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Scanning tunneling microscopy (STM) is perhaps the most promising way to detect the superconduct-
ing gap size and structure in the canonical unconventional superconductor SroRuQj4 directly. However, in
many cases, researchers have reported being unable to detect the gap at all in simple STM conductance
measurements. Recently, an investigation of this issue on various local topographic structures on a Sr-
terminated surface found that superconducting spectra appeared only in the region of small nanoscale
canyons, corresponding to the removal of one RuO surface layer. Here, we analyze the electronic struc-
ture of various possible surface structures using first principles methods, and argue that bulk conditions
favorable for superconductivity can be achieved when removal of the RuO layer suppresses the RuOg4
octahedral rotation locally. We further propose alternative terminations to the most frequently reported
Sr termination where superconductivity surfaces should be observed.

INTRODUCTION

The superconducting order parameter of SroRuO4 [1-4] is
thought to be of unconventional nature, but has proven un-
expectedly difficult to identify. Soon after its discovery in
1994, it was proposed as a promising candidate for a chiral
p-wave, spin triplet superconductor by analogy to superfluid
3He-A, based in particular on early evidence from NMR [5].
Muon-spin rotation [6] and Kerr effect [7] measurements
suggested intrinsic time-reversal symmetry (TRS) break-
ing [8] below T, consistent with this proposal. Thermody-
namic measurements provided clear evidence for low-energy
quasiparticle states, however, suggesting the existence of
gap nodes or deep minima [9-12].

In 2019, the authors of Ref. [13] challenged the chiral p-
wave paradigm with in-plane 7O nuclear magnetic reso-
nance measurements that found a significant decrease in the
Knight shift below T¢ [13, 14]. Spin-triplet pairing was then
definitively ruled out by comparison to the change of the
entropy from earlier specific heat experiments [15]. These
measurements were accompanied by observations of shifts
in the elastic constants [16, 17] together with experiments
under strain [18] suggesting a two component nature of the
order parameter. All these results led to renewed theoreti-
cal attempts to calculate the superconducting ground state
of SroRuQ, within a spin singlet picture [19-37], leading
to a variety of proposals, including the even-parity 1D ir-
reducible representation Byg4(dy2_,2), multi-component or-
ders such as di_ 2 + igyy(x2—y2) and s" + idy,, as well as
the 2D irreducible representation E1q4(dy; + id,,). A two-
component state is thought to be required to explain ultra-
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sound measurements [16, 17] and recent uSR experiments
under strain [18] (see however Ref. [36, 38]), but other re-
cent measurements provide evidence for a single order pa-
rameter component [39, 40].

While the experiments cited above and many others provide
indirect evidence in support of one superconducting pair-
ing channel or another, the community’s ability to defini-
tively identify the order parameter is severely hindered by
the difficulty of making direct measurements of the su-
perconducting gap over the Fermi surface. The extremely
small gap (JA| < 350 ueV) [41, 42] of the superconduct-
ing order parameter A(k) in SroRuO4 means that angle-
resolved photoemission (ARPES) experiments do not cur-
rently have the fine energy and momentum resolution to
detect spectral features reflecting the gap. Scanning tunnel-
ing spectroscopy experiments that detect Bogoliubov quasi-
particle interference (BQPI) provide, on the other hand,
good momentum resolution and finer energy resolution in
the best circumstances. Recently, the BQPI technique was
used for SroRuO4 [42]. This analysis, based on compari-
son with a simple lattice calculation of the joint density of
states, suggested a d,2_,2 superconducting gap symmetry
for SroRuO4. A somewhat more sophisticated calculation
involving first-principles surface Wannier functions was also
compared to the same data [43], but more than one gap
function appeared to fit nearly equally well. Nevertheless,
BQPI appears to be the best possibility of “directly” mea-
suring the superconducting gap in this canonical unconven-
tional superconductor.

There is however one enduring, poorly understood puzzle
regarding scanning tunneling microscopy (STM) studies of
superconducting SroRuQO4. While some STM measurements
have reported signatures of superconductivity on the surface
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of SroRuQy4 for many years [41, 42, 44], others on appar-
ently equivalent surfaces under similar conditions are unable
to detect any gap at all [45-48]. Recognizing that this ques-
tion was an important one to resolve in order to properly
interpret STM data on the SroRuO4 surface, the authors
of Ref. [49, 50] performed a systematic study of local STM
conductance spectra at several distinct types of local topo-
graphic structures on the surface with different termination
layers. They found that superconducting spectra with co-
herence peaks appeared only in the region of small nanoscale
“pits” on the surface, corresponding to the removal of one
RuO surface layer. Since the SroRuQ4 surface is thought
to be reconstructed in a pattern of RuOg octahedral rota-
tion similar to that of bulk Sr3Ru>O7 and calcium doped
bulk SroRuQ,4 [47, 51-53], it is natural to ask if the atomic
layer on the surface might be electronically different to that
placed immediately underneath it, such that conditions fa-
vorable to superconductivity are “masked”. In other words,
is it possible that superconductivity in SroRuQO4 can never
be observed on a hypothetical perfect but reconstructed
SroRuQy surface, but is only revealed when such pits form?
Here we investigate the plausibility of such a scenario by
performing first-principles-based electronic structure simu-
lations.

RESULTS

In the following we examine how the surface termination and
rotation angles of the RuOg octahedra in SroRuQ,4 affect
its electronic structure employing density functional theory
(DFT). We determine the optimal rotation angle depending
on the type of termination, and perform large-scale canyon
structure simulations to investigate the above scenario pre-
dicting that pits in the surface allow to observe signatures
of bulk physics.

To understand better the changes induced by the octahe-
dral rotation in SroRuQO4 we first focus on a Sr-terminated
monolayer for which we consider different RuOg rotation
angles. The effect of the rotation on the band structure,
Fermi surface, total density of states (DOS) and projected
DOS is visualized in Fig. 1 and is in agreement with previ-
ous reported results [54]. As shown in Fig. 1, the octahedral
rotation pushes the van-Hove singularity (vHs) — located in
the dy, orbital — from a position above the Fermi level at 0°
rotation, as in the bulk case [21, 28, 55], to a position be-
low the Fermi level at the optimal octahedral rotation value.
As a consequence of this, the dy,-orbital dominated Fermi
surface section near the M-point vanishes (see the band
structure and Fermi surface plotted in Fig. 1 (a)). Further-
more, a pocket at the I point in the dxy, orbital opens up
at approximately 6° octahedral rotation. This feature has
been identified as a source of suppressed superconductiv-
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FIG. 1: Electronic structure of Sr Monolayer. (a) Band
structure along the high symmetry path of the folded
Brillouin zone (BZ) in SroRuO4 and the density of states
(DOS) for the rotations 0° (lightgray), 5° (gray) and the
optimal one (black). (b) Fermi surfaces in the folded BZ
for the same three rotations. We observe a Lifshits
transition happening between the 5° (gray) and the
optimal rotation (black). (c) d orbitally resolved DOS
plotted with different shades of blue. The d, orbitals are
the dominant orbitals at the Fermi level Ef.

ity in a recent theoretical investigation by some of the au-
thors [56] by performing functional renormalization group
(FRG) calculations for wannierized tight-binding models for
the surface of SryRuQy.

In the same spirit and motivated by recent strain dependent
experiments [18, 57-60] indicating a strong effect of the vHs
position on T, we investigate different possible realizations
of surfaces with the aim to recover bulk-like behavior in
the surface layer, which would support the scenario that
the detection of superconductivity on the surface is directly



related to the surface having similar electronic properties
as the bulk. By cleaving such surfaces, surface sensitive
probes, like STS, as mentioned in the introduction, can then
be utilized to image the superconducting order parameter.
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FIG. 2: Slab terminations considered in this work. (a-b)
depict the surface and subsurface layers used for our slab
calculations where the shaded gray region on top marks
the position of the void for the calculations. The labels on
the left (Sr-O or Ru-O) denote the layer composition.
Panel (a) shows the Sr-terminated, Ru-terminated and
2Sr-terminated slabs. The rotation of RuOg octahedra is
depicted on top of the Sr-termination figure. (b)
Canyon-like structure with 2Sr termination in the pit (2Sr
Canyon). This canyon-like structure has been reported in
STM experiments [49]. The dark blue and red horizontal
bars are color indicators for Fig. 4. (c) Definition of the
RuOg octahedra rotation angle.

We consider four different charge neutral surface configu-

rations in SroRuQ4 including the experimentally realized Sr
termination [47], a Ru termination, and a 2Sr termination
(see Fig. 2 (a)). While the latter two terminations, to our
knowledge, have not yet been reported as a clean surface,
our findings indicate that trying to cleave or grow these is
highly desirable in order to restore bulk physics on the sur-
face. As a fourth configuration, we examine a canyon-like
structure (Fig. 2 (b)) similar to the suggested pit in [49]
and investigate how the electronic structure of SroRuQy is
affected thereby.

The optimized RuQg rotation angles for slabs with Sr sur-
face termination (Fig. 2 (a), left panel) are summarized in
Fig. 3 as a function of number of layers n (see also Tab. SI).
We find that the octahedral rotation in both surface and
subsurface show rapid convergence to stable values with
the number of layers considered in the slab calculation, in-
dicating the presence of small interlayer couplings, as ex-
pected from resistivity measurements [61]. Incorporating
spin-orbit coupling (SOC) in the structural slab relaxations
is not found to play a crucial role for the rotation angles, in
contrast to the role it plays for the electronic properties near
the Fermi surface [55] where it was found to be essential.
In other words, even though to reproduce the experimen-
tal Fermi-surface shape spin-orbit coupling is essential, it
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FIG. 3: Octahedral rotation 6 (see Fig. 2 (c) for the
angle definition) as a function of number of layers within
the slab for both, surface (continuous line) and subsurface
(dashed line) for all three terminations in Fig. 2 (a). Note
that only as of a three-layer slab a subsurface layer exists.
We find a much stronger surface reconstruction in the case
of Sr termination (green solid curve) than for the Ru
termination (blue, in inset) and the 2Sr termination (red,
inset). All subsurface layers show negligible rotations. The

exact values of the relaxation can be found in Tables S,
SIl and SlII.



has negligible effect on the structural relaxation which is
the central focus of this study. The optimal rotation an-
gle of 7.17° at the surface layer obtained in non-relativistic
calculations is in agreement with experiments [52, 62] and
earlier theoretical investigations [54, 63]. Therefore, for the
structure optimization we neglect the effect of SOC in mul-
tilayered slabs. Furthermore, we checked that structure op-
timization using different setups, like surface and subsurface
optimization or structural optimization of the full slab with
different depths, leads to changes in the rotation angle of
the RuOg octahedra of at most 0.1°.

We next consider slabs with Ru termination (Fig. 2 (a) mid-
dle panel). In this case the surface RuOg octahedra don't
have top apex oxygens and the surface reconstruction after
relaxation is less severe. The optimized rotation angles are
therefore much smaller than in the previous case as summa-
rized in Fig. 3 and in Tab. SII. The slabs exhibit once again
a fast convergence in rotation angles with number of layers
considered within the slab (see inset of Fig. 3).

We also performed relaxations by considering a 2Sr termina-
tion (Fig. 2 (a) right panel), where the surface is assumed to
be terminated at a SrO layer, two layers away from the RuO
plane. In this case we observe, similarly to the Ru termina-
tion, a strong suppression of the RuOg octahedral rotation
in the most outer RuO surface (see Fig. 3 and Table SlI).
The rotation angles again converge quickly with the number
of layers within the slab. As expected from the electronic
structure analysis of the effect of RuOg octahedral rotations
in SroRuO4 (Fig. 1), we find bulk-like behavior in the ab-
sence of the octahedral rotation for both the 25r and Ru
terminations.

We proceed now with a more complex slab termination. As
reported in Ref. [49] imperfections in the cleaving process
of the crystal, which create small canyon-like structures,
enable the observation of a superconducting state in STM.
Here, we perform DFT calculations for one such case, a
2Sr canyon termination (Fig. 2 (b)). For that we choose a
trade-off between numerical feasibility and complexity of the
structure. The canyon-like structure is built from previously
relaxed Sr-terminated slabs. After removing the atoms in
order to resemble the structures suggested in Ref. [49], we
perform a relaxation of the whole structure. We find that
near the edges of the canyon, a substantial displacement of
the atoms occurs - while at the bottom of the pit, the RuOg
octahedral rotation is nearly zero. Fig. 4 shows the orbitally
resolved DOS for the 2Sr canyon (Fig. 2 (b)) where the
contribution of the surface Ru is shown in shades of dashed
blue (Fig. 4 (a)) and the contribution coming from subsur-
face Ru is shown in shades of solid red (Fig. 4 (b)). Fig. 4
(c) depicts the comparison of the dy, orbital projected DOS
for the surface and subsurface. By this direct comparison
it is visible that the subsurface layer has a clear bulk-like
feature, with a clear peak close to the Fermi level (com-
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pare, for instance, with Ref. [47], and with Fig. 1 (c) left
panel where the electronic structure of bulk SroRuQy4 is em-
ulated). As can be seen in Fig. 4 the influence of the RuOg
octahedral rotation is quite drastic - the electronic structure
of the subsurface Ru layer retains the position of the bulk
system’s van-Hove singularity while the vHs of the surface
Ru is shifted below the Fermi level, again resembling what
we observed in the Sr-terminated slab (Fig. 1). This indi-
cates that the subsurface electronic structure is the same
as for bulk SroRuQy, since it is not affected by the octa-
hedra rotation. Therefore, bulk-like behavior is expected,
i.e. the layer should show superconductivity when the tip
is placed in the area of the canyon, as indicated by STM
measurements [49)].

DISCUSSION

In this work, we investigated via DFT calculations the sur-
face reconstruction of different charge-neutral surfaces of
SraRuQy, including experimentally observed canyon struc-
tures. Our motivation was to understand the microscopic
origin of contradictory reports of detection of superconduc-
tivity in STM measurements of SroRuQO4. The results of our
calculations are condensed into two main quantities which
are (i) the structural properties in terms of the behavior of
the RuOg octahedra at the surface and layers below and
(ii) the (partial) density of states of the Ru-d states in the
corresponding layers. To examine whether to expect a struc-
ture to have bulk-like behavior, we compare the bulk and
relaxed surface electronic structures. From experiments, we
know that the bulk system is superconducting [1] while clean
surface samples show no superconductivity [45-48]. In par-
ticular, we focus on the DOS of the dy, orbital since it
is the main contributor to the DOS near the Fermi level,
and to the van-Hove singularity driving the value of the T,
as examined by strain experiments [18, 57-60]. It should
be noted that at large octahedral rotation (6 > 6°), which
is the case for experimentally reported Sr-terminated struc-
tures and found in our simulations, the van-Hove singularity
lies below the Fermi level (Ef) and the DOS at Ef is pre-
dominantly provided by the new dy, pocket opening near
the I point (see Fig. 1 (b) right panel), in contrast to the
bulk-like electronic structure (no RuQg rotation, Fig. 1 (b)
left panel) where this pocket is absent. Recent FRG cal-
culations suggest that while carrying significant DOS, this
new pocket is irrelevant for the pairing [56], and this might
explain the absence of superconductivity at such surfaces.

Using this qualitative understanding of how superconduc-
tivity is influenced by the structural state of the SroRuQ4
and by examining the signatures of the density of states, we
can indirectly connect the tendency towards superconduct-
ing pairing to the structural state of the RuOg octahedra.
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FIG. 4: DOS for the Ru atoms of the 2Sr canyon plotted in three setups. The colors here correspond to the colors of
the layers in Fig. 2 (b) for the canyon. (a) shows the DOS of the top layer (blue, dashed) of the canyon for all d orbitals.
(b) It is the same as (a) but for the subsurface layer (red, solid). (c) Displays the comparison of the most dominant Ru
orbital, dy,, at the Fermi level for the surface and subsurface layer. The dos are normalized to one Ru atom.

We find that the density of states in the layers without
rotation exhibits similar positions of the van Hove peaks
as that of an unreconstructed (bulk) system; in contrast
to layers with significant octahedra rotation, thus connect-
ing the electronic structures in the corresponding layers to
the bulk electronic structure. Our calculations corroborate
that for Sr-terminated surfaces, the RuOg octahedra show
a rotation of about 7°, in agreement with previous investi-
gations [52, 54, 62, 63]. However, for both 2Sr- and Ru-
terminated surfaces, no significant octahedral rotation was
found.

This suggests that if these latter terminations could be suc-
cessfully grown or cleaved, superconducting surfaces should
be observed. This in turn would allow for direct measure-
ments of the superconducting order parameter utilizing Bo-
goliubov quasiparticle interference.

This suggestion is supported by our 2Sr canyon slab simula-
tions resembling reported surface imperfections in Ref. [49]
where we found that the octahedral rotation in the subsur-
face is essentially absent. Accordingly, the electronic struc-
ture does not differ substantially from bulk - explaining why
within these canyons a superconducting gap is observed in

STM measurements [49]. Therefore, we argue that STM (or
other surface) experiments do not see the superconducting
gap if they are located with their tip on the Sr-terminated
surface with a reconstructed surface that contains octahe-
dral rotation.

While so far there has been no report of a clean 25r or
Ru surface termination, our results suggest that fabricating
such a termination could help significantly in determining
the gap structure in SroRuQy4. Furthermore, this could set-
tle the longstanding debate of whether there is a second
order parameter or not [16-18, 36, 39, 60, 64]. While a
relatively clean surface might be required to obtain Bogoli-
ubov quasiparticle interference patterns, the observation of
a STM gap in canyon defects already allows for a more
thorough investigation of the gap structure.

METHODS

First principles calculations

We performed ab initio electronic structure calculations
within density functional theory (DFT) [65, 66] by using
the Vienna Ab initio Simulation Package (VASP) [67-69]



within the pseudo-potential augmented plane-wave[70, 71]
(PAW) basis set. The calculations were performed with the
Perdew—Burke—Ernzerhof (PBE) [72] exchange correlation
functional as a generalized gradient approximation (GGA),
and a plane-wave cutoff of 800eV was chosen. First the
bulk structure was relaxed on a 16 X 16 X 4 k-point mesh
using the conventional unit cell of SryRuO4. The relaxed
unit cell was then transformed to a tetragonal v/2 x v/2 x 1
unit cell in order to have two inequivalent Ru sites and four
inequivalent O sites in the ab plane. The convergence cri-
terion was chosen to be 2 - 1073eV//A for these slabs and
1-1073eV/A for the bulk.

From the optimized bulk unit cell we generated slabs with
up to 5 Ru layers with Sr, 2Sr or Ru termination on both
ends. A void of 15 A was set on top of the surfaces. In these
slab unit cells we rotated the RuOg octahedra starting form
their initial position, i. e. 180° between two neighboring Ru
atoms and the O in between, by adding a displacement dg
for the O atoms in the Ru plane dependent on the rotation
angle 6

0 tan(6) 0
do(f)=|—tan(d) O 0] -ro, (1)
0 0 0

where rg is the initial positions of the O atoms in the Ru
plane. For all slabs we optimized every pair of Ru layers
symmetrically. Crosscheck for non symmetric setups were
done, however not found to be optimal.

The scheme of optimizing was done carefully for all termi-
nations as follows: (i) We first started with one Ru layer.
(i) This was optimized first with a low resolution energy
landscape. (iii) Then we relocated and zoomed in to restart
with a higher resolution. (iv) We repeated this procedure
until we had a sufficient amount of resolution. (v) As a last
step of refinement we let VASP internally relax, to print-

out the forces and confirm that we are in a minimum. (vi)
Restart with an additional Ru layer, and use the previous
optimal rotation angle as new starting rotation angle. The
k mesh for optimizing these structures was 6 x 6 x 1.

For the 2Sr canyon structure, we started from the relaxed
3 layer Sr-terminated slab and expanded the unit cell by
V2 x /2 x 1. This supercell was then extended in one
direction 3 x 1 x 1. Finally we dug a hole on both sur-
faces and started a relaxation. The forces were reduced to
5-1073eV/A with a k-mesh of 2 x 6 x 1.
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Supplementary Information:
Why STM on Sr,RuQ, (sometimes) doesn’t see the gap

Supplementary Note 1: Tables

[No. Rul[type|| RuLl [ RuL2 [ RuL3 [ RuL4 | Rul5 |
[ 1 ][ all [J10.2837] \ \ \ |
|2 ][ all [][7.3645 [7.3644] \ \ \
3 sur ||7.2825 |0 7.2845
3 [ all [[7.2672 [0.1171]7.2662
4 [[sur][7.1673 [0 0 7.1721
4[] all ][7.2929 [0.0916]0.091 |7.2789
5 [ sur[[7.1709 [0 0 0 7.1719
5 || sub|[7.2518 [0.0959]0 0.0961[7.2519
5 || all |[7.2626 [0.0734[0.0742]0.0735]7.2632

TABLE SI: Here we list the rotation angles in ° in
dependence of the number of Ru layers (No. Ru) for 1
layer (RuL1) to 5 layers (RuL5) with Sr termination. Each
layer has several rows, which correspond to either a full

relaxation (all), only surface (sur), surface and subsurface
(sub).

[No. Rul[type[[RuL1[ RuL2 [ RuL3 [ RuL4 [RuL5]
[ 1 Ha”HO | [ [ [ |
L2 [anfo Jo [ [ [ |

3 sur ||0 0 0

3 all [Jo  [0.0618]0

4 sur ||0 0 0 0

4 all [Jo 0.0378]0.0375[0

5 sur [|0 0 0 0 0

5 [lsubjl0  0.0699]0 0.0696(0

5 all [Jo ]0.0702]0.0001[0.0704]0

TABLE SlI: Here we list the rotation angles in ° in
dependence of the number of Ru layers (No. Ru) for 1
layer (RuL1) to 5 layers (RuL5) with Ru termination. Each
layer has several rows, which correspond to either a full

relaxation (all), only surface (sur), surface and subsurface
(sub).

Here we list all tables containing the optimized rotation
angles from our DFT calculations with VASP. The Sr ter-
mination is in SI, the Ru termination in Sll and the 2Sr
termination in SllI. Fig. S1 shows the dependence of the ro-
tation angle on the freedom during the relaxation. This plot
is generated for the 5 layer case and benchmarks the rota-
tion angle of the RuOg octahedra for the surface, by letting
the structure relax only at the surface (labeled as: surface),
using subsurface and surface (labeled as: subsurface) and
also by letting the full structure relax (labeled as: full). The

[No. Ru[type|] RuLl [ RuL2 [ RuL3 | RuL4 | Rul5 |
[ L [[afooasa] [ [ [ |
| | all 0.106 [0.1067] \ \ |

sur {{0.0883|0 0.0881
all {{0.0957|0.0002(0.0958

sur {{0.0993|0 0 0.0993
all {{0.0954|0.0045|0.0051|0.0956
sur |{{0.0882|0 0 0 0.0881

sub {|0.0964|0.0009|0 0.0007{0.0961
all {{0.0959|0.0069(0.0001|0.0069 |0.096

GO G| W W[N]~

TABLE SlII: Here we list the rotation angles in © in
dependence of the number of Ru layers (No. Ru) for 1
layer (RuL1) to 5 layers (RuL5) with 2Sr termination.
Each layer has several rows, which correspond to either a
full relaxation (all), only surface (sur), surface and
subsurface (sub).
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FIG. S1: Rotation angle in dependence of freedom during
the relaxation in DFT for all 3 terminations of the 5 layer
slabs.

rotation angle converges very fast, showing very little devi-
ation between surface and the other relaxation types.

Comparison of bulk, monolayer, and canyon

Here we show that the subsurface of the 2Sr canyon DOS
has bulk-like features. In Fig. S2 we visualize the DOS of
the dy, Ru orbital. For all three cases it shows a significant
peak between 0.025 to 0.1 eV, which corresponds to the
vHs in the dy, orbital.
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FIG. S2: Comparison of the DOS of bulk, Sr-termination
monolayer and 2Sr-canyon for the Ru dy, orbital to verify,
that all of them have the same bulk like feature.
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FIG. S3: Results for Ru canyon (a) Comparison between
surface and subsurface, and (b) the Ru canyon.

Ru canyon electronic structure

A second pit proposed by the experiments in [49] is depicted
in Fig. S3. Instead of a 2Sr termination in the pit one has
a Ru termination. Similar to the 2Sr canyon (Fig. 4 main
text) we decomposed the DOS in surface and subsurface
layer. The DOS of the surface with the Ru octahedra with-
out the top apex oxygen is very low. One the other hand
one can see a nice agreement of the DOS for the subsur-
face layer and the bulk, which has much higher DOS val-
ues. Only the subsurface layer shows the expected bulk-like
DOS. Unfortunately, the DOS of the subsurface might be
screened by the Ru layer in the pit, therefore, visualizing the
contributions of this canyon experimentally might be more
challenging.
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