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Probing the structures of bimetallic Sn/Rh(111) surfaces:
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We have investigated the bimetallic Sn(Rh1) system formed by vapor deposition of Sn on a(RH)
single-crystal surface by applying two powerful structural probes: alkali-ion scattering spectr@8tof§g)
and x-ray photoelectron diffraction. For initial submonolayer exposures, the surface structure responsible for
the observed 3 Xv3)R30°-Sn/RI{111) low-energy electron diffraction pattern is explored and its alloy
nature is established. The NALISS 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 enough1@00 K). This surface alloy is buckled with the Sn atoms
displaced upward from the Rh surface plane by 82905 A. 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 Si/PY) surface alloy. Binding energy shifts ef0.4 and—0.6 eV
for the Rh 3 and Sn & core levels, respectively, were observed for the Rh-Sn alloy compared to the pure
elements. A shift of~0.3 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 small4 kcal/mo) decrease in the adsorption energy. The growth mechanism of the Sn film in
the Sn/RIf111) bimetallic system was also probed. The vapor deposition of Sn ¢hlRhat 300 K does not
form epitaxial clean Sn films or pure Sn clusters but rather forms a random alloy of increasing thickness.
[S0163-18207)07440-1

I. INTRODUCTION accuracy in determining atom positions and its extreme sur-
face sensitivity? In the past few years this technique has
The preparation of bimetallic compound or alloy surfacesbeen applied successfully to study various bimetallic systems
is typically accomplished by either metal-vapor depositionsuch as Sn/Pt11),® Sn/Ni(111),* Sn/Cy111),> Sn/Ni(100),°
followed by annealing to high temperatures or by cutiingand Sn/RtL00),” among many others. It is convenient to ap-
bulk metal alloys along a certain direction. Advantages ofPly this technique to ordered surfaces since the angle-
the first approach include the flexibility and control of the dependent features in the spectra correlate directly to the

surface structure and composition. The challenges for thigeriodicity of the atom spacing. By combining x-ray photo-

. . '9 . . .
method are(1) establishing the final surface structure as an€!€ctron diffractioft (XPD) with ALISS, we can obtain in-

alloy surface as opposed to an overlay@},determining the dependent verification and also complimentary information

stoichiometry of the surface metal componei®,identify- on surface structuréd.For example, the XPD technique has

) . . unique capabilities for determining the orientation of ad-
ing the alloy surface generated in such a manner as eIthéslrorbed molecules and metal growth morphology that ALISS

two dimensional or “bulklike” and(4) discerning the flat- Jt

fthe all tace that is dri by the redistributi acks. We combine these two powerful structural probes in
ness ot the alloy surface that Is driven by the redistrioution Ofy,q g5 e ultrahigh vacuutHV) chamber in order to carry

electronic charge at the surface. Answers to these iSsues gl eometric structural determinations of bimetallic and al-

themselves very interesting since they involve a con3|derroy surfaces. In this paper, we describe our combined ALISS

ation of phase transitions and the nature of atom-atom inter3nq xpPD studies of the structures of bimetallic SH/RH)

actions. Perhaps as importantly, they pave the way for a vagyrfaces formed by vapor depositing Sn on theé1RH) sur-

riety of chemical studies to be conducted on these wellface. In addition, we report on detailed x-ray photoemission

defined bimetallic surfaces. One example is thespectroscopy(XPS) measurements and a preliminary CO

chemisorption and reactions of NO on Sn/Rh alloy surfacesemperature programmed desorptidfPD) study on a Sn/

which would be relevant to research on NO catalysis on supRh(111) surface alloy that can be formed.

ported Sn/Rh catalystsRh is an active catalyst for reducing

NO to N, and it is of interest to discern the effect this Sn- Il EXPERIMENTAL METHODS

modified alloy surface has on NO adsorption and dissocia-

tion. Reactivity studies such as these are the driving force The experimental arrangement and conditions were essen-

behind our detailed structural work on the Sn(Rtl) bime- tially the same as described previou$fThe apparatus, as

tallic system. We address all of the structural issues deshown in Fig. 1, is a two-level UHV chamber with four-grid

scribed above explicitly in this paper. low-energy electron diffractiofLEED) optics that also serve
The strength of low-energy alkali-ion scattering spectros-as a retarding field analyz€RFA) for Auger electron spec-

copy (ALISS) as a structural probe lies in its simplicity and troscopy (AES) and has capabilities for gas dosing, metal
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source from Spectra Mat Inc. The higher mass of am-
pared to that of Li gave us better energy resolution, which
© was needed because of the small mass difference between Rh
Sample and Sn.
manipulator The RK111) single-crystal sample was X0L0X 1 mn?
, in size and oriented to within 0.5°. It was held onto the
== sample holder by two 0.5-mm Ta wires and could be cooled
UHV down to 200 K or electron-beam heated to 1500 K. Mainte-
nance of the sample alignment is very important and there-
fore was accomplished carefully. The sample was first an-
nealed to 1300 K in several cycles in vacuum to stabilize its
position, and this was followed with an alignment procedure
using a He-Ne laser beam mounted coaxially at the end of
the Colutron ion source. This calibration procedure reduces
the uncertainty of the polar and azimuthal angles<0.5°
and<1°, respectively.

The crystal was cleaned by repeated cycles of-iin
sputtering(1 kV at 1000 K and annealing in vacuum to
1300 K. The surface composition of the sample was checked
by AES. LEED showed the expectga{1Xx 1) pattern for
the clean Rf11) surface. The Sn doses were made by using
an enclosed boat made from 0.13-mm Ta foil containing a
Sn ingot(6N purity). This doser was thoroughly outgassed
before use. The Sn deposition rate utilized with this doser
was about 0.8 ML/min with a background pressure below
2x1071% Torr.

The experimental apparatus used for the CO adsorption
studies has been previously described@he instrument is a
three-level UHV chamber with a double-pass cylindrical
ION SOURCE mirror analyzeCMA) on the top level, LEED and quadru-
T pole mass spectrometer for TPD in the middle level,
and a high-resolution electron-energy-loss spectroscopy
(HREELS spectrometer on the bottom level. The base pres-
sure of the chamber was below<20™ 1 Torr. A different

chamber Ion source
O ;
O

Ion pump

Lower Level Rh(111) single crystal was used in these studies, which was
FIG. 1. Two-level UHV chamber for combined ALISS and 10 MM dlamete‘K_l mm th_'Ck and was mounted to a sample
XPD experiments. holder by 0.020-in. Ta wires. The sample could be cooled to

100 K or resistively heated to 1350 K. Sample cleanliness
evaporation, ion sputtering, and TPD at the top level. Thevas achieved by Arion sputtering and annealing as de-
bottom level contains a Colutron ion gun for ion scatteringscribed above and verified by AES and LEED. Sn dosing
spectroscopylSS), a dual-anode x-ray source, and two elec-was carried out by resistive evaporative heating in a manner
trostatic energy analyzers. A small Comstock electrostatiédentical to that in the ISS and XPD experiments. CO dosing
analyzer is mounted on a rotatable turntable inside the UHWwas performed with a Varian leak valve. The TPD spectra
chamber that allows the total scattering angle in ISS to b@btained on this chamber were cross referenced to poorer
changed and the incident ion beam to be measured directiguality spectra taken under similar conditions on the afore-
The spectra shown herein were obtained primarily using anentioned ISS chamber. The CO desorption peak tempera-
Perkin-Elmer Model 10-360 spherical capacitor analyzeitures agreed well.

(SCA) that is mounted on a fixed flange so that the scattering

angle is always 144°. This analyzer is equipped with a mul- IIl. RESULTS

tichannel detector with 16 discreet multipliers to provide iy )

high count rates. For the XPS studies, we operated the SCA A. Sn deposition on RR111):  AES and LEED studies

with a 46.95-eV pass enerdiR=0.6 eV andAE/E=0.5%) The results from AES and LEED are discussed first since

and utilized a Mg anode operated at 400 W. To enhance thihey help characterize the surface composition and the long-

surface sensitivity, we used an analysis angle for XPS thatange order and symmetry. Shown in Fig. 2 is a Sn uptake

was 70° from the surface normal. plot constructed from AES data obtained by the RFA in the
The sample stage holding the ®f1) crystal can be ro- ALISS chamber(E;=2keV andVyoq=10Vp), in which

tated both on a polar planet+(180°) and on a azimuthal the AES intensities from Rh and Sn are plotted as a function

plane (+90°) and both of these rotations are controlled byof the Sn deposition time. The deposition was carried out

stepping motors interfaced through a computer. The data aevith the Rh crystal at room temperature. From Fig. 2 it is

quisition routines for both ALISS and XPD are highly auto- seen that the Sn growth can be described initially by two

mated. The ion source used in this study was a sodiurtinear regions of both the Sn and Rh AES intensities below
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FIG. 2. AES uptake curves obtained from peak-to-peak intensi- g 1907 & [ 042
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the Sn deposition time. The RtL1) substrate temperature during & 100 3
Sn deposition was 300 K. The arrow indicates a “break” in the I : - 0.2°
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about 15-min deposition time, indicating a layer-by-layer 400 60 800 1000 1200 1400
growth mode. Fairly sharp changes in the slopes, or Anneal temperature (K)
“breaks,” in both curves occur at about 7-min deposition
time. At the break point, the Rh substrate signal has de;
creased to 52% of its initial value. We can calculate an at;
the AES uptake curve(a) 1 ML of Sn and(b) 2 ML of Sn. The
tenuation of the Rh S'gn]‘% of 52% based on an inelastic filled cwcleg denote the Sn/Rh AES ratio as indicated on the right-
mean free path of 5-7 A for the Rh electrons at 302 eV angand axis.
a Sn monolayer thickness of 2.5-3.2 A, respectively, de-
pending on how one estimates the Sn monolayer thickness
[using either the interplanar spacing of projectédl)-like = Ei=2keV and V,,q=10V,,. The two initial coverages
planes and Sn-Sn nearest-neighbor distances or a value deere produced by Sn deposition at room temperature, and
rived from the average Sn density in bulk]Sithus it may ~AES and LEED measurements were made after 2-min an-
be surmised that the first 7-min exposure corresponds redealings at 25-50 K increments in temperature. Prior to this
sonably well to a monolayer of Sn on the Rh surface, withexperiment, the Sn doser used on this chamber was cali-
only a small amount of clustering or intermixing. Hereafter, brated with an AES signal versus exposure curve similar to
we refer to the 7-min Sn dose as 1 ML of Sn. that in Fig. 2 and the two doses used are those corresponding
At higher exposures of Sn, the AES uptake curves changt® the first break points in the curves and twice that deposi-
smoothly, suggesting that Sn is growing in either a Stranskition time. Since these measurements were made a different
Krastanov mode[monolayer growth followed by three- chamber, the absolute signal intensities are different from
dimensional3D) crystallite growtf or by forming an alloy. those in Fig. 2.
Although the deposition time axis in the figure extends only Considering the top panel in Fig. 3, no LEED pattern was
to 35 min, exposures up to 80 min were conducted in whictobserved at low annealing temperatures500 K) because a
it was found that the Rh signal was never eliminated. In-disordered structure was formed by the vapor-deposited
stead, both Sn and Rh signals reached a constant value. Theerlayer of Sn. Annealing to 500 K or higher temperatures
same result was also observed previously elsewHeéFaese  caused an increase in the Rh AES signal and>aX} LEED
results strongly indicate that alloy formation occurs at roompattern was observed. The AES intensities and the LEED
temperature. If pure Sn clustering were occurring on the surpattern were stable until annealing temperatures of about 820
face, one would expect the substrate Rh signal to eventualll were reached. At these temperaturesy®Xv3)R30° pat-
disappear or at least continuously decrease with increasirtgrn was formed, and the point at which tH&Xxv3 spots
Sn deposition. We will address this issue in further detailwere first observed coincides with a significant decline in
later by examining the Sn growth process via XPD. both of the Rh and Sn absolute AES intensities and a de-
In Fig. 3, AES data for two annealing series from differ- crease in the Sn/Rh AES ratio. We assign this to diffusion of
ent initial coverages of Sn are plotted. The AES data werexcess Sn away from the surface region and into the bulk of
obtained by using the CMA in the HREELS chamber with the Rh crystal, leaving behind only the alloy incorporated Sn.

FIG. 3. Annealing studies utilizing LEED and AES of Sn/
Rh(112) for two Sn precoverages, as determined from the break in
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INCORPORATED FCC - OVERLAYER TABLE I. C parameter for N&-Rh scattering determined from
a clean RK11Y surface.Cya+-.rn="0.80+0.03.

Azimuth E, (eV) . (deg Cna+-Rh
{101 [110] 400 30.8 0.79
500 29.9 0.79

Z11] 1000 27.50.3 0.81-0.83
[211] 500 20.7 0.81

1000 17.5-0.3 0.77-0.79

lowed by a 2-min annealing at 900 K. This yielded reproduc-
ible AES and LEED data for the ordered surface.

@ Sn

(O First Layer Rh

B. Structure of the (v3xv3)R30°-Sn/Rh(111) surface:

@ Second Layer Rh )
ALISS studies

1. Proposed structures and scattering potential determination

The three possible structures are shown in Fig. 4. Each of
FIG. 4. Models of surface structures proposed for th@  these assumes that thé3(<v3)R30° unit cell arises from a
Xv3)R30° LEED pattern. Black circles represent Sn atoms, whilebasis of one Sn atom per unit cell. The incorporated, i.e.,

Rh atoms indicated by white and gray circles correspond to firstalloy, model corresponds to replaciggf the first layer Rh

and second-layer atoms, respectively. In an incorporated model, Sstoms with Sn atoms. In the overlayer models, the Sn atoms
atoms replace the first-layer Rh atoms. In overlayer models, Sare placed as adatoms occupying either the fcc sites or the
adatoms sit at either fcc or hcp hollow sites. hcp sites. These models will guide our discussion of the
ALISS data and inevitably one of thefthe alloy) will ac-

Finally, the ¢#3xv3)R30° LEED pattern disappeared at count for the ¢3Xv3)R30° structure.

about 1150 K due to either desorption of Sn from the surface AS demonstrated in previous ALISS studfesit is essen-
alloy or further dissolution into the bulk of the Rh. The i@l to first determine the scattering potent@omas-Fermi-
Moliare potential between the incoming ion and the surface

of the (/3xv3)R30° LEED pattern, 875-1150 K, indicat- atoms. A detailed discussion of this problem can be found in
P ’ ' Ref. 14. In our case, there are two parameters that have to be

ing that a well-defined surface structure of constant compo-

2 ” determined: Cygat.rn @ndCpyat.gn. It is worthwhile to point
sition can be formed under .th_e'se conditions. We also noJ“But that the ALISS technique can be calibrated internally;
that deposition of a smaller initial coverage of &bout 2

. ) theseC parameters can be derived from the experiment it-
min) followed by annealing to 600 K also produced the self. The C parameter for N& and Rh scattering can be
(V3xv3)R30° LEED pattern.

== ) determined easily from the clean @11) surface. Table |

For a larger initial Sn coverage, as shown in the bottony; g thec, .+, values derived from different azimuths and
panel of Fig. 3, large changes occurred in the AES intensitiegifferent ion-beam energies. These values are very consistent
upon heating and a higher temperature of about 600 K wagnq converge to an average value @fy+gn=0.80+0.03.
required to forma X1 LEED pattern from the surface. The Since all tﬂ'ee models possess the same Sn atom chains
AES changes come about primarily due to clustering of theslong the[211] direction, the otheiC parameter is deter-
Sn at these higher temperatures to form larger 3D isléasls mined in a similar fashion based on this azimuth from the
will be shown latey. The major difference in the two anneal- (v3xv3)R30° surface. The derived values 6%+, for
ing experiments was observed from 750 to 850 K, where aifferent ion-beam energies are tabulated in Table II, yield-
LEED pattern was formed that is consistent with coexistinging Cy,+.g,=0.76+0.04.
domains of %2 and ¢/3Xv3)R30° structures. Only the
(V3XV3)R30° spots were present after 850-K annealing, as 2. Surface structure: Alloy versus overlayer Sn
at the lower initial Sn coverage, and heating above 900 K . L
caused large decreases in both the Rh and Sn AES signals Figure 5 shows thf energy spectra for 1-keV'Nacident
and a decrease in the Sn/Rh AES ratio. THeXv3)R30°  On the ¢3XVv3)R30°-Sn/RIt111) surface, as well as on
LEED pattern did not disappear until about 1175 K, but over
the range 900-1175 K the Sn/Rh ratio continued to decrease :
with increasing temperature. However, the surface formed b? (V3XV3)R30
heating this Sn film to near 1100 K is probably the same a§_.

TABLE Il. C parameter for N&-Sn scattering determined from
-Sn/Rh(111) surfac&€y,+.g=0.76+0.04.

that in the top panel since the same LEED pattern and Sn/ hZIrIrIUth Eo (&V) Y. (deg Cnat-rn

AES ratio is obtained. [211] 500 19.2 0.79
All subsequent experiments on thé/3XxXv3)R30°- 1000 16.7-0.3 0.73-0.77

Sn/RK111) surface were performed after preparing the sur- 2000 14.7 0.72

face using the lower initial depositiofl ML) of Sn fol-
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FIG. 5. Energy spectra of 1-keV Nascattered from the clean
Rh(111) and ¢/3Xv3)R30°-Sn/Rh(111) surfaces in ttj&10] di- 1
rection. The total scattering angle is 144°. Strong interference to the
Sn scattering from the Rh background can be seen clearly from the
clean RI§111) curves at two different polar angles. T#& alloy for 0
this and subsequent ALISS experiments was prepared by deposition
of 1 ML of Sn followed by a 2-min annealing at 900 K.

Rh(111)
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Polar Angle (deg)

FIG. 6. Polar-angle scans of 1-keV N&n scattering on the
clean RIf111) surfaces. The observed scattering peak fea{v3Xv3)R30° surface are shown along two different azimuths.
tures from the Rh atoms extend into the region of the Spilong with each scan is the Sn “blank” scan taken on the clean
peak, particularly at higher polar angles. This indicates thaRh(111) substratga) along the shor[110]) azimuth andb) along
the actual contributions from the Sn scattering overlap withhe long([211]) azimuth.
this Rh background. To test how this affects the single scat-
tering from Sn, “blank” Sn scans from a clean RH1) choice but to opt for the alloy model. It will be shown that
substrate were conducted. These scans indicate that the M alloy model can consistently explain all of the scattering
backgrounds are fairly flat at polar angles below 20°, bufeatures from both Rh and Sn scattering along all of the
larger peak modulations occur at the higher polar angleddifferent azimuths studied.

This suggests that great care must be taken in the interpreta- In the alloy model, the topmost layer is composed of
tion of the Sn-scan peaks at the larger polar angles. Also seésn rows and of Rh rows along the long azimutif211] or
in Fig. 5 is the shift in the Rh binary scattering peak[121]). The Sn rows produce the scattering feature observed
by as much as 6 eV, particularly for polar angles aboven Fig. 6(b). As pointed out before, features at larger polar
30°. The ion energy analyzer has an energy window size okngles do not necessarily correspond to real Sn scattering;
+12 eV, which helps to minimize this shift problem. In ad- their existence could be the result of interference from Rh
dition, we tried to check this influence by offsetting the ana-scattering.
lyzer energy on purpose over several electron volts, and no The polar angle scans from Rh are shown in Fig. 7. As
significant effect was observed on the angular scans. expected, the scattering features from the long azimuths
The polar angle scans from Sn single scattering as well a§211] or [121]) are almost unaltered between the clean Rh
blank scans taken at 1-keV Nare shown in Fig. 6. Along surface and+3xv3)R30° alloy surface. The peak intensi-
the short([110]) azimuth, a critical angle of NaSn scatter- ties at 18° are reduced to 62—64 % compared to the clean
ing of ¢.=20° was obtained. This critical angle is very dif- Rh(111) substrate. This is in good agreement with the
ferent from what is expected from any of the overlayer mod-assessmeht that the number of first-layer Rh atoms in the
els. Given the much larger Sn-Sn atom spacing in both fcalloy is 5 of that on the clean Rfi11) substrate. Along the
and hcp overlayer models, a much smaller critical angleshort azimuth[110]), the polar scans for clean RI1) and
(.~10°) is expected based on calculations. This leaves nthe (V3 Xv3)R30° alloy are noticeably different. The peak at
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0 , V3 allo , — FIG. 8. Polar-angle scans of Ne&Rh scattering on thé/3xv3)
0 20 40 60 80 R30° surface are shown at incident Ndeam energies of,
Polar Angle (deg) =400 and 500 eV. Along with each scan is one taken on the clean

Rh(111) substrate. Each pair of peaks marked by the bars at a
FIG. 7. Polar-angle scans of 1-keV KdRh scattering on the Particular incident energy are differentiated by either Rh-Rh or

(V3xV3)R30° surface are shown along two different azimuths. Ac- Sn-Rh being the shadowing-target atom pair.
companying each scan is one taken on a cleaid Rl substratda)
along the_short azimuti{110]) and (b) along the long azimuths offset corresponds directly to the buckling angle and thus it
([211] or [121]). can be used to estimate the buckling distance. We obtain a

value for the Sn outward buckling distance of 0.32 A by
29° is greatly reduced and a new feature evolves around 35assuming that the Sn atoms sit at(Rhi) positions laterally,
The intensity reduction of the 29° peak can be explained byut due to buckling are displaced above the Rh surface plane
the effect of buckling, where the Sn atoms are displace@0 that a line between the Sn and Rh centers makes an angle
upward compared to the Rh atoms instead of being coplan&f 7.5° with the Rh plane.
on the alloy surface. A similar angular spectrum was ob- A better estimate of the Sn buckling distance can be ob-
served on the Sn/KL00) system as wefl. One-third of the tained from the Sn scattering along the short azimado]
Rh atoms will be shadowed directly by the buckled neigh-as shown in Fig. @. The critical angle/, is closely related
boring Sn atoms, which will shift the 29° peak to higher to the vertical distance between Sn and a nearest-neighbor
polar angles. The remaininfof the Rh atoms will still be Rh atom. If the dependence of the critical angigon the
shadowed by neighboring Rh atoms and thus the originabuckling distanced, were known, we could determine the
peak should still be seen at 29°, but with oglgf its original ~ value ofd, from the experimentally measured valuef.
intensity. As a matter of fact, the observed peak intensity af plot of the critical angley, versus the buckling distance
29° for the alloy is reduced to 33% of the value on(Riti), d, is given in Fig. 9. This plot was obtained by performing a
which correlates well with the predicted result. The new pealchain simulation using theiARLOWE codé* to include the
formed in the polar scan due to the buckled Sn atoms can biateractions of all nearby atoms in the full crystal. Measure-
seen better in Fig. 8, where polar angle scans at two differenments at four different ion beam energies were carried out,
primary ion-beam energies are compared. We can tell clearlgach providing its own critical angle. The results consistently
that the new peak is formed at 7°—8° higher polar angle. Thisndicate a value ofl,=0.29+0.05 A. Our prior independent
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30 Furthermore, in the Rh polar angle scan along the short azi-

30 ® muth in Fig. 7a), the 29° peak would not exist for the alloy
1% since the Rh atoms would be solely shadowed by Sn atoms.
3 2 These effects were never observed in our experiments and
L thus we can eliminate the Sn-rich surface models from con-
® <~ ! . = 24 sideration.
i 24 a2 C. Characterization of the Sn/Rh(111) surface alloy by XPS
%ﬁ} L E a0 We utilized XPS to probe changes in the electronic struc-
i NI AT WETE ENERE FRUE [ENEEREER ture of the surface due to alloying. The results of these
g 0 oL 02 03 04 09 Of 02 03 04 D9, grazing incidence (209 XPS studies on the (V3
O 26O @ XVv3)R30°-Sn/R1{111) surface alloy, along with comparison
22 measurements for Rh11) and a thick condensed film of Sn,
e are summarized in Table (H). The Sn film values were
2h N\ —20 obtained from deposition on @tl1), as discussed below.
e AN T ) - Binding energies referenced to the Fermi level are reported
20| --moe oo AN ! —18 for several core levels and also for the valence band. The
Do 5 x-ray excited Auger transitions were also measured and the
181 Do : —116 principal Auger peaks were used to calculate Auger param-
b BN L B eters. Peak positions were determined by fitting simulated
00 01 020304 0300 01 02 03 04 curves using contributions of Gaussian and Lorenztian line
Buckling Distance d (A) shapes through the raw data. Since the SCA was equipped

with a multichannel detector, the spectra were obtained with
FIG. 9. Calculated critical angles expected for the perpendiculaa good signal-to-noise ratio and good fits of the data were
height of the Sn atom buckling distance in th& Kv3)R30° sur-  obtained. The spectrometer work function was adjusted to
face are shown as solid curves. The measured critical angles and tifine Rh 2ls,=307.20 eV binding energyBE) for clean
derived buckling ciistances are indicatfd by the dashed Iine+s usmﬂh(lll). Emission from the Rh valence bardB) can be
(&) Eo=400eV N, (b) Eo=500eV Nd, (¢) Bp=1.0KeV N, ¢paracterized by the centroid BE, and this shows a shift of
and(d) Bo=2.0 keV Na. —0.30eV upon alloying. The VB maximum, however,
i " . shows a 0.30-eV shift upon alloying, indicating a narrowing
estimate ofd,=0.32 A falls within the error bars of this i, the valence-band emission. All of the Rh core levels mea-

determination. . ) -
. . sured show either very small or negative-binding-ener
We have no clear explanation for the Rh scattering featur@iss The Rh B Ievgl Shifts — 0 359eV upon allgying 9y

that appears around a polar angle of 19° in the scans from tr‘ﬁith only a—0.10-eV change in the@spin-orbit splitting.

v3 alloy in Figs. 7 and 8. This peak could be attributed Orhe Rh 31, peak suffers from overlap with the Srd3,

rippling of the Rh atoms, but other possible explanation : .
such as Sn sites that are not occupied, i.e., a Rh surfa%«-;eak’ but values for the Rhp3peaks are fairly consistent

iooling induced b bsurf S b | ith the behavior of the Rh@peaks. The Rh Auger param-
\éi?ancy, Or fippling Induced by subsurtace sh can be ru egter, obtained as the difference between the binding energy

of the Rh 35, peak and the apparent binding energy of the
o highest kinetic-energy Rh Auger transition, shows a larger
3. Surface stoichiometry: Sn coverage shift of —0.65 eV upon alloying. A shift of the Auger pa-
for the (V3xv3)R30° alloy rameter to more negative values is usually interpreted as in-
A tacit assumption for the proposed structures in Fig. 4 iglicating a lower oxidation statdarger negative chargeon
that there aré ML of Sn atoms and ML of Rh atoms on the probed atom. The Srd3ore levels show a larger nega-
the surface. An identical LEED pattern can be formed agive shift of —0.60 eV upon alloying, referenced to a thick
well by putting3 ML of Sn atoms and ML of Rh atoms on ~ Sn film standard, with no change in thez3-3ds, splitting.
the surface. These two different situations relate directly tolhe highest-kinetic-energy Sn Auger transition shifts to 0.23
the Sn coverage on the outermost layer. Possible structurey/ lower apparent binding energy and the Sn Auger param-
for this case are essentially the same as those shown in Figter shifts—0.37 eV upon alloying.
4, but with the Sn and Rh atom labels transposed at the We also provide in Table I(b) XPS results for Ri11), a
surface. This is an extremely important aspect of the surfacthick Sn film, and the 3 X v3)R30°-Sn/P{111) surface al-
structure and this issue should be addressed as directly &3y for comparison with the above Rh-Sn results. The Sn
possible. film was formed by vapor deposition onto the Pt substrate at
There is clear evidence against the choice of a Sn-ricl200 K until the Pt 4 peaks were reduced to less than 1% of
(v3Xv3)R30° surface alloy. If this were the case, the Sntheir value on clean Pt11). Calibration of the spectrometer
polar scan along the short azimth0] would be character- work function was obtained by defining Pf4=71.20 eV
ized by two low-angle peaks in Fig(®. One of them would BE for clean Ptl11). The Pt VB is characterized by two
be caused by the Rh-Sn atom pair as before, while the othenaxima, at 1.65- and 3.91-eV BE, with a centroid at 3.1-eV
one would be induced by the Sn-Sn atom pair. The latteBE. Alloying caused these maxima to shift to higher BE and
peak would appear at a much higher polar angle at about 29the VB emission to narrow by about 0.6 eV. Smaller core-
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TABLE Ill. XPS results for(a) Rh(111) and the ¢3Xv3)R30°-Sn-Rh alloy{the Auger parameters
a' =Eu(Rh 3s)p) —Ep(Rh MyVV), anda”=E(Sn 3s)p) — Ep(Sn M4N4N4s) and the values in parenthe-
ses denote signals that are less certain because of overlapping peaks or poorer signal-to-ndiaedéijos
Pt(111) and the {3 Xv3)R30°—-Sn-Pt alloyfthe Auger parameteis’ = Ey,(Pt 4f;,) — E,(Pt N,Ng/N-), and
a"=Ep(Sn 3sp) —Ep(Sn M4NysN4s)] (the BEE, is in eV andV denotes the VB

@
Core level RIG111) Sn (V3Xv3)R30° alloy BE shift
Rh(V) 2.50 2.20 —0.30
Rh(4p) 47.40 47.48 0.08
Rh(3ds)) 307.20 306.85 -0.35
Rh(3d3,) 312.25 311.80 —-0.45
A(3d3-3ds))) 5.05 4.95 —-0.10
Rh(3p3) 496.50 (496.1 (—0.4)
Rh(3py) 520.90 520.97 0.07
A(3pzr3p1s) 24.40 (24.9 0.5
Rh(3s) (628.5 (628.3 (—0.2)
Rh(M42VV) 951.40 951.70 0.30
a'+hv 609.40 608.75 —0.65
Sn(3ds)) 485.25 484.65 ~0.60
Sn(3d3) 493.90 493.30 —-0.60
A(3dy-3ds))) 8.65 8.65 0.00
Sn(M 4NN 45) 816.28 816.05 -0.23
a"+hy 922.57 922.20 —-0.37

(b)
Core level Pt111) Sn (V3Xv3)R30° alloy BE shift
PtV) 1.65, 3.91 1.96, 4.14 0.31
Pt(5p3/) 52.23 52.41 0.18
Pt(4f5) 71.20 71.20 0.00
Pt(4fs)) 74.60 74.70 0.10
A(4f5-4f 1) 3.40 3.50 0.10
Pt(4ds),) 314.50 314.50 0.00
Pt(4d3),) 331.60 331.70 0.10
A(3d3-3ds)) 17.10 17.20 0.10
Pt(4pa) 519.45 519.90 0.45
Pt(N,NgN-) 1084.40 1084.43 0.03
a'+hv 240.40 240.37 —0.03
Sn(3ds)) 485.25 485.28 0.03
Sn(3d3p) 493.90 493.98 0.08
A(3d3-3ds)n) 8.65 8.70 0.05
SN(M4NysN o) 816.28 816.53 0.25
a"+hy 922.57 922.35 —-0.22

level shifts were observed for the Pt levels upon alloyingin the Sn Auger parameter is smaller than that for Rh-Sn, but
compared to the Rh-Sn results. Either no shift or very smalthe change has the same sign for both the Rh and Pt alloys.
(0.10 eV positive shifts occur for the Ptf4and Pt 4 levels These changes described above in the XPS spectra reveal
upon alloying. The Pt g4, apparently shows a larger posi- that the Rh-Sn bonding interaction is larger than that for
tive shift. Consistently, the Pt Auger parameter shows esserRt-Sn, with the small shifts probably arising from the rehy-
tially no change upon alloying. These data should be combridization that occurs during bonding in the intermetallic
pared to a recent study of the surface core-level $8i@LS compounds. We propose that little charge transfer occurs in
for this same alloy, in which the Ptf4, SCLS is equal to either case, although SA.72) is more electronegative than
—0.37 and—0.25 eV on the F111) andv3-Sn/P{111) sur- Pt (1.44 or Rh(1.45 according to the Allred-Rochow for-
face alloy, respectively, indicating a shift of the surface Ptmula.
4f,, level of 0.12 eV upon alloying with St. The Sn core

levels also show much smaller changes than were seen for
the Rh-Sn alloy and only a small shift to higher binding
energy was observed. A small shift occurs for the Sn The discussion of the depth of Sn atoms involved in the
M 4N4sN 45 Auger transition upon alloying so that the change(v3Xv3)R30° alloy will address two issues. The first is the

D. Depth of alloyed Sn atoms: An XPD study
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FIG. 10. The angular dependence of Rts3 emission on a o
clean RI§111) substrate is shown alori@11] and[110] azimuths. FIG. 11. The_angular cigpendgnce of the Sig,gemlssmn IS
Along with each of these scans is the blank scan conducted at ti10Wn along th¢211] and[110] azimuths after annealing the'J
photoelectron energy of the Sri3, emission. The polar angles XVv3)R30° surface to_ different temperatures. The initial Sn cover-
defined here are referenced to the surface normalgieQ° lines ~ 29€ was 4 ML deposited at room temperature.

up the detector with the surface normal. sults. First, it is a simple matter to determine that subsurface
Sn atoms occupy the Rh sites by comparing the 8ra-
possibility of constructing a strictly 2D surface alloy and thegular distributions with those accompanying Rd 8mis-
second is the determination of the registry of the Sn atomsion. Virtually identical diffraction modulation is observed in
underneath the first layer if they do exist. Under favorablethe Sn 3 and Rh 3l angular scans. Second, the large reduc-
conditions, these questions can be answered by ALISS itselfion in the intensity of the angular modulation once the
The higher angle peaks in the polar angle scans normallgample has been annealed to 1300 K indicates that the
relate directly to the subsurface scattering process. Althougmount of subsurface Sn in the near-surface region is much
such Sn scattering peaks were observed in Fig. 6, we canntss than that at 1100 K. The/3xv3)R30° surface alloy
rule out the possible scenario of Rh scattering interference. prepared in the manner described above exists with signifi-
these peaks were indeed the results of Sn scattering, the su#nt amounts of subsurface Sn in the second layer if the
surface Sn atoms would have the same registry as the suBhnealing temperature is not high enough, such as in the
strate Rh atoms. This can be concluded from the similad100-K annealing case here. By annealing to even higher
polar angle for the higher angle peak observed in the corrd€mperatures, the modulation features seen here almost dis-
sponding Rh polar scans. appear. This indicates that it is possible to form a strictly 2D
A much better tool to apply in this case is XPD. Figure 10(V3XVv3)R30° surface alloy by extensive high-temperature
shows the polar-angle dependence of the B,3and the Sn  annealing. _ .
3ds, (blank scah photoelectron emission intensities from ~ We have discussed thoroughly the structural issues re-
the clean RHL11) substrate. To comply with the usual con- garding the ¢3xv3)R30°-Sn/RIt111) surface. This sur-
vention in XPD, we have changed the notation of the polaface, derived from high-temperature annealing, exists as an
angle in our XPD data to refer to the angle off of the surfaced!loy phase that is characterized by the outward buckling of
normal as opposed to off of the surface plane as in ALISSSh atoms above the Rh atom surface layer. We also conjec-
The blank scan in Fig. 10 is essentially flat, and thus the Rfure that alloy formation can occur at temperatures as low as
background is not expected to interfere with the Sn scafioom temperature based on the AES data. The following
features. The Sn &, polar-angle dependence taken afterSection will address some Sn deposition and film growth
annealings to different temperatures are shown in Fig. 11issues on the Rfi11) substrate at room temperature.
The surface for these studies was prepared at room tempera- _ _
ture with an initial deposition of 4 ML of Sn. After annealing =+ Growth of Sn on Rh(111) at 300 K: Clustering or alloying?
to both temperatures, the/3xv3)R30° LEED patterns are The AES uptake curves, in which a finite and constant Rh
very sharp. Two conclusions can be drawn from these resignal was observed once more than 10 ML of Sn was de-



56 PROBING THE STRUCTURES OF BIMETALILC . . . 15991

[211] Sn3ds,,

[211] Rh3d,

>
z g
2 z
5 £
£
T A ML
............................................................................................................. 12ML
T T T T T I I I I I
-60 -40 220 0 20 40 60 -60 -40 -20 0 20 40 60
Polar Angle (deg) Polar Angle (deg)
FIG. 12. The angular dependence of the Rhy8emission is FIG. 13. The angular dependence of Sds3 and Rh 3s,

shown in thg211] for direction at different initial Sn coverages. Sn emission is shown after annealing the surface to elevated tempera-
deposition was carried out at room temperature in each case and thgres. Deposition at room temperature provided an initial Sn cover-
curves were measured at the same temperature. age of 12 ML. Annealing to 1300 K produces the3v3)R30°

LEED pattern.
posited, cannot be explained solely by a pure Sn cluster
growth mechanism. The failure to totally eliminate the Rhmuch thicker &10 ML) Sn films were deposited at room
signal cannot be explained by cluster growth alone. This isgemperature. These data also rule out an Stranski-Krastanov
due to the fact that the clusters are expected to grow thre@gnonolayer plus clustggrowth mechanism. Another impor-
dimensionally and eventually eliminate the substrate Rh sigtant characteristic of these polar dependences is the roughly
nal. A much better experiment involves the use of XPD toisotropic behavior of both Rh and Sn emissions once the 4-5
distinguish between clustering and alloy growth. In the pureML of Sn were deposited. This shows that the growth at
clustering model, the detected Rh signal will come directlyroom temperature does not proceed epitaxially, but rather as
from the bulk Rh contribution and its emission possesses tha random, disordered alloy. This random alloy possesses a
clean Rh signature. However, in the alloy case, this substrateonstant stoichiometry for the Sn and Rh components, al-
signature should disappear in the Rh emission. Thus, bthough Sn atoms comprise the predominant part. This latter
comparing the Rh angular dependence from a thick Sn filntonclusion was derived from the constant Sn and Rh AES
with that from the clean substrate, we should be able to disintensities once the deposited Sn amount exceeds a certain
tinguish both cases. thickness.

Figure 12 shows the results of such an experiment. Dif- The above observations indicate that Rh-Sn intermixing
ferent thicknesses of Sn films were prepared at room tenmeccurs during the deposition of thick=(1L ML) Sn films on
perature and the XPD experiments were conducted aftéRh(111) at 300 K. It is also interesting to explore the stabil-
deposition. No LEED patterns were found during Sn filmity of this alloy arrangement with increasing temperatures.
growth. The most obvious result evident in Fig. 12 is the lossFigure 13 shows the polar-angle scans after annealing an
of the diffraction modulations of substrate Rh atoms oncenitial Sn deposition of 12 ML. Below 1200 K, no LEED
about 4 ML of Sn was deposited. This indicates that purgpattern was observed. After annealing to 1200 K for 30 sec,
cluster growth of Sn is not the growth process. For substrata combination of ¥3Xv3)R30° and 2x2 LEED patterns
Rh atoms buried deeper than about 4-5 atomic layers beloappeared. Subsequent annealing to 1300 K produced a sharp
the surface, the forward-scattering enhancements are large{y3 X v3)R30° pattern. Upon annealing to 900 K, we still
eliminated by multiple scattering. Thus the observed Riobserved the flat angular features from Rh emission, but an
emission must be from the Rh atoms that are intermixed witlintensity modulation for Sn emission appeared. Moreover,
Sn atoms. Further support for this physical model is the presthe Rh intensity was increased by 50% and the Sn intensity
ence of a constant Rh Auger signal intensity and the preswas reduced by nearly 25%. These observations indicate that
ence of Rh scattering intensity in the ISS spectra, even aftahe thickness of the original alloy film is greatly reduced
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FIG. 15. CO TPD from the 3 Xv3)R30°-Sn/Rh(111) alloy

FIG. 14. CO TPD from RH.11). The heating rate used was 10 surface. The heating rate used was 14 K/s.
K/s.
shifts up in temperature to 421 K with increasing coverage.

upon annealing. It is likely that interdiffusion occurred and Near saturation coverage, a small additional desorption peak
an intermetallic compound was formed. Th@&v3)R30°  at 354 K develops. Since the peak at 421 K is so narrow,
surface alloy that can be formed at 1300 K is accompaniedesorption from the alloy is mainly restricted to one type of

by subsurface Sn atoms as indicated by the strong moduld&inding site. This is most likely the atop site since that is the
tions. strongest bonding site on clean ®h1) and the formation of

the alloy reduces more the number of bridge sit88%)
compared to the number of atop sit@3%). The relatively
F. Probing the surface chemistry of Rh-Sn surface alloys: small shift in desorption peak temperature and the value of
CO chemisorption E4 (24.5-25 kcal/mal suggests that the main effect of al-

TPD spectra for increasing CO exposures on thélRly  loyed Sn on CO chemisorption on this Rh-Sn surface alloy is
surface at 100 K are shown in Fig. 14. An inset shows thd© block sites. This small shift in the CO adsorption energy is
CO uptake curve constructed from this data. On(1RH), also consistent with the small changes observed in the XPS
CO desorption first occurs at a peak at 483 K at low coveraggtudies reported above, ruling out large changes in the Rh
and then this peak decreases to 432 K with increasing coelectronic structure in the alloy. The addition of alloyed Sn
erage. Using Redhead analy¥igne can estimate that these 0 the RI{111) surface reduces the total coverage of CO by
temperatures correspond to desorption activation energiedPout a factor of 4. Additional studies by LEED and
(Ed) ranging from 29 to 26 kcal/mol, which agrees well with HREELS are nee-deq to furthel’ determine the effect of al-
previous results”*® At higher coverages a peak at 410 K is loyed Sn on the binding site of CO on the alloy surface.
formed along with some broadening in the peak to lower
temperatures at near saturation coverages. This more weakly IV. DISCUSSION
bound state haE,~ 24.5 kcal/mol. HREELS experimerfs
have assigned the high-temperature peak to bonding of CO at Although we can rule out a pure Sn 3D crystallite growth
atop sites and the 410-K peak to bonding of CO at bridgenode, we cannot exclude growth involving both clustering
sites. and alloying. In fact, the combination of both processes

CO TPD spectra from the3-Sn/RH111) surface alloy are might better explain the AES uptake seen in Fig. 2. Alloying
shown in Fig. 15. Desorption of CO at low coverage occursat room temperature has rarely been noted, but recently more
in a peak at 410 K, with a high-temperature tail probably dueand more systems have been seen to behave in such a man-
to defect sites of unalloyed Rh. The CO desorption peaker. The Sn/Nil00) systeni that we previously studied was
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found to form an alloy at 250 K and the strong interdiffusion Buckling Distance in Sn-TM Alloy Surfaces
even arranges the alloy surface irc@x2) structure. For
the Fe/Ad100 systen?’ the Fe atoms undergo place ex-
change with Ag atoms in the top layer of A0 at an even
lower temperature of 100 K. For the case studied in the
present work, that of the Sn/RHL1) system, the intermixing
is very sensitive to the temperature. At room temperature, a
multilayer alloy is formed with a dominant Sn component.
At high temperature, the intermixing is more extensive and
eventually leads to a 2D surface alloy characterized by
2-ML-Sn concentration.

Our assignment of 1 ML of Sn at the 7-min break point in
the AES uptake is based on the attenuation of the Rh sub-
strate signal that is consistent with a simple calculation for

the decrease in intensity expected for a 1-ML-thick Sn over- %3 3?4 3?5 316 3!7 318 3{9 4!0 4.1

layer film. Of course this is not a rigorous determination and Lattice Constant (&)

it could be incorrect, considering that alloy formation clearly

occurs at higher Sn coverages at room temperatitew- FIG. 16. A linear correlation exists between the Sn buckling

ever, we note that the Sn monolayer may be more stabldistance d, and the lattice constants of late-transition-metal
against alloying than thicker Sn films due to an increasedcc(111) substrates. The data point for @ 1) was obtained in this
solubility of Rh in Sn for thicker layerslt is clear that it is ~ study and the other points are from Ref. 5.
difficult to determine the Sn coverage to which the break in
Fig. 2 corresponds. It is possible that the break is related tRh(111) and Sn/RtL1]) alloy surfaces rather than amyd
the finishing of the first Sn-Rh alloy layer. AES and bonding interactions. The valence-band shift to lower bind-
Rutherford-backscattering spectroscopy measurements matig energy suggests that Rl £lectrons and Ptdelectrons
by Paffett® suggest a Sn density of XA0'® atoms/cri at  are involved in the bimetallic bond on alloying, undergoing a
the break, which is abou§ ML of Sn atoms if a closest- bonding energy shift to higher binding energies. Sn is more
packed arrangement is assumed. Furthermore, the Sn AEgectronegative than R(L.72 versus 1.45and so electron
intensity obtained from thevBXv3)R30° surface is the density should be polarized toward Sn and it is easy to justify
same as that after 4 min of Sn deposition, which is only & small negative-binding-energy shift for the Sn core levels.
little over one-half of the Sn coverage at the break péint The shifts to lower binding energy for the Rh core levels are
min). These observations suggest that the “monolayer Simot simple to explain. Of course it has been known for a long
film” is composed of2 Sn and: Rh atoms and thus is inter- time that binding-energy shifts in intermetallic compounds
mixed. This is not an important point for any of our conclu- do not simply provide the amour(pr even the sign of
sions in this paper. charge transfer in such systefsThus bonding-induced re-
The study of Sn/RH.11) allows us to further elucidate the hybridization and final-state effects play a role in the ob-
correspondence between buckling distance and lattice cogerved shifts.
stant mismatch. The origin of the Sn buckling has been  Alloying Rh with Sn shifts the CO desorption temperature
attributed to the larger Sn atomic radius compared to that oflown by about 70 K, from 483 to 410 K. This can be com-
the substrate atoms. As a result, buckling is expected to repared to a shift of about 60 K, from 450 to 390 K, for
lieve the strain due to incorporation of Sn into the first layer.the analogousv3-Sn/Pt111) surface alloy’* A decrease
The measured buckling was found to be linearly related tdn the CO chemisorption bond strength upon alloying is con-
the substrate lattice constant on SAIR1), Sn/Ni111), and  sistent with the binding-energy shifts in the valence bands
Sn/Cy111).° With our present data extending these previoudor the two alloy systems. Weakening of the CO bond to the
results, the plot of the measurelg versus the substrate lat- surface is expected, within the Blyholder model for CO co-
tice constant is shown in Fig. 16, where the straight line isordination, with the localization of transition-metal valence-
obtained by least-squares fitting. The present data point fits Bandd electrons to the bimetallic bond. In these alloys, re-
straight line exceptionally well. Indeed, this remarkablehybridization due to the bimetallic bond affecting the R 5
agreement indicates the strong relationship between bucklingnd/or Rh $ orbitals, much like thel—s, p rehybridization
distance and lattice mismatch. We point out that identicathat occurs in Zn/R111), Cu/Pt111), and Ag/P(111)
buckling distances have been found on b(thl) and(100  systemg>?*also affects CO bonding. More work is needed
faces for Sn/Ni(Ref. 6 and Sn/PtRef. 7) systems. These on the (V3Xv3)-Sn/Ri111) system to fully understand the
results seem to reveal a very local nature for the Sn-metalectronic redistribution and charge transfer upon alloying.
bonding in these systems and provide a challenge to devise a TPD results point to CO bonded to th&-Sn/RH111)
successful theory to explain this bonding. alloy surface primarily through atop sites. This can be com-
The small core-level shifts for the Rh-Sn and Pt-Sn alloypared to CO adsorption results ov3-Sn/Ni(111) and
surfaces in XPS suggest that alloying does not cause a maj@B-Sn/Pt111) alloy surfaces. CO almost does not adsorb on
electronic redistribution. From the electronic configuration ofv3-Sn/Ni(111) surfaces at 120 K, with only about 4% of the
metallic tin it may be surmised that due to a completely filledcoverage on Nil11), occupying atop sites and desorbing at
4d band and unoccupied levels in the dand, the latter 250 K2 However, CO adsorption ov3-Sn/Pt111) alloy is
contribute to bonding interactions in the bimetallic Sn/more nearly like that reported here for Rh-Sn, with a de-
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creased CO adsorption energy, but with very little change irsystems, that of outward buckling of Sn from the surface
the saturation CO coverage or site distribution between atoplane to relieve the strain due to lattice mismatch. This alloy
and bridging sites compared to(Pt1).?2 One factor that we phase is very stable thermally and thus provides an ideal
have previously suggested as important in these comparisossirface on which to study chemistry. Further, we have ex-
is the magnitude of the Sn—transition-mefBM) buckling?®  amined the growth of films due to deposition of Sn on
More systematic studies on related systems should help t8h(111) at room temperature. Pure Sn clustering growth is
illuminate the importance of this effect compared to the otheexcluded as a possible mechanism and an alloy is formed at
changes occurring in the series, primarily in the transition+toom temperature. It is likely that these films grow by a
metal electronic structure and TM-Sn bonding interactionscombination of intermixed alloy followed by 3D island
Recently, Leeet al?® have also studied the Sn/@d1) sys-  growth. Finally, through a combination of XPS and CO TPD
tem, finding that both(2x2) and (v3Xxv3)R30°-Sn/P¢§111) studies we have characterized some aspects of the electronic
alloys can be formed. They report Pd core-level shifts thastructure in the alloy. CO adsorption is more strongly af-
are larger than those reported above, arriving at these shiffscted on Rh-Sn than on Pt-Sn compared to the pure transi-
by including the surface core-level shift. The CO adsorptiortion metals and this correlates well with the XPS results that
energy and the saturation coverage are reduced upon alloghow a stronger interaction between Rh and Sn than Pt and
ing Sn with Pd. Sn in forming the bimetallic bond.
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