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The adsorption of oxygen on the~111! surface of the Pt3Sn alloy was studied by means of scanning
tunneling microscopy~STM! and x-ray photoelectron diffraction~XPD!. As Auger electron spectroscopy,
low-energy ion scattering, and x-ray photoelectron spectroscopy indicate, upon oxygen exposure~range 10000
L, with the sample at circa 770 K! Sn segregates to the surface and forms a two-dimensional tin-oxygen layer.
In the x-ray photoemission spectra no pronounced chemical shift is visible that would indicate a thicker tin
oxide layer. After exposure to 10000 L O2 at 770 K low-energy electron diffraction shows a streaky 232
pattern with additional spots. Scanning tunneling microscopy images show a surface with a 232 periodicity
characterized by an high defect density. The corrugation of this surface is substantially higher than that of the
clean surface. After annealing in vacuum at temperatures ranging from 600 to 800 K, a sharp 434 low-energy
electron diffraction pattern can be observed. STM then reveals a superlattice of depressions, the remaining
protrusions are slightly laterally displaced from their 232 positions. X-ray photoelectron diffraction intensities
of the 434 phase show hardly any change for Pt 4f , whereas Sn 3d azimuthal curves measured at higher polar
angles are substantially modified after oxygen exposure. In order to understand the nature of the features
observed in the STM images, the experimental XPD curves were compared with single and multiple scattering
cluster calculations performed for various structural models. On the basis of these results we propose a model
involving the reconstruction of the substrate surface.

DOI: 10.1103/PhysRevB.66.165416 PACS number~s!: 81.65.Mq, 68.37.Ef, 61.14.Qp, 68.47.De
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I. INTRODUCTION

The compositional and structural characterization of
phases formed upon oxygen exposure of Pt-Sn alloy surf
is interesting from the point of view of the surface chemis
of this bimetallic system. Surfaces containing Pt and Sn
useful for hydrocarbon conversion as well as for the elec
oxidation of methanol in fuel cells.1–3 Tin oxide layers are
expected to form by exposing Pt-Sn surfaces to O2, consid-
ering the higher affinity toward oxygen of tin compared
platinum. Changes of the surface region composition oc
ring after oxygen exposure can modify substantially
functional properties of the alloy surface, in particular t
chemical reactivity. Moreover, the study of the interaction
oxygen with Pt-Sn alloy surfaces is relevant considering
role of platinum in promoting the selectivity and sensitivi
of gas sensors based on SnO2.4

Early studies performed by means of surface sensi
techniques on polycrystalline Pt3Sn surfaces reported an in
crease of tin concentration at the surface upon low-pres
exposures to oxygen.5,6 Very recently, Batzill and co-workers
investigated by means of Auger electron spectrosc
~AES!, low-energy electron diffraction~LEED! and scanning
tunneling microscopy~STM! the oxidation of Sn-Pt~111! sur-
0163-1829/2002/66~16!/165416~10!/$20.00 66 1654
e
es

re
-

r-
e

f
e

e

re

y

face alloys.7–9 Such surface alloys were prepared by depo
tion of tin on Pt~111! and subsequent annealing. Seve
phases formed upon oxidation in various conditions of th
surface alloys. These authors explained the LEED pat
and the STM images in terms of groups of tin and oxyg
atoms~indicated as SnO ‘‘pseudomolecules’’! on the plati-
num surface. However, no information about the atom
structure of the protrusions observed in STM was reporte8

In the present work we investigated by several surface s
sitive techniques the phases formed on the Pt3Sn~111! sur-
face after exposures at about 770 K to O2 in the 1026 mbar
pressure range. Pt3Sn is a substitutionally ordered alloy hav
ing the Cu3Au type structure (L12 group!. The clean
Pt3Sn~111! surface has been thoroughly studied with a ran
of methods including LEED combined with low-energy io
scattering~LEIS!,10,11 LEED intensity analysis,12 x-ray pho-
toelectron diffraction~XPD!,13 spot profile analysis~SPA-!
LEED combined with AES and LEIS,14 Monte Carlo simu-
lations using the ‘‘macroscopic atom’’ model,15 and STM.16

One of the aims of the present study was to obtain inform
tion about the reactivity of the Pt3Sn~111! surface toward
oxygen. The evolution of the surface composition as a fu
tion of the oxygen exposure was followed by means of x-
photoemission spectroscopy~XPS!, AES, and LEIS.
©2002 The American Physical Society16-1
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The other purpose was to determine the atomic structur
the phases covering the substrate surface after low-pres
oxygen exposures. XPD measurements were performe
the surface phase formed after oxygen exposure in orde
get information about the atomic structure of the featu
observed in the STM images.

II. EXPERIMENT

XPS/XPD, LEED, and LEIS measurements were p
formed in a ultrahigh-vacuum~UHV! system in Firenze with
base pressures in the 5310210 mbar range. For XPS/XPD
and LEIS a hemispherical electron/ion energy analy
~HA100, Vacuum Science Workshop! was used. For LEED
measurements the chamber is equipped with a reve
four-grid optics~Omicron!. XPS/XPD experiments were pe
formed with a nonmonochromatized MgKa radiation source
~1253.6 eV!. The binding energy scale was calibrated usin
silver standard and setting the Ag 3d5/2 binding energy~BE!
to 368.3 eV.17 The XPS spectra were recorded with a fix
pass energy of 44 eV, the fixed angle between x-ray sou
and analyzer was 55°, the semicone angle of acceptanc
the analyzer was 4°. For XPS the spectra were measure
normal incidence. The sample was mounted on a manip
tor that permits polar and azimuthal rotation. XPD curv
were collected by monitoring the intensity of Pt 4f ~1180.4
eV kinetic energy!, Sn 3d5/2 ~767.0 eV!, Sn MNN Auger
~427.8 eV!, and~when appropriate! O 1s ~722.0 eV! photo-
emission peaks. To estimate the background spectra a
netic energies 5–10 eV higher than the peaks were take
Varian ion gun was used for sample cleaning and the L
measurements. All LEIS spectra were taken with 1000
He1 ions, the analysis ion beam current density was of
order of 131028 A/cm2. The beam impinged with an angl
of 45° off-normal onto the surface, the scattering angle w
135°.

The STM experiments were performed in an UHV syst
in Osnabru¨ck using a Omicron STM I system operating at
base pressure below 5310211 mbar. All STM images have
been measured in the constant current mode. AES spe
were acquired to check the cleanness of the surface, usin
electron gun~Staib! and a 180° electrostatic analyzer~Physi-
cal electronics!. A LEED system~of reversed four-grid Omi-
cron type! was used to verify that after preparation the s
face was in the same state to that achieved in Firen
Sample cleaning and oxygen exposure were done in a s
rate preparation chamber. The Pt3Sn~111! sample was the
same used in previous investigations.16 The composition of
the crystal~determined by means of an x-ray microprob!
was found to be 2560.5 at. % in Sn. The lattice paramete
measured by x-ray diffraction, was 4.00 Å, corresponding
a slight expansion with respect to pure platinum~3.92 Å!.12

In Firenze and in Osnabru¨ck the clean Pt3Sn~111! single
crystal was prepared following the procedure described
prior studies,16 i.e., by several cycles of sputtering and the
mal annealing to about 1000 K. For sputtering Ar1 ions were
used, in Firenze with an energy of 1000 eV, in Osnabru¨ck
with 600 eV. Thermocouples were used to monitor t
sample temperature. The LEED patterns are indexed w
16541
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respect to the lattice of the alloy containing only platinu
Hence the LEED pattern corresponding to the bulk trunca
structure of Pt3Sn~111! is defined as 232.12 Upon Ar-ion
bombardment and annealing at circa 600 K, preferen
sputtering of Sn atoms induced a reconstruction of the s
face with (A33A3)R30° periodicity.13 After annealing at
1000 K, the clean surface showed a sharpp(232) pattern
with weak spots corresponding to the (A33A3)R30° recon-
struction. For oxidation the 232 bulk-terminated sample wa
heated to 770 K and exposed to O2 for typically several
minutes. O2 partial pressures of 131026– 531026 mbar
were applied, typical doses were in the range of several th
sand L~1 L corresponds to an exposure of 1 sec at a pres
of 1.3331026 mbar). In Osnabru¨ck initial carbon contami-
nation of the sample was easily removed by oxygen tre
ment, a procedure similar to oxygen exposure as descr
above~10 min O2 at 531026 mbar and 770 K! and subse-
quent heating to 1150 K for a further 5 min.

III. RESULTS AND DISCUSSION

XPS and LEIS were used to monitor the surface com
sition before and after oxidation. The superstructures
served by LEED are readily explained in view of STM im
ages. XPD gives further insight into the surface structure

A. XPS and LEIS

LEIS and XPS spectra were taken to follow the surfa
region composition upon oxygen exposure. As describ
above the oxidation experiments started from the clean 232
bulk-terminated Pt3Sn~111! surface. To study the influenc
of oxygen this surface was exposed to increasing O2 doses.
During all exposures the sample temperature was 770 K

For analysis a linear background subtraction was app
to the LEIS data~see Fig. 1 for example curves! and the peak
area measured. The elaboration of the XPS data~Fig. 2! con-
sisted of smoothing, background subtraction~by means of

FIG. 1. LEIS spectra~1000 eV He1) from the clean surface
~top! and after exposing it to 9000 L O2 ~bottom! at 770 K. The
scattering angle was 135°.
6-2
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ADSORPTION OF OXYGEN ON Pt3Sn(111) STUDIED . . . PHYSICAL REVIEW B 66, 165416 ~2002!
the Shirley method! and peak area evaluation. In this way t
data shown in Fig. 3 were obtained.

The O, Sn and Pt intensities determined from LEIS ver
the O2 exposure are shown in Fig. 3~a!. With exposure the O
concentration in the surface increases, Pt decreases. W
the surface is saturated with oxygen, the platinum signa
barely detectable in the LEIS spectrum. The Sn signal
creases for small oxygen doses but then drops to its in
value. As the total sum of the LEIS intensities decreases w
exposure, this effect could be due to a geometric rearran
ment of the scatterers. Since LEIS is virtually sensitive to
composition of the outermost layer only, these results in
cate that the surface is completely covered by a tin-oxy
layer. The XPS curves of the Sn 3d5/2, O 1s, and Pt 4f 7/2
peak areas vs. the O2 exposure indicate that the oxygen u
take process on the alloy surface reaches saturation afte
exposure to about 5000 L@Fig. 3~b!#. The increase of the Sn
signal and the decrease of the Pt signal is an indication
tin segregates at the surface upon oxygen exposure. Th
consistent with prior studies of the oxidation of polycryst
line Pt3Sn.5,6,18,19A comparison of the LEIS and XPS data
Fig. 3 shows that for Pt and O the respective spectra fol
the same trends.

The Pt 4f , Sn 3d, 0 1s, and the SnMNN Auger regions
of the XPS spectra, collected for the clean surface and a
an oxygen exposure of 9000 L, are shown in Fig. 2. For
clean surface, the Pt 4f 7/2 and Sn 3d5/2 peaks are located a
BE’s of 70.9 and 485.3 eV, respectively. These values
very close to those measured for the pure platinum~71.0 eV!
and pure tin~485.0 eV!.17 The BE’s of both the Pt 4f 7/2 and
Sn 3d5/2 peaks do not change~within 0.1 eV! after oxygen
exposure with respect to the values measured for the c

FIG. 2. XPS spectra of the clean surface~solid line! and after
oxygen exposure~9000 L at 770 K! ~dotted line! taken at polar
angle 0°~normal emission! with Mg Ka radiation~1253.6 eV!.
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surface. The O 1s BE is 529.8 eV and does not chang
within the experimental error bar, as a function of the oxyg
exposure. No shoulder attributable to tin bound to oxygen
visible in the Sn 3d peaks. Only a slight broadening of th
Sn 3d peaks on the high BE side can be observed. This
be explained with the fact that the BE of tin bound to oxyg
is very close to that of Sn in the alloy. Indeed, the BE of t
Sn 3d5/2 component, attributed to the ‘‘quasimetallic’’ sta
of tin determined for the oxidized Pt-Sn surface alloys, w
found to be 485.3 eV.20 In order to reveal changes in th
chemical state of tin we considered the Auger parameter
the SnMNN transitiona, defined as the sum of the Sn 3d5/2
BE and the SnM4N45N45 kinetic energy.21 The Auger pa-
rameter for the clean surface was found to be 921.7 eV,

FIG. 3. LEIS ~a! and XPS~b! intensities of the Pt, Sn, and O
peaks as a function of the O2 exposure. Pt and Sn LEIS intensitie
are normalized with respect to the clean surface values. The O L
signal is normalized to its maximum. The exposure was carried
at 770 K.
6-3
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M. HOHEISEL et al. PHYSICAL REVIEW B 66, 165416 ~2002!
ferent from the value reported in the literature for pure
~922.4 eV!.21 For the oxygen saturated surface the Aug
parameter is 921.2 eV to be compared with the values
ported for SnO~918.7 eV! and SnO2 ~919.2 eV!.21 The XPS
data do not provide evidence of the formation of thre
dimensional islands of tin oxide, either SnO or SnO2. Hence
the present results suggest the formation of a chemiso
phase in which oxygen atoms are bound to tin atoms.

In the earlier studies of polycrystalline Pt3Sn samples af-
ter exposure to O2 or even air formation of a thicker tin
oxide layer occurred that already exposed b
properties.6,18,19There was a clear chemical shift for Sn 3d,
but none for Pt. It was reported that on the polycrystall
samples Sn mainly segregates through grain boundaries18 a
mechanism not available on the Pt3Sn~111! single crystal.
Instead, Sn segregates by lattice diffusion, a channel a
able only for higher temperatures than applied during
oxygen exposures.14,15

After this oxidation series, i.e. after a total O2 dose of
9000 L, in the LEED a streaky 232 pattern with additional
features on the connection lines of the main spots was
served. Upon annealing the sample to 620 K for 10 mi
sharp 434 LEED pattern was observed~see Fig. 7 below
with the according STM images!. No changes could be de
tected in the XPS and LEIS spectra measured after the
nealing in vacuum at 600–750 K. Only after prolonged a
nealing at 900–1000 K, a decrease of oxygen on the sur
is observed.

B. Scanning tunneling microscopy

Typical STM images of the clean Pt3Sn~111! surface
show 232 terraces with some residual (A33A3)R30° do-
mains. In these images Pt atoms appear as protrus
whereas Sn atoms appear as holes due to the low local
sity of states of tin at the Fermi level.16,22A similar chemical
contrast was also found on the Pt3Sn~001! and ~110!
surfaces.23,24 To reproduce the preparation described abo
the cleaned sample was exposed to O2 for 30 min at 770 K,
i.e., 6800 L. Then LEED exhibited a streaky 232 pattern, as
depicted in Fig. 4.

FIG. 4. LEED image~70.4 eV electron energy! after exposure to
6800 L O2 at 770 K. The main spots located on 232 positions are
interconnected by streaks. In these streaks additional spots occ
1/5 of the 232 distances.
16541
r
e-

-

ed

e

il-
e

b-
a

n-
-
ce

ns
n-

e

A STM image acquired after this preparation is shown
Fig. 5. The surface is mainly covered by a long range
dered mesh of protrusions with the same periodicity~5.6 Å!
and orientation as the clean 232 surface. However, for the
oxygen exposed surface only one clearly delimited prot
sion appears in the surface unit cell. The corrugation of
protrusions is at typical tunnel parameters with 0.
60.10 Å significantly larger compared to 0.2460.10 Å of
the clean 232 structure.

In the oxygen induced 232 phase several distinct defe
features occur frequently. Point defects are quite comm
typically arranged in locally ordered patches with depr
sions for every second protrusion in every second row, i.e
a 434 superstructure. In addition sets of parallel defect lin
about six rows apart are observed in the 232 structure.
Along their direction the protrusions are displaced 1/2 latt
constant; here they are no longer close packed. At the end
the lines small depressions are present. In some region~in
particular close to the steps at the upper side! structures quite
different from the 232 structure are observed: groups
clusters more or less arranged in a hexagonal order~Fig. 6!.
These clusters consist of typically four protrusions of a s
similar to that in the 232 structure, but in the clusters th
arrangement of the protrusions is not uniform.

The nature of the protrusions observed in the STM top
raphy of the tin-oxygen layer, and of the depressions is
obvious from the STM images. However, it is likely that the
correspond to group of atoms not resolved in the images
all STM images they act like clearly delimited entities. T
simplify the further discussion we will refer to them a
‘‘bumps’’ and ‘‘holes.’’

The STM images of the structure obtained after heating
700 K for 10 min of the oxidized sample reveal that t
number of holes increased, the locally ordered 434 patches
grew. During a sequence of experiments with increasing
nealing temperatures in the range of 800–950 K the 434
LEED pattern became clearer, the long range order of
surface gradually improved. After annealing the oxidiz

r at

FIG. 5. STM image@(200 Å)2, UT520.6 V, I T50.8 nA)] af-
ter exposure to 6800 L O2 at 770 K. The labels mark patches wit
~A! closed packed bump~B! defect lines, and~C! 434 depressions.
6-4
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sample at 950 K a clear 434 LEED pattern was obtained~as
given in Fig. 7!. STM images~Fig. 8! then show a long range
434 ordered surface. It was also possible to achieve l
range ordered 434 regions by using lower O2 doses of 2300
L for oxidation.

The 434 structure is the same as in the small def
patches in the 232 structure: every second bump in eve
second row is replaced by a hole. In some places the i
hole mesh is disturbed by additional holes. STM yields
super-lattice constant of 11.460.5 Å, i.e., twice that of the
clean 232 surface. In view of this results the origin of th
LEED superstructure is easily understood. As can be s
clearer in Fig. 9~a! the six bumps around a hole are alte
nately shifted toward and away from it. The bumps devi
approximately 0.560.1 Å from the positions in a 232 mesh.
A schematic model of the STM emphasizing the lateral d
placements of the bumps is given in Fig. 9~b!. Due to this

FIG. 6. STM image@(120 Å)2, UT520.6 V, I T50.8 nA]
taken after the same preparation as Fig. 5. Clusters of typically
bumps occur which are separated about 1.5 lattice constants.

FIG. 7. LEED image~64.0 eV electron energy! after exposure to
6800 L O2 at 770 K and subsequent annealing to 650 K. Sp
already present in the 232 structure are indicated by circles, an
the additional 434 spots by crosses.
16541
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displacements in the low-index directions the bumps are
exactly in line; the rows appear as ‘‘zigzag’’ lines. The
zigzag lines look alike along all three low-index direction
which is only possible if the bumps are exactly shifted
wards or away from the holes as indicated in Fig. 9~b!. By
the displacement the lateral distance of the bumps is slig
increased~about 0.08 Å!. If the bumps corresponded to in
dependent clusters this effect might be due to repuls
forces between them.

In some images like Fig. 9~a! the bumps appear not pe
fectly spherical but slightly elliptic with their long axis ori
ented towards the hole, giving an impression of ‘‘petals.’’ A
this effect is seen only for bumps adjacent to holes and t
for all three axis directions at the same time, a double
effect can be ruled out. The corrugation of the bumps
0.4760.13 Å, i.e., within the experimental uncertainty th
same as in the 232 phase, whereas the holes are 1.
60.31 Å deep.

Variation of the gap voltage over a wide range of valu
(24.0 to 14.0 V! sightly changed the corrugation, but th
topography was otherwise unaffected. STM images could
obtained at low voltages like60.1 V. Thus the oxidized
surface behaves metallic. The tin-oxygen layer is too thin
develop bulk properties of the semi-conductor tin oxide
agreement with the XPS results.

On the clean 232 surface the direction of step edges
basically determined by the local slope of the surface. Af
oxidation the steps tend to run along the low index directio
forming hexagonal islands.

By heating the sample to 1050 K oxygen was complet
desorbed from the surface. Afterward again a clean 232 sur-
face was found, oxidation of Pt3Sn~111! can be revoked. In
fact a preparation of oxygen exposure and desorption is q
similar to an oxygen treatment applied to remove carb
from the surface. To determine the registry between the s
strate 232 and the oxygen related 434 phase, efforts were
undertaken to image both phases in the same frame. In
attempts the oxidized sample was heated to 1000 K, i.e
most the desorption temperature. Indeed in this w

ur

s

FIG. 8. STM image@(200 Å)2, UT510.5 V, I T50.8 nA] after
exposure to 2300 L O2 at 740 K. The surface structure is governe
by the 434 structure.
6-5
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M. HOHEISEL et al. PHYSICAL REVIEW B 66, 165416 ~2002!
oxygen was partially removed from the surface, but o
terraces either completely 434 covered or completely clea
were found in STM.

To overcome this problem the oxidized sample was sp
tered for 10 s, corresponding to a ion dose of
31025 C/cm2. Afterwards according to AES oxygen wa
still present. STM showed the presence of many craters,
hibiting a depth of 2.060.5 Å. After annealing at 900 K for
10 min flat terraces were found again. Larger uncove
232 regions coexisted with domains of the oxygen rela
434 phase~see Fig. 10!. These images suggest that the p
trusions in the O-Sn 434 phase are located at Sn positions
the substrate in the same layer. If the procedure to pre
434 and clean surface coexisting patches produces antip
domain boundaries, we should observe in-phase and
tiphase domain boundaries. On the other hand, all the S
images obtained after the reported treatment show that
protrusions of the 434 phase are located at the position
Sn atoms of the clean surface.

FIG. 9. The Pt3Sn~111! 434 structure:~a! small-scale STM
image @(68 Å)2, UT510.5 V, I T50.8 nA], ~b! schematic repre-
sentation.~The balls represent one bump from the STM imag
each, in fact they might consist of more than one atom!. A 434 unit
cell is shown, the displacement directions of the bumps as obse
by STM are indicated. To improve clearness the lateral displa
ments are enlarged.
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In recent studies Batzill and co-workers worked on t
oxidation of Sn-Pt~111! surface alloys by exposure t
NO2.7–9 After complete oxidation they found a highly or
dered superlattice of SnOx islands on the Pt~111! substrate.
The corresponding LEED showed a sharp 535 pattern.
These islands are in many ways similar to the clusters fo
on Pt3Sn after high oxygen doses~see Fig. 6!. In larger scale
images they look alike, the typical arrangement~distances
etc.! appears to be identical. The STM topography of t
islands as found on the oxygen-Sn-Pt~111! did not reveal any
substructure, while on Pt3Sn~111! resolution within the is-
lands was obtained, showing that they consist of typical f
not too well ordered bumps. Note that in the streaky 232
LEED pattern additional spots occurred at one fifth of the
32 distances~see Fig. 4!, i.e., on 10310 positions. They can
be explained by the formation of a 535 island structure as
described in Refs. 7–9 on the Pt3Sn 232 substrate.

After annealing to 800–1000 K Batzill and co-worke
observed a 434 LEED pattern. The STM images given i
Ref. 8 show a structure compatible with the 434 pattern
described above, but with a not as pronounced long ra
order. No lateral displacement of the bumps was observed
the surface alloy. Otherwise the authors gave a model for
434 structure similar to that given in Fig. 9~b!. They inter-
preted the protrusions as SnxOy ‘‘molecules’’ populating Pt
sites on a 232 Sn-Pt~111! surface alloy substrate.

In the studies of oxidized Sn-Pt~111! surface alloys a gen
eral behavior similar to that of the alloy surface Pt3Sn~111!
was found. Nevertheless the STM images of the alloy surf
included details not present in the surface alloy images~e.g.,
the inner structure of the SnOx nanodots and the displace
ment of the bumps!. The observed minor differences may b
due to different preparation procedures of the O-Sn lay
The presence of tin in the substrate~in the case of the alloy
surface! is also expected to influence the thermal stability
the Sn-O layer. Moreover, the sligthly different lattice para

s

ed
e-

FIG. 10. STM image@(116 Å)2, UT510.8 V, I T50.6 nA] af-
ter sputtering a 434 substrate for 8 sec and annealing at 900 K
10 min. The registry between the oxygen 434 phase and the 232
substrate is indicated by lines.
6-6
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eters of Pt3Sn and Pt~111! may play an important role in
stabilizing the various superstructures.

Sn in deeper layers or segregated from the bulk~present
only in the bulk alloy! might influence the surface local den
sity of states~LDOS!. Simulations of the LDOS at both su
faces would be helpful to decide what reason prevails.

C. X-ray photoelectron diffraction

As shown by LEED and STM, the 232 phase formed by
oxygen exposure at 770 K without further annealing is ch
acterized by an higher concentration of defects and diso
with respect to the 434 superstructure. Hence, to obtain i
formation about the nature of the protrusions observed in
STM pictures, only the latter phase was investigated in de
by means of XPD. Pt 4f 7/2, Sn MNN and Sn 3d5/2 azi-
muthal XPD curves measured for the clean surface and
the 434 superstructure obtained after oxygen exposure
shown in Fig. 11. Pt 4f 7/2 and Sn 3d5/2 full angular scans
taken from the clean 232 surface~Fig. 12! show patterns
typical for a fcc~111! surface, exhibiting a threefold symme
try. The kinetic energy of the emitted electrons is in bo
cases sufficiently high to let the patterns be governed
forward scattering enhancement.25 Pt 4f 7/2 XPD curves mea-

FIG. 11. Comparison of the Pt 4f 7/2, Sn MNN, and Sn 3d5/2

azimuthal XPD curves measured for the clean surface and for t
34 superstructure obtained after an oxygen exposure of 900
~pressure: 531026 mbar, sample temperature: 770 K! and anneal-
ing at 600 K for 10 min. Left column: azimuthal XPD curves me
sured at a polar angle of 63°. Right column: azimuthal XPD cur
measured at a polar angle of 73°. The polar angles are defined
respect to the normal to the surface. In each panel the top c
corresponds to the clean surface. The maximum value of the m
lation amplitude, (I max2I min)/I max@%#, is reported for each curve
16541
r-
er

e
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sured for the clean surface and for the 434 phase are virtu-
ally the same. On the other hand, Sn 3d5/2 and SnMMN
XPD curves show significant variations after oxygen exp
sure but only at higher polar emission angles~see Fig. 12!.

The O 1s XPD curves do not show any intensity mod
lation within the noise level, that is the amplitude of th
intensity modulations is below 5%. The rather high no
level is due to the fact that the relatively weak oxygen Os
signal is located on the tail of the Pt 3p3/2 peak. Such inelas-
tic tail is modulated as a function of the emission angle l
the Pt 3p3/2 peak. The XPD results are consistent with t
formation of a tin-oxygen phase which is a few atomic laye
thick. Moreover, the lack of intensity modulations of the
1s XPD curves~due to forward scattering along interatom
directions! suggests that there are no scattering centers ab
the oxygen atoms. The low thickness of the oxygen ph
compared to the depth probed by the Pt 4f 7/2 photoelectrons
~having a relatively high kinetic energy! can partly explain
why the Pt 4f XPD curves do not change after oxygen e
posure. However, since the depth probed by the Pt 4f and Sn
3d photoelectrons is not so different, other effects sho
play a role in determining the different behavior of the S
and Pt XPD curves after oxygen exposure~see below!.

In the Sn 3d5/2 XPD pattern the most intense featur
which appear after oxygen exposure are located a polar a
of about 60°. At this polar angle diffraction features havi
nearly the same intensity are observed every 60° in the
muthal curves. If Sn atoms in the overlayer give a sixfo
symmetrical pattern, this contribution summed with that o
from the bulk can explain the observed symmetry. This

4
L

s
ith
ve
u-

FIG. 12. Stereographic representation of Pt 4f 7/2 ~left! and Sn
3d5/2 XPD patterns~right! measured for the clean Pt3Sn~111! sur-
face ~top! and for the Pt3Sn~111! 434 phase~bottom!. The stron-
gest diffraction features at a polar angle of 35° corresponds to

@11̄0# azimuthal direction. The intensities are represented o
gray-level scale. They were measured for polar anglesu between
0° and 70°.
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terpretation also implies that the contribution to the XP
oscillations from tin atoms in the oxygen phase is maxim
around a polar angle of 60°.

XPD curves measured for the 434 phase are very simila
to those collected for the surface showing the streaky 232
surface~that is after oxygen exposure without annealing
vacuum!. This suggests that the local structure of Sn is
same in the two surfaces.

To get further information about the atomic structure
the 434 phase, we performed calculations of the diffracti
curves considering various structural models. We used si
scattering cluster~SSC! calculations25 in a first screening of
the structural models to reduce the computational effort. T
structure of the crystal was described as a cluster whose
is determined by a maximum length of the path between
emitter and the scatterers. In the present calculations
length was set to 12 Å. Larger values of this parameter
not produce any significant variation of the calculated XP
curves. The O, Sn, and Pt phase shifts were calculated u
the Van Hove and Barbieri program package.26

Multiple scattering calculations were carried out using
MSCD ~multiple scattering calculation of diffraction! package
developed by Chen and Van Hove.27 Structural models base
on oxygen atoms adsorbed on a unreconstructed sur
could be ruled out since the Sn XPD intensities calcula
for these structures differ only slightly from those calculat
for the clean surface~mainly a variation of the relative in
tensities of some features in the curves!. On the basis of the
XPD patterns, we propose a possible model involving a
construction of the alloy surface. In the model, shown in F
13, Sn atoms have a hexagonal arrangment. The position
the atoms were chosen in such a way to have the forw
scattering maxima in the azimuthal directions observed
the Sn 3d XPD pattern. The protrusions in the STM imag
would correspond to groups of tin atoms, each consisting
two tin atoms in the overlayer located adjacent to a subst
tin atom sitting in the center between them~see Fig. 14!.

FIG. 13. Schematic model of the 434 phase. Simple light gray
circles: platinum atoms in the substrate, simple dark gray circles
atoms in the substrate. Dark gray balls: tin atoms in the overla
White balls: oxygen atoms. In this model two Sn atoms in
overlayer together with a adjacent substrate Sn atom appear a
protrusion in the STM~indicated by the ellipses!. A unit cell corre-
sponding to that in Fig. 9~b! is shown.
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The arrangement of Sn atoms is similar that of Sn ato
in the ~101! plane of SnO.28,29 In particular, one side of the
unit cell of Sn0~101! is equal to the Sn-Sn nearest-neighb
distance in the proposed model~3.77 Å!. This would produce
a 434 coincidence cell with the periodicity of the substra
In the proposed model Sn atoms which would occupy on-
positions ~at the corner of the unit cell! are missing. The
missing of these atoms would produce the holes observe
STM. The composition of this overlayer is Sn8O6. The re-
sults of the SSC calculations performed for this model
shown in Fig. 15. The SSC calculations indicate that
major contribution to the additional features in the XP
curves measured for the 434 phase are due to photoelectro
emitted by Sn atoms in the overlayer and scattered by o
gen atoms. The curves shown here were calculated for
parameters giving the best fit with the experimental da
estimated from the visual comparison and theR-factor

in
r.

one

FIG. 14. Structural model for the 434 phase proposed on th
basis of the XPD data superimposed on the STM image. Sm
circles: Sn in the overlayer. Large circles: Sn atoms~solid line! and
Pt atoms~dashed line! in the topmost layer of the alloy. Oxyge
atoms are not shown.

FIG. 15. Comparison of experimental Sn 3d5/2, Sn MNN, and
Pt 4f 7/2 azimuthal XPD curves~circles and solid line! with the
SSC calculations~solid line! performed for the model depicted i
Fig. 13.
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analysis.27 The best agreement between experimental
calculated data was obtained for a O-Sn interlayer dista
of 1.060.1 Å. In this model the O-Sn bond length is 2.4
The O-Sn bond length is longer than the O-Sn near
neighbor distances in SnO~2.21 Å! and SnO2 ~2.06 Å!.28,29

It should be noted that the sensitivity of the curves to
vertical distance of the oxygen atoms with respect to the
atoms in the overlayer is rather low. The level of agreem
of the XPD curves calculated for this model is only mod
ate, since some features of the experimental XPD curves
not reproduced in a satisfactory way. These calculati
show that the Pt 4f XPD patterns are not significantly influ
enced by the formation of the overlayer Sn-O, in agreem
with the experimental findings. This fact can be explain
considering that the Pt atoms are arranged in various l
structures with respect to the Sn-O overlayer. Hence the s
tering from the overlayer is averaged over these local st
tures while the contribution from substrate atoms is not s
stantially affected. Conversely, all Sn atoms ‘‘see’’ t
oxygen atoms in the same way. Hence we can conclude
the proposed model is able to explain many of the exp
mental findings. However, the model cannot reproduce
lateral shift of the bumps observed in STM. In addition
cannot explain the dense Sn-O 232 structure for which STM
topographs show four equivalent protrusions per 434 unit
cell. Albeit not displaced, these protrusions are otherw
similar to that in the 434 structure.

Since the Sn 3d XPD has a contribution from tin atoms
the substrate an accurate description of this component c
be crucial in the calculations. Hence we performed additio
multiple scattering~MS! calculations of the XPD intensity o
the proposed structural model. The MS method which pr
erly takes into account defocusing effects should provid
better description of the contribution of the bulk to the XP
intensities. The calculations were performed only for the
3d5/2 XPD curves. Calculations of the XPD curves obtain
monitoring the intensity SnMNN Auger peak could not be
performed because of the difficulties in describing the an
lar momentum of the outgoing Auger electrons. The M
simulations could not be performed for the Pt 4f XPD
curves because of the too large number of emitters. The
calculations of the Sn 3d XPD curves substantially repro
duce the SSC intensities. Hence we may conclude that in
present case single scattering calculations provide a reli
description of the experimental data. We also considere
possible variation of the Sn concentration in the first s
strate layer. In the MS calculations we simulated a Sn de
tion by removing Sn atoms in the topmost layer of the s
strate. In the SSC calculations the composition of
substrate surface could be varied continuously.30 The results
of these model calculations do not provide any evidence
depletion of tin in the surface region of the alloy since t
agreement between calculated and experimental XPD cu
does not improve upon varying the concentration of Sn in
surface region of the alloy.

IV. CONCLUSIONS

Oxygen adsorption on the Pt3Sn~111! surface has been
investigated using XPS, LEIS, STM, LEED, AES, and XP
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Oxygen adsorption on Pt3Sn~111! at 770 K and at a pressur
of circa 531026 mbar is a self-limiting process leading t
the saturation of the surface with a layer containing oxyg
and tin. After exposure to 9000 L O2 under these conditions
streaky 232 LEED patterns are found. STM showed a 232
lattice of highly corrugated protrusions with various defe
structures. Upon annealing at temperatures ranging from
to 800 K, a sharp 434 LEED pattern is observed. STM
revealed that the 434 structure is determined by a lon
range ordered supermesh of depressions with twice the
tice constant of the 232 structure. The protrusions are alte
natingly displaced laterally towards and away from the d
pressions. It is unclear which species are imaged
protrusions in the STM topography. Desorption experime
allowed one to assign the holes in the STM topography
missing atoms or agglomerates containing oxygen. A sim
434 structure was found for the oxidation under vario
conditions of Pt-Sn surface alloys prepared by annealing
tin deposited on Pt~111!. By means of XPD we obtained
information about the atomic structure of the 434 phase.
The XPD results suggest that at saturation coverage the
strate surface is covered by a two-dimensional phase. Th
XPD curves are not affected by oxygen exposure, wher
the Sn 3d and SnMNN XPD intensities at higher pola
angles are significantly modified upon the formation of t
434 phase. The most intense features which appear a
oxygen exposure in the Sn 3d5/2 XPD pattern are located a
polar angle of about 60°. The Sn 3d XPD pattern can be
explained if Sn atoms in the overlayer give a sixfold sy
metrical pattern. This contribution summed with that o
from the bulk can explain the observed symmetry. On
basis of these results we proposed a structural mode
which Sn atoms are arranged in a similar way as in the~101!
plane of SnO. This model is consistent with 434 STM im-
ages, assuming that the bumps seen by STM correspon
groups of tin atoms, each consisting of two overlayer
atoms and one Sn substrate atom between them. It i
agreement with the registry of the O-Sn overlayer det
mined by STM, i.e., the bumps are located on top of
atoms in the substrate surface. Although the level of agr
ment is only moderate, the XPD curves calculated for t
model reproduce the main features of the experimental d
But as the 232 structure cannot be explained easily, t
given model is only tentative. The atomic structure of the
34 phase cannot be considered solved, but nonetheles
XPD results allowed us to reduce to the number of poss
structural models.

ACKNOWLEDGMENTS

This work was supported by the Deutsche Forschungs
meinschaft~DFG!, the Stichting voor Fundamenteel Onde
zoek der Materie~FOM!, the European Science Foundatio
~ESF! within the ALEnet project, and the MURST under th
program ‘‘Crescita, struttura e reattivita` di superfici di mate-
riali e di film superficiali’’ COFIN2000.
6-9



.n
ler

r.

.

ci.

.

.

.
i.

.

i-
4,

.

I.

.

in

/

.

M. HOHEISEL et al. PHYSICAL REVIEW B 66, 165416 ~2002!
*Corresponding author. Electronic address: mhoheise@sci.kun
1F. M. Dautzenberg, J. N. Helle, P. Biloen, and W. M. H. Sacht

J. Catal.63, 119 ~1980!.
2K. Wang, H. A. Gasteiger, N. M. Markovic, and P. N. Ross J

Electrochim. Acta41, 2587~1996!.
3C. Panja, N. Saliba, and B. E. Koel, Surf. Sci.395, 248 ~1998!.
4W. Goepel and K. D. Schierbaum, Sens. Actuators B26–27, 1

~1995!.
5G. B. Hoflund, D. A. Ashbury, P. Kirszensztejn, and H. A

Laitinen, Surf. Sci.161, L583 ~1985!.
6D. A. Ashbury and G. B. Hoflund, Surf. Sci.199, 552 ~1988!.
7M. Batzill, D. E. Beck, and B. E. Koel, Appl. Phys. Lett.78, 2766

~2001!.
8M. Batzill, D. E. Beck, D. Jerdev, and B. E. Koel, J. Vac. S

Technol. A19, 1953~2001!.
9M. Batzill, D. E. Beck, and B. E. Koel, Phys. Rev. B64, 245402

~2001!.
10A. N. Haner, P. N. Ross, and U. Bardi, Surf. Sci.249, 15 ~1991!.
11A. Haner, P. Ross, and U. Bardi, Catal. Lett.8, 1 ~1991!.
12A. Atrei, U. Bardi, G. Rovida, M. Torrini, E. Zanazzi, and P. N

Ross, Phys. Rev. B46, 1649~1992!.
13A. Atrei, U. Bardi, M. Torrini, E. Zanazzi, G. Rovida, H

Kasamura, and M. Kudo, J. Phys.: Condens. Matter5, L207
~1993!.

14W. C. A. N. Ceelen, A. W. Denier van der Gon, M. A. Reijme, H
H. Brongersma, I. Spolveri, A. Atrei, and U. Bardi, Surf. Sc
406, 264 ~1998!.

15C. Creemers and S. Helfensteyn, Appl. Surf. Sci.167, 216~2000!.
16541
l
,

,

16J. Kuntze, S. Speller, W. Heiland, A. Atrei, I. Spolveri, and U
Bardi, Phys. Rev. B58, R16 005~1998!.

17Handbook of X-Ray Photoelectron Spectroscopy, edited by J.
Chastain~Perkin-Elmer Corporation, Physical Electronics Div
sion, 6509 Flying Cloud Drive, Eden Prairie, Minnesota 5534
1992!.

18G. B. Hoflund, D. A. Ashbury, P. Kirszensztejn, and H. A
Laitinen, Surf. Interface Anal.9, 169 ~1986!.

19G. B. Hoflund and D. A. Ashbury, Langmuir2, 695 ~1986!.
20D. I. Jerdev and B. E. Koel, Surf. Sci.492, 106 ~2001!.
21D. Briggs and M. P. Seah, eds.,Practical Surface Analysis, 2nd

ed. ~Wiley, Chichester, 1990!.
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