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The structure of a monolayer silica film on a Mo(112) surface is investigated by grazing scattering of

25 keV H0 atoms. By detection of the number of projectile induced emitted electrons as function of

azimuthal angle of rotation of the target surface, the geometrical structure of atoms forming the topmost

layer of the silica film is determined via ion beam triangulation. From our data we find evidence for the

arrangement of surface atoms in terms of a two-dimensional Si-O-Si network model.
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Thin oxide films deposited on metal surfaces have in-
teresting applications as insulating layers in electronic
devices, protective films, or as substrate for the deposition
of nanoparticles in catalysis [1,2]. In the latter case, such
defined films are important prerequisites for detailed stud-
ies on the relation between their geometrical structure and
reactivity, where the good electric and thermal conductiv-
ity avoids the charging problem in many surface analytical
tools using bulk oxide crystals. On the other hand, mate-
rials with reduced dimensionality might have different
properties compared to the bulk. Silica (SiO2) is an oxide
which is widely used in catalytic applications so that the
preparation of ultrathin crystalline films is of interest.
Monolayer thick silica films can be prepared on a
Mo(112) substrate via reactive epitaxial growth of Si in
oxygen under UHV conditions [3,4]. In recent years, con-
siderable efforts were undertaken in order to clear up the
structure of those films based on established surface ana-
lytical tools as scanning tunneling microscopy (STM),
infrared absorption spectroscopy (IRAS), xray photoelec-
tron spectroscopy (XPS), or high resolution electron en-
ergy loss spectroscopy (HREELS). From the theoretical
side, structural models were proposed from calculations
based on density functional theory (DFT). Also interesting
features for the calculated electronic structure of the film
have been reported [5].

Basically, two different models for the structure of the
silica film are presently discussed. Goodman and co-
workers [6–8] proposed for this film a layer of isolated
SiO4 clusters arranged in a cð2� 2Þ pattern on Mo(112)
where all oxygen atoms bond to Mo atoms of the substrate
[9]. On the other hand, a two-dimensional honeycomblike
network of SiO4 thetrahedra was suggested [4,10–12]. In
this latter model, only one O atom binds to a Mo atom
of the substrate, whereas the three further O atoms form
Si-O-Si bonds with neighboring tetrahedra (see sketch in
Fig. 1). Until today, there is a controversy on these two
different structural models [13,14], and in a recent review it
was stated that ‘‘the detailed structure of monolayer
SiO2=Moð112Þ is still an issue yet to be resolved’’ [8].

In this Letter we will focus on this problem and present
experimental work based on ion scattering which pro-
vides clear cut evidence for the structural model of the
silica=Moð112Þ system. Our studies are based on an ion
beam triangulation (IBT) method performed with fast hy-
drogen atoms scattered under a grazing angle of incidence
from the film surface [15] where information on the geo-
metrical arrangement of atoms in the topmost layer of the
film is derived in a straightforward manner. From a direct
comparison of the two conflicting structural models with
our experiments based on classical trajectory computer
simulations we conclude that only for the two-dimensional
network model the arrangement of topmost atoms of the
silica film is consistent with the data.
In the experiments we have scattered neutral H atoms

with an energy of 25 keV from a clean Mo(112) surface
and from the surface of a silica film grown on the Mo(112)
substrate under grazing angles of incidence �in � 1 deg .
The fast neutral beams were produced via neutralization of
ions in a gas cell in front of our UHV chamber (base
pressure some 10�11 mbar). The Mo(112) target surface
was prepared by cycles of grazing sputtering with 25 keV
Arþ ions and subsequent annealing via heating (bombard-
ment of the rear of the Mo target with 1.3 keVelectrons) to
about 1900 K. Initial contaminations with carbon atoms
were removed via cycles of oxidation and annealing. Sharp

FIG. 1 (color online). Sketch for positions of atoms in cluster
model (left panel) and 2D-network model (right panel). Red/
black symbols: O atoms, orange/gray symbols: Si atoms, white
symbols: Mo atoms.
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LEED patterns for the Mo(112) surface are observed with a
SPALEED system (Omicron Nanotechnology). The silica
films were produced with an electron evaporator EFM3
(Omicron Nanotechnology) charged with a Si rod of 2 mm
in diameter following the recipes given by Kaya et al. [16].
The evaporation rate of Si atoms was about 0.25 mono-
layers (ML) per minute. After initial oxidation of Mo(112),
1.2 ML of Si were deposited at 900 K at a partial oxygen
pressure of 5� 10�8 mbar. Thereafter the film was an-
nealed between 1100 and 1250 K for about 5 min. For such
films sharp LEED patterns showing a cð2� 2Þ structure
are observed.

The structure of the clean Mo(112) substrate and, in
particular, of the monolayer silica film is studied via a
recent variant of ion beam triangulation (IBT) [17,18]
where emitted electrons are detected by means of a surface
barrier detector (SBD) biased to 25 kV. Electrons emitted
from the surface are accelerated onto the entrance aperture
of the detector and produce in the barrier region numbers
of electron hole pairs proportional to the energy of the
impinging electrons. Owing to the pile up of the resulting
output pulses from electrons created in a single atom
impact event at the target, the pulse heights of the SBD
scale directly with the number of electrons per atom impact
[19,20]. Therefore the electron number distribution (END)
can be derived from the pulse height distribution of the
SBD. This distribution peaks at about the mean number of
electrons emitted during the collisions of atoms with the
surface (total yield) which amounts to about 5 electrons
here.

Scattering experiments from surfaces under grazing im-
pact are performed in the regime of surface channeling
[21,22], i.e., a steering of projectiles by atoms of the top-
most surface layer. The key feature of the triangulation
method applied here is related to the modification of
projectile induced electron emission for the transition
from planar to axial surface channeling [15,23].
Whenever the direction of the incident projectile beam
coincides with a low indexed azimuthal direction in the
surface plane, the projectiles are steered along strings of
atoms and approach the topmost surface layer closer than
under a random orientation with respect to those strings
(planar channeling). This change for the trajectories is
accompanied by an enhanced number of electrons emitted
for scattering under axial channeling. Then the number of
events accompanied with the emission of low numbers of
electrons is reduced, since the distribution is shifted to-
wards higher electron numbers.

In the experiments, the discriminator levels are set to
low pulse heights for the output of the SBD. This signal
shows dips, whenever the fast projectiles are steered along
atomic strings in the surface plane. Owing to this steering,
the method shows an extreme sensitivity to the topmost
surface layer. Since for grazing impact of 25 keV H atoms
on a solid surface total electron yields clearly exceed one,

each projectile generates a pulse. The maximum count rate
of the detector system of about 104 counts per second
corresponds to a flux of incident H atoms equivalent to a
current in the sub-fA regime. Thus radiation damage
caused by projectiles can be fully neglected. More details
concerning this method are given elsewhere [17,18].
In Fig. 2 we show triangulation curves, i.e., the counts of

the SBD related to the emission of about 3 to 5 electrons as
function of the azimuthal angle of rotation of the target
surface, for scattering of 25 keV H atoms under �in ¼
0:9 deg from a clean Mo(112) surface (black solid curve)
and from a 1 ML silica film grown on a Mo(112) substrate
(solid gray/red curve). The curves reveal dips, whenever
the fast atoms are scattered along prominent axial channels
formed by strings of atoms of the topmost surface layer of
metal substrate or oxide film. The most prominent dips in
both curves can be ascribed to low indexed directions of
the two-dimensional lattice of the Mo(112) surface, e.g.,
[10] at 0 � (corresponds to ½�1 �1 1� for bulk crystal), [31] at
28.6 �, [21] at 39.2 �, [11] at 58.5 �, and [01] (½�110�) at 90 �.
Striking feature for the data of the silica film is the appear-
ance of prominent dips at higher indexed directions which
are weak or absent in the curve for the clean substrate.
In order to test the experimental triangulation curve with

respect to the two controversial structural models, we
performed trajectory computer simulations based on clas-
sical mechanics. The scattering potential for the projectiles
is obtained from the superposition of interatomic pair
potentials in the Thomas-Fermi approach as proposed by
O’Connor and Biersack [24]. The probability for emission
of electrons is directly related to the electron density of
surface atoms which is assumed to decay exponentially
from the center. From the summation of electron emission
events over complete trajectories we derive electron num-

FIG. 2 (color online). Triangulation curve (events related to
emission of 3 to 5 electrons as function of azimuthal angle) for
scattering of 25 keV H atoms under �in ¼ 0:9�. Solid black
curve: clean Mo(112), solid grey (red) curve: silica film on
Mo(112).
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ber distributions for each azimuthal angle. Selection of
events for an interval of electron numbers as in the experi-
ments allows us to compare the calculations directly with
the measurements.

In Figs. 3 and 4 we have plotted the experimental
triangulation curve for the silica film on Mo(112) as shown
already in Fig. 2 for comparison with the computer simu-
lations for the cluster (Fig. 3) and the 2D-network model
(Fig. 4). This analysis reveals for the cluster model (two
domains of mirror symmetry for the cð2� 2Þ unit cell are
taken into account) pronounced deviations, in particular,
for several higher indexed axial channels, whereas the
simulations for the 2D-network structural model reprodu-
ces even fine details of the experimental curve. In view of
the simplifying approximations for the complex electron
excitation and emission processes, the agreement of the
simulations based on the 2D-network model with the data
is excellent. All relevant axial channels, present in the
measurements, are reproduced, and also the depths of the
dips, which can be considered as a measure for the widths
of the axial channels, are in accord with the data. From this
good agreement and the evident failure of the cluster model
(holds also for its former version in [6]) in reproducing the
experimental curve, we conclude that the structure of the
silica film has to be very close to the proposed model of the
2D network. The clear cut signature of the triangulation
method probing the long range ordering of the topmost
layer of surface atoms with extreme sensitivity thus pro-
vides an important contribution to clear up the controversy
based on investigations via STM, infrared absorption, and
DFT calculations.

Aside from detailed tests on the structural models based
on elaborate computer simulations, key features on the
structures can be deduced from simple geometrical argu-
ments. For the present problem, it is straightforward to find
signatures which disprove the cluster model. Comparing

the simulations in Figs. 3 and 4 reveals for the cluster
model pronounced dips which are neither observed in the
experiments nor in the simulations based on the 2D-
network model. Such dips are located at azimuthal angles
of, e.g., 10.2 �, 35.0 �, and 83.0 � which correspond to [91],
[73], and [15] directions, respectively. The presence of
these dips for the cluster model can be understood by the
arrangement of the topmost O atoms which occupy posi-
tions close to (1=4, 1=4) and (3=4, 3=4) in the surface unit
cell of the Mo substrate as sketched in the upper part of
Fig. 5. As an example, we have highlighted in Fig. 5 for the
cluster model (upper figure) and for the 2D-network model
(lower figure) the [73] axial channel formed by topmost
O atoms. It is evident that this high indexed channel is
doubled in width for the cluster model so that axial surface
channeling can take place giving rise to dips in the simu-
lated triangulation curves. For the 2D-network model the
[73] channels are too narrow to observe a transition from
planar (random alignment) to axial channeling and almost
no dip for this azimuthal direction is observed. This is in
accord with the measurements.
On the other hand, in the 2D-network model the O atoms

of the topmost layer occupy the same lateral positions as
substrate atoms (cf. Figs. 1 and 5) so that positions of dips
in the triangulation curves for the Mo substrate and the
silica film are the same (cf. Fig. 2). Owing to the weaker
H-O compared to the H-Mo interatomic potentials, the
projectiles penetrate deeper into the axial channels result-
ing in more pronounced dips in the triangulation curve for
silica. However, instead of a monotonic increase of the dips
from the [31], [21], to the [11] directions of the clean
Mo surface, we observe a reduced signal along [21] for
silica. This can be understood from the 2D network by
lower lying O atoms which block projectiles from pene-
tration into the [21] channel opposite to scattering along

FIG. 3 (color online). Triangulation curve for scattering of
25 keV H atoms under �in ¼ 0:9�. Solid black curve: silica
film on Mo(112), gray/red curve: simulation based on cluster
model.

FIG. 4 (color online). Triangulation curve for scattering of
25 keV H atoms under �in ¼ 0:9�. Solid black curve: silica
film on Mo(112), gray/red curve: simulation based on 2D-
network model.
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[31] (cf. Fig. 5). More details on this topic will be given in a
forthcoming paper.

In conclusion, we have studied the structure of a 1 ML
silica film on Mo(112) via a variant of ion beam triangu-
lation where emitted electrons are detected. The output
signal of the detector shows pronounced dips, whenever
the projectile beam is scattered along defined channels
formed by strings of atoms in the topmost surface layer.
This signal as function of the azimuthal angle of rotation
shows pronounced dips which are well reproduced in
depths and positions by computer simulations based on
the 2D-network structural model for the silica film. For the
cluster model, we find considerable discrepancies with the
measurements. Thus, our work is in clear favor for the 2D-
network model as the appropriate structure.
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FIG. 5 (color online). Sketch of positions of topmost layer
atoms for cluster model (upper panel) and 2D-network model
(lower panel). Solid lines indicate [21], [73] and [31] channels.
Red/black symbols: O atoms of topmost layer, light red/gray
symbols: O atoms in lower layer, white symbols: Mo atoms.
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