
in Fig. 14(b), one may identify correspondences between
the calculated and experimental dispersions [Figs. 14(b) and
14(c)], such as the holelike dispersion along I'Y (I"-X in bulk
BZ) seen as the § or ¢ band in Fig. 14(c), and the electronlike
dispersion along VY (V-X in the bulk BZ), seen as the A or
band in Fig. 14(c). In addition, the electronlike surface band
centered at the W point shows agreement between calculation
and experiment. Taken together, our comprehensive analysis
of the band dispersions obtained from the slab calculations
and ARPES across the three surface orientations provides
strong evidence for an intimate connection between the bulk
DNLI1 and the SSs in terms of the nontrivial topology.

APPENDIX G: WANNIER ORBITALS OF SURFACE STATES

While the location of SS in (£, k) space is tightly bound to
the projection of the DNLs independent of surface orientation,
the surface band velocity exhibits a clear dependence on the
surface orientation. This behavior can be explained in terms
of the atomic arrangement and orbital character at the surface.
As shown in Figs. 15(a) and 15(b), the Wannier orbital of
Ru d,,, associated with the flat band on the (100) surface,
extends along the bonding direction with the O atoms (b axis)
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FIG. 14. (a) Bulk BZ and (101) surface BZ. (b) Same as Fig. 13(b) but for the (101) surface. (c) Same as Fig. 4(e) in the main text.

at the top surface but not along the a axis. The overlap of
wave functions between neighboring atoms is therefore highly

(b) (100)
» '» » "» » “
. e o

adad)

o o e
‘ L L. 444(

,;;Q%'}m", '

'i ")" /" * )%
3 C ,( .\ [ :

FIG. 15. [(a) and (b)] Side views of the Wannier orbital of the
flat surface state (SS1) from slab calculations including SOC for the
(100) surface. Red and white spheres represent O and Ru atoms,
respectively. (c) Same as (a) but for a dispersive surface band on the
(101) surface.

anisotropic between the a and b axes, leading to a reduction
in band velocity and the flattening of the dispersion along the
a axis, consistent with the ARPES observations. On the other
hand, on the (101) surface, the Ru orbital exhibits less direc-
tionality due to the lower symmetry of this surface [Figs. 15(c)
and 15(d)]. This results in metallic-bonding-like characteris-
tics, with large wave-function overlap along both principal
axes in the surface plane [i.e., there is no abrupt termination of
the surface Wannier orbital, unlike Fig. 15(a)], manifested as
a sizable dispersion of the SS along all momentum directions.
Thus, although the SSs in RuO, originate from the topological
nature of bulk DNLs, the degree of flatness and metallicity can
be effectively tuned by varying the surface orientation.

Here we briefly comment on the robustness of topologi-
cal SS against chemical modifications. It has been reported
that chemical modifications on the RuO,(110) surface can
collapse the SS [46]. While this can be explained in terms
of the nontopological nature of the SS, generally, it is not
well understood to what extent a topological SS can remain
robust against chemical modifications. For example, in the
prototypical 3D strong topological insulator Bi,Ses, the spec-
tral intensity of the surface band has been reported to almost
vanish upon surface adsorption [73]. In that case, strong
lifetime broadening makes it difficult to judge solely from
the spectral weight whether the SS truly disappears. Since
RuO; may share a similar situation, we primarily discuss the
topological properties of the SS based on theoretical analyses
derived from bulk-edge correspondence, as already detailed in
Appendixes E and F.
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