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Abstract

Exposure of the Pt;Sn(1 1 1) surface to oxygen at a pressure in the 10~® mbar range at 800 K leads to the formation
of a chemisorbed phase with a (4 x 4) periodicity. In previous works we investigated the structure of the (4 x 4) phase
by means of scanning tunneling microscopy (STM) and XPD. STM images show that the (4 x 4) periodicity results
from an array of protrusions and holes. XPD data suggest that oxygen adsorption induces the reconstruction of the
substrate with the formation of a Sn—O overlayer. In the present work, several structural models compatible with the
STM and XPD results were tested by tensor LEED analysis. The best agreement with the experimental /- curves was
obtained for a model similar to that proposed to interpret the STM images of the Ag(111)(4 x 4)-O phase. According

to this structure, the protrusions observed in STM would correspond to tin atoms occupying on-top positions.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The compositional and structural characteriza-
tion of the phases formed upon oxygen exposure
of Pt-Sn alloy surfaces is interesting from the
point of view of the surface chemistry of this bi-
metallic system [1,2]. Surface alloys, prepared by
evaporation of Sn on Pt(11 1) surface and subse-
quent annealing, [3-6] as well as the (11 1) surface
of the Pt;Sn alloy were used as substrates for

*Corresponding author. Tel.: +39-0577-234371; fax: +39-
0577-234177.
E-mail address: atrei@unisi.it (A. Atrei).

oxygen adsorption [7]. The interaction of oxygen
with Pt-Sn surface alloys has been investigated in
details by means of X-ray photoelectron spec-
troscopy (XPS), Auger electron spectroscopy,
thermal desorption spectroscopy, low-energy elec-
tron diffraction and scanning tunneling micros-
copy (STM) [3-6]. Depending on the oxidation
conditions and the Sn concentration in the surface
alloy, (5x5) and (4 x4) LEED patterns were
observed. The LEED patterns and the STM im-
ages were interpreted in terms of SnO, clusters on
the Pt(111) surface [3-6]. However, no informa-
tion about the atomic structure of the features
observed by STM was reported.

0039-6028/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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A similar behavior is observed in the case of
oxygen adsorption on Pt;Sn(111). XPS and low-
energy ion scattering (LEIS) indicate that expo-
sures at a pressure in the 107® mbar range at 800 K
leads to saturation of the surface with a layer
containing only oxygen and tin atoms [7]. The
adsorbed phase formed under these conditions
exhibits a sharp LEED pattern which can be in-
dexed as a (4 x 4) superstructure with respect to
the periodicity of the lattice of pure platinum only
[8,9]. STM images of the (4 x 4) phase show the
presence of an array of protrusions and holes. A
typical STM image of the (4 x 4) structure is
shown in Fig. 1. Similar images were observed
upon oxygen exposure of the Pt—Sn surface alloys
[6]. In order to get information about the nature of
these protrusions we compared the experimental
XPD intensities with single scattering cluster cal-
culations performed for various structural models.
On the basis of the analysis of the XPD results we
could reduce the number of possible structural
models and propose a tentative structure for the
(4 x 4) phase. However, the XPD calculations did
not allow us to distinguish among some of the
structural models. In the present paper we report
the results of a LEED intensity analysis of the
(4 x 4) structure. The analysis of the diffracted

Fig. 1. Constant current STM image obtained for the
Pt;Sn(111)(4 x 4)-O phase. Size: 5Snm x 5 nm. Tunneling
current: 0.8 nA. Sample bias: 0.8 V. The zigzag displacement of
the protrusions is visible in the image. The (4 x 4) unit cell is
shown.

intensities was carried out by means of the tensor
LEED (TLEED) method [10,11]. A variety of
models proposed on the basis of the XPD and
STM results obtained in a previous work were
tested as reference structures for the LEED cal-
culations.

2. Experimental and calculation procedure
2.1. Experimental

The experiments were carried out in a ultra-high
vacuum chamber equipped with ion gun, X-ray
source and hemispherical analyzer for sample
preparation and characterization. The LEED mea-
surements were performed by means of a three-
grid rear view LEED optics. The intensities versus
accelerating voltage (/-V) curves of the diffracted
beams were collected using a video LEED system.
The Pt;Sn(111) sample was the same used in
previous studies and was prepared as described in
Ref. [8]. The surface was prepared by cycles of
argon ion sputtering (1 keV) and annealing (up to
1000 K for 30 min) until no contamination was
detectable by means of XPS and LEIS and the
(2 x 2) LEED pattern characteristic of the clean
surface was observed [8,9]. The (4 x 4) structure
was prepared by exposing the sample to O, (at a
pressure of 1 x 107° mbar) with the sample held at
800 K. Under these conditions oxygen uptake is a
self-limiting process leading to the formation of
the (4 x 4) phase. Details about the characteriza-
tion of the growth mechanism and composition of
the (4 x 4) phase are presented in Ref. [7]. The
LEED /-V curves were measured at normal
incidence of the electron beam in the energy range
20-300 eV. Normal incidence was considered to be
achieved when reliability factors (Pendry R-factor
[12]) between [-V curves of symmetrically equiv-
alent beams of 0.1 or below were obtained. The /-
V' curves of symmetric beams were averaged to
compensate for minor differences due to small
deviations from normal incidence. The /-V curves
were background subtracted and normalized to
constant incident electron current. The LEED in-
tensities were collected at room temperature.
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STM measurements were performed in an other
experimental chamber equipped with an Omicron
microscope [7].

2.2. TLEED calculations

The TLEED method consists of a first step in
which a full dynamical calculation is performed for
a chosen reference structure to produce the ele-
ments of the tensor. With this tensor, the I-V
curves for a variety of models close to the reference
structure can be fastly calculated, using a pertur-
bation method [10].

The TLEED calculations were performed by
means of the Barbieri/Van Hove Symmetrized
Automated Tensor LEED package (SATLEED)
[11]. The Barbieri-Van Hove program package
was used for the calculation of the phase shifts
[11]. Ten phase shifts (/.x = 9) were used in the
LEED calculations. The phase shifts for platinum
and tin were calculated from a muffin—tin potential
of Pt;Sn. The oxygen phase shifts were derived
from a muffin—tin potential of SnO,. Another set
of oxygen phase shifts were calculated from the
muffin—tin potential of an oxygen overlayer on the
Pt3Sn(111) surface (to avoid problems with dif-
ferent values of the inner potential of SnO, and
Pt3Sn). Test LEED calculations performed with
the two sets of phase shifts lead to results which do
not differ significantly. The LEED calculations
were performed between 20 and 200 eV. The
imaginary part of inner potential was set to 5 eV,
whereas the real part was set to 10 eV and opti-
mized in the search procedure. The Debye tem-
peratures were initially set to 300, 300 and 500 K
for platinum, tin and oxygen respectively [8,13]
and refined in the optimization process. In the
automated search of the structural parameters
giving the best agreement with the experimental /-
V curves nine non-equivalent beams were used for
a total energy range of about 900 eV. The Pendry
reliability factor (R,), was used in the analysis to
judge the agreement between experimental and
calculated /-V curves [12]. Since the /-V curves
were collected at normal incidence they are more
sensitive to the interlayer spacings than to the in-
plane atomic positions. Hence, in a first step of the
analysis, only the coordinates perpendicular to the

surface were allowed to vary. Then, starting from
the optimized values of these coordinates, also the
atomic positions parallel to the surface were op-
timized. Whenever the displacements from the
atomic positions in the reference structure were
larger than 0.2-0.3 A, calculations for a new ref-
erence structure (starting from the previously op-
timized coordinates) were performed.

3. Results and discussions

The first structural model tested in the TLEED
analysis is shown in Fig. 2. Model 1 was proposed
on the basis of the XPD results [7]. The arrange-
ment of Sn atoms in the overlayer is similar to that
in the (10 1) plane of SnO. One side of the unit of
SnO(101) is equal to the Sn-Sn first nearest
neighbor distance in the overlayer (3.77 A) [7].
This produces a (4 x 4) coincidence net with the
periodicity of the substrate. The holes observed in
STM would correspond to the missing Sn atoms
occupying on-top positions. The protrusions seen
by STM can be attributed to groups of tin atoms,
each group consisting of two atoms close to bridge
positions on the substrate surface. The composi-
tion of the overlayer is SngOg. For the reference

Fig. 2. Model 1 for the Pt;Sn(1 1 1)(4 x 4)-O phase. Dark cir-
cles: oxygen atoms, smaller grey circles: tin atoms in the over-
layer, larger grey circles: tin atoms in the substrate, white
circles: platinum atoms. The periodicity of the overlayer is re-
ferred to that of the substrate containing only Pt. The (4 x 4)
unit cell is drawn on the structure. The [12 1] direction is in-
dicated in the figure.
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structure calculations, the oxygen-tin and the
overlayer-substrate interlayer distances were 1.00
and 2.30 A, respectively. These values were ob-
tained from the analysis of the XPD data [7]. At-
oms in the topmost layer of the substrate were kept
at the bulk positions and only the coordinates of
atoms in the overlayer were optimized. Also the
composition of the outermost layer of the sub-
strate was kept to the bulk value. The I-V curves
calculated for model 1 gave a very poor agreement
with the experimental data as indicated by the
value of R, (0.64). Hence, the coincidence net
model shown in Fig. 2 can be ruled out.

The other structural models tested in this work
are shown in Figs. 3-5. These models differ for the
positions (and number) of oxygen atoms. The
composition is Sn;;Oy; for models 2 and 4 and
Sn ;O for model 3. In all structures, some of the
tin atoms occupy on-top positions with respect to
the substrate atoms. In alternate rows, one every
two of these atoms is missing to produce the
(4 x 4) periodicity. According to this structure, the
bright features seen by STM would correspond to
on-top tin atoms, whereas the missing of such at-
oms would produce the holes. As far as the posi-
tions of Sn atoms are concerned, this structure is
similar to that proposed to interpret the STM
images of the Ag(111)(4 x 4)-O phase [14]. Sim-
ulations of the STM images performed for such
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Fig. 3. Model 2. The structure of tin atoms in the overlayer is
similar to that of silver atoms in the Ag(111)(4 x 4)-O phase.
Oxygen atoms occupy bridge positions on the Sn atoms in the
overlayer.
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Fig. 4. Model 3. The positions of tin and oxygen atoms are the
same as those in model 2. One oxygen atom around each on-top
Sn atom is missing.
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Fig. 5. Model 4. As far as the positions of tin atoms are con-
cerned the structure is the same of model 2, but the positions of
oxygen atoms are different.

structures indicate that the bright features corre-
spond to metal atoms occupying on-top positions
[14]. The positions of oxygen atoms were chosen in
order to be consistent with the XPD results [7].
That is, in such a way that the peaks due to pho-
toelectrons emitted by Sn atoms in the overlayer
and scattered by oxygen atoms are in the same
azimuthal directions as in the experimental XPD
pattern. In the reference structures the O-Sn in-
terlayer distances were calculated assuming a O-
Sn first-nearest neighbor distance of 2.0 A [7].
Because of the zigzag displacements of the pro-
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trusions observed in STM (Fig. 1) the surface has
three-fold rotational axes (3P two-dimensional
space group). On the other hand the substrate has
mirror planes (along the [121] and equivalent di-
rections) in addition to the three-fold rotational
axis. This implies the existence of domains pro-
duced by the mirror planes of the substrate. To
take into account the existence of domains, the
proper calculated /-V curves were averaged prior
to the comparison with the experimental curves.

Even limiting the analysis to the optimization of
the coordinates perpendicular to the surface,
models 2, 3 and 4 gave an R-factor lower than
model 1. This result suggests that the positions of
Sn atoms are substantially correct. In the following
of the analysis we optimized the in-plane coordi-
nates of the atoms. Because of the large number of
parameters to be fitted (as large as 24) the optimi-
zation procedure is a critical task. First of all, the
fitting procedure may lead to local minima of the R-
factor in the parameter space. Moreover, the
analysis can bring to a minimum of the R-factor
which corresponds to unphysical results (like too
short bond lengths). This can occur for parameters
which affect scarcely the /-V curves (e.g. the in-
plane oxygen coordinates). The parameters are
varied in the searching procedure reaching mean-
ingless values to decrease the R-factor.

The optimization of the in-plane atomic posi-
tions for model 2 and model 3 leaded to a decrease
of R, which, however, did not go below 0.5 (see
Table 1). On the other hand, R, dropped sub-
stantially after optimization of the in-plane coor-
dinates for model 4. For this model, we performed
reference structure calculations on a grid of values
(from 0.20 to 1.00 A, with a step of 0.20 A) of the
lateral displacement of Sn atoms from the on-top

Table 1
Minimum values of the Pendry R-factor (R,) obtained for the
basic structural models tested in the TLEED analysis

Model no. R,

0.70 (a), 0.60 (b)
0.59 (a), 0.51 (b)
0.58 (a), 0.50 (b)
4 0.53 (a), 0.39 (b)

R, obtained optimizing the atomic coordinates perpendicular to
the surface only (a) and the atomic coordinates perpendicular
and parallel to the surface (b).

W N =

Fig. 6. Schematic representation of model 4. Large circles: tin
atoms, small circles: oxygen atoms. The arrows indicate the
lateral displacements of tin and oxygen atoms. Negative values
of ¢ indicate displacements towards the negative direction of
the y-axis. (a) 5Sn >0, 50] = 502 = 503 < 0. (b) 5Sn >0, 501 =
002 = 0p3 > 0. The symmetry equivalent domain is obtained by
applying the mirror plane of the substrate along the y = 0 di-
rection.

positions (Fig. 6). The remaining Sn atoms were
kept fixed in the three-fold hollow sites of the
substrate. Also the in-plane coordinates of oxygen
atoms were not varied (do; = do» = do3 = 0.00 A).
For each of these reference structures the coordi-
nates perpendicular to the surface were optimized.
With these constrains the best fit was obtained for
Osn = 0.80 A (see Fig. 7). For each value of ds,, we
performed reference structure calculations for lat-
eral displacements of oxygen atoms in the direc-
tions indicated in Fig. 6a and b. In a first step,
equal values of do1, dpp and dp; were considered.
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Fig. 7. R, as a function of the lateral displacements of Sn atoms
from the on-top position. The values of dp were fixed at the
values reported in the figure whereas the x-coordinates were
optimized in the search of the best-fit. For the point indicated
by a cross, 0 = do; = dor = 0.20 A and do3 = 0.00 A.

These calculations allows us to put an upper limit
of 0.20 A to the d¢ values since above this limit the
agreement with the experimental data gets signifi-
cantly worst. For Js, = 0.8 A, reference structure
calculatlons were carrled out for dg; = 6or = 0. 20
A and 503 —000 A and for 501 —503 =0.20 A
and dg, = 0.00 A. The refinement of the lateral
displacements of oxygen atoms in the directions
shown in Fig. 6b leads to a minimum of R, = 0.39
which was obtained for dg; = dg» = do3 = 0.10 A.
When all the parameters were free to vary the
automatic search of the best fit leaded to an R-
factors of 0.35. However, this minimum of the R-
factor has to be considered an artefact since it
corresponds to too short O-Sn bond lengths. The
decrease of the R-factor is probably due to the
increased number of fitting parameters. A test,
based on the number of structural parameters and
number of experimental data (for LEED the total
energy range of the /-V curves), confirms this in-
terpretation [15].

As a further step of the analysis, the possibility
to vary the atomic positions and composition in
the first layer of the alloy was included in the
calculations. The sensitivity of the LEED intensi-
ties to the positions of the atoms in the outermost
layer of the alloy is rather low and the buckling of
this layer is within the error bar of this analysis.
The effect of the composition of the substrate
outermost layer on the LEED intensities is also
weak. However, a slight increase of the R-factor is
obtained when considering a substrate of pure
platinum. Calculations performed for various val-
ues of the Debye temperatures of oxygen and tin
and imaginary part of the inner potential indicate
that the agreement is not influenced significantly
by these non-structural parameters. The structural
parameters corresponding to the optimized struc-
ture are reported in Table 2 and the comparison of
the calculated and experimental /-V curves is
shown in Fig. 8. In the optimized structure there
are O-Sn bond lengths ranging from 1.92 to 2.18
A whereas the interlayer spacing between the
substrate and the overlayer (the vertical distance
between the atoms in the outermost layer of the
substrate and the deepest atom in the overlayer) is
2.37+0.10 A. The level of agreement between

Table 2
Parameters corresponding to the best-fit structure

Atom no. Element X (A) Ax (A) J (A)
1 (0] 0.00 -0.09 0.10
2 (0] 0.00 -0.09 0.10
3 (0] 0.00 —-0.34 0.10
4 (0] 0.00 -0.19 0.10
5 Sn 0.50 -0.07 0.80
6 Sn 1.00 -0.07 -

7 Sn 1.00 —-0.09 -

8 Sn 1.00 -0.19 -

9 Sn 1.00 -0.35 -

Atoms are numbered referring to Fig. 6. x are the coordinates of
the atoms perpendicular to the surface in the reference struc-
ture. The positive direction of the x-axis is towards the crystal.
Ax are the displacements perpendicular to the surface with re-
spect to the values in the starting reference structure in Fig. 5. ¢
are the lateral displacements of tin and oxygen atoms from the
reference structure in the directions shown in Fig. 6b. The error
bars are estimated to be +0.10 and +0.20 A for the x-coordi-
nates and the lateral displacements, respectively from the vari-
ance of Pendry R-factor [12].
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Fig. 8. Comparison of experimental (solid line) and calculated
for the best fit model (dashed line) /-V curves. For each beam
the value of R, is reported.

calculated and experimental /-V curves appears to
be acceptable considering the complexity of the
structure. The moderate level of agreement can be
explained considering the difficulties in determin-
ing the real minimum with such a large number of
parameters to be fitted. In order to improve the
search of the best-fit structure, resulting in a more
accurate determination of the structural parame-
ters, a larger experimental data set would be nee-
ded. For a significant increase of the total energy
range, the /-V curves should be collected at low
temperature.

Nonetheless, the LEED analysis provides an
evidence for a zigzag displacement of Sn atoms in
the overlayer. The amplitude of such displacement
is consistent with the lateral displacement of the
protrusions from the rows of holes (=0.5 A) ob-
served by STM. In the unrelaxed structure of

Fig. 5 each on-top Sn atom is surrounded by six
oxygen atoms at 2.87 A. With the lateral dis-
placements determined by LEED, each Sn atom
get closer to an oxygen atom (interatomic distance
of 2.18 £0.20 A). The formation of such Sn-O
bond could be the driving force for such move-
ments.

4. Conclusions

The TLEED analysis of the Pt;Sn(111)(4 x 4)—
O phase allowed us to rule to out possible models
proposed on the basis of previous STM and XPD
results. Amongst the structures tested in the LEED
calculations only one model gives an acceptable
level of agreement. According to this structure, the
ordered array of protrusions observed by STM
would corresponds to Sn atoms sitting close to on-
top positions on the substrate surface whereas the
missing of such Sn atoms would give rise to the
holes. The zigzag of the protrusions seen by STM
would be produced by displacement of tin atoms
from the on-top positions.
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