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Probing the structures of bimetallic Sn/Rh„111… surfaces:
Alkali-ion scattering and x-ray photoelectron diffraction studies

Yingdong Li, Michael R. Voss, Nathan Swami, Yi-Li Tsai, and Bruce E. Koel
Department of Chemistry, University of Southern California, Los Angeles, California 90089-0482

~Received 10 February 1997; revised manuscript received 14 July 1997!

We have investigated the bimetallic Sn/Rh~111! system formed by vapor deposition of Sn on a Rh~111!
single-crystal surface by applying two powerful structural probes: alkali-ion scattering spectroscopy~ALISS!
and x-ray photoelectron diffraction. For initial submonolayer exposures, the surface structure responsible for
the observed ()3))R30°-Sn/Rh~111! low-energy electron diffraction pattern is explored and its alloy
nature is established. The Na1 ALISS results indicate that the formation of this surface alloy is produced by the
replacement of top-layer Rh atoms by Sn atoms. The resultant alloy surface can be strictly two dimensional if
the annealing temperature is high enough (>1300 K). This surface alloy is buckled with the Sn atoms
displaced upward from the Rh surface plane by 0.2960.05 Å. In addition, x-ray photoemission spectroscopy
core-level measurements have been performed on this surface alloy at grazing exit angles and these are
compared with results on the analogous Sn/Pt~111! surface alloy. Binding energy shifts of20.4 and20.6 eV
for the Rh 3d and Sn 3d core levels, respectively, were observed for the Rh-Sn alloy compared to the pure
elements. A shift of20.3 eV was also seen for the valence-band centroid upon alloying. From temperature-
programmed desorption studies it was determined that CO adsorption is decreased on the Sn/Rh surface alloy,
but with only a small~4 kcal/mol! decrease in the adsorption energy. The growth mechanism of the Sn film in
the Sn/Rh~111! bimetallic system was also probed. The vapor deposition of Sn on Rh~111! at 300 K does not
form epitaxial clean Sn films or pure Sn clusters but rather forms a random alloy of increasing thickness.
@S0163-1829~97!07440-7#
e
ion
ng
o
e

th
a

ith

o
s
e
te
v

el
h
e
u
g
n-
cia
rc

d

os
d

ur-
as
ms

p-
gle-
the

o-

ion
s
d-
SS

in

al-
SS

ion
O

sen-

d

tal
I. INTRODUCTION

The preparation of bimetallic compound or alloy surfac
is typically accomplished by either metal-vapor deposit
followed by annealing to high temperatures or by cutti
bulk metal alloys along a certain direction. Advantages
the first approach include the flexibility and control of th
surface structure and composition. The challenges for
method are~1! establishing the final surface structure as
alloy surface as opposed to an overlayer,~2! determining the
stoichiometry of the surface metal components,~3! identify-
ing the alloy surface generated in such a manner as e
two dimensional or ‘‘bulklike’’ and~4! discerning the flat-
ness of the alloy surface that is driven by the redistribution
electronic charge at the surface. Answers to these issue
themselves very interesting since they involve a consid
ation of phase transitions and the nature of atom-atom in
actions. Perhaps as importantly, they pave the way for a
riety of chemical studies to be conducted on these w
defined bimetallic surfaces. One example is t
chemisorption and reactions of NO on Sn/Rh alloy surfac
which would be relevant to research on NO catalysis on s
ported Sn/Rh catalysts.1 Rh is an active catalyst for reducin
NO to N2 and it is of interest to discern the effect this S
modified alloy surface has on NO adsorption and disso
tion. Reactivity studies such as these are the driving fo
behind our detailed structural work on the Sn/Rh~111! bime-
tallic system. We address all of the structural issues
scribed above explicitly in this paper.

The strength of low-energy alkali-ion scattering spectr
copy ~ALISS! as a structural probe lies in its simplicity an
560163-1829/97/56~24!/15982~13!/$10.00
s

f

is
n

er

f
are
r-
r-
a-
l-
e
s,
p-

-
e

e-

-

accuracy in determining atom positions and its extreme s
face sensitivity.2 In the past few years this technique h
been applied successfully to study various bimetallic syste
such as Sn/Pt~111!,3 Sn/Ni~111!,4 Sn/Cu~111!,5 Sn/Ni~100!,6

and Sn/Pt~100!,7 among many others. It is convenient to a
ply this technique to ordered surfaces since the an
dependent features in the spectra correlate directly to
periodicity of the atom spacing. By combining x-ray phot
electron diffraction8,9 ~XPD! with ALISS, we can obtain in-
dependent verification and also complimentary informat
on surface structures.10 For example, the XPD technique ha
unique capabilities for determining the orientation of a
sorbed molecules and metal growth morphology that ALI
lacks. We combine these two powerful structural probes
the same ultrahigh vacuum~UHV! chamber in order to carry
out geometric structural determinations of bimetallic and
loy surfaces. In this paper, we describe our combined ALI
and XPD studies of the structures of bimetallic Sn/Rh~111!
surfaces formed by vapor depositing Sn on the Rh~111! sur-
face. In addition, we report on detailed x-ray photoemiss
spectroscopy~XPS! measurements and a preliminary C
temperature programmed desorption~TPD! study on a Sn/
Rh~111! surface alloy that can be formed.

II. EXPERIMENTAL METHODS

The experimental arrangement and conditions were es
tially the same as described previously.6,7 The apparatus, as
shown in Fig. 1, is a two-level UHV chamber with four-gri
low-energy electron diffraction~LEED! optics that also serve
as a retarding field analyzer~RFA! for Auger electron spec-
troscopy ~AES! and has capabilities for gas dosing, me
15 982 © 1997 The American Physical Society
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56 15 983PROBING THE STRUCTURES OF BIMETALLIC . . .
evaporation, ion sputtering, and TPD at the top level. T
bottom level contains a Colutron ion gun for ion scatteri
spectroscopy~ISS!, a dual-anode x-ray source, and two ele
trostatic energy analyzers. A small Comstock electrost
analyzer is mounted on a rotatable turntable inside the U
chamber that allows the total scattering angle in ISS to
changed and the incident ion beam to be measured dire
The spectra shown herein were obtained primarily usin
Perkin-Elmer Model 10-360 spherical capacitor analy
~SCA! that is mounted on a fixed flange so that the scatte
angle is always 144°. This analyzer is equipped with a m
tichannel detector with 16 discreet multipliers to provi
high count rates. For the XPS studies, we operated the S
with a 46.95-eV pass energy~R50.6 eV andDE/E50.5%!
and utilized a Mg anode operated at 400 W. To enhance
surface sensitivity, we used an analysis angle for XPS
was 70° from the surface normal.

The sample stage holding the Rh~111! crystal can be ro-
tated both on a polar plane (6180°) and on a azimutha
plane (690°) and both of these rotations are controlled
stepping motors interfaced through a computer. The data
quisition routines for both ALISS and XPD are highly aut
mated. The ion source used in this study was a sod

FIG. 1. Two-level UHV chamber for combined ALISS an
XPD experiments.
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source from Spectra Mat Inc. The higher mass of Na1 com-
pared to that of Li1 gave us better energy resolution, whic
was needed because of the small mass difference betwee
and Sn.

The Rh~111! single-crystal sample was 1031031 mm3

in size and oriented to within 0.5°. It was held onto t
sample holder by two 0.5-mm Ta wires and could be coo
down to 200 K or electron-beam heated to 1500 K. Main
nance of the sample alignment is very important and the
fore was accomplished carefully. The sample was first
nealed to 1300 K in several cycles in vacuum to stabilize
position, and this was followed with an alignment procedu
using a He-Ne laser beam mounted coaxially at the end
the Colutron ion source. This calibration procedure redu
the uncertainty of the polar and azimuthal angles to,0.5°
and,1°, respectively.

The crystal was cleaned by repeated cycles of Ar1-ion
sputtering~1 kV at 1000 K! and annealing in vacuum to
1300 K. The surface composition of the sample was chec
by AES. LEED showed the expectedp(131) pattern for
the clean Rh~111! surface. The Sn doses were made by us
an enclosed boat made from 0.13-mm Ta foil containing
Sn ingot~6N purity!. This doser was thoroughly outgasse
before use. The Sn deposition rate utilized with this do
was about 0.8 ML/min with a background pressure bel
2310210 Torr.

The experimental apparatus used for the CO adsorp
studies has been previously described.11 The instrument is a
three-level UHV chamber with a double-pass cylindric
mirror analyzer~CMA! on the top level, LEED and quadru
pole mass spectrometer for TPD in the middle lev
and a high-resolution electron-energy-loss spectrosc
~HREELS! spectrometer on the bottom level. The base pr
sure of the chamber was below 2310210 Torr. A different
Rh~111! single crystal was used in these studies, which w
10 mm diameter31 mm thick and was mounted to a samp
holder by 0.020-in. Ta wires. The sample could be cooled
100 K or resistively heated to 1350 K. Sample cleanline
was achieved by Ar1-ion sputtering and annealing as d
scribed above and verified by AES and LEED. Sn dos
was carried out by resistive evaporative heating in a man
identical to that in the ISS and XPD experiments. CO dos
was performed with a Varian leak valve. The TPD spec
obtained on this chamber were cross referenced to po
quality spectra taken under similar conditions on the afo
mentioned ISS chamber. The CO desorption peak temp
tures agreed well.

III. RESULTS

A. Sn deposition on Rh„111…: AES and LEED studies

The results from AES and LEED are discussed first sin
they help characterize the surface composition and the lo
range order and symmetry. Shown in Fig. 2 is a Sn upt
plot constructed from AES data obtained by the RFA in t
ALISS chamber~Ei52 keV and Vmod510Vpp!, in which
the AES intensities from Rh and Sn are plotted as a func
of the Sn deposition time. The deposition was carried
with the Rh crystal at room temperature. From Fig. 2 it
seen that the Sn growth can be described initially by t
linear regions of both the Sn and Rh AES intensities bel
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15 984 56LI, VOSS, SWAMI, TSAI, AND KOEL
about 15-min deposition time, indicating a layer-by-lay
growth mode. Fairly sharp changes in the slopes,
‘‘breaks,’’ in both curves occur at about 7-min depositio
time. At the break point, the Rh substrate signal has
creased to 52% of its initial value. We can calculate an
tenuation of the Rh signal12 of 52% based on an inelasti
mean free path of 5–7 Å for the Rh electrons at 302 eV a
a Sn monolayer thickness of 2.5–3.2 Å, respectively,
pending on how one estimates the Sn monolayer thickn
@using either the interplanar spacing of projected~111!-like
planes and Sn-Sn nearest-neighbor distances or a valu
rived from the average Sn density in bulk Sn#. Thus it may
be surmised that the first 7-min exposure corresponds
sonably well to a monolayer of Sn on the Rh surface, w
only a small amount of clustering or intermixing. Hereaft
we refer to the 7-min Sn dose as 1 ML of Sn.

At higher exposures of Sn, the AES uptake curves cha
smoothly, suggesting that Sn is growing in either a Stran
Krastanov mode@monolayer growth followed by three
dimensional~3D! crystallite growth# or by forming an alloy.
Although the deposition time axis in the figure extends o
to 35 min, exposures up to 80 min were conducted in wh
it was found that the Rh signal was never eliminated.
stead, both Sn and Rh signals reached a constant value
same result was also observed previously elsewhere.13 These
results strongly indicate that alloy formation occurs at ro
temperature. If pure Sn clustering were occurring on the s
face, one would expect the substrate Rh signal to eventu
disappear or at least continuously decrease with increa
Sn deposition. We will address this issue in further de
later by examining the Sn growth process via XPD.

In Fig. 3, AES data for two annealing series from diffe
ent initial coverages of Sn are plotted. The AES data w
obtained by using the CMA in the HREELS chamber w

FIG. 2. AES uptake curves obtained from peak-to-peak inte
ties for Rh~302 eV! and Sn~430 eV! AES signals plotted versu
the Sn deposition time. The Rh~111! substrate temperature durin
Sn deposition was 300 K. The arrow indicates a ‘‘break’’ in t
uptake curves near 7 min.
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Ei52 keV and Vmod510Vpp . The two initial coverages
were produced by Sn deposition at room temperature,
AES and LEED measurements were made after 2-min
nealings at 25–50 K increments in temperature. Prior to
experiment, the Sn doser used on this chamber was
brated with an AES signal versus exposure curve simila
that in Fig. 2 and the two doses used are those correspon
to the first break points in the curves and twice that depo
tion time. Since these measurements were made a diffe
chamber, the absolute signal intensities are different fr
those in Fig. 2.

Considering the top panel in Fig. 3, no LEED pattern w
observed at low annealing temperatures (,500 K) because a
disordered structure was formed by the vapor-depos
overlayer of Sn. Annealing to 500 K or higher temperatu
caused an increase in the Rh AES signal and a (131) LEED
pattern was observed. The AES intensities and the LE
pattern were stable until annealing temperatures of about
K were reached. At these temperatures, a ()3))R30° pat-
tern was formed, and the point at which the)3) spots
were first observed coincides with a significant decline
both of the Rh and Sn absolute AES intensities and a
crease in the Sn/Rh AES ratio. We assign this to diffusion
excess Sn away from the surface region and into the bul
the Rh crystal, leaving behind only the alloy incorporated S

i-

FIG. 3. Annealing studies utilizing LEED and AES of Sn
Rh~111! for two Sn precoverages, as determined from the brea
the AES uptake curve:~a! 1 ML of Sn and~b! 2 ML of Sn. The
filled circles denote the Sn/Rh AES ratio as indicated on the rig
hand axis.
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56 15 985PROBING THE STRUCTURES OF BIMETALLIC . . .
Finally, the ()3))R30° LEED pattern disappeared a
about 1150 K due to either desorption of Sn from the surfa
alloy or further dissolution into the bulk of the Rh. Th
Sn/Rh AES ratio was constant over the temperature ra
of the ()3))R30° LEED pattern, 875–1150 K, indicat
ing that a well-defined surface structure of constant com
sition can be formed under these conditions. We also n
that deposition of a smaller initial coverage of Sn~about 2
min! followed by annealing to 600 K also produced th
()3))R30° LEED pattern.

For a larger initial Sn coverage, as shown in the botto
panel of Fig. 3, large changes occurred in the AES intensi
upon heating and a higher temperature of about 600 K w
required to form a 131 LEED pattern from the surface. Th
AES changes come about primarily due to clustering of
Sn at these higher temperatures to form larger 3D islands~as
will be shown later!. The major difference in the two annea
ing experiments was observed from 750 to 850 K, wher
LEED pattern was formed that is consistent with coexisti
domains of 232 and ()3))R30° structures. Only the
()3))R30° spots were present after 850-K annealing,
at the lower initial Sn coverage, and heating above 900
caused large decreases in both the Rh and Sn AES sig
and a decrease in the Sn/Rh AES ratio. The ()3))R30°
LEED pattern did not disappear until about 1175 K, but ov
the range 900–1175 K the Sn/Rh ratio continued to decre
with increasing temperature. However, the surface formed
heating this Sn film to near 1100 K is probably the same
that in the top panel since the same LEED pattern and Sn
AES ratio is obtained.

All subsequent experiments on the~)3)!R30°-
Sn/Rh~111! surface were performed after preparing the s
face using the lower initial deposition~1 ML! of Sn fol-

FIG. 4. Models of surface structures proposed for the~)
3)!R30° LEED pattern. Black circles represent Sn atoms, wh
Rh atoms indicated by white and gray circles correspond to fi
and second-layer atoms, respectively. In an incorporated mode
atoms replace the first-layer Rh atoms. In overlayer models,
adatoms sit at either fcc or hcp hollow sites.
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lowed by a 2-min annealing at 900 K. This yielded reprodu
ible AES and LEED data for the ordered surface.

B. Structure of the „)3)…R30°-Sn/Rh„111… surface:
ALISS studies

1. Proposed structures and scattering potential determination

The three possible structures are shown in Fig. 4. Eac
these assumes that the ()3))R30° unit cell arises from a
basis of one Sn atom per unit cell. The incorporated, i
alloy, model corresponds to replacing1

3 of the first layer Rh
atoms with Sn atoms. In the overlayer models, the Sn ato
are placed as adatoms occupying either the fcc sites or
hcp sites. These models will guide our discussion of
ALISS data and inevitably one of them~the alloy! will ac-
count for the ()3))R30° structure.

As demonstrated in previous ALISS studies,6,7 it is essen-
tial to first determine the scattering potential~Thomas-Fermi-
Moliare potential! between the incoming ion and the surfa
atoms. A detailed discussion of this problem can be found
Ref. 14. In our case, there are two parameters that have t
determined: CNa1-Rh andCNa1-Sn. It is worthwhile to point
out that the ALISS technique can be calibrated interna
theseC parameters can be derived from the experiment
self. The C parameter for Na1 and Rh scattering can b
determined easily from the clean Rh~111! surface. Table I
gives theCNa1-Rh values derived from different azimuths an
different ion-beam energies. These values are very consis
and converge to an average value ofCNa1-Rh50.8060.03.
Since all three models possess the same Sn atom ch
along the@2̄11# direction, the otherC parameter is deter
mined in a similar fashion based on this azimuth from t
()3))R30° surface. The derived values ofCNa1-Sn for
different ion-beam energies are tabulated in Table II, yie
ing CNa1-Sn50.7660.04.

2. Surface structure: Alloy versus overlayer Sn

Figure 5 shows the energy spectra for 1-keV Na1 incident
on the ()3))R30°-Sn/Rh~111! surface, as well as on

e
t-
Sn
n

TABLE I. C parameter for Na1-Rh scattering determined from
a clean Rh~111! surface.CNa1-Rh50.8060.03.

Azimuth E0 ~eV! cc ~deg! CNa1-Rh

@1̄10# 400 30.8 0.79
500 29.9 0.79

1000 27.560.3 0.81–0.83

@2̄11# 500 20.7 0.81
1000 17.560.3 0.77–0.79

TABLE II. C parameter for Na1-Sn scattering determined from
a ()3))R30°-Sn/Rh(111) surface.CNa1-Sn50.7660.04.

Azimuth E0 ~eV! cc ~deg! CNa1-Rh

@2̄11# 500 19.2 0.79
1000 16.760.3 0.73–0.77
2000 14.7 0.72
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clean Rh~111! surfaces. The observed scattering peak f
tures from the Rh atoms extend into the region of the
peak, particularly at higher polar angles. This indicates t
the actual contributions from the Sn scattering overlap w
this Rh background. To test how this affects the single s
tering from Sn, ‘‘blank’’ Sn scans from a clean Rh~111!
substrate were conducted. These scans indicate that th
backgrounds are fairly flat at polar angles below 20°,
larger peak modulations occur at the higher polar ang
This suggests that great care must be taken in the interp
tion of the Sn-scan peaks at the larger polar angles. Also s
in Fig. 5 is the shift in the Rh binary scattering pe
by as much as 6 eV, particularly for polar angles abo
30°. The ion energy analyzer has an energy window size
612 eV, which helps to minimize this shift problem. In a
dition, we tried to check this influence by offsetting the an
lyzer energy on purpose over several electron volts, and
significant effect was observed on the angular scans.

The polar angle scans from Sn single scattering as we
blank scans taken at 1-keV Na1 are shown in Fig. 6. Along
the short~@1̄10#! azimuth, a critical angle of Na1-Sn scatter-
ing of cc520° was obtained. This critical angle is very di
ferent from what is expected from any of the overlayer mo
els. Given the much larger Sn-Sn atom spacing in both
and hcp overlayer models, a much smaller critical an
(cc;10°) is expected based on calculations. This leaves

FIG. 5. Energy spectra of 1-keV Na1 scattered from the clean
Rh~111! and ()3))R30°-Sn/Rh(111) surfaces in the@1̄10# di-
rection. The total scattering angle is 144°. Strong interference to
Sn scattering from the Rh background can be seen clearly from
clean Rh~111! curves at two different polar angles. The) alloy for
this and subsequent ALISS experiments was prepared by depos
of 1 ML of Sn followed by a 2-min annealing at 900 K.
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choice but to opt for the alloy model. It will be shown th
the alloy model can consistently explain all of the scatter
features from both Rh and Sn scattering along all of
different azimuths studied.

In the alloy model, the topmost layer is composed of1
3 of

Sn rows and2
3 of Rh rows along the long azimuths~@2̄11# or

@1̄21̄#!. The Sn rows produce the scattering feature obser
in Fig. 6~b!. As pointed out before, features at larger po
angles do not necessarily correspond to real Sn scatte
their existence could be the result of interference from
scattering.

The polar angle scans from Rh are shown in Fig. 7.
expected, the scattering features from the long azimu
~@2̄11# or @1̄21̄#! are almost unaltered between the clean
surface and ()3))R30° alloy surface. The peak intens
ties at 18° are reduced to 62–64 % compared to the c
Rh~111! substrate. This is in good agreement with t
assessment13 that the number of first-layer Rh atoms in th
alloy is 2

3 of that on the clean Rh~111! substrate. Along the
short azimuth~@1̄10#!, the polar scans for clean Rh~111! and
the ()3))R30° alloy are noticeably different. The peak

e
he

ion

FIG. 6. Polar-angle scans of 1-keV Na1-Sn scattering on the
()3))R30° surface are shown along two different azimuth
Along with each scan is the Sn ‘‘blank’’ scan taken on the cle
Rh~111! substrate~a! along the short~@1̄10#! azimuth and~b! along
the long~@2̄11#! azimuth.
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56 15 987PROBING THE STRUCTURES OF BIMETALLIC . . .
29° is greatly reduced and a new feature evolves around
The intensity reduction of the 29° peak can be explained
the effect of buckling, where the Sn atoms are displa
upward compared to the Rh atoms instead of being copla
on the alloy surface. A similar angular spectrum was o
served on the Sn/Ni~100! system as well.6 One-third of the
Rh atoms will be shadowed directly by the buckled neig
boring Sn atoms, which will shift the 29° peak to high
polar angles. The remaining13 of the Rh atoms will still be
shadowed by neighboring Rh atoms and thus the orig
peak should still be seen at 29°, but with only1

3 of its original
intensity. As a matter of fact, the observed peak intensity
29° for the alloy is reduced to 33% of the value on Rh~111!,
which correlates well with the predicted result. The new pe
formed in the polar scan due to the buckled Sn atoms ca
seen better in Fig. 8, where polar angle scans at two diffe
primary ion-beam energies are compared. We can tell cle
that the new peak is formed at 7°–8° higher polar angle. T

FIG. 7. Polar-angle scans of 1-keV Na1-Rh scattering on the
()3))R30° surface are shown along two different azimuths. A
companying each scan is one taken on a clean Rh~111! substrate~a!
along the short azimuth~@1̄10#! and ~b! along the long azimuths
~@2̄11# or @1̄21̄#!.
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offset corresponds directly to the buckling angle and thu
can be used to estimate the buckling distance. We obta
value for the Sn outward buckling distance of 0.32 Å
assuming that the Sn atoms sit at Rh~111! positions laterally,
but due to buckling are displaced above the Rh surface p
so that a line between the Sn and Rh centers makes an a
of 7.5° with the Rh plane.

A better estimate of the Sn buckling distance can be
tained from the Sn scattering along the short azimuth@1̄10#
as shown in Fig. 6~a!. The critical anglecc is closely related
to the vertical distance between Sn and a nearest-neig
Rh atom. If the dependence of the critical anglecc on the
buckling distancedp were known, we could determine th
value ofdp from the experimentally measured value ofcc .
A plot of the critical anglecc versus the buckling distanc
dp is given in Fig. 9. This plot was obtained by performing
chain simulation using theMARLOWE code14 to include the
interactions of all nearby atoms in the full crystal. Measu
ments at four different ion beam energies were carried o
each providing its own critical angle. The results consisten
indicate a value ofdp50.2960.05 Å. Our prior independen

-

FIG. 8. Polar-angle scans of Na1-Rh scattering on the~)3)!
R30° surface are shown at incident Na1 beam energies ofE0

5400 and 500 eV. Along with each scan is one taken on the cl
Rh~111! substrate. Each pair of peaks marked by the bars a
particular incident energy are differentiated by either Rh-Rh
Sn-Rh being the shadowing-target atom pair.
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15 988 56LI, VOSS, SWAMI, TSAI, AND KOEL
estimate ofdp50.32 Å falls within the error bars of this
determination.

We have no clear explanation for the Rh scattering fea
that appears around a polar angle of 19° in the scans from
) alloy in Figs. 7 and 8. This peak could be attributed
rippling of the Rh atoms, but other possible explanatio
such as Sn sites that are not occupied, i.e., a Rh sur
vacancy, or rippling induced by subsurface Sn can be ru
out.

3. Surface stoichiometry: Sn coverage
for the ()3))R30° alloy

A tacit assumption for the proposed structures in Fig. 4
that there are1

3 ML of Sn atoms and2
3 ML of Rh atoms on

the surface. An identical LEED pattern can be formed
well by putting 2

3 ML of Sn atoms and1
3 ML of Rh atoms on

the surface. These two different situations relate directly
the Sn coverage on the outermost layer. Possible struct
for this case are essentially the same as those shown in
4, but with the Sn and Rh atom labels transposed at
surface. This is an extremely important aspect of the surf
structure and this issue should be addressed as direct
possible.

There is clear evidence against the choice of a Sn-
()3))R30° surface alloy. If this were the case, the
polar scan along the short azimuth@1̄10# would be character-
ized by two low-angle peaks in Fig. 6~a!. One of them would
be caused by the Rh-Sn atom pair as before, while the o
one would be induced by the Sn-Sn atom pair. The la
peak would appear at a much higher polar angle at about

FIG. 9. Calculated critical angles expected for the perpendic
height of the Sn atom buckling distance in the ()3))R30° sur-
face are shown as solid curves. The measured critical angles an
derived buckling distances are indicated by the dashed lines u
~a! E05400 eV Na1, ~b! E05500 eV Na1, ~c! E051.0 KeV Na1,
and ~d! E052.0 keV Na1.
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Furthermore, in the Rh polar angle scan along the short
muth in Fig. 7~a!, the 29° peak would not exist for the allo
since the Rh atoms would be solely shadowed by Sn ato
These effects were never observed in our experiments
thus we can eliminate the Sn-rich surface models from c
sideration.

C. Characterization of the Sn/Rh„111… surface alloy by XPS

We utilized XPS to probe changes in the electronic str
ture of the surface due to alloying. The results of the
grazing incidence ~20°! XPS studies on the ~)
3)!R30°-Sn/Rh~111! surface alloy, along with compariso
measurements for Rh~111! and a thick condensed film of Sn
are summarized in Table III~a!. The Sn film values were
obtained from deposition on Pt~111!, as discussed below
Binding energies referenced to the Fermi level are repo
for several core levels and also for the valence band.
x-ray excited Auger transitions were also measured and
principal Auger peaks were used to calculate Auger para
eters. Peak positions were determined by fitting simula
curves using contributions of Gaussian and Lorenztian
shapes through the raw data. Since the SCA was equip
with a multichannel detector, the spectra were obtained w
a good signal-to-noise ratio and good fits of the data w
obtained. The spectrometer work function was adjusted
define Rh 3d5/25307.20 eV binding energy~BE! for clean
Rh~111!. Emission from the Rh valence band~VB! can be
characterized by the centroid BE, and this shows a shif
20.30 eV upon alloying. The VB maximum, howeve
shows a 0.30-eV shift upon alloying, indicating a narrowi
in the valence-band emission. All of the Rh core levels m
sured show either very small or negative-binding-ene
shifts. The Rh 3d5/2 level shifts 20.35 eV upon alloying,
with only a 20.10-eV change in the 3d spin-orbit splitting.
The Rh 3d3/2 peak suffers from overlap with the Sn 3d3/2
peak, but values for the Rh 3p peaks are fairly consisten
with the behavior of the Rh 3d peaks. The Rh Auger param
eter, obtained as the difference between the binding ene
of the Rh 3d5/2 peak and the apparent binding energy of t
highest kinetic-energy Rh Auger transition, shows a lar
shift of 20.65 eV upon alloying. A shift of the Auger pa
rameter to more negative values is usually interpreted as
dicating a lower oxidation state~larger negative charge! on
the probed atom. The Sn 3d core levels show a larger nega
tive shift of 20.60 eV upon alloying, referenced to a thic
Sn film standard, with no change in the 3d3/2-3d5/2 splitting.
The highest-kinetic-energy Sn Auger transition shifts to 0
eV lower apparent binding energy and the Sn Auger para
eter shifts20.37 eV upon alloying.

We also provide in Table III~b! XPS results for Pt~111!, a
thick Sn film, and the ()3))R30°-Sn/Pt~111! surface al-
loy for comparison with the above Rh-Sn results. The
film was formed by vapor deposition onto the Pt substrate
200 K until the Pt 4f peaks were reduced to less than 1%
their value on clean Pt~111!. Calibration of the spectromete
work function was obtained by defining Pt 4f 7/2571.20 eV
BE for clean Pt~111!. The Pt VB is characterized by two
maxima, at 1.65- and 3.91-eV BE, with a centroid at 3.1-
BE. Alloying caused these maxima to shift to higher BE a
the VB emission to narrow by about 0.6 eV. Smaller co
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TABLE III. XPS results for ~a! Rh~111! and the ()3))R30° – Sn-Rh alloy@the Auger parameters
a85Eb(Rh 3d5/2)2Eb(Rh M45VV), anda95Eb(Sn 3d5/2)2Eb(Sn M4N45N45) and the values in parenthe
ses denote signals that are less certain because of overlapping peaks or poorer signal-to-noise ratios# and~b!
Pt~111! and the ()3))R30° – Sn-Pt alloy@the Auger parametersa85Eb(Pt 4f 7/2)2Eb(Pt N4N67N7), and
a95Eb(Sn 3d5/2)2Eb(Sn M4N45N45)] ~the BEEb is in eV andV denotes the VB!.

~a!

Core level Rh~111! Sn ()3))R30° alloy BE shift

Rh~V! 2.50 2.20 20.30
Rh(4p) 47.40 47.48 0.08
Rh(3d5/2) 307.20 306.85 20.35
Rh(3d3/2) 312.25 311.80 20.45
D(3d3/2-3d5/2) 5.05 4.95 20.10
Rh(3p3/2) 496.50 ~496.1! (20.4)
Rh(3p1/2) 520.90 520.97 0.07
D(3p3/2-3p1/2) 24.40 ~24.9! ~0.5!
Rh(3s) ~628.5! ~628.3! (20.2)
Rh(M45VV) 951.40 951.70 0.30
a81hn 609.40 608.75 20.65
Sn(3d5/2) 485.25 484.65 20.60
Sn(3d3/2) 493.90 493.30 20.60
D(3d3/2-3d5/2) 8.65 8.65 0.00
Sn(M4N45N45) 816.28 816.05 20.23
a91hn 922.57 922.20 20.37

~b!

Core level Pt~111! Sn ()3))R30° alloy BE shift

Pt~V! 1.65, 3.91 1.96, 4.14 0.31
Pt(5p3/2) 52.23 52.41 0.18
Pt(4f 7/2) 71.20 71.20 0.00
Pt(4f 5/2) 74.60 74.70 0.10
D(4 f 5/2-4 f 7/2) 3.40 3.50 0.10
Pt(4d5/2) 314.50 314.50 0.00
Pt(4d3/2) 331.60 331.70 0.10
D(3d3/2-3d5/2) 17.10 17.20 0.10
Pt(4p3/2) 519.45 519.90 0.45
Pt(N4N67N7) 1084.40 1084.43 0.03
a81hn 240.40 240.37 20.03
Sn(3d5/2) 485.25 485.28 0.03
Sn(3d3/2) 493.90 493.98 0.08
D(3d3/2-3d5/2) 8.65 8.70 0.05
Sn(M4N45N45) 816.28 816.53 0.25
a91hn 922.57 922.35 20.22
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level shifts were observed for the Pt levels upon alloy
compared to the Rh-Sn results. Either no shift or very sm
~0.10 eV! positive shifts occur for the Pt 4f and Pt 4d levels
upon alloying. The Pt 4p3/2 apparently shows a larger pos
tive shift. Consistently, the Pt Auger parameter shows es
tially no change upon alloying. These data should be co
pared to a recent study of the surface core-level shift~SCLS!
for this same alloy, in which the Pt 4f 7/2 SCLS is equal to
20.37 and20.25 eV on the Pt~111! and)-Sn/Pt~111! sur-
face alloy, respectively, indicating a shift of the surface
4 f 7/2 level of 0.12 eV upon alloying with Sn.15 The Sn core
levels also show much smaller changes than were seen
the Rh-Sn alloy and only a small shift to higher bindin
energy was observed. A small shift occurs for the
M4N45N45 Auger transition upon alloying so that the chan
ll

n-
-

t

for

n

in the Sn Auger parameter is smaller than that for Rh-Sn,
the change has the same sign for both the Rh and Pt all

These changes described above in the XPS spectra re
that the Rh-Sn bonding interaction is larger than that
Pt-Sn, with the small shifts probably arising from the reh
bridization that occurs during bonding in the intermetal
compounds. We propose that little charge transfer occur
either case, although Sn~1.72! is more electronegative tha
Pt ~1.44! or Rh ~1.45! according to the Allred-Rochow for
mula.

D. Depth of alloyed Sn atoms: An XPD study

The discussion of the depth of Sn atoms involved in
()3))R30° alloy will address two issues. The first is th
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possibility of constructing a strictly 2D surface alloy and t
second is the determination of the registry of the Sn ato
underneath the first layer if they do exist. Under favora
conditions, these questions can be answered by ALISS it
The higher angle peaks in the polar angle scans norm
relate directly to the subsurface scattering process. Altho
such Sn scattering peaks were observed in Fig. 6, we ca
rule out the possible scenario of Rh scattering interferenc
these peaks were indeed the results of Sn scattering, the
surface Sn atoms would have the same registry as the
strate Rh atoms. This can be concluded from the sim
polar angle for the higher angle peak observed in the co
sponding Rh polar scans.

A much better tool to apply in this case is XPD. Figure
shows the polar-angle dependence of the Rh 3d5/2 and the Sn
3d5/2 ~blank scan! photoelectron emission intensities fro
the clean Rh~111! substrate. To comply with the usual co
vention in XPD, we have changed the notation of the po
angle in our XPD data to refer to the angle off of the surfa
normal as opposed to off of the surface plane as in ALIS
The blank scan in Fig. 10 is essentially flat, and thus the
background is not expected to interfere with the Sn s
features. The Sn 3d5/2 polar-angle dependence taken af
annealings to different temperatures are shown in Fig.
The surface for these studies was prepared at room temp
ture with an initial deposition of 4 ML of Sn. After annealin
to both temperatures, the ()3))R30° LEED patterns are
very sharp. Two conclusions can be drawn from these

FIG. 10. The angular dependence of Rh 3d5/2 emission on a
clean Rh~111! substrate is shown along@2̄11# and @1̄10# azimuths.
Along with each of these scans is the blank scan conducted a
photoelectron energy of the Sn 3d5/2 emission. The polar anglesc
defined here are referenced to the surface normal, i.e.,c50° lines
up the detector with the surface normal.
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sults. First, it is a simple matter to determine that subsurf
Sn atoms occupy the Rh sites by comparing the Sn 3d an-
gular distributions with those accompanying Rh 3d emis-
sion. Virtually identical diffraction modulation is observed
the Sn 3d and Rh 3d angular scans. Second, the large red
tion in the intensity of the angular modulation once t
sample has been annealed to 1300 K indicates that
amount of subsurface Sn in the near-surface region is m
less than that at 1100 K. The ()3))R30° surface alloy
prepared in the manner described above exists with sig
cant amounts of subsurface Sn in the second layer if
annealing temperature is not high enough, such as in
1100-K annealing case here. By annealing to even hig
temperatures, the modulation features seen here almost
appear. This indicates that it is possible to form a strictly
()3))R30° surface alloy by extensive high-temperatu
annealing.

We have discussed thoroughly the structural issues
garding the ()3))R30°-Sn/Rh~111! surface. This sur-
face, derived from high-temperature annealing, exists as
alloy phase that is characterized by the outward buckling
Sn atoms above the Rh atom surface layer. We also con
ture that alloy formation can occur at temperatures as low
room temperature based on the AES data. The follow
section will address some Sn deposition and film grow
issues on the Rh~111! substrate at room temperature.

E. Growth of Sn on Rh„111… at 300 K: Clustering or alloying?

The AES uptake curves, in which a finite and constant
signal was observed once more than 10 ML of Sn was

he

FIG. 11. The angular dependence of the Sn 3d5/2 emission is
shown along the@2̄11# and @1̄10# azimuths after annealing the ()
3))R30° surface to different temperatures. The initial Sn cov
age was 4 ML deposited at room temperature.
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56 15 991PROBING THE STRUCTURES OF BIMETALLIC . . .
posited, cannot be explained solely by a pure Sn clu
growth mechanism. The failure to totally eliminate the R
signal cannot be explained by cluster growth alone. Thi
due to the fact that the clusters are expected to grow th
dimensionally and eventually eliminate the substrate Rh
nal. A much better experiment involves the use of XPD
distinguish between clustering and alloy growth. In the p
clustering model, the detected Rh signal will come direc
from the bulk Rh contribution and its emission possesses
clean Rh signature. However, in the alloy case, this subst
signature should disappear in the Rh emission. Thus,
comparing the Rh angular dependence from a thick Sn
with that from the clean substrate, we should be able to
tinguish both cases.

Figure 12 shows the results of such an experiment. D
ferent thicknesses of Sn films were prepared at room t
perature and the XPD experiments were conducted a
deposition. No LEED patterns were found during Sn fi
growth. The most obvious result evident in Fig. 12 is the lo
of the diffraction modulations of substrate Rh atoms on
about 4 ML of Sn was deposited. This indicates that p
cluster growth of Sn is not the growth process. For subst
Rh atoms buried deeper than about 4–5 atomic layers be
the surface, the forward-scattering enhancements are lar
eliminated by multiple scattering. Thus the observed
emission must be from the Rh atoms that are intermixed w
Sn atoms. Further support for this physical model is the p
ence of a constant Rh Auger signal intensity and the p
ence of Rh scattering intensity in the ISS spectra, even a

FIG. 12. The angular dependence of the Rh 3d5/2 emission is
shown in the@2̄11# for direction at different initial Sn coverages. S
deposition was carried out at room temperature in each case an
curves were measured at the same temperature.
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much thicker (.10 ML) Sn films were deposited at room
temperature. These data also rule out an Stranski-Krasta
~monolayer plus cluster! growth mechanism. Another impor
tant characteristic of these polar dependences is the rou
isotropic behavior of both Rh and Sn emissions once the 4
ML of Sn were deposited. This shows that the growth
room temperature does not proceed epitaxially, but rathe
a random, disordered alloy. This random alloy possesse
constant stoichiometry for the Sn and Rh components,
though Sn atoms comprise the predominant part. This la
conclusion was derived from the constant Sn and Rh A
intensities once the deposited Sn amount exceeds a ce
thickness.

The above observations indicate that Rh-Sn intermix
occurs during the deposition of thick (.1 ML) Sn films on
Rh~111! at 300 K. It is also interesting to explore the stab
ity of this alloy arrangement with increasing temperatur
Figure 13 shows the polar-angle scans after annealing
initial Sn deposition of 12 ML. Below 1200 K, no LEED
pattern was observed. After annealing to 1200 K for 30 s
a combination of ()3))R30° and 232 LEED patterns
appeared. Subsequent annealing to 1300 K produced a s
()3))R30° pattern. Upon annealing to 900 K, we st
observed the flat angular features from Rh emission, bu
intensity modulation for Sn emission appeared. Moreov
the Rh intensity was increased by 50% and the Sn inten
was reduced by nearly 25%. These observations indicate
the thickness of the original alloy film is greatly reduce

the

FIG. 13. The angular dependence of Sn 3d5/2 and Rh 3d5/2

emission is shown after annealing the surface to elevated temp
tures. Deposition at room temperature provided an initial Sn cov
age of 12 ML. Annealing to 1300 K produces the ()3))R30°
LEED pattern.
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15 992 56LI, VOSS, SWAMI, TSAI, AND KOEL
upon annealing. It is likely that interdiffusion occurred a
an intermetallic compound was formed. The ()3))R30°
surface alloy that can be formed at 1300 K is accompan
by subsurface Sn atoms as indicated by the strong mod
tions.

F. Probing the surface chemistry of Rh-Sn surface alloys:
CO chemisorption

TPD spectra for increasing CO exposures on the Rh~111!
surface at 100 K are shown in Fig. 14. An inset shows
CO uptake curve constructed from this data. On Rh~111!,
CO desorption first occurs at a peak at 483 K at low cover
and then this peak decreases to 432 K with increasing c
erage. Using Redhead analysis,16 one can estimate that thes
temperatures correspond to desorption activation ener
(Ed) ranging from 29 to 26 kcal/mol, which agrees well wi
previous results.17,18 At higher coverages a peak at 410 K
formed along with some broadening in the peak to low
temperatures at near saturation coverages. This more we
bound state hasE0;24.5 kcal/mol. HREELS experiments19

have assigned the high-temperature peak to bonding of C
atop sites and the 410-K peak to bonding of CO at brid
sites.

CO TPD spectra from the)-Sn/Rh~111! surface alloy are
shown in Fig. 15. Desorption of CO at low coverage occ
in a peak at 410 K, with a high-temperature tail probably d
to defect sites of unalloyed Rh. The CO desorption pe

FIG. 14. CO TPD from Rh~111!. The heating rate used was 1
K/s.
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shifts up in temperature to 421 K with increasing covera
Near saturation coverage, a small additional desorption p
at 354 K develops. Since the peak at 421 K is so narr
desorption from the alloy is mainly restricted to one type
binding site. This is most likely the atop site since that is t
strongest bonding site on clean Rh~111! and the formation of
the alloy reduces more the number of bridge sites~50%!
compared to the number of atop sites~33%!. The relatively
small shift in desorption peak temperature and the value
Ed ~24.5–25 kcal/mol! suggests that the main effect of a
loyed Sn on CO chemisorption on this Rh-Sn surface allo
to block sites. This small shift in the CO adsorption energy
also consistent with the small changes observed in the X
studies reported above, ruling out large changes in the
electronic structure in the alloy. The addition of alloyed S
to the Rh~111! surface reduces the total coverage of CO
about a factor of 4. Additional studies by LEED an
HREELS are needed to further determine the effect of
loyed Sn on the binding site of CO on the alloy surface.

IV. DISCUSSION

Although we can rule out a pure Sn 3D crystallite grow
mode, we cannot exclude growth involving both clusteri
and alloying. In fact, the combination of both process
might better explain the AES uptake seen in Fig. 2. Alloyi
at room temperature has rarely been noted, but recently m
and more systems have been seen to behave in such a
ner. The Sn/Ni~100! system6 that we previously studied wa

FIG. 15. CO TPD from the ()3))R30°-Sn/Rh(111) alloy
surface. The heating rate used was 14 K/s.
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found to form an alloy at 250 K and the strong interdiffusi
even arranges the alloy surface in ac(232) structure. For
the Fe/Ag~100! system,20 the Fe atoms undergo place e
change with Ag atoms in the top layer of Ag~100! at an even
lower temperature of 100 K. For the case studied in
present work, that of the Sn/Rh~111! system, the intermixing
is very sensitive to the temperature. At room temperatur
multilayer alloy is formed with a dominant Sn compone
At high temperature, the intermixing is more extensive a
eventually leads to a 2D surface alloy characterized
1
3-ML-Sn concentration.

Our assignment of 1 ML of Sn at the 7-min break point
the AES uptake is based on the attenuation of the Rh s
strate signal that is consistent with a simple calculation
the decrease in intensity expected for a 1-ML-thick Sn ov
layer film. Of course this is not a rigorous determination a
it could be incorrect, considering that alloy formation clea
occurs at higher Sn coverages at room temperature.~How-
ever, we note that the Sn monolayer may be more sta
against alloying than thicker Sn films due to an increa
solubility of Rh in Sn for thicker layers.! It is clear that it is
difficult to determine the Sn coverage to which the break
Fig. 2 corresponds. It is possible that the break is relate
the finishing of the first Sn-Rh alloy layer. AES an
Rutherford-backscattering spectroscopy measurements m
by Paffett13 suggest a Sn density of 1.031015 atoms/cm2 at
the break, which is about23 ML of Sn atoms if a closest-
packed arrangement is assumed. Furthermore, the Sn
intensity obtained from the ()3))R30° surface is the
same as that after 4 min of Sn deposition, which is onl
little over one-half of the Sn coverage at the break point~7
min!. These observations suggest that the ‘‘monolayer
film’’ is composed of2

3 Sn and1
3 Rh atoms and thus is inter

mixed. This is not an important point for any of our concl
sions in this paper.

The study of Sn/Rh~111! allows us to further elucidate th
correspondence between buckling distance and lattice
stant mismatch.5 The origin of the Sn buckling has bee
attributed to the larger Sn atomic radius compared to tha
the substrate atoms. As a result, buckling is expected to
lieve the strain due to incorporation of Sn into the first lay
The measured buckling was found to be linearly related
the substrate lattice constant on Sn/Pt~111!, Sn/Ni~111!, and
Sn/Cu~111!.5 With our present data extending these previo
results, the plot of the measureddp versus the substrate la
tice constant is shown in Fig. 16, where the straight line
obtained by least-squares fitting. The present data point fi
straight line exceptionally well. Indeed, this remarkab
agreement indicates the strong relationship between buck
distance and lattice mismatch. We point out that identi
buckling distances have been found on both~111! and~100!
faces for Sn/Ni~Ref. 6! and Sn/Pt~Ref. 7! systems. These
results seem to reveal a very local nature for the Sn-m
bonding in these systems and provide a challenge to dev
successful theory to explain this bonding.

The small core-level shifts for the Rh-Sn and Pt-Sn al
surfaces in XPS suggest that alloying does not cause a m
electronic redistribution. From the electronic configuration
metallic tin it may be surmised that due to a completely fill
4d band and unoccupied levels in the 4p band, the latter
contribute to bonding interactions in the bimetallic S
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Rh~111! and Sn/Pt~111! alloy surfaces rather than anyd-d
bonding interactions. The valence-band shift to lower bin
ing energy suggests that Rh 4d electrons and Pt 5d electrons
are involved in the bimetallic bond on alloying, undergoing
bonding energy shift to higher binding energies. Sn is m
electronegative than Rh~1.72 versus 1.45! and so electron
density should be polarized toward Sn and it is easy to jus
a small negative-binding-energy shift for the Sn core leve
The shifts to lower binding energy for the Rh core levels a
not simple to explain. Of course it has been known for a lo
time that binding-energy shifts in intermetallic compoun
do not simply provide the amount~or even the sign! of
charge transfer in such systems.21 Thus bonding-induced re
hybridization and final-state effects play a role in the o
served shifts.

Alloying Rh with Sn shifts the CO desorption temperatu
down by about 70 K, from 483 to 410 K. This can be com
pared to a shift of about 60 K, from 450 to 390 K, fo
the analogous)-Sn/Pt~111! surface alloy.22 A decrease
in the CO chemisorption bond strength upon alloying is co
sistent with the binding-energy shifts in the valence ban
for the two alloy systems. Weakening of the CO bond to
surface is expected, within the Blyholder model for CO c
ordination, with the localization of transition-metal valenc
bandd electrons to the bimetallic bond. In these alloys,
hybridization due to the bimetallic bond affecting the Rhs
and/or Rh 5p orbitals, much like thed→s,p rehybridization
that occurs in Zn/Pt~111!, Cu/Pt~111!, and Ag/Pt~111!
systems,23,24 also affects CO bonding. More work is neede
on the ~)3)!-Sn/Rh~111! system to fully understand th
electronic redistribution and charge transfer upon alloyin

TPD results point to CO bonded to the)-Sn/Rh~111!
alloy surface primarily through atop sites. This can be co
pared to CO adsorption results on)-Sn/Ni~111! and
)-Sn/Pt~111! alloy surfaces. CO almost does not adsorb
)-Sn/Ni~111! surfaces at 120 K, with only about 4% of th
coverage on Ni~111!, occupying atop sites and desorbing
250 K.25 However, CO adsorption on)-Sn/Pt~111! alloy is
more nearly like that reported here for Rh-Sn, with a d

FIG. 16. A linear correlation exists between the Sn buckli
distance dp and the lattice constants of late-transition-me
fcc~111! substrates. The data point for Rh~111! was obtained in this
study and the other points are from Ref. 5.
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15 994 56LI, VOSS, SWAMI, TSAI, AND KOEL
creased CO adsorption energy, but with very little change
the saturation CO coverage or site distribution between a
and bridging sites compared to Pt~111!.22 One factor that we
have previously suggested as important in these compari
is the magnitude of the Sn–transition-metal~TM! buckling.25

More systematic studies on related systems should hel
illuminate the importance of this effect compared to the ot
changes occurring in the series, primarily in the transitio
metal electronic structure and TM-Sn bonding interactio
Recently, Leeet al.26 have also studied the Sn/Pd~111! sys-
tem, finding that both~232! and ~)3)!R30°-Sn/Pd~111!
alloys can be formed. They report Pd core-level shifts t
are larger than those reported above, arriving at these s
by including the surface core-level shift. The CO adsorpt
energy and the saturation coverage are reduced upon a
ing Sn with Pd.

V. CONCLUSION

We have studied in detail the structure of the ()
3))R30°-Sn/Rh~111! surface by using principally the
ALISS and XPD techniques. It was shown that this surfac
characterized by an alloy phase with a composition of1

3 ML
of Sn and2

3 ML of Rh. Subsurface Sn atoms can be grea
reduced in concentration by annealing to high temperatu
and a 2D alloy phase can be prepared. Sn atoms that oc
subsurface sites are in registry with Rh atoms in the b
crystal positions. The observed buckling distance of 0
60.05 Å is consistent with Sn behavior in other Sn-me
l,
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systems, that of outward buckling of Sn from the surfa
plane to relieve the strain due to lattice mismatch. This al
phase is very stable thermally and thus provides an id
surface on which to study chemistry. Further, we have
amined the growth of films due to deposition of Sn
Rh~111! at room temperature. Pure Sn clustering growth
excluded as a possible mechanism and an alloy is forme
room temperature. It is likely that these films grow by
combination of intermixed alloy followed by 3D islan
growth. Finally, through a combination of XPS and CO TP
studies we have characterized some aspects of the elect
structure in the alloy. CO adsorption is more strongly
fected on Rh-Sn than on Pt-Sn compared to the pure tra
tion metals and this correlates well with the XPS results t
show a stronger interaction between Rh and Sn than Pt
Sn in forming the bimetallic bond.
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