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Structure and registry of the silica bilayer
film on Ru(0001) as viewed by LEED and DFT+
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Silica bilayers are stable on various metal substrates, including Ru(0001) that is used for the present
study. In a systematic attempt to elucidate the detailed structure of the silica bilayer film and its registry
to the metal substrate, we performed a low energy electron diffraction (I/V-LEED) study. The
experimental work is accompanied by detailed calculations on the stability, orientation and dynamic
properties of the bilayer at room temperature. It was determined, that the film shows a certain structural

Received 4th October 2022,
Accepted 26th November 2022

diversity within the unit cell of the metal substrate, which depends on the oxygen content at the metal-
bilayer interface. In connection with the experimental I/V-LEED study, it became apparent, that a high-
quality structure determination is only possible if several structural motifs are taken into account by
superimposing bilayer structures with varying registry to the oxygen covered substrate. This result is
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1. Introduction

Silicon dioxide (SiO,) is one of the most abundant and yet still
complex materials on earth. As an important raw material
for modern technology, silica has been widely used in micro-
electronics and catalysis.? Its function depends on many
parameters, including structure.®* In order to shed light on
the connection between function and structure, thin silica
films supported on a metal substrate have been prepared.
The quality of the created films, naturally, depends on struc-
tural parameters at the support interface and the formed
oxide.>® Once well-structured systems have been prepared, they
may be studied at the atomic level with spectroscopic and
structure determining experimental tools, both in ultra-high
vacuum (UHV) or under ambient conditions. Such tools include
scanning tunnelling microscopy (STM), scattering experiments,
vibrational and electronic spectroscopy, diffraction and scan-
ning probe techniques.

The acceptance of the general structure of the film as a silica
network followed from a long history.”*® In the present paper
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conceptually in line with the recently observed statistical registry in layered 2D-compound materials.

we are discussing the structure of a bilayer SiO, film on
Ru(0001) with the schemes as shown in Fig. 1 in top and side
view.">'”'® The structural models are based on density func-
tional theory (DFT) calculations in combination with STM
measurements.”® Each Si atom resides in the middle of a
SiO,-tetrahedron and the tetrahedra are connected via oxygen
bridges to form a hexagonal lattice structure. In each tetrahe-
dron within the hexagonal arrangement one O atom is shared
between a top and a bottom layer forming a so-called bilayer.
This crystal structure has been shown to be consistent with
results of a number of experimental techniques, including
STM, X-ray photoelectron spectroscopy (XPS) and infrared
spectroscopy. The bilayer may also be prepared in a vitreous
form, representing amorphous silica, again verified through
STM measurements.'>?° The crystalline silica bilayer is known
from calculations to be bound to the substrate by dispersive
forces only. This leaves a space of a few Angstrom between the
substrate and the film, where the distance depends on how
much oxygen is adsorbed on the metal substrate. The latter
information is up to today only available from theoretical
calculations, as an analysis of the 3D structure of the system
has, so far, not been reported. Due to the preparation procedure,
there is always oxygen adsorbed at the interface. The oxygen
concentration at the interface may be changed by heating. In a
separate set of studies,>** this arrangement has been used to
perform model studies on reactions in the confined space
between the silica film, which is used as a membrane, and the
metal substrate where an adsorbed reaction partner resides.
Specifically water forms by exposing the system to hydrogen,
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Fig. 1 Structure of the 2D silica film on Ru(0001). Atomically resolved STM
images of crystalline silica film regions are given in (a) and (b). The scan
area of the two images is 3.5 nm x 3.5 nm. The images have been taken
from ref. 23. (a) The imaging contrast reveals the position of Si atoms (Vs =
3.0V, I+ = 100 pA), while in (b) a contrast towards the arrangement of O
atoms is visible (Vs = 100 mV, I+ = 100 pA). White arrows indicate one
crystallographic axis of the Ru(0001) substrate. In the lower right corner of
(@) and (b) an atomic model of the topmost layer of the silica film is
superimposed (green balls: Si atoms, red balls: O atoms). (c) A schematic
side view of the silica film structure on the Ru(0001) substrate is plotted.

which diffuses through the six-membered ring of the silica film
and reacts with adsorbed oxygen on the metal support, ie.
Ru(0001) after dissociation at the surface. On the basis of the
analysis of the observed kinetics, with the help of theoretical
electronic structure calculations, it was suggested that the
bilayer silica film allows for lateral and vertical motions during
the reaction as the oxygen concentration at the interface varies
while the reaction progresses. This consideration was leading to
a consistent description of the observed apparent activation
energy. The result triggered the idea to look into more detail
of the 3D structure of the silica bilayer film on the metal support,
which had not been carried out so far. In order to experimentally
determine the structure, and, in particular, the distance between
the film and the substrate, as well as its position with respect to
the substrate, we here present a first low energy electron
diffraction (I/V-LEED) study, together with a set of detailed
DFT calculations.

The outcome of the present study reveals atomic level
details, which connect not only to the results of the water
formation study in confined space, but also to the recently
discussed stacking disorder predicted, and observed, for three-
dimensional compounds, consisting 2D-layers, where the layers
are bound by dispersive forces.”* So far, often the structure of
layered compounds, such as layered zeolites or layered covalent
organic frameworks (LCOF), have been assumed to be charac-
terized by fixed stacking of the layers based on X-ray diffraction.
However, more recent detailed studies again using x-ray diffrac-
tion in combination with theoretical calculations, have revealed
stacking disorder.”’*>*° Also, for graphene on Ni(111) co-
existing structures been detected by XPS, where the graphene
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film is shifted with low activation energy between two positions
on the metal surface.”” The experimental results, presented in
this study, are paralleled and interpreted on the basis of
extensive DFT calculations on the possible structural scenarios,
as well as the phononic properties of those systems, augmented
by molecular modelling calculations. The latter play a decisive
role in understanding the details of the structure and revealed
unexpected insight.

2. Theory

2.1 Structure optimizations and potential energy scans:
computational details

Electronic and ionic structure optimizations have been carried
out using the Vienna ab initio simulation package, VASP.>*2°
Projector augmented wave method (PAW?**") pseudopotentials
for Ru include the 4s and 4p electrons of the Kr-core in the
valence and were generated based on the electronic configu-
ration 4s?4p®4d® employing the Perdew, Burke, and Ernzerhof
(PBE*?) generalized-gradient approximation for exchange and
correlation effects. Oxygen and silicon pseudopotentials use the
valence electron configurations 2s>2p* and 3s°3p>, respectively.
These potentials correspond to the released version 5.4. A plane
wave kinetic energy cut-off of 450 eV and a first order Methfessel-
Paxton smearing of 0.1 eV has been used. This ensures minimal
fictitious electronic entropy contributions of the order of 10 meV,
well below the recommended value of 1 meV per atom. The break
criterion for electronic relaxation was set to 10~ eV. Structures
were relaxed based on a maximum atomic force criterion of
0.02 ev A", Brillouin zones of (2 x 2) surface unit cells were
sampled using a Monkhorst-Pack® grid of (6 x 6) k points. These
k-point grids were tested, and deviations between total energies
obtained using (6 x 6) and (8 x 8) grids are less than 0.01 eV per
atom. A vacuum region of 12 A between top- and bottom-most
atoms of repeated slab models has been employed. Scans for the
potential energy surfaces (PES) in lateral directions (parallel to the
substrate surface) use (6 x 6) cells together with a (2 x 2) k-point
sampling. Three Ru layers were used to model the metal
substrate.>" Calculation of the average potential in the surface
show that three-layer models suffice to describe the work function
accurately (Fig. S1) as shown in the ESL PES scans vertical to the
substrate surface (Table S1 and Fig. S2-S4, ESI{) use (2 x 2) unit
cells with (6 x 6) k points. The distance of the silica bilayer to the
metal surface is defined as the distance of the O atoms in SiO,
bilayer closest to the Ru surface and the average of the vertical
positions, ie., z-coordinates, of the optimized or relaxed Ru
surface atoms.

Regarding van der Waals-type dispersion interactions, this
work employs Grimme’s D2 approach®*® to correct energies
and gradients. Following previous work, for Ru atoms, the Cg
coefficient of the noble gas Kr has been employed (Table S2,
ESIt), ie., considering core electron contributions only.
Employing the Cs coefficient of a noble gas core, for instance
Ne in Mg”" ions, has been recently positively assessed for CO,
CO,, and alkane adsorption on oxide surfaces, metal-organic
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frameworks, as well as zeolites.*® Herein, this ansatz is motivated
by supposed complete delocalization of the valence electrons in
Ru and will be referred to as DFT+D2’ *”*® throughout this work.
This means that seven 4d and one 5d valence electrons are
supposed to be delocalized in metallic Ru. To check the impact
of this approach, scans of the silica bilayer vertical to the Ru
surface using default Cs values for Ru, ie 24.67 instead of
12.01 J nm® mol *, have been accomplished. Distances of oxygen
atoms in SiO, closest to surface Ru atoms corresponding to energy
minima are shown in the first column of Table S1 (ESIT). These
distances (PBE+D2) are ca. 5% shorter compared with PBE+D2’
results, and the effect is most pronounced for the clean Ru(0001)
surface. For the 30 system, which is probably dominated by
electrostatic interactions between SiO, and the oxygen atoms
(or ions) in the surface, varying Ce in Ru atoms affects the optimal
film-metal distance less.

The actual values of van der Waals Cg coefficients and radii
R, employed for Ru, Si, and O are summarized in Table S2
(ESIt). The default global scaling factor, s¢ = 0.75, being optimal
for the PBE functional, has been employed.

Cross sections of the PES have been obtained by shifting or
translating the silica bilayer across surfaces along six crystal-
lographic directions as shown in Fig. S6 (ESIf). These cross
sections, which are summarized in Fig. S7-S9 (ESIt), corre-
spond to single points based on optimized structures (local
minima). The height of the bilayer has been fixed to 3.18, 3.37,
and 3.78 A for the clean Ru(0001), the 10, and the 30 substrate,
respectively. For the clean surface and the 10 system, these
values are 0.4 A larger than those published in ref. 18, but have
been chosen in view of the dynamics of the bilayer discussed in
the following section. This dynamic behaviour suggests an
average distance slightly off the global minimum, and cross
sections were computed to represent the effective potential
energy landscape “felt” by the bilayer on the surfaces at finite
temperatures. Depending on directions, the bilayer has been
shifted by two lattice constants. Along this shift, 20 single point
structures have been obtained by linear interpolation between
initial and final structures (Fig. S7-S9, ESIT). To test for possible
relaxation effects, selected single points have been optimized.
Based on these tests, relaxation effects are small. The energy
lowering was found to be within 0.005-0.010 eV/(2 x 2)cell.

2.2 Molecular dynamics simulations: computational details

To accomplish molecular dynamics (MD) simulations of several
tens of ps, machine learned force fields (MLFF) were employed.
We use the MLFF implementation within VASP.6.>**° These
force fields were trained via NVT ensemble DFT-MD simulations
employing PBE+D2’ at 300 K wusing a Nosé-Hoover
thermostat.*"** The training was done in a stepwise manner.
First, a force field for the free silica bilayer has been trained
using (2 x 2), (4 x 4), and (6 x 6) unit cells in order to provide an
increasing number of atoms. Each training run consisted of 2000
steps of 1 fs. This has been sufficient to ensure Bayesian errors in
the total energy/atom and forces to be less than defaulted
thresholds. The so-called spilling factor*® has been three to four
orders of magnitude smaller than the default value 0.02. After
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the successful training of the force fields for the free bilayer, the
above procedure has been repeated for the Ru(0001) supported
bilayer using again (2 x 2), (4 x 4), and (6 x 6) unit cells in
repeated slab models. This force field had been used as a
starting point for 10 and 30 structures. The training of corres-
ponding force fields was again restarted using (2 x 2), (4 x 4),
and (6 x 6) unit cells until Bayesian errors have been small
enough to ensure accurate forces.

During the actual MD runs based on the abovementioned
force fields, desorption of the SiO, bilayer from the Ru surface
occurred occasionally. These desorption events were not observed
in simulations based on PBE+D2’, which comprised approxi-
mately 9000 steps of 0.5 fs. We explain the desorption when using
force fields by the missing dispersion interactions, which are
responsible for bonding the film to the metal surface. Because the
MLFF is based on a decomposition of the total energy in terms of
local contributions, long-ranged dispersion-type of interactions
cannot be accurately described by MLFF.*® Therefore, to prevent
desorption of the bilayer during MD runs, a slab model with
reduced vacuum height has been used during simulations. We
repeated simulations at various distinctly larger vacuum gaps,
but the trends or differences in findings reported below were
unaffected. Herein reported calculations use a vacuum gap which
is slightly larger than twice the equilibrium distance between
bilayer and Ru surfaces, ie., ca. 5-6 A. For the simulations a
(6 x 6) unit cell has been used. The temperature has been set to
300 K and 100000 steps of 0.5 fs have been carried out. During
these simulations of 50 ps, every 100th structure has been printed.
In order to estimate atomic amplitudes of the bilayer during
simulations, the following equation has been used

1 &

sl (1) = 57 X=Si,0, (1)

(wi(e) = x5,
i=1

where the time ¢ corresponds to the individual structures
(or snapshots) printed during 50 ps simulations.

To define these deviations or amplitudes the reference
structure (superscript ref) corresponds to the last or final
structure that has been printed. It is supposed that this
structure relates to an equilibrated structure. The averaging
over index 7 of length Nx corresponds to the average over Si or
O atoms in the bilayer.

The average squared amplitude, (1), is defined as

1 NxM

> <x,—,- - XZ'Cf)zv (2)

ij=1

PAg
() =21

where M is the total number of printed structures (usually 1000,
see discussion below).

Analogous equations have been used to calculate y and z
components of these average squared amplitudes.

3. Structural determination
3.1 Experimental details

The experiments were carried out in an ultra-high vacuum
(UHV) chamber system (10 '° mbar range) equipped with
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STM and I/V-LEED instruments described in ref. 44. The
Ru(0001) single crystal was cleaned by repeated cycles of
annealing in oxygen atmosphere (2 x 10~ ° mbar) for 30 min
at 1250 °C, Ar' bombardment, and annealing in UHV to 1250 °C
for 1-2 min. Prior to the silica deposition, the ruthenium
surface was covered with oxygen by exposing the clean
Ru(0001) surface to molecular oxygen (5 x 10~ ° mbar) at
930 °C for 10 min. Subsequently, silicon was evaporated in
oxygen atmosphere (5 x 10”7 mbar) for 12 min. After the silicon
deposition, the sample was heated to 860-870 °C for 15 min in
5 x 10~® mbar O,. Based on previous studies and experiments,
this optimal annealing temperature is chosen to minimize the
coexistence of vitreous structures.*”™*’ When the sample is
cooled down to room temperature in the same oxygen pressure,
a final annealing step in UHV at lower temperatures of 630 °C
was performed to clean the sample surface.

The individual sample preparation procedures have been
verified by using STM. Fig. 2 shows STM images of the resulting
silica film recorded at room temperature with a beetle-type
STM.** The silica film exhibits a coverage of 1.8 monolyer (ML)
and shows crystalline patches as shown in Fig. 2b. The char-
acteristic ring structure is marked with green hexagons.

After the final annealing step, I/V-LEED curves were
recorded at room temperature using the experimental setup
as described in ref. 48. Fig. 3 shows the LEED pattern recorded
at electron energies of 100 eV. The absence of concentric ring
patterns indicates the dominance of crystalline silica patches in
the film system. Fig. 3b marks some of the distinct diffraction
spots that are used to extract the experimental I/V-LEED curves.
The corresponding color legend is shown on the right.

The tracking of the diffraction spot intensities as a function
of electron energy was performed using a freely available soft-
ware package described in ref. 49.

The I/V-LEED quantitative structural analysis was carried
out using the method of symmetrized automated tensor
LEED’° with the associated programs to calculate the scattering
phase shifts using the approximation of the muffin-tin
potential. The muffin-tin potential and the phase shifts were
calculated using the Barbieri/Van Hove Phase Shift Package.>
In particular, a self-consistent Dirac-Fock approach was used to
compute the atomic orbitals for each element. The muffin-tin
potential was then evaluated following Mattheiss’ prescription

Fig. 2 STM images verifying the preparation of the silica bilayer on
Ru(0001). (@) Vs = 4.2 V, I+ = 100 pA, scan area = 500 x 500 nm?2
(b) Vs = 3V, I+ = 350 pA, scan area = 2 x 2 nm>.

29724 | Phys. Chem. Chem. Phys., 2022, 24, 29721-29730

View Article Online

PCCP

a)

Fig. 3 LEED pattern of the silica bilayer on Ru(0001). (a) Diffraction
pattern acquired at 100 eV and (b) with color coded diffraction spots.

and the relativistic phase shifts were calculated by numerical
integration of the Dirac equation.

4. Results and discussion

In this section we will first present the results of DFT calcula-
tions. They are discussed with respect to the question, which
energies are necessary to shift the bilayer silica film parallel to
the Ru(0001) substrate. Hereby, comparing the oxygen free
interface with two oxygen covered surface configurations, ie.
the so-called 10 and the 30 surface. The first one contains one
oxygen atom in the unit cell, the second one three oxygen atoms
and represents saturation coverage. We then move to a discus-
sion of the MD calculations before we discuss the experimental
results of the present I/V-LEED study in light of theoretical
results.

4.1 Results and discussion of electronic structure calculations

Fig. 4 shows the PES cross section of the silica film when rigidly
translated in [2110] direction (or in direction of any of the other
rotationally equivalent base vectors, Fig. S6, ESIt). The structure
shown in the beginning corresponds to a metastable state at
+0.67 eV relative to the minimum energy structures. Vibrational
characterization of this and the other metastable structures yield
one imaginary mode in translational or shifting direction. It
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Fig. 4 Cross section of the PES for the bilayer on the clean Ru(0001)
surface with an energy barrier of 0.67 eV obtained using PBE+D2’ (upper
panel). The bilayer is translated along [2110] corresponding to direction 06
in Fig. S7 (ESIY). Below, top and side views for marked single points are
shown. Colour code: Rugy is light grey, Rugy, is dark grey, Si is dark green,
and O atoms in the bilayer are dark red.
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appears that the responsible structural feature of the bilayer
relative to the Ru surface is the position of downward pointing
O3 units of the SiO, tetrahedra (triangular face). In high energy
or metastable structures the oxygen atoms in O; faces are close
to or in atop position to Rug,;, atoms (triangle in Fig. 4), while Si
atoms are close to or in atop position of Rug,s atoms.
In contrast, the most stable structures are those with the oxygen
atoms in the Oz face near Rug,s atoms and the Si atoms
approximately bridging Rug,,s atoms and hcp sites (Rugyp). The
above-mentioned energy barrier of 0.67 eV is estimated by taking
the difference between highest and lowest energies found for the
various structures shifting the (6 x 6) cell of SiO, bilayer parallel
to Ru(0001) surface in [2110] direction (06 in Fig. S7, ESIt). This
is a relatively small barrier which may be overcome at room
temperature, indicating that the film may easily be shifted under
those conditions.

The energy profiles shown in Fig. 5 and Fig. S8 (ESIY) for the
bilayer translated on the 10 surface are substantially different
compared to the profiles for the clean surface. Although bilayer
heights with respect to Rug,s atoms are comparable (3.18 vs.
3.37 A), energy barriers for the 10 system are 4.1 eV compared
to 0.67 eV for the clean surface. Nonetheless, these cross
sections of the PES reflect the symmetry of the surface. Note
that the three-fold rotational symmetry of the clean Ru(0001) is
preserved in case of the 10 overlayer structure. The scan starts
at the low energy “O centred” structure, which means that Og,s
is centred with respect to the ring of the bilayer (Fig. 5, first
triangle). Regarding the Si atoms, one of the two per primitive
unit cell is located at a Ru fcc site, and the second one is in an
atop position to Rug,s. The downward pointing O; units of
individual SiO, groups are collectively in the atop position to
Rug,, atoms. These energy barriers relate to structures where
O ions of the bilayer are in atop position of surface O ions. The
repulsive electrostatic interaction between these O ions causes
the substantial destabilization. Normal mode analysis yields
two orthogonal translational modes shifting the bilayer away
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Fig. 5 Cross section of the PES for the bilayer on the 10-(2 x 2) surface
with an energy barrier of 4.1 eV obtained using PBE+D2’ (upper panel). The
bilayer is translated along [1100] corresponding to direction 01 in Fig. S8
(ESIt). Below, top and side views for the marked single points are shown.
Same colour code as in Fig. 4. Interfacial oxygen ions are light red. For the
sake of clarity in top views, radii of these atoms have been notably
increased.

This journal is © the Owner Societies 2022

View Article Online

Paper

1

=)
=N
|

1

Rel. Energy (eV)
(=]
S
|

%{};@“}6&\@@# . o"'O\g o ‘)‘{;}’@d{\@% ] Doﬁo‘nonouon
?.° § ¢ $°080°0%
39

W L(:QR@)/V@ SO poe 000 o0

E E z E 9 it ‘ ¢ 99

o o o o © © o o o| © © o o [lo o o o o
O O O O ( O O O Of|O OO0 O0Q(d O O O O
O 000 (0OO0OO0O0OYILOOOO |00 O o0 o

Fig. 6 Cross section of the PES for the bilayer on the 30-(2 x 2) surface
with an energy barrier of 0.70 eV obtained using PBE+D2’ (upper panel).
The bilayer is translated along [1210] corresponding to direction 02 in Fig.
S9 (ESIT). Below, top and side views for the marked single points are
shown. Same colour code as in Fig. 4. For the sake of clarity in top views,
radii of interfacial O ions have been notably increased.

from oxygen. Therefore, due to surface symmetry, the energy
barrier corresponds to a second order saddle point. These
modes are along the short and the long axis connecting inter-
facial or surface oxygen ions.

Fig. 6 shows an energy profile for the bilayer translated on
the 30 surface structure. The direction corresponds to [1210] as
displayed in Fig. S6 (ESIt) and features energy barriers of 0.70
eV, which are only slightly higher compared to the clean Ru
support. Because of the higher O loading, it appears that some
directions feature more and flatter potential wells in contrast to
the clean Ru surface and the 10 overlayer structure. Like in
previous structures, energy barriers are caused by repulsion of
bilayer and interfacial oxygen ions when in atop positions.
Conversely, stable structures avoid repulsive interactions
among these aforementioned ions by adapting staggered
instead of eclipsed configurations (second triangle, Fig. 6). Si
atoms of SiO, units occur in atop to Rug,s as well as in fec
hollow sites.

4.2 Results and discussion of molecular dynamics

Fig. 7 shows results for amplitudes of the bilayer Si atoms in
different directions evaluated according to eqn (1) for three
systems: the clean Ru(0001) surface (black lines), 10 (red lines),
and 30 (green lines). The amplitudes in z direction for the
bilayer on the clean surface indicate an equilibration period
within the first 20 ps. The amplitude of the entire bilayer is
within a range of +0.2 to £0.3 A. That the entire bilayer wiggles,
can be shown by comparing the amplitudes of the bilayer
oxygen atoms (Fig. S10, ESIt). These oxygen atoms show the
same time evolution. Therefore, one can conclude that the
centre of mass of the bilayer is subject to these oscillations
normal to the surface. Beyond 20 ps of transient oscillations the
amplitude in z-direction decreases and amounts to £0.15 to
40.2 A approximately. Conversely, in x and y directions, parallel
to the surface the bilayer drifts at least within 3-4 A. This drift is
not linear. It is akin to an ellipsoid motion.
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Fig. 7 Deviations or amplitudes (A) as a function of time t (ps) for Si atoms
in the bilayer in x-, y, and z-directions with respect to the final structure
obtained using MLFF-MD simulations. These time-evolutions are shown
for the clean Ru(0001) (black), 10O (red), and 30 (green) systems. For clarity
reasons, the upper three panels show amplitudes in z-direction for each
system separately. Lower two panels show analogous results for coordi-
nates parallel to the surfaces collectively.

The amplitudes [u,] for the bilayer on 10 and 30 show
distinct behaviour. Although a similar transient period of
equilibration appears within the first 20 ps, these amplitudes
are somewhat smaller. They are within +0.1 to +0.15 A. Bilayer
motions of these systems in directions parallel to the surfaces
are noticeably smaller than corresponding motions on the
clean Ru(0001) surface. This can be readily explained by the
PES cross sections discussed in the previous section. As
the SiO; moieties are trapped by the substantial potential wells
of ca. 4 eV depth, lateral mobility of the bilayer on the 10
surface structure is small. To quantify this mobility in a single
number, we calculate average squared amplitudes following.>"
These numbers, which have been computed according to
eqn (2) are summarized in Table 1. It is apparent that Si atoms
and O atoms show similar oscillatory or mobility characteris-
tics. Furthermore, each system features distinct motional beha-
viour parallel to the surface. Consistent with the minimal
energy barriers for the clean Ru(0001) support, corresponding
amplitudes are one order of magnitude larger than respective
numbers for 30. The 10 surface relates to the smallest ampli-
tudes, being another order of magnitude smaller than those for
the 30 system. Consequently, the lateral SiO, film motion or
dynamics is largest on the Ru(0001) surface, it is one order of
magnitude less pronounced for the 30 system and yet another
order of magnitude smaller for the silica film on the 10 system.
Therefore, the concentration of oxygen on the Ru(0001) surface
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Table 1 Respective averaged squared amplitudes u? for Si and O atoms in
the bilayer (x, y coordinates are parallel to the surface and z perpendicular)

Si atoms O atoms
Ru(0001) (1) 2.55 2.62
(u)%) 4.19 4.22
(1) 0.0327 0.0402
10 (1) 0.0481 0.0773
(u;) 0.0368 0.0665
(uz) 0.0237 0.0271
30 (1) 0.371 0.440
(u)) 0.678 0.739
(1) 0.0292 0.0374

affects the position of the entire bilayer film with respect to the
metal underneath. These different stacking properties of
the film depending on the different oxygen concentrations on
the metal substrate has been observed in the experiments
described below. These properties are the reason why different
structures have to be combined in the LEED-I/V analysis.

4.3 Results and discussion of I/V-LEED experimental studies
and its structural analysis

Based on the results of the calculation, presented above, we
considered the shift of the bilayer silica film by superimposing
a variety of structures. 47 different structural models have been
developed following the scheme depicted in Fig. 8. A complete
table of the used models is given in the ESI{ with further
details. A (2 x 2) unit cell was used in the dynamical-LEED
calculations. For each high-symmetry model, the distance
between the topmost Ru layer and the bottom layer of the
bilayer film (dsi_g,) was varied from 2.2 A up to 4.2 A in steps of
0.2 A. For each value dg;_gy, all the atoms in the bilayer SiO,, the
oxygen atoms at the interface layer and the Ru atoms down to
the 2nd surface layer were allowed to fully relax respecting the
symmetry constrains of each model. The Debye temperature of
the Si (6%)) atoms, of the O (3) atoms in the bilayer SiO, and in
the interface layer (#9™) and of the surface Ru atoms (05") were
fitted, while the Debye temperatures of the Ru bulk layers were
kept fixed at 5"% 415 K.

In the high-symmetry models the centre of the bilayer SiO,
hexagons lies on top of the high-symmetry substrate sites,
namely fcc-hollow, hep-hollow and top. For the fcc-hep model
the centre of the bilayer SiO, hexagons are halfway between the
fce and hep hollow sites. These models have then been devel-
oped with different amounts of oxygen at the interface. The
labels (10), (20) and (30) stands for the number of oxygen
atoms in the (2 x 2) unit cell at the interface.

In the mixed-O coverage models the coexistence of different
number of oxygen atoms in (2 x 2) unit cell at the interface was
investigated for each individual high-symmetry model. The
label convention adopted here is as follows: (10 + 20) means
that, in this particular model, the coexistence of the 10 and 20
phases was allowed at the interface. The relative amount of
each phase was varied from 0% to 100% keeping the total
concentration equal to 100%. This was done as following:
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Fig. 8 Scheme for the developed trial models considered in the I/V-LEED
analysis. A complete list with the achieved Rp factors is given in the ESI.{

>~ x;(mixed-O);, where x; is the concentration of model (mixed-
i

0); 7 is equal to 2 or 3 (if two or three models are mixed,
respectively), and > x; = 100%.

In the split-position model class (parallel to the surface), the
split-position approach was introduced to simulate thermal
vibrations with large amplitudes parallel to the surface for each
high-symmetry models having the (30) phase at the interface.
The atoms were displaced from their equilibrium position by
+0.2 A along the unit cell diagonals. The notation used here is:
feeqspliyy means that the split-position approach was introduced
to the fcczo) model.

In the last class a stacking disorder plus split-position
models have been introduced. Here the possibility of coexis-
tence of different domains on the surface was investigated by
mixing the high-symmetry models having the (30) phase at the
interface, after including large thermal vibrations through
the split-position approach. The fraction of each domain on
the surface was varied from 0% up to 100% always keeping the
total concentration equal to 100%. This was done as following:
>~ xi(model),, where x; is the concentration of model (model),,

i

is equal to 2, 3 or 4 (if two, three or four different models are
mixed, respectively), and > x; = 100%.

In all models where mixed domains were considered, the
calculated spectra were derived from incoherently summing
over the different terraces. In order to quantify the agreement
between the experimental and theoretical I/V-LEED curves we
have used the R-factor proposed by Pendry (Rp).>*

In order to include vibrations with large amplitudes, the
split-position approach was used in some models where the
bilayer is allowed to vibrate with an amplitude of +0.2 A with
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Fig. 9 Rp factors for all the trial models considered in the LEED analysis.
An additional table of this graph is provided in the ESI.{

respect to the equilibrium position. The idea of split position is
that the probability-density function describing the thermal
vibrations can be approximated using a few distinct positions
with an appropriate occupation factor.”*>°

Fig. 9 shows the Rp factors obtained for all the structural
models evaluated in this work. A detailed list can be found in
Table S2 of the ESIL.{ The first set of models analyzed here were
the high-symmetry ones (from 1 to 16). All of them exhibited Rp
values higher than 0.44. For example, model 1-4, (01) fcc, (02)
fec(10), (03) fec(20), (04) fee(30), Rp decreases from ~0.65 to
~0.44 due to the change in oxygen coverage. It is also important
to observe that the Rp decreases when the oxygen coverage at the
interface increases from 1 to 3 oxygen atoms in the (2 x 2) layer
in the interface between the substrate and bilayer silica film
(blue bars).

Since these first models did not properly describe the
experimental I/V-LEED curves, a second class was considered
where we allowed the coexistence of domains with different
number of oxygen atoms at the interface (mixed-O models: from
17 to 32). Once more, a poor agreement between theory and
experiment was obtained as shown in Fig. 9 (turquoise bars)
indicating that new structural models must be considered.

According to our DFT calculations the bilayer silica film
interacts with the Ru(0001) substrate through van der Waals
forces and is weakly bound to the substrate. This weak inter-
action would allow the bilayer silica easily to vibrate parallel
and perpendicularly to the surface. If these vibration models
had large amplitudes and low frequencies, as we realized via
the above-discussed calculations, they could have a strong
influence in the scattering processes undergone by the incident
electrons in the LEED experiment. Molecular dynamic simula-
tions performed in this work, and presented in the previous
section, demonstrated that the centre of mass of the bilayer
silica vibrates with relatively large amplitude. Guided by the
facts just explained, the next class of models considered in this
LEED analysis was built by allowing the high-symmetry models
to have large amplitude vibrations parallel to the surface (split-
position models: from 33 to 36). The Ry factors obtained for this
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Fig. 10 (top panel) Schematic representation of the best model described by a Rp = 0.16. According to this model, the surface is covered by four

different domains having the following concentrations: 22% of (top)spit, 24% of (hcp)spiit, 32% of (fcC)spir. and 22% (fcc—hcp)spiie. (lower panel) Side view of

the best model showing the relevant structural parameters.

class of models are also presented in Fig. 9 (purple bars). An
improvement in the agreement between the theoretical and
experimental I/V-LEED curves is now observed as reflected by a
decrease of the Rp factors.

As revealed by our theoretical calculations, different adsorp-
tion sites may have similar adsorption energies and the film
may easily be shifted. Therefore, different structures may coex-
ist on the surface. Real-space STM images of domain bound-
aries have also emphasized several possible registries of the
bilayer with the underlying metal substrate.”” To properly
address this point, a new class of models was included in the
LEED analysis (stacking disorder + split position models: from
37 to 47) and corresponding Ry factors are shown in Fig. 9 (red
bars). The assumption of presence of stacking disorder greatly
improved the agreement between theory and experiment and
reduce the Rp factors from the range of 0.3 to 0.2. The lowest Rp
factor value achieved of 0.16 corresponds to model 47 having
22% of (top)spiie, 24% of (hep)spiie, 32% of (fec)spiie, and 22%
(fec-hcp)spiie domains covering the surface (Fig. 10 - top panel).
A side view of the structure with the relevant structural para-
meters is presented in the lower panel of Fig. 9. The final
structural parameters were calculated by averaging the corres-
ponding structural parameters in the four different domains.

The uncertainty of Pendry R-factor is evaluated by calculat-

R 8Voi
‘;;lr:in - A}? where V,; is the imaginary part of
the inner potential and AE is total energy range defined by

the experimental beams used in the structural determination.

ing the RR =
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In this study, the imaginary part of the inner potential was
set to 7.5 eV (after optimization) and the total energy range is
2.610 eV resulting in a RR = 0.1516. The final Rp = R, (1 £ RR) =
(0.16 £ 0.02). The final structural parameters and the respective
error bars are presented in Fig. 10.

Fig. 11 shows the comparison between experimental (blue
curves) and the theoretical (black curves) I/V-LEED curves
corresponding to the best model is shown in Fig. 10. Most of
the main features presented in the experimental curves are well
reproduced in theory.

5. Summary and conclusions

Via a variety of surface science techniques in combination with
theoretical electronic structure calculations, the structure of a
silica bilayer on an oxygen covered Ru(0001) single crystal
surface has been studied. It is shown that, since the bilayer is
only bound by dispersive forces to the substrate, a detailed
structure determination of all interatomic distances represents
a challenge. Even though the STM data reveal a detailed
structure of the top of the bilayer, the position of the entire
bilayer with respect to the substrate is influenced by a number
of parameters. In part, this became apparent when we tried to
understand the kinetics of water formation at the interface
between the bilayer and the substrate, used as model for a
reaction in confined space. It was only possible to fit the
observed apparent activation energy for the reaction, by assum-
ing that the bilayer moves parallel and perpendicular to the
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Fig. 11 Experimental (blue) and theoretical (black) I/V-LEED curves for the
best model (Rp = 0.16) obtained from the LEED analysis. The (i, j) notation
gives the index of the diffraction spots. The Rp for each individual beam
is also shown. I/V-LEED curves of additional diffraction spots are given
in the ESL¥

surface without influencing the internal silica bilayer film struc-
ture, as the amount of oxygen at the interface changes during the
reaction. This observation triggered the idea to perform the
present I/V-LEED study.

We find that for a given preparation of the silica film on the
oxygen saturated Ru(0001) surface, a decent agreement
between measured I/V-LEED data judged by the Rp factor, and
theoretical modelling of the intensity versus voltage curves, can
only be obtained, if a combination of structural components is
considered. Also, this finding is consistent with the calculated
soft phonon modes moving the film parallel to the surface,
which are documented through the molecular-dynamics simu-
lations. Also, and foremost, the bilayer silica film shows almost
the same activation energies for a full oxygen coverage as
compared with the clean Ru(0001) surface, while an intermedi-
ate coverage, documented via calculations for an oxygen cover-
age of one oxygen atom per unit cell leads to a much-reduced
mobility. The overall results are fully consistent with the con-
cepts of statistical stacking of the layers in layered materials,
and also with observations made for supported graphene.
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