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Interfaces prepared by vapor deposition of Sn onto Pt(100) surfaces have been examined using the following techniques: Auger 
electron and X-ray photoekctron spectroscopy (AES and XPS), low-energy electron diffraction (LEED), and low-energy ion surface 
scattering (LEISS) with Ne+ ions. Tin deposition was conducted at 320 and 600 K, and the surface composition and order was 
examined as a function of further amrealing to 1200 K. The AES uptake plots (signal versus deposition time) indicate that the Sn 
growth mode can be described by a layer-by-layer process only up to one adlayer at 320 K. Some evidence of 3D growth is inferred 
from LEED and LEISS data for higher Sn coverages. For deposition at 600 K, AES data indicate significant interdiffusion and 
surface alloy formation. LEED observations (recorded at a substrate temperature of 320 K) show that the characteristic hexagonal 
Pt(100) reconstruction disappears with Sn exposures of 4.6 x lOI atoms cm’ (fl s,, = 0.35 monolayer (ML)). Further Sn deposition 
results in a ~(2 x 2) LEED pattern starting at a coverage of slightly above 0.5 ML. The ~(2 x 2) LEED pattern becomes progressively 
more diffuse with increasing Sn exposure with eventual loss of all LEED features above 2.2 ML. Annealing experiments with various 
precoverages of Sn on Pt(lO0) are also described by AES, LEED, and LEISS results. For specific Sn precoverages and annealing 
conditions, ~(2 X 2), p(3fi X fi)R4S0, and a combination of the two LEED patterns are observed. These ordered LEED patterns 
are suggested to arise from ordered PtSn surface alloys. In addition, the chemisorption of CO and Oz at the ordered annealed 
Sn/Pt(lOO) surfaces was also examined using thermal desorption mass spectroscopy (TDMS), AES, and LEED. 

1. Intmduetion 

The controlled deposition and annealing of 
metallic overlayers allows one, in favorable cases, 
to prepare ordered surface alloys that cannot be 
easily prepared by metallo~ap~~~y treating 
single-crystal alloys. This methodology has been 
demonstrated in several studies of bimetallic 
surface chemistry, with the Sn/Pt(lll) [l-3], the 
Al/Ru(OOl) [4], and the Au/Cu(lll) [5,6] systems 
among them. The surface templates produced by 
this method have enabled the unique reactivity of 
these bimetallic surfaces to be explored and have 
led to considerable insight into the molecular de- 
tails of how adsorbates bond and react at these 
surfaces. Many of the key physical properties of 
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these bimetallic surfaces and their impact on the 
field of heterogenous catalysis have been recently 
reviewed by Campbell [7]. This information has 
potentially important technological implications 
for supported alloy catalysts 18-111 used industri- 
ally. In this context, Sn/Pt(l~) surfaces are 
studied herein as model bimetallic surfaces where 
the order and stoichiometry are carefully con- 
trolled. This will translate into a better under- 
standing of surface catalyzed reactions over sup- 
ported SnPt catalysts. Such catalysts are fre- 
quently used for the suppression of hydrogenolysis 
in reforming reactions [12]. 

In this paper, we describe the interactions of Sn 
adatoms on Pt(100) and compare these results 
with those observed for Sn deposition on Pt(ll1) 
and for recent corresponding results of Haner et 
al. on the (100) face of bulk Pt,Sn single crystals 
[13]. Two distinct ordered surface alloys can be 
readily prepared upon annealing various precover- 
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ages of Sn on Pt(ll1) to 1000 K. The ordered 
Sn/Pt(lll) surface alloys are denoted as the 
p(2 x 2) and the (& x fi)R30 o surfaces with Sn 
atoms postulated to lie approximately in the plane 
of the surface. Low-energy alkali ion surface 
scattering results have confirmed the production 
of a (6 x fi)R30“ surface alloy with the Sn 
atoms displaced 0.2 A outward from an ideal 
planar termination of the postulated surface alloy 
[14,15]. More importantly, these Sn/Pt(lll) 
surface alloys have unique reactivity with respect 
to small molecular adsorbates (e.g., CO, H,, 0,, 
C,H,) [l-3] and this reactivity highlights the 
av~lability of conducting reactions on ordered 
bimetallic surface alloys without the necessity and 
difficulties of starting from a single crystal bulk 
alloy and immediately comparing reactivity with 
respect to a clean Pt(ll1) single-crystal surface. 
These fundamental surface adsorbate differences 
should in turn should lead to strikingly different 
reactivities for conventional catalytic processes 
such as CO oxidation and ethylene hydrogenation 
when compared to Pt(ll1). 

In this study, we address questions regarding 
the formation of ordered overlayers, of overlayer 
growth morphology, and the thermal stability of 
these specially prepared bimetallic surfaces. 
Specifically, are ordered surface alloys produced 
upon annealing the Sn/Pt(lOO) interfaces to tem- 
peratures approaching 1000 K and do such 
surfaces bear any semblance to ideal ter~nations 
of known bulk Pt,Sn(lOO) alloy (or other SnPt 
alloys) structures? In addition, does this method- 
ology hold promise for production of other ordered 
surface alloys that are structurally similar to the 
known structures of bulk intermetallic (bimetallic) 
alloys, such as with other group VIII transition 
metals (Ru, Ni, Pd, etc.)? Furthermore, is the 
chemical reactivity of these model bimetallic 
surfaces towards CO and 0, similar to that seen 
previously at Sn/Pt(lll)? To address these ques- 
tions a multitechnique surface science approach 
employing Auger electron and photoelectron spec- 
troscopy (AES, XPS), low-energy electron diffrac- 
tion (LEED), and low-energy inert gas ion surface 
spectroscopy (LEISS) is utilized to examine the 
specifically prepared Sn/Pt(lOO) interfaces. In ad- 
dition, the chemisorption of CO and O2 at the 

ordered annealed Sn/Pt(lOO) surfaces is also ex- 
amined using thermal desorption mass spec- 
troscopy (TDMS), AES, and LEED. 

2. Experiment 

The expe~mental arrangement and conditions 
for all of the techniques were essentially the same 
as described in a previous publication [I]. The 
Pt(lOO) single crystal was purchased from John- 
son-Mathey and was certified as 99.999% pure. 
Preparation and cleaning of the Pt(lO0) surface 
was achieved using conventional methods and 
surface cleanliness was checked with AES and 
LEED. The starting point for our work was the 
hexagonally reconstructed Pt(100) surface. Over- 
layer Sn and CO coverages are, however, defined 
in absolute units relative to the ideal ter~nation 
of the bulk Pt(lOO) lattice surface atom density, 
which is equal to 1.303 x lo’* atoms cmp2. Tin 
deposition was conducted as described previously 
[l], with the deposition rate constant to within 
10%. The reproducibility of the deposition source 
was also checked by subsequent trial depositions 
onto the cleaned substrate at 300 K and was 
determined to be rfr 10% over a 4-6 h period by 
AES. Research grade gases were used throughout 
this work. 

3. Results 

3.1. Sn depositions on Pt(lOO) at 320 and 600 K: 
AES uptake plots 

Tin was deposited on a Pt(fO0) substrate that 
was held at a constant temperature of 320 f 10 K 
and 600 + 10 K in separate experiments, but with 
the doser operating under identical conditions. 
Auger uptake plots (i.e., AES peak-to-peak ampli- 
tudes versus Sn deposition time) for the two tem- 
peratures are shown in figs. 1 and 2. The Sn and 
Pt signals plotted in fig. 1 have been normalized to 
bulk Sn and Pt AES intensities. The clean Pt(lOO) 
surface was used as the Pt standard, and a thick 
Sn film obtained after long (90 min) deposition 
time was used as the Sn standard (the Sn signal 
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Fig. 1. AES uptake of Sn deposited onto Pt(100) at 320 K. Data shown connected with solid lines and are referenced with respect to a 
bulk value for the respective elements (clean surface for Pt and a thick Sn overlayer for Sn). Coverages shown at the top of the figure 
have been derived based on AES, LEED, and LEISS measurements described in text. Ideal layer-by-layer growth uptake plots using 
derived inelastic mean free paths for the Auger electrons are shown as dashed lines (see text). LEED observations also shown during 

the deposition process. 

was not observed to increase further with in- 
creased deposition time and no Pt AES features 
were evident). Low-energy electron diffraction 
(LEED) measurements were also made during the 
deposition runs and observations are denoted on 
the figures. The Sn coverage shown at the top of 
each of the figures is calibrated from AES inten- 
sity increases in the Sn signal and Pt signal at- 
tenuation (described in the next paragraph), the 
Sn deposition required to obtain the Sn/Pt(lOO) 
~(2 x 2) LEED pattern (assigned to 8s, = 0.5) and 
LEISS results (also described in later sections). 

In fig. 1, the growth of the Sn 430 eV 
fM4N45N45) AES signal and the decay of the Pt 
64 eV AES signal are approximately linear func- 
tions of the deposition time up to 8 min. In fact, a 
second linear segment is seen for this data set for 
deposition times between 8 and 16 min. The be- 
havior of adsorbate and substrate AES signals for 
metal on metal deposition for several film growth 
modes has been described in a number of 
mathematics and experimental treatments [16,1’7]. 

We have attempted to describe the AES uptake 
plot for Sn/Pt(lOO) at 320 K in fig. 1 with a 
uniform layer-by-layer growth for these one to 
two linear segments [16,17]. The AES uptake data 
in fig. 1 can be modeled to derive inelastic mean 

free paths (VIM& for both the Pt 64 eV and the 
Sn 430 eV Auger electrons. The relevant formulas 
are [16,17]: 

I/& = exp[ -t/(uVIMFp)], for Pt, (1) 

I/IO = 1 - expf -t/(uVIMFP)l, for Sn. (2) 

In eqs. (1) and (2), I/1, is the AES intensity ratio 
at the monolayer breakpoint in the uptake curve, 
u is the Auger electron emission per unit solid 
angle correction [17] (which is taken to be - 1 
because the detector is rigidly fixed at 90 a with 
respect to the substrate and the acceptance angle 
of the energy analyzer is less than 6 o [18]), and t 
is the overlayer thickness (taken to be 3.32 A [l]). 
The values of vlMFP determined by our results are 
5.5 rfr 1 A and 10.0 + 1 k for the respective Pt and 
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Sn AES electrons. These values are in reasonable 
agreement with values of 4.7 and 11.2 A, as com- 
puted from mathematical functions fitted to the 
universal VIMFP curves described by Seah and 
Dench [19]. The simulated AES lines in fig. 1 for a 
continued layer-by-layer growth mode deviate 
from the measured data above one layer (1.2 ML). 
This suggests that either disordered (e.g., 3D) 

growth is occuring, or that surface alloy formation 
is occurring [16,17], or a combination of both. In 
fact, the deviations occurring during the second 
layer growth suggest that some statistical rough- 

ness and nonideal growth is undoubtedly present 
early in the deposition process. 

Two LEED patterns, other than the hexago- 

nally reconstructed Pt(100) pattern, are observed 
for film growth at 320 K. Their proposed real-space 
representions are described more fully in a later 
section. At this time, we simply wish to point out 
three observations. First, the characteristic hexag- 
onal reconstruction of the Pt(lOO) surface is re- 
tained up to 8,” = 0.3-0.4 ML. Above this cover- 
age and up to approximately es,, = 0.6 ML a 
p(1 x 1)pattem is observed. For 0s” = 0.6-2.2 ML, 
a c(2 x 2) pattern is observed (also denoted as 
(a x fi)R45 o ) and is assigned to a coverage of 
0.5 ML in an ideal case. This pattern becomes 

increasingly diffuse for es, > 1.0 ML. No discerni- 

ble LEED features are observed for 8s” > 2.2 ML. 
A disordered Sn overlayer on Pt(lOO) is to be 
expected considering the vastly different metallic 

radii (1.66 A versus 1.385 A) and crystal structures 
of Sn and Pt (TET versus FCC, respectively). The 
LEED observations imply that the Sn is present as 

a disordered metal film and is not in an epitaxial 
overlayer. 

The AES uptake plot for Sn depositions at 600 
K is shown in fig. 2. A significant curvature is 
seen at earlier deposition times compared to fig. 1 
for both the Pt and Sn AES signals. In addition, 
the AES signal intensities for long Sn deposition 
times with the Pt substrate at 600 K are defini- 
tively higher for the Pt and lower for the Sn AES 
signal intensities, respectively, than the same tran- 
sitions recorded for the 320 K depositions. This 
clearly indicates that interdiffusion is occurring 

and that a steady-state surface concentration of 
Sn and Pt has developed within the sampling 
depth. In summarizing the AES uptake curves at 
600 K, one sees that surface alloy formation has 
occured throughout a depth greater than or equal 
to the AES analysis depth (3v = 16-30 A). 

The disappearance of the Pt(lOO) hexagonal 
reconstruction occurs at essentially the same Sn 
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Fig. 2. AES uptake plot for Sn deposited onto Pt(100) at 600 K. The deposition rate was the same as used in fig. 1 



M. T. Paffett et al. / Sn deposition on Pt(100) 127 

exposure for both deposition temperatures. Faint 
c(2 x 2) patterns were occasionally observed for 
es,, > 1 ML for 600 K deposition. Ultimately, 
however, all LEED spots disappeared for long Sn 
deposition times (z= 20 min). 

3.2. Annealing Sn /Pt(lOO) interfaces: AES results 

Various precoverages of Sn were deposited onto 
the Pt(lOO) surface at 320 K and AES and LEED 
observations were made as a function of annealing 
temperature. The results are shown in fig. 3. We 
begin by relating the results for the lowest initial 
coverages of Sn and progress to higher initial Sn 
coverages. For es,_, I 0.20 ML the hexagonal 
Pt(100) reconstruction persists up to an annealing 
temperature of 600 K. For annealing temperatures 
above this, a (1 X 1) pattern is observed. The Sn 
AES signal over this temperature interval de- 
creases only slightly. For @,, = 0.45-0.6 ML, the 
surface initially has a poorly ordered c(2 x 2) 
LEED pattern, that is observed to sharpen and 
persist upon annealing to 600 K and slightly above. 
For this case the Sn AES signal decreases substan- 
tially ( - 50%) upon annealing to 1050 K, with the 
attendant surface structural changes, as judged by 
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Fig. 3. The effect of temperature on the Sn AES and LEED 
patterns for various precoverages of Sn on Pt(100). Annealing 
cycles were limited to a 1 min time period at the indicated 
temperature. AES and LEED observations were recorded at 

320f 10 K. 

LEED, shown on the figure. For anneal tempera- 
tures of 1050 K, the Sn AES signals drop dramati- 
cally, and a p(3fi x a)45 o pattern for es, = 
0.65-0.70 ML, and a pattern comprised of both 
c(2 x 2) and p(3\/z x &)R45O diffraction fea- 
tures is observed for es,, = 0.55-0.65 ML. The 
occurrence of either ordered structure is highly 
dependent upon annealing history and tempera- 
ture. The optimal annealing temperature for pro- 
ducing these interfaces with a high degree of order 
is generally between 950 and 1050 K. At tempera- 
tures above this, a reversion to the p(1 X 1) surface 
structure occurs, presumably due to decreasing 
levels of Sn at the surface, as the adatoms desorb 
or diffuse to support wires and then desorb [l]. 
Starting with higher initial Sn coverages (es, 2 2.0 
& 0.5 ML) no LEED pattern is observed until an 
annealing temperature of 1050 K is reached. Again 
a decrease in the Sn AES signal is observed at 
higher annealing temperatures (T > 1000 K), but a 
small region of stability between 700 and 900 K is 
observed, as judged by the nearly constant AES 
intensities over this range. Summarizing the an- 
nealing experiments, one observes c(2 X 2) struc- 
tures for initial Sn precoverages of - 0.2-0.55 
ML and annealing temperatures from 320 to 800 
K. At higher annealing temperatures and ini- 
tial Sn precoverages one arrives at either the 
p(3fi X &?)R45 o ordered surface or one dis- 
laying a mixture of the c(2 x 2) and the 
p(3fi x &)R45” LEED pattern(s) as shown in 
fig. 3. The p(3& X @)R45” pattern is the most 
reproducibly prepared surface. The c(2 x 2) 
surface occurs over a wide coverage and tempera- 
ture regime and probably has a considerable con- 
centration of disordered Sn adatoms in the surface 
layer. 

3.3. LEED results 

The LEED photos of the various Sn/Pt(lOO) 
interfaces are shown in fig. 4. These LEED pat- 
terns are denoted as (4a) (1 x 1); (4b) c(2 X 2) 
(i.e., (fi X fi)R45 “), (4~) p(3& X &)R45 “; 
and (4d) a mixture of 4b and 4c. Tin coverages 
correlate with the LEED patterns with the follow- 
ing progression (1 X 1) < ~$2 X 2) < c(2 X 2) plus 
p(3fi x &)R45 o -C p(3fi x fi)R45 O. The local 
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Fig. 4. LEED patterns observed after various Sn precoverages and annealing histories as described in text: (a) p(l x I) Pt(100) 

surface produced by a saturation CO dose, incident electron energy was 70 eV; (b) ~(2 x 2) Sn/Pt(l~) surface, incident electron 

energy was 60 eV; (c) p(3fi X g)R45O Sn/Pt(lOO) surface incident electron energy was 60 eV; and (d) the tixed c(2 x 2) and 

p(3fi X @)R45O Sn/Pt(lOO) surface, incident electron energy was 65 eV. The (0, 1) beam is denoted by a white arrow in each 
photo. Other experimental equipment partially obscures portions of the LEED screen. 

Sn coverages associated with the ~(2 X 2) and 
~(30 x fi)R45” LEED patterns are estimated 
to be 0.50 and 0.67 ML, respectively. One possible 
simple interpretation of the ordered interfaces is 
given by the real- space representations shown in 
fig. 5, where the Sn atoms are shown as ordered 
overlayer structures (rather than for instance an 
ordered substitutional surface alloy). Although we 
have no evidence for siting the Sn adatoms in 
fourfold hollows for the ordered overlayer models, 
the most chemically and physically consistent pic- 

ture of surface coordination would be to maximize 
Sn surface atom bonding. In general note that the 
proposed Sn surface overlayer structures proceed 
from a surface with half of the fourfold hollows 
occupied to one with the additional Sn adatoms 
located at twofold or noncentered fourfold coordi- 
nation sites. 

On the basis of LEISS data (section 3.4). CO 
TDMS data (section 3.6), and comparison to re- 
cent results of Haner and Ross f13] on bulk single 
crystal surfaces of Pt,Sn(lOO), more likely alterna- 
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Fig. 5. Proposed real space models based on overlayer struc- 

tures for the (a) c(2 x 2), and (b) p(3fi x fi)R45 o Sn/Pt(lOQ) 

LEED patterns. The idealized Sn coverages are 0.50, and 0.67 

ML, respectively. The Sn atoms have been drawn as overlayers 

with metallic radius of bulk Sn. The black spheres correspond 

to Sn adatoms. 

tive structural possibilites based upon ordered 
surface alloys possessing identical surface Sn 
coverages (with the Sn roughly located within the 
plane of the substrate) are shown in fig. 6. Anneal- 
ing is suggested to produce ordered surface alloys, 
since the heat of formation is mildly exothermic 
even at 320 K [20]. The c(2 X 2) ordered surface 
alloy (fig. 6a) is derived from the ideal bulk 
termination of the intermetallic Pt ,Sn(lOO) surface 
[21]. The ~(30 X fi)R45 o LEED pattern is sug- 
gested to arise from a surface faceting occuring 
every 3 lattice spacings in a real space direction 
rotated 45 o with respect to the lattice vectors (fig. 
6b). This LEED pattern is observed only after 
continued high (T > 600 K) temperature anneals 

of Sn/Pt(lOO) surfaces with an initial precoverage 
of es,, > 0.70 ML and has 0.16 ML (32%) larger Sn 
concentration than the c(2 X 2) 9,” = 0.5 ML 
surface based on the increase in Sn AES signal 
intensity. This pattern and its order of appearance 

with anneal temperature is very close to that ob- 
served in ref. [13] for annealing bulk Pt,Sn(lOO) 
surfaces. For the p(3fi X a)R45” Sn/Pt(lOO) 
LEED pattern the additional 3fi LEED beams 
are suggested to arise from either periodic lattice 
domains of pure Sn atoms every 3 lattice spacings 

at 45” or from periodic lattice step arrays with Sn 
atoms occupying the step sites. On the basis of the 

CO TDMS results (section 3.6) which indicate a 

Fig. 6. Proposed real space models based on ordered surface 
alloy structures for the (a) c(2 x 2), and (b) p(3fi x fi)R45 o 

Sn/Pt(lOO) LEED patterns. The idealized Sn coverages are 

0.50, and 0.67 ML, respectively. The Sn atoms have been 

drawn with the same metallic radius as the Pt metallic radius 

for visual clarity only. The black (and darker shaded) spheres 

correspond to Sn adatoms. 
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decrease in accessible Pt sites, and the increase in 
the Sn AES signal relative to the c(2 X 2) surface, 

the surface arising from the ~(36 X fi)R45” 
LEED pattern is suggested to be a periodic surface 
reconstruction with Sn atoms occupanying do- 

main boundaries. 

Several different LEISS experiments were run 
in conjunction with the AES and LEED studies. 
We attempted to address specific questions re- 
garding the surface coverage of Sn adatoms and 
ascertain whether the LEED patterns observed at 
the Sn/Pt(lOO) surfaces were substitional ordered 

surface alloys or ordered surface overlayers. This 
information is central to understanding the surface 
CO and 0, reaction chemistry (sections 3.6 and 
3.7). The important advantage of using LEISS to 
obtain this info~ation is that the inert gas ions 

(Ne’) do not penetrate below the outermost l-2 
layers [22] due to severe ion neutralization. Inert 
gas LEISS is extremely helpful in determining the 

outermost surface layer composition; but not as 
helpful in determining actual surface structure and 
bond distances [22]. 

In fig. 7, LEISS data are shown following Sn 
deposition onto Pt(lOO) at 320 K. By using 1.0 
keV incident Net ions, an adequate kinematic 
separation of the ions scattered from Sn and Pt 
atoms at the surface is obtained. Peak signal in- 
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Fig. 7. LEISS (Ne’ ) spectra of the Pt(100) surface at 320 K 
with increasing precoverage of Sn. 

tensities are seen at 810 and 710 eV, as expected 
for quasi-elastic kinematic scattering from Sn and 

Pt atoms, respectively [23]. The ion beam exposure 
was minimized through the use of low ion current 
rasterable ion beams during the experiments to 
reduce sputter-induced damage, roughening, and 
spurious analytic results due to selective removal 
of Sn. This latter effect was estimated experimen- 
tally to be less than 0.02 ML for the time required 

to record each spectrum. 
A quantitative determination of the elemental 

composition of the outermost surface layer is 
shown in figs. 8 and 9 for Sn deposition at 320 
and 600 K, respectively. The surface concentra- 
tion, C,, as measured in units of atom fraction 
was calculated from the measured LEISS spectra 
by use of the following formula: 

where I, is the signal intensity for each of the 
elemental species present and lX,std is the signal 
intensity of a pure elemental standard (e.g., ZPt,atd 
from Pt(lOO) and Isn.btd from a very thick Sn 
film). We have used LEISS peak heights in the 
construction of figs. 8 and 9, although integrated 
LEISS peak areas give a nearly identical result. 
Quantitative LEISS measurements with inert gas 
ions rely on an accurate knowledge of the atom 
density, the scattering cross sections, neutraliza- 
tion factors, instrument response functions, and 
surface roughness factors. The latter factor causes 
the most uncertainty in our measurements, but we 
feel that this effect should be relatively small 
(< 10%) since the Pt and Sn concentrations have 
been normalized to insure that the sum of the 
atom fractions equals 1.0. 

At 320 K, as shown in fig. 8, the surface atom 
fraction of Pt is shown to be effectively attenuated 
with Sn depositions as low as 6 min. Conversely 
the surface Sn atom fraction jumps up to near 
saturation values (0.80) for a 6 min deposition 
time. The Sn coverages shown in figs. 1, 2, and 3 
have been estimated on the basis of: (a) extrapo- 
lating the attenuation of the Pt LEISS derived 
atom fraction; (b) fitting the AES break points to 
realistic inelastic mean free path lengths for the 
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Fig. 8. Concentration of Sn and Pt at the Pt(100) surface 

plotted as a function of Sn deposition time at 320 K. Atom 

fraction derived from the use of eq. (3) (see text for details). 

AES electrons; and (c) LEED observations taken 
in conjunction with points a and b. By virtue of 
the larger metallic radius of the Sn atom [1,24] a 
close-packed layer of Sn atoms on Pt(lOO) should 
produce a surface atom density of 1.1 X 1Ol5 atoms 
cm-2 (es,, = 0.84). The observation that the Pt 

Sn Exposure / mL 

Sn 

Pt 

Deposition Time I minutes 

Fig. 9. Concentration of Sn and Pt at the Pt(100) surface 

plotted as a function of Sn deposition time at 600 K. Atom 

fraction derived from the use of eq. (3) (see text for details). 

LEISS signal does not go to zero atom fraction for 
Sn depositions of greater than 8 min may reflect 
the increasing disorder in the overlayer when pre- 
pared at 320 K and a statistical, small fraction of 
the Pt surface atoms that remain visible. This may 
also be due to slow kinetics of alloying induced by 
deposition of thermally hot Sn adatoms during 
vapor deposition. 

Fig. 9 displays results for Sn deposition on 
Pt(100) at a substrate temperature of 600 K. The 
decrease in the surface concentration of Pt and the 
growth of the Sn concentration at the surface is 
less abrupt with Sn deposition at 600 than at 320 
K. Either three-dimensional Sn adlayer growth 
(e.g., balling up), or diffusion of the Sn atoms into 
the Pt substrate to produce a zone of surface alloy, 
could account for these results. Fig. 9 is also 
consistent with the AES results presented in fig. 2, 
in that more Pt is present at the outermost 2-3 
layers. 

LEISS data were taken from Sn/Pt(lOO) inter- 
faces produced at 320 K and subsequently an- 
nealed to succesively higher temperatures. In these 
annealing experiments we attempted to determine 
whether substitutional SnPt surface alloys are 
being produced (fig. 5) or whether structural mod- 
els (fig. 6) of Sn overlayers qualitatively account 
for the observed LEED patterns described in sec- 
tions 3.2 and 3.3. A set of LEISS spectra with an 
initial precoverage of 0.65 ML of Sn on Pt(lOO) 
are shown in fig. 10. The spectra were recorded as 
a function of annealing temperature and demon- 
strate that surface Pt atoms become visible for 
both the ~$2 X 2) and p(3@ X fi)R45O surfaces. 
Note also that the Pt intensity is substantially 
reduced from that recorded from a clean Pt(100) 
surface and that the LEISS signal arising from the 
Sn surface atom density is only reduced slightly 
from that compared to the initial 0.65 Sn ML 
overlayer. A more quantitative analysis of the 
LEISS peak intensities was attempted using the 
formalism of eq. (3). In this case spectra repre- 
sentative of the clean Pt(lOO) surface and a thick 
Sn overlayer (300 K) were recorded at ion inci- 
dence angles from 10 to 30”. These reference 
LEISS signal intensities were used in eq. (3) to 
assess the Sn and Pt atom fractions observed for a 
number of Sn/Pt(lOO) surfaces shown in fig. 11. 
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Fig. 10. LEISS spectra recorded as a function of annealing 
temperature for a number of denoted Sn/Pt(lOO) surfaces. The 

ion incidence angle was 30“ and the surfaces produced after 

the annealing sequence listed on the figure for spectra c and d 
were observed to have the c(2 X 2) and p(3fi x fi)R45 ’ LEED 

patterns, respectively. 

In this figure the Sn atom fraction is plotted 
versus Ne+ ion incidence angle for several pre- 

pared Sn/Pt(lOO) interfaces. The Sn atom fraction 
for the c(2 x 2) the mixed c(2 x 2) and ~(36 

x fi)R45 O, and the p(3a x J?I)R45 o structures 
approaches noticeably higher values at low ion 
incidence angles (q < 20 ” ). This observation can 

10 15 20 25 30 

Incidence Angle (w) /degrees 

Fig. 11. Sn atom fraction plotted as function of Ne+ incident 
angle for several Sn/Pt(lOO) interfaces. Atom fraction derived 

from the use of eq. (3) (see text for details). 

be explained with either Sn overlayer structures 
(fig. 5) ordered surface alloys (fig. 6) or some 
combination of the two. As stated previously, dis- 

tinguishing between the models using inert gas 
LEISS is very difficult due to the complex and 
ill-defined manner in which ion neutralization may 

change with change is surface stoichiometry. How- 

ever, the observation that the Pt atom fraction 
increases at modest ion incidence angle ( 9 - 30 ’ ) 

tends to favor the proposed surface alloy models 
suggested in section 3.3. Extensive literature de- 
voted to detailed structural analysis using ion 
scattering techniques is available and low-energy 
alkali ion scattering may be able to distinguish 
between the two possibilities [25]. 

3.5. XPS results 

XP spectra of the Sn(3d) core level are shown 
in fig. 12 for several prepared Sn/Pt(lOO) inter- 
faces. For reference, the spectrum of an 8 ML Sn 
film deposited at 300 K is shown at the top of the 
figure. The Sn(3d,,,) binding energy (BE) of the 
thick Sn overlayer is 484.9 eV and compares with 

485.1 eV BE for the ~(2 X 2) overlayer (annealed 
to 700 K), 484.9 eV BE for the p(3fi x fi)R45” 
structure and 484.8 eV BE for the mixed c(2 x 2) 

and p(3fi x fi)R45 o surface. A number of pre- 
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Fig. 12. XP spectra of the Sn(3d) ion for (a) 3 ML Sn deposited 
onto Pt(100) at 330 K, (b) the ~(2x2) surface prepared by 
annealing 2 ML Sn/Pt(lOO) to 600 K, (C) the p(3fi X fi)R45’ 
Sn/Pt(lOO) interface prepared as described in text, (d) and a 
surface possessing a LEED pattern with a mixture of B and C 

(preparation described in text). 
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vious studies on the core level XPS shifts of bulk 
alloys of Sn,Pt,_, have demonstrated that very 
little (< 0.1 eV) shift occurs for bulk alloys until 
the bulk Sn content is above 0.5 atom fraction 
126,271. In our work, the only core level shift 
observed was for the c(2 x 2) surface (annealed 
only up to 600 K) or similar surfaces where the 
initial Sn surface concentration was 2 0.5 ML. 
For the surfaces annealed to above 900 K (e.g., the 
~(36 x fi)R45” and the mixed c(2 x 2) and 
p(3$!? x &)R45* surfaces) the Sn(3d,,,) peak 
lies within 0.1 eV of the value obtained at a bulk 
Sn surface. It was not possible experimentally to 
obtain angle resolved XPS spectra. Regardless of 
this limitation, the Pt(4f) spectra were largely 
dominated by the contribution from the bulk and 
did not display any shift from the bulk value of 
70.9 eV BE for the Pt(4f,,,) transition. In ad- 
dition, the Pt(4f,,,) line widths were identical for 
all of the ordered annealed surfaces described 
above. 

3.2. CO TDMS 

Carbon monoxide TDMS was utilized to chem- 
ically ascertain the amount of exposed Pt surface 
atoms in the outermost surface and to estimate the 
role of electronic influences on the kinetics of CO 
thermal desorption. In fig. 13 TDMS traces are 
shown for saturation exposure on the c(2 X 2) and 

co 
801 exposure 

500 

Temperature I K 

6W 

Fig. 13. CO TDMS from Pt(lOO), the @2X2) and the p(3@ 
x fi)R45 o Sn/Pt(lOO) interfaces after an 80 langmuir ex- 

posure at 310 K. The heating rate was 10 K s-‘. 

the p(3\/i- x fi)R45O surfaces. For comparision 
the TDMS trace for CO from clean Pt(lOO) is also 
shown. Several features are apparent from the 
traces in fig. 13. For identical heating rates the 
integrated CO TDMS desorption trace should give 
a CO surface coverage when referenced to the 
integrated value for the clean Pt(lO0) surface. For 
the c(2 x 2) and the p(3fi x fi)R45O surfaces 
this translates into CO coverages of 0.28 and 0.22 
ML, respectively, when referenced to the ideal 
value of 0.75 ML for saturation CO coverage on 
clean Pt(100) at 310 K 128,291. 

Assuming that the adsorption process has not 
been activated, the enthalpy of adsorption has 
been noticeably altered from inspection of the 
thermal desorption peak maxima. This is most 
pronounced in the distinctive change in TDMS 
lineshape in comparing CO desorption from the 
two surface alloys versus the clean Pt(100) surface 
and in the lower desorption peak temperatures. 
For the p(2 x 2) and p(3a x &)R45 o surface 
alloys the respective desorption peak maxima are 
435 and 415 K and do not exhibit the characteris- 
tic broad profile indicative of site filling of the 
atop sites (540 K) followed by bridging sites. The 
CO desorption peak maxima from the two surface 
alloys shown in fig. 13 have been fit according to 
the method of Redhead 1301, ass~ng a constant 
pre-exponential factor of 1 x 1Or3 s-r and a first- 
order desorption process. The activation energy 
for CO desorption from the c(2 x 2) and p(3fi 
x fi)R45 o surface alloys is estimated to be 23 
and 24 kcal mol-*, respectively. 

3.7. Oxygen adsorption 

Oxygen adsorption was followed by AES on 
the various Sn/Pt(lOO) surface alloys. The O/Sri 
AES ratio versus oxygen adsorption at 473 K is 
plotted in fig. 14 for the c(2 x 2), the p(3& 
x fi)R45 O, and the c(2 x 2) plus ~(36 
x @)R45 o (intermediate structure) surfaces pre- 
pared by annealing specific initial Sn/Pt(lOO) 
surfaces to 1000 K. From inspection of fig. 14 
several features are mediately apparent. The 
most obvious result is that the c(2 x 2)-Sn/Pt(l~) 
surface displays a lower 0, uptake than the other 
two Sn/Pt(lOO) surfaces, suggesting that there is 



134 M. T Paffett et al. / Sn deposition on Pt(lO0) 

Oxygen dose (L) 

Fig. 14. Ratio of 0 to Sn AES signal intensity plotted versus 

0, exposure at 473 K for three different Sn/Pt(lCQ) surface 

alloy templates. 

less exposed Sn on the c(2 x 2)-Sn/Pt(lOO) surface. 
In all three cases the absolute intensity of the Sn 
AES signal diminished by 10% with increasing 
oxygen exposure. Assuming that the Sn adatoms 
are located within the outermost 2 surface layers 
(see ref. [l]) this is consistent with dissociative 
oxygen adsorption occurring at the outermost 
layers of the ordered surface alloy. 

Furthermore, differences in the relative oxygen 
uptake are directly related to the apparent kinetic 
barrier for 0, dissociation on these surfaces. The 
rates of oxygen uptake for the bimetallic surfaces 
were measured by observing the O/Sri AES ratios 
as a function of exposure at different tempera- 
tures. This analysis assumes that the AES ratio 
acurately monitors concentration and is consid- 
ered valid since the Sn AES signal does not 
dramatically decrease in intensity at the limiting, 
saturation oxygen exposure (i.e., the Sn and 0 AES 
signal reflecting the total concentrations in the 
interface). The same set of exposures was used at 
each temperature. Since the AES ratio of O/Sri 
gives a relative 0 concentration and given that the 
constant exposure is proportional to time, a rate 
of oxygen uptake is deduced from the data. In this 
analysis, no distinction is made as to the mecha- 
nism of oxygen uptake (i.e., whether the oxidation 
proceeds through a precursor stage or by direct 
activated adsorption). The adsorption, reaction 
and diffusion rate steps are combined into an 

overall apparent rate of oxygen uptake monitored 
for 0, exposures of 500 to 10000 L over the 
temperature range of 330 to 525 K. For the bi- 
metallic surfaces examined herein, a limiting value 
for the O/Sri AES ratio was reached for exposures 
> 1000 L at 525 K. Further 0, uptake under these 
conditions is undoubtedly limited by kinetic and 

diffusion constraints for 0 adatoms at (or in) the 
thin interfacial region. 

The kinetic barrier for oxidation by 0, was 
examined at the Sn/Pt(lOO) surface producing the 
p(3fi x fi)R45O LEED pattern because of the 

reproducibility and ease of preparation of this 
surface. A plot of the logarithm of the O/Sri AES 
peak ratios is shown for three different total 0, 
exposure levels in fig. 15. Tin levels were kept 
constant (kO.1 in the value of the Sn/Pt AES 
ratio) to insure nearly identical initial surface Sn 
concentrations over the temperature range 330 K 
to 525 K. After a 1000 L 0, exposure at T-c 473 
K the concentration of 0 at the p(3fi X fi)R45 o 
Sn/Pt(lOO) surface is near an equilibrium satura- 
tion value (initial 19,” = 0.67 ML, 8, = 1.32 ML), 
since further oxygen exposure reveals yields a 
nearly identical O/Sri signal. The apparent activa- 
tion energy was determined from the slope of the 
plot in fig. 15 and is equal to 3.4 k 0.5 Kcal mol-’ 
between 330 and 473 K. At 523 K, a slight de- 
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Fig. 15. Logarithmic plot of the O/Sri AES signal intensity 
ratio plotted versus T- ’ for three different Oz exposures 

(exposures given at constant time with pressure varied). 
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crease in the oxide uptake rate was observed for 
the 1000 L exposure case that is possibly due to an 
ordering of the oxide as discussed below. How- 
ever, the same relative 0 to Sn ratio is ultimately 
seen at 473 K with larger 0, exposures due pre- 
sumably to complete oxidation of the Sn. We 
prefer to interpret the 0 uptake experiments un- 
der these conditions as oxidizing the Sn compo- 
nent with the stoichiometry of the tin oxide surface 
estimated to be SnO, on the basis of AES signal 
intensities. The Pt and 0 transitions were related 
to AES signal intensities for the p(2 X 2) 13, = 0.25 
ML OfPt(ll1) case [31]. 

The Sn/Pt(l~) surface alloys described above 
were also examined by LEED immediately after 
various oxygen exposures. No ordered surfaces 
were seen except for the O/p(3fi X fi)R45’ 
Sn/Pt(lOO) after oxidation at 523 K. In fig. 16 the 
LEED pattern observed after oxidizing the ~(36 
x fi)R45 o Sn/Pt(lOO) surface is schematically 
shown. The LEED pattern is interpreted as a tin 
surface oxide with six-fold symmetry forming atop 
the square Pt(100) substrate, with 1D epitaxy along 
either the (LO) or the (0, 1) direction giving rise to 
the observed 1Zfold pattern. Nearly identical pat- 
terns have been seen on the ~(2 X 2) Sn/Pd(lmj 
alloyed surface [32]. A lattice dimension of 3.1 A 
is determined from the LEED pattern of fig. 16. 

Further annealing of the oxides formed on the 
p(3fi x \fi-)R45O Sn/Pt(lOO) surface resulted in 
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Fig. 16. LEED pattern formed after oxidation of a surface 
displaying initially a p(3@ X a)R45 * Sn/F’t(lOO) LEED pat- 
tern. Oxidation conditions were 523 K and 10000 L exposure. 

a number of highly complicated LEED patterns. 
Annealing the p(3&! X a)R4S” O/Sn/Pt(l~) 
surface to 673 K resulted in a ~(3 x 3) LEED 
pattern. The amount of oxygen observed by AES 
was estimated to be 0.2 ML and is consistent with 
a che~sorbed surface oxygen layer in which there 
is one 0 atom located inside a p(3 X 3) unit cell 
(e. = 0.22 ML). Further annealing to 773 K re- 
turned the surface to the p(3fi x fi)R45” 
Sn/Pt(l~) LEED pattern with the Sn and Pt 
AES intensities identical to those obtained prior 
to oxidation. 

4. Discussion 

In the present study we have exploited the 
much lower surface free energy of Sn (561 erg 
cmB2) versus Pt (1807 erg cm-*) [33] to prepare 
stable Sn surface alloys of specific order and 
stoichiomet~ on Pt(100). The inherent Gibbsian 
surface segregation expected for this system has 
produced ordered bimetallic surfaces upon anneal- 
ing various precoverages of Sn on Pt(100). In the 
present case, Sn adatoms would much rather re- 
side at the outermost surface in contrast to ther- 
mally diffusing into the surface template. Several 
interesting features of the surface transformations 
and surface st~~tur~s) produced upon annealing 
the Sn/Pt(lOO) interface are worth considering. At 
Sn precoverages of ca. 0.35 ML (unannealed) the 
hexagonal reconstruction of the Pt(100) template 
is not apparent from LEED observations. Further- 
more, the annealing process tends to produce 
square lattice surface alloys (e.g., c(2 x 2)) up to 
temperatures of 600 K. Ultimately the most stable 
and reproducible annealed Sn/Pt(lOO) surface 
structure is the p(3fixfi)R45” pattern. This 
surface is suggested to be a facetted surface with 
Sn rich domain boundaries as depicted in fig. 6. 
Again however, the preponderence of ~(2 x 2) do- 
mains comprising most of the surface regions in 
this proposed structure demonstrates that the 
surface alloys produced by this technique form 
surfaces more “like” the ideal bulk terminated 
Pt,Sn(lOO) rather than a surface alloy based upon 
a hexagonal reconstruction (e.g., a (111) terminated 
face). In exa~~ng the phase diagram of PtSn 
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bulk alloys we have not been able to identify a 
unique surface plane that would fully account for 

the observed p(3fi x fi)R45” LEED pattern. In 
light of this, and the experimental results (e.g., 
AES, LEISS, and LEED) we envision this surface 
as something unique to the surface alloy that we 
have prepared rather than an ideal termination of 

a specific bulk PtSn alloy c~stallo~ap~c plane. 
Recent results of Haner and Ross 1131 on the 

structure and thermal behavior of Pt,Sn(lOO) 
surfaces have displayed many similarities and a 
few contrasts to the Sn/Pt(lOO) surface described 
in this work. The similarities include a close pro- 
gression of LEED patterns as the bulk single- 
crystal Pt,Sn(lOO) surface is annealed, namely a 
~(2 x 2) pattern for annealing temperatures above 
600 K, followed by a streaked pattern attributed 
to microfacetted step arrays with predominately 
(lOO)Pt,Sn faces at annealing temperatures of ca. 
8~-9~ K. For the Sn/Pt(l~) bimetallic surface 

alloys described in this work a reasonably sharp, 
reproducible p(3fi x fi)R45 o LEED pattern is 
obtained upon annealing to temperatures of up to 
1000 K. The ability to prepare a more ordered 
LEED pattern in the present case may be driven 
by the slight differences in the ideal Pt,Sn(lOO) 
and the Pt(lOO) lattice constants and/or a more 
rigid coincidence requirement for the bulk 
Pt ,Sn(lOO) single-crystal surface reconstruction 
that involves alternating Pt(lOO) layers with the 
Pt~Sn(l~) layers (e.g., (100) and (200) planes). 
Again, however, we do not believe that the p(3fi 
x fi)R45O LEED pattern corresponds to any 
particular surface plane unique to the Pt,Sn bulk 
alloy. 

The interaction of CO with the ordered 
Sn/Pt(l~) bimetallic interfaces provides some key 
insight into the chemical reactivity and accessibil- 
ity of exposed Pt atoms. In addition, the observed 
shift in the TDMS peak maxima also gives a clear 
picture of the extent of the electronic interaction 
that the addition of Sn produces at the Pt(lOO) 
surface. The accessible Pt atoms determined from 
the integrated TDMS traces confirm the hypothe- 
ses that the ~(2 x 2) and the p(3fi x fi)R45” 
surfaces are in fact ordered surface alloys. This 
follows because it is difficult to envision a surface 
adsorbate complex of CO mixed in with one of the 

Sn/Pt(lOO) overlayer models suggested in *fig. 5, 
given the van der Waals radii of CO (3.3 A) and 
the metallic Sn radii. In addition, no LEED evi- 
dence of restructuring of the SnPt(lOO) interface 
was seen in the presence of adsorbed CO. Recent 
work [34] on the CO/Bi/Pt(ll 1) and O/ Bi/ 

Pt(ll1) systems clearly indicates structural re- 
ordering of these metal overlayer systems with 
mixed domains of metal surface overlayer adatoms 
and adsorbed CO. The decrease in the heat of 

adsorption for saturation coverages of CO from 
the ~(2 x 2) and p(3fi X fi)R45’ Sn/Pt(lOO) 
surface alloys compared to clean Pt(100) is nearly 
identical to that seen for the Sn/Pt(lll) ordered 
surface alloys compared to clean Pt(ll1) (e.g., 4-5 
kcal mol-‘) [3]. Clearly the electronic influence of 
Sn on Pt has an impact on the CO surface bond 
strength and more detailed vibrational spectro- 
scopic data on the site occupancy of the CO 
would provide a better understanding of the full 

nature of this interaction. Presently we can only 
conjecture that all of the CO is bonded at atop 
sites from examination of the suggested surface 
alloy models of fig. 6. In addition, the saturation 

CO coverage (at 300 K) of 0.29 ~fr 0.04 ML is 
consistent with our suggestion (section 3.3) regard- 
ing additional disordered Sn at the outermost 
surface, since an ideal ~(2 x 2) Sn/Pt(lOO) surface 
alloy structure implies an ideal saturation CO 
coverage of 0.5 ML. The saturation CO coverage 
(at 300 K) of 0.23 F 0.04 ML for the p(3fi 
X &?)R45” Sn/Pt(lOO) surface alloy is also con- 

sistent with the proposed structure of fig. 6b with 
the additional Sn (at ordered step facets or over- 
layer adatoms) lowering the CO coverage from 
that seen at the ~(2 x 2) surface alloy. 

The nature of the 0, interaction with the 
ordered Sn/Pt( 100) surface alloys confirms some 
previous results on the strength of the oxygen 
interaction with Pt,Sn(lOO) [13] and with poly- 
crystalline Pt/Sn surfaces [35-381. Hoflund and 
coworkers [35,36] have examined oxygen interac- 
tions with polyc~stalline Pt,Sn surface(s) and 
have noted the formation of tin oxide overlayers 
and rather inhomogenous distribution of tin oxide 
domains after air exposure from scanning Auger 
data. More recently, Unger and Marton [38] have 
briefly reviewed previous work on polycrystalline 
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Pt,Sn surfaces, and also re-examined oxygen ad- 
sorption at polycrystalline Pt,Sn surfaces using 
SIMS and XPS over the temperature range 300- 
900 K. Their results indicated a monotonic in- 
crease in the amount of oxygen adsorption up to 
800 K with the formation of a tin oxide species as 

proposed by Hoflund et al. [35,36]. Data on 
ordered single crystal surfaces of Pt,Sn is limited 
to Haner and Ross [13] and work where we have 

examined ordered bimetallic PtSn surface alloys 
[3]. The increase in the oxygen surface bond 

strength was clearly noted in ref. [13] from 0, 
TDMS data and confirmed in this work from the 
c(2 x 2) and ~(30 X fi)R45” surface alloys. A 

common thread in most of the previous studies of 
0,adsorption on either polycrystalline Pt,Sn or 
Pt ,Sn single crystals, or at the bimetallic surface 
alloys of our work indicates that either elevated 
temperatures or extensive 0, exposures are re- 
quired to dissociatively adsorb 0,. These observa- 
tions for activated adsorption are consistent with 
the apparent activation barrier determined in this 
study. Here the apparent activation barrier for 
dissociative 0, adsorption was determined to be 

3.4 k 0.4 kcal mol-’ at the p(3fi x fi)R45O 

Sn/Pt(lOO) surface alloy and is in agreement with 
an estimate of 3-4 kcal mol-’ as the lower limit 
for the activation barrier for dissociative adsorp- 
tion of 0, at the ordered Sn/Pt(lll) surface 
alloys [3]. As a final note, the ultimate surface 
stoichiometry after catalytic reaction or even mod- 
erate 0, exposure produces a SnO,/Pt surface 
regardless of the initial starting template (pro- 
vided no H, or H,O is present). The role of this 
more strongly bound 0 (in comparision to O/Pt) 
at these surfaces is currently being investigated 
through the catalytic oxidation of CO at these 
surface alloys [39]. 
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