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ABSTRACT

Sulfur adsorbed on Ru(0001) presents a large number of ordered structures. This
characteristic makes S/Ru(0001) the ideal system to investigate the effect of different
periodicities on the electronic properties of interfaces. We have performed scanning
tunneling microscopy/spectroscopy experiments and density functional theory
calculations showing that a sulfur adlayer generates interface states inside the I
directional gap of Ru(0001) and that the position of such states varies monotonically
with sulfur coverage. This is the result of the interplay between band folding effects
arising from the new periodicity of the system and electron localization on the sulfur
monolayer. As a consequence, by varying the amount of sulfur in S/Ru(0001) one can
control the electronic properties of these interfacial materials.
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The structural properties of sulfur adlayers on transition metal surfaces have received a
considerable attention due to the very rich phase diagram that results from the substrate-
mediated long-range interaction between the surface adatoms [1-4]. For sulfur on
Ru(0001) (S/Ru(0001)), experimental and theoretical studies [5-11] have reported the
existence of different ordered structures of S atoms with commensurate unit cell with
the Ru(0001) surface, each one characterized by a well-defined S/Ru ratio and
periodicity. In addition to commensurate structures, a plethora of non-commensurate
ordered structures, as well as disordered ones, has been found for non-optimal values of
the S/Ru ratio. For this reason, S/Ru(0001) surfaces are ideal to analyze the effect of
additional periodicities on the electronic properties of interfaces, e.g., through the
folding of the electronic bands.

Recently, the intercalation of atomic species between epitaxial graphene and various
substrates has been used to break the hexagonal symmetry of graphene and to introduce
superlattice perturbations to the graphene m electrons in the form of scalar and gauge
potentials [ 15]. This has opened the possibility, e.g., to vary the density and effective



mass of charge carriers, to open band gaps, or to enhance the spin-orbit coupling [16-
19]. The diversity of superstructures present in S/Ru(0001) suggests that intercalation
of sulfur atoms in graphene/Ru(0001) interfaces, as recently demonstrated [20], can
offer new opportunities to achieve precise control of the above properties. Hence, an in-
depth study of the electronic properties of S/Ru(0001) surfaces is important to assess the
potential of such intercalated systems.

Furthermore, S/Ru compounds, such as RuS», have themselves an important impact in
catalysis and electrolysis, namely to induce hydrosulfuration reactions leading to
removal of organosulfur molecules from oil [12, 13] or to produce active anode
materials [14],. Therefore, a detailed characterization of the electronic properties of
S/Ru surfaces can also potentially contribute to the improvement of such methods.

Density Functional Theory (DFT) has been applied to study the density of electronic
states of some of the two-dimensional long-range ordered structures formed by sulfur
on transition metal surfaces [21,22]. However, to the best of our knowledge, there is no
characterization whatsoever of the electronic properties of the S-Ru interfaces. It is well
known that the Ru(0001) surface presents a directional gap at the I" point for energies
above +2 eV, and that a surface resonance is present right at the bottom of this band
gap. Both features are crucial to understand the properties of the unoccupied Density Of
States (DOS) of graphene/Ru(0001) [23] and other 2D systems [24-26]. However, this
picture is expected to change significantly in the presence of sulfur adlayers due to the
strong interaction between the adatoms and the substrate.

In this work, we study the effect of coverage on the unoccupied DOS of S/Ru(0001) by
means of Scanning Tunneling Microscopy and Spectroscopy (STM/STS) experiments
and DFT calculations. We show that new states appear inside the directional gap at the
I" point on the Ru(0001) surface upon S adsorption and that the unoccupied DOS of the
resulting interface strongly depends on the coverage. The observed spectral features can
be assigned to interface states generated by the substrate d bands, the sulfur p orbitals
and the back folding due to the new periodicity. More interestingly, we show that the
observed coverage dependence can be ascribed to electron localization on a potential-
well state formed by the S overlayers on the Ru surface. Hence we conclude that it is the
interplay between symmetry and localization that ultimately dictates the electronic
properties of the S/Ru(0001) surface.

All experiments were performed in an Ultra-High Vacuum (UHV) chamber with a base
pressure of 5x10°!! mbar equipped with a low-temperature STM and facilities for tip
and sample preparation. Clean W tips were prepared by Ar" sputtering (2.5 keV) in
UHYV and resistive heating [27]. The Ru(0001) surface was Ar" sputtered (1.4keV) and
annealed to 1400K. Sulfur adsorption was achieved introducing a partial pressure (from
2x10" mbar to 2x10”7 mbar) of H,S with exposure times from 45 second up to 3
minutes [28], while the Ru(0001) temperature was kept at ~500K. This parameter space
leads to the reproduction of the phase diagram of S/Ru(0001) in the 0-0.5 ML range
[29]. The tunneling spectra were measured with the feedback loop connected. The
variation of the distance between tip and sample was recorded as a function of the bias
voltage in the 2-10V range.

On the theoretical side, DFT calculations were performed using the generalized gradient
approximation (GGA) for the exchange-correlation energy, as implemented in the plane
wave based code VASP [30-33]. In applying the GGA, we adopted the PBE functional
[34] and a plane wave cut-off of 400 eV. The ion cores were described using the



projector augmented wave (PAW) method [35]. The system geometry was modelled by
periodical repetition of S-5Ru slabs, separated (in the coordinate perpendicular to the
plane) by a vacuum distance of ~60A to avoid spurious interaction between slab
replicas. This model ensures a proper description of the surface-like states that are the
object of the present work. Four different adsorption geometries for the S atoms were
analyzed, with a surface coverage ranging from 0.25 to 0.5 ML. The atomic coordinates
were determined by geometry optimizations, allowing the relaxation of the sulfur atoms,
as well as the 2 topmost Ru layers. The force tolerance was set to 0.01 eVxA™!, and the
relaxed geometry configurations was used to calculate the band structure and the
projected density of states with an electronic tolerance of 10 eV. The Brillouin Zone
was sampled using I'-centred Monkhorst-Pack grids [36] with Ak < 0.1A"!, for geometry
optimizations, and Ak < 0.05A"!, for electronic structure calculations.
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Figure 1 — (a) STM image (8 nm x 16.5 nm) showing the coexistence region of the
p(2x2) (right) and p(N3xV3)R30° (left) S/Ru(0001) superstructures . (b) STM image (8
nm x 8 nm) showing a parallel array of striped S/Ru(0001) domain walls forming the
DDW phase. (¢) STM image (8 nm x 8 nm) showing the ¢(2x4) S/Ru(0001)
superstructure. All images were measured at 300K, V=1V, and [=30nA. The S atoms
unit cell is highlighted by blue lines in each panel and inset.

In the studied Sulfur coverage range (0-0.5 ML), S/Ru(0001) presents four long-range
ordered phases with different symmetries. For a local coverage of 0.25ML, a hexagonal
p(2x2) reconstruction appears (right domain in Figure 1(a)). Increasing coverage leads
to the formation of a more dense hexagonal phase, the p(N3xV3)R30° reconstruction,
which is completed for a Sulfur coverage of 0.33ML (left domain in Figure 1(a)) [5].



Above 0.33ML, a phase consisting on p(V3xV3)R30° domains separated by linear
domain walls (DW) is observed [10,29]. Further deposition of S atoms leads to the
reduction in the distance of the DW up to the critical Sulfur coverage of 0.43ML, for
which the inter-wall distance reaches its minimum, i.e. one p(¥3xV3)R30° unit cell, and
an ordered array of striped DW is formed (Figure 1(b)). We will refer to this phase,
characterized by a (V3x7) primitive cell [8], as dense domain walls (DDW). Above 0.43
ML and up to the 0.5ML limit, a rectangular c(2x4) reconstruction is formed [10]
(Figure 1(c)). According to the literature, the higher coverage for this system is 0.6ML,
while further S depositions result in the formation of second layer structures [10,11].
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Figure 2 — dZ/dV curves between 2 eV and 6 eV for the four ordered phases of
S/Ru(0001) in the 0-0.5 ML coverage range. The spectra are displaced vertically for
clarity. The arrows indicate the position of the spectral features discussed in the main
text.

To get insight on the electronic properties of this system, we have carried out STS
experiments. The tunneling spectra were measured with the feedback loop connected
and the variation of the distance between tip and sample, Z, was recorded as a function
of the bias voltage, V, applied. The Z(V) curves were numerically differentiated to
obtain the dZ/dV curves. Every time a new electronic states enters in the energy
windows defined by the bias voltage the STM tip has to move back to keep the
tunneling current distance and a small jump is recorded in the Z(V) curves, once
numerically differentiated a peak is present in the dZ/dV curves. Figure 2 shows the
dZ/dV curves measured in areas showing the ordered phases depicted in Fig.1. The
spectra are measured from the edge of the directional gap in the Ru(0001) surface at the
I" point (E-E= +2.0 eV) up to the appearance of the field emission resonances (FER)
[37] around E-Ef ~6.0eV. Here, we will focus on the spectral features observed in this
energy interval, which are due to the particular S-Ru interaction. Except for the
presence of the 2.2eV peak, the p(2x2) spectrum is featureless up to 4.5 eV, where an



increase of the signal is found and a broad peak can be observed around 5.6eV (marked
with a black arrow in Figure 2). On the contrary, the p(V3xV3)R30° phase exhibits two
peaks: an intense peak at 3.2 eV and a weak one at 3.8 eV (marked with red arrows in
Fig.2). A single peak is present in the DDW phase close to 4.5¢V (blue arrow in Fig2),
whereas in the rectangular c¢(2x4) phase a peak is found at 4.8 eV (magenta arrow in
Fig.2).

In order to understand the origin of the STS peaks shown in Figure 2, we looked at the
band structure of the system obtained from DFT calculations. We constructed the
projected band structures (pBANDS) following high-symmetry Brillouin Zone (BZ)
paths, and the projected density of states (pDOS), assigning to each band a weight based
on the localization of the corresponding wave function in the space region outside the
surface (from ~1 to ~5 A). Consequently, we filtered out the states that represent the
free electron continuum. A Gaussian smoothing of 0.2 eV FWHM was added to mimic
the experiments. Our results are shown in Fig.3, which also depicts the wavefunction of
some selected one-electron states.
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Figure 3 —DFT calculations:(a-d) pBANDS and pDOS (red) for (a) p(2x2), (b)
p(N3xV3)R30°, (c) DDW, and (d) c¢(2x4) superstructures of S/Ru(0001); the darker the
band the larger the weight. The crossed region above 5 eV corresponds to the energy
range where the image states should appear. (e-h) Probability density in the out-of-plane
direction, p(z), for specific bands that generate peaks in the pDOS; the vertical gridlines
mark the position of the atomic layers; the shaded regions mark the z integration range
used for the pDOS and pPBANDS calculations.

In all cases, for E-Er~2eV the pDOS exhibits the tail of the peak associated with the
interface states at the edge of the directional gap in the Ru(0001) surface. For the p(2x2)
phase, the calculation predicts a featureless pDOS in the energy range between 2.5 and
4 eV. A steep increase is then observed at E=4.2 eV and a first peak just below +5.0eV
as a result of the flat dispersion of the bands around the I" and K points. Such a feature
can be tentatively assigned to the signal increase in the STS spectrum at 4.5eV and the
broad peak at 5.5e¢V in Figure 2. Looking at the corresponding wavefunction (Figure
3(e)), we see that this electronic state exhibits localization outside the slab, with a weak
maximum on the S plane and strong Ru character, as it extends deeply into the
substrate. For higher coverages the band structure is clearly different, with the
appearance of a parabolic band at the I" point for the three sulfur coverages calculated,
as can be seen in Figure 3(b), (c) and (d). In the p(¥3xV3)R30° case, we see a double
peak structure in the pDOS, in qualitative agreement with the experimental observation.
The lower energy peak is due to flat bands resulting from the mixing of a sulfur-derived
p-orbital and a substrate d-band. A typical wave function associated with these bands,
appearing at 2.8 eV at the K point, is shown in Figure 3(f). The sulfur p-orbital is
responsible for the presence of a node in the S plane and the substrate d-band for the
wave function extension down to the 5™ layer. This interface state corresponds to the
3.2eV dZ/dV peak in the STS experiment. The origin of the second peak is different: it
is generated by a parabolic band that has an energy of 3.8eV at the I" point and
corresponds to the STS peak appearing at 3.8 eV. We find similar parabolic bands in the
DDW and c(2x4) phases. In the former case, we find the vertex of the parabola at 4.1
eV, while in the latter it appears at 4.3 eV, in good agreement with the energy variation
with sulfur coverage of the observed STS peak. Looking at the corresponding
wavefunction, we find, in all cases, a strong localization on the S overlayer position (see
Fig. 3(f-h)).

With the aim of clarifying the nature of the parabolic states observed in the S-Ru
interfaces, we have calculated the band structure of artificial free-standing sulfur
monolayers, using the coordinates obtained in the S-Ru geometry optimization. Figure
4(a) shows the results of these calculations for the p(N3xV3)R30° arrangement (similar
results have been found for the other arrangements). As for other 2D materials, in these
artificial free-standing S monolayers the empty part of the band structure is dominated
by the free electron solutions of the Kohn-Sham equations, which form a quasi-
continuum of bands. Beyond the free electron bands, it is possible to find a series of
other discrete one-electron states of different nature [41,42]. In Fig.4(a) we single out
two bands (that we label PS; and PS>), which, at the I" point, are found just below the
free-electron quasi-continuum and exhibit a parabolic dispersion. Looking at their WFs,
it can be realized that PS; and PS; cannot be obtained as a combination of atomic s and



p orbitals of the isolated S atoms [43]; furthermore, they exhibit opposite symmetry
with respect to the S plane. These facts suggest that the PS states are the first two of a
series of bound states below the vacuum level, which appear due to the potential well
created by the S layer, just as in the series of image potential states observed in
graphene [23-26], or super atom states in carbon nanotubes [44] and fullerenes [45].

The presence or absence (p(2x2) phase) of the parabolic band in the S-Ru interface is a
remarkable feature of the system under study, since the PS; state, from which the
parabolic band is originated [46], is always present in the simulated self-standing S
monolayers. To understand this point, we have calculated the band structure of a 5-layer
thick (1x1) Ru slab. In Fig. 4(b), we show the corresponding pPBANDS above the
Ru(0001) surface, in a region centered at the average position of the S layer in the S-Ru
interface. One of the most significant features is the profusion of high density bands
observed at the M point while at the I" and K points there are wide gaps in the 2 — 8 eV
interval with the exception of a parabolic band at the I" point (as discussed below, upon
sulfur adsorption this band hybridizes with the sulfur derived states [23] and can even
disappear). The relevance of the gaps or bands on the high symmetry points of the
Brillouin zone can be better understood by looking at Fig.4(c), which offers a vision of
the reciprocal space, uniformly covered by repeating the 1¥'BZ of the different
supercells used in this work. As expected, the high symmetry points of different 1¥'BZs
coincide in some points of the reciprocal space. Thus, given a surface reconstruction,
the Ru derived bands at a given point of the reconstructed BZ come from different
points of the (1x1) BZ. This band folding effect must be taken into account since the S
derived one-electron states of a particular S-Ru interface may either fall in a (k,E)
region where a high number of Ru derived bands are present or in a gap region.
Consequently, some of the S one-electron states may disappear due to interference with
the Ru bands, while some Ru derived states may unexpectedly appear due to band
folding introduced by the different symmetries of the superstructures. The latter
phenomenon is exemplified in the case of the p(2%2) S-Ru system. Indeed, we see that
the I'p2x2) point coincides with the M(1x1) point 3 out of 4 times. Taken into account this
result, we can re-analyze the high density band at 4.3 eV shown in Fig. 3(a). The
predominant Ru component in p(z) and its flat dispersion at I" suggest that this one-
electron state is the Ru derived band that in the (1x1) Ru-only calculation is found at the
M point, and which is folded into the I" point due to the new periodic potential brought
by the p(2x2) S overlayer.
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Figure 4: (a) Top: Band structure along the high symmetry BZ-path for self-standing S
monolayer with the p(\3xV3)R30° arrangement; the bold lines mark the PS; (green) and
PS, (magenta) parabolic states. Bottom: p(z) for the PS; (green) and PS, (magenta)
states. (b) pBANDS for a 5 layer (1x1)Ru(0001) slab for a projection region z € (8.5,
13)A; centered on the position where the S layer (on average) is found in the S-Ru
interfaces. (c) Repeated 1BZ for the different direct space supercell geometries given
as distinct colors: the arrows mark points in the reciprocal space where some of the high
symmetry points happen to coincide. (d) One-dimensional averaged potentials for the S-
Ru interfaces. The zero corresponds to the position of the other surface of the Ru slab.

In principle, similar band folding effects should be expected for the other S-Ru phases,
with the BZ reconstruction becoming more and more complicated as the shape of the
BZ becomes increasingly smaller. In particular, we observe that in the case of the
c(2x4) geometry, the ['¢2x4) point coincides with the M(ix1) point 3 out of 8 times. We
should thus expect a band structure similar to that of the p(2x2) superstructure, with flat,
non-dispersive bands at the I" point, however, this is not the case (see Fig3(d)). In order
to understand the difference between the p(2x2) and the c(2x4) we should take into
account the local modification of the surface potential upon adsorption of strong



interacting atoms on the surface. This can be illustrated with the help of Fig.4(d), where
we have plotted the averaged one-dimensional (1D) potential [47], created by the sulfur
overlayers, as a function of the surface-normal coordinate (where is the zero?). One can
see that the continuous addition of S atoms leads to the appearance of a potential well
that becomes progressively more pronounced with surface coverage. From the
eigenvalues and eigenfunctions associated to these 1D potentials, we obtain that the
energy of the lowest empty S-localized state, referred to the corresponding Fermi
energy, increases with coverage at a rate comparable to that observed for the STS peaks.
Only for the p(2x2) overlayer the potential well is not deep enough to accommodate a
confined state. Therefore for the higher coverages the band folding effect is outplayed
by electron localization due to the potential well created at the surface by the adsorption
of sulfur adatoms.

In conclusion, we have shown, by means of STM/STS measurements and DFT
calculations, the appearance of new interface states inside the I' directional gap of
Ru(0001) upon adsorption of sulfur adatoms, and that the position of these states
monotonically depends on the sulfur coverage. This behavior is the consequence of the
interplay between band folding effects, resulting from the new periodicity of the system,
and electron localization on the sulfur monolayer, which becomes progressively more
pronounced as sulfur coverage increases. Thus, varying sulfur coverage in S/Ru(0001)
seems a very promising approach to control the electronic properties of interfacial
systems, such as graphene/Ru(0001), where sulfur intercalation has been recently
achieved.
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