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Surface structures resulting from the deposition and annealing of Sn on Ptjlll) and exhibiting p(2 x 2) and p(& x J?;)-R30" 

LEED patterns have been studied by Low energy a&ah ion scattering. Azimuthat and polar incident angle dependencies were 

measured far 500 and Loo0 eV Li i ions scattered from the dean and Sn covered surfaces. Shadowing and blocking effects adequately 

describe the single scattering from the clean Pt surface. The data support a structural model in which the Sn is incorporated into the 

Pt surface rather than existing as an overlayer. Analysis of the Sn angle dependence indicates that the Sn is not coplanar with the Pt 

but is protruding 0.022 * 0.005 nm above the surface. The results are compared with related metal-on-metal systems. 

1. introduction 

An interest in the surface chemistry and struc- 
ture of Sn-Pt alloy surfaces has been driven in 
part by the use of Sn in Pt catalysts. It has been 
found that the addition of Sn to Pt catalysts is 
helpful in inhibiting hydrogenolysis reactions 
thereby reducing coking [l]. Alloys of Sn-Pt are 
believed to be present in mixed Sn-Pt catalysts at 
least under reducing conditions [1,2}. There have 
been studies of the phases and structures present 
on supported Sn-Pt catalysts by extended X-ray 
absorption fine structure (EXAFS) f3] which are 
helpful in understanding what phases might be 
present on supported catalysts under operating 
conditions. There have also been model studies of 
these catalysts based upon studies of pofycrystal- 

line Sn-Pt alloy surfaces which have been analyzed 

by Auger electron spectroscopy (AES) and X-ray 

photoelectron spectroscopy to determine the 
surface composition [4]. Understanding the reac- 
tivity of these surfaces at a molecular level based 

upon surface composition alone is difficult. Stud- 
ies of single-crystal Sn-Pt alloy is helpful in that, 
both the surface structure and compasition can be 
analyzed, providing a well characterized model 
surface for reaction studies. In this case, however, 
there is little control of the surface composition. 
Another approach is to prepare a surface alloy by 
deposition of one component onto a pure sub- 
strate of the second component. In this case it is 
possible in principle to determine surface structure 
and composition and yet add a measure of control 
on the surface composition. This approach has 
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been taken in previous studies of Sn-Pt [5-71. 
Deposition of Sn upon Pt(ll1) followed by an- 

nealing at elevated temperatures is found to lead 
to stable surface structures, characterized by sharp 

low-energy electron diffraction (LEED) patterns 
[5]. Two such structures, differing slightly in com- 

position have been produced and used as sub- 
strates for studies of the chemisorption of ethylene 
[6] and of oxygen, CO and H, [7]. The results 
have been explained in terms of ensemble effects 
involving particular cluster geometries, proposed 
to exist upon the surface. This interpretation de- 

pends upon a detailed knowledge of the surface 
structure. 

We have now applied low-energy alkali ion 
scattering to study the surface structures resulting 
from deposition of Sn on Pt(ll1). As described 
previously [5], characteristic LEED patterns were 
found upon annealing Sn-covered surfaces, these 
being in addition to a p(1 X 1) remaining at low 
coverages, a p(2 X 2) and a p(fi X a)-R30 O. 
Previously, the formation of these structures was 
studied by Auger electron spectroscopy (AES) and 
low-energy Ne + ion scattering. Based upon the 

(4 

determined composition, the LEED pattern, and 
the ion scattering, structures shown in figs. la and 
lb were proposed for the annealed surfaces. In 

these structures the Sn is incorporated into the 

first Pt layer, as opposed to residing upon the 
surface as an overlayer, such as shown in figs. lc 
and Id. The ion scattering studies suffered some- 
what from limited capability to vary azimuthal 
angles, which is an important parameter in analyz- 
ing surface structures by ion scattering. We pres- 
ent here new results of a more detailed ion scatter- 
ing investigation of these surfaces using low-en- 
ergy Lit ions and the capability to vary the 

scattering angle and both the azimuthal and polar 
angles of incidence over a wide continuous range. 
The results confirm the previous conclusions of 

incorporation but also suggest that a slight buck- 
ling of the surface exists. 

2. Experimental 

Experiments were performed in the ion scatter- 
ing spectrometer used in previous studies [8-111. 
The ultrahigh vacuum system contains provision 
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Fig. 1. Proposed structures for Sn/Pt(lll) surfaces are shown. Dark circles represent Sn atoms, open and shaded circles represent 
first and second layer Pt atoms, respectively. Selected azimuthal directions are also shown. 
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for performing low-energy alkali ion scattering, 
low-energy electron diffraction (LEED) and Auger 
electron spectroscopy (AES) using the LEED re- 
tarding field analyzer. The incident Li+ ion beam 
is well collimated, monoenergetic and mass 
selected. Both the polar angle of incidence, +, 
(measured from the macroscopic plane of the 
surface as determined by laser ~ignment) and the 
azimuthal angle of incidence, + (measured from -- 
the [121] azimuth as determined by ion scattering 
azimuthal scans) are variable and are accurately 
repositionable. The scattered ions are energy 
analyzed by a spherical sector electrostatic 
analyzer (ESA) with resolution defined by AE/E 
= 2%, and which is rotatable allowing variation of 
the total laboratory scattering angle, 8, from 0 to 
135”. The accuracy of 4, C#I and 8 are f0.5,l and 
2 o respectively. 

The Pt(ll1) single crystal was the same as used 
previously [5] and was suspended from 0.25 mm 
Ta wires. IIeating by electron bombardment from 
behind allowed heating from room temperature to 
above 1000 K. A chromel-alumel thermocouple 
was used to measure the temperature. The crystal 
was cleaned by sputtering and annealing cycles to 
remove Sn and any impurities and by oxygen 
treatments to remove carbon. It was found that Sn 
was removed more effectively by sputtering at 
elevated temperatures (up to 1000 K) than at 
room temperature. 

Sn was deposited using two different evapora- 
tors. At first a 99.9999% purity Sn ingot was 
placed in a Ta crucible which was heated resis- 
tively (18 A) through a pair of 0.25 mm Ta wires 
spot-welded to the crucible. A second more satis- 
factory arrangement made use of Sn loaded into a 
high purity alumina crucible (6 mm OD X 12 mm 
long) which was wrapped in a spiral basket made 
from 0.38 mm W wire. The crucible was heated to 
about 1275 K (as indicated by an optical pyrome- 
ter) by passing current (about 9 A) through the W 
wire. The source was about 10 cm from the Pt 
crystal, and was surrounded by a shroud with an 
aperture which limited Sn deposition only to the 
Pt crystal. With this arrangement Sn was typically 
deposited at a rate of about 0.03 ML/mm (1 
ML = 1.50 X 10” cm-*) and gave Sn coverages, 
uniform to within 10% across the entire sample. 

3. Results 

3.1. LEEI)/AES results 

Sn was deposited at room temperature and the 
coverage was characterized by AES and LEED. 
The Sn(430 eV) and the Pt(237 eV) Auger peaks 
were used to monitor the amount of Sn deposited. 
Typically the AES intensities were recorded before 
and after flashing the crystal to 975 K. Above a 
certain critical Sn coverage it was found that this 
annealing causes a decrease in the Sn intensity as 
shown in fig. 2. Below 1000 K the rate of desorp- 
tion (vapo~zation) of Sn from Pt(lll) is small [5] 
so the loss of Sn may be attributed to diffusion 
into the bulk or to formation of 3-dimensional Sn 
islands. Depending upon the initial Sn coverage 
the annealed surface exhibited a p(fi X fi)-R30 o 
or a p(2 x 2) LEED pattern as found previously 
(51. The ratio of the Sn Auger intensity for the 
surface exhibiting the p(& x a)-R30” pattern 
to that for the p(2 x 2) was found to be 1.3 + 0.1, 
in agreement with the ratio of 1.33 expected for 
ideal coverages (0.33 ML for p(fi X fi)-R30° 
and 0.25 ML for p(2 x 2)). A coverage range 
established on the basis of the LEED patterns is 
shown in fig. 2. This calibration is assumed to 
apply to the annealed surfaces, and is only ap- 
proximately correct for unannealed surfaces since 
the morphology of the Sn appears to be different 
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Fig. 2. Intensity of the Sn(430 eV) Auger peak after annealing 
to 975 K is shown as a function of intensity before annealing. 
The dotted line indicates unity slope. Ranges are shown where 
the p(2 x 2) and p(fi X fi)-R30 o LEED patterns were ob- 

served both before and after annealing. 



48 S.H. Overbuy et al. / Surface structure determination of Sn on Pt(1 I I) 

in these two cases. For low coverages, the slight 
increase in the Sn Auger intensity after annealing 

(indicated by points above the line) may be indi- 
cative of morphology changes upon annealing. 

3.2. Pt single scattering 

Information about the structure of the surface 
was obtained from incident angle dependence of 
Li+ ion scattering. The incident angle dependence 
observed for clean Pt(ll1) is shown in fig. 3 as a 

contour plot. This plot was obtained by fixing 
13 = 120” and centering the ESA pass energy to 
E/Ei = 0.896 ( Ei = 1000 eV) which is at or slightly 

above the energy found for the Pt single scattering 
feature. The measured count rate, I, multiplied by 

sin + is represented by contours of constant 
I sin 4. Also shown in fig. 3 is a shadowgram [9] 
calculated on the basis of simple geometric 

shadowing and blocking. It shows two levels of 

shading corresponding to regions where scattering 
from only first layer Pt atoms (light shading) or 
where scattering from both first and second layers 

(dark shading), is expected. 
As the incident angle I/J increases from 10 -C + 

< 20”, the observed intensity increases abruptly 

corresponding to the onset of single scattering 
from first layer Pt atoms. The contours trace 
semi-circles related to the Li/Pt shadow cone 
giving rise to large semi-circles centered along 
“short” azimuths [ilO] and [Oli] and to smaller 
semi-circles centered along the “long” azimuths _- 
[121] and [112]. The terms short and long azimuths 

refer to interatom spacing for chains aligned in 
these directions which is 0.277 and 0.480 nm, 
respectively. At higher incident angles, 4 > 20”, 
there is additional structure observed which is due 
to scattering from second layers. Regions where 
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Fig. 3. Sine corrected intensity of the experimentally measured Li’/Pt single scattering is shown as a contour plot (bottom) and 
compared with a computed shadowgram (top). In the shadowgram, darker shading indicates increased scattering intensity or number 

of Pt layers visible with darkest shading corresponding to two layers. The experimental and computed intensities are zero along the 
bottom of each plot (4 < 10 a ). 
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scattering from second layers is predicted by the 
shadowgram, are seen to fit well to the observed 
structure. Note that the second layer features re- 
flect the 3-fold symmetry of the surface so that 
[i2i] is different from [llz] and [Oli] is a mirror 
image of [iiol. 

Measuring the intensity at a fixed final energy 
as in fig. 3 hides the fact that the actual energy 
distribution of scattered Li+ ions is complicated 
by multiple scattering and energy losses associated 
with ions which penetrate below the first layer. 
Broad multiple scattering features are observed 
below the elastic peak for many incident angles. 
These shift in energy as the incident angle is 
changed and may overlap the elastic energy and 
be very intense. Regions where second-layer 
scattering is observed, as indicated in fig. 3, are 
frequently found to exhibit broadening of the Pt 
single scattering peak due to energy losses associ- 
ated with ions which penetrate below the surface. 
This multiple scattering also interferes with the Sn 
single scattering peak as discussed below. 

The effect of Sn deposition upon the Li+/Pt 
single scattering intensity as a function of incident 
angle is shown in fig. 4. In this case + scans 
recorded for two azimuths are shown rather than 
an entire contour plot. Results are shown for both 
the annealed ~(6 x fi)-R30° and p(2 x 2) 
structures and are compared with that for a clean 
surface. It can be seen that the presence of Sn has 
very little effect upon the shape of the Pt 4 scans. 
In particular, it is observed that (1) a sharp low- 
angle critical edge is preserved without noticeable 
shift in angle, (2) the second-layer features do not 
shift in angle and persist or even increase in 
intensity for Sn annealed surfaces and (3) no 
additional shadowing features are apparent. Also 
there is little or no overall attenuation of the Pt 
signal. Such $ scans were run at various scattering 
angles for 500 and 1000 eV ions and at other 
azimuths. The scans vary with the scattering con- 
ditions in predictable ways, but as in fig. 4, there 
was little difference between the clean and the 
annealed Sn-covered surfaces and the three ob- 
servations stated above generally held true. 

The conclusion from this invariance is that the 
structures of the annealed surfaces are closely 
related to the Pt(ll1) surface. Specifically, there is 
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Fig. 4. Incident angle dependence of the Li+/Pt single scatter- 
ing is shown for annealed Sn covered surfaces exhibiting the 
indicated LEED patterns. The incident ion energy is 1 keV and 
the scattering angle is 120°. Results are shown for the [i2i] 

and the [Oli] azimuths (long and short, respectively). 

not a registry shift between the first and second 
layer as indicated by the unchanging positions of 
the second layer features. The spacing and orien- 
tation between first-layer Pt atoms and their 
nearest neighbors is not changed much as indi- 
cated by the fixed position of the low-angle criti- 
cal edge at all azimuths. Since no new shadowing 
features are observed, the Sn atoms must shadow 
approximately the same way as the Pt atoms would 
and therefore they evidently occupy Pt sites. This 
does not yet eliminate the possibility that Sn atoms 
are present as an overlayer at the height that 
would be occupied by an overlying Pt layer. 

To distinguish between overlayer and incorpo- 
rated structures it is helpful to examine shadow- 
grams predicted for the two different cases. In fig. 
5, shadowgrams are shown for Sn present as a 
p(v”? x v!?)-R30° ordered overlayer and incorpo- 
rated substitutionally into the first Pt layer with a 
p(Jj x a)-R30 o ordering. A scattering angle of 



100” was chosen since this angIe is sufficiently 
small that blocking effects remove most second- 
layer scattering in the vicinity of the [Oli] azimuth, 
(C#I = 30 “) yet sufficiently large that Sn and Pt 
single scattering peaks can be separated in the 
energy distribution. An incident ion energy of 500 
eV was chosen because multiple scattering ap- 
peared to be reduced at this energy compared to 
1000 eV. An experimental intensity distribution, 
recorded over a reduced range of azimuths, is 
shown in fig. 5 for these scattering conditions and 
using a detection energy of 0.917 Ei. The surface 
exhibited a p(& x &)R30” LEED pattern and 
had a Sn coverage of 0.37 ML as indicated by 
AES. 

The experimental contours outline shadowing 
and blocking edges at IJ -C 25 ’ and $J > 75 ‘, re- 
spectively, which are broadened by thermal dis- 
placements and angular width of beam and detec- 
tor. Also evident are flux peaking rims running 
around these edges. At intermediate angles (35 c J/ 

< 65O ) the experimental intensity varies less than 
15% with only a broad shallow minimum as indi- 
cated by the lack of contours. The computed 
shadowgrams do not take thermal broadening or 
flux peaking into account and thus show abrupt 
edges. The incorporated model predicts constant 
intensity at intermediate angles as seen experimen- 
tally. In contrast, the overlayer modei predicts 
that additional variation in intensity should occur. 
It predicts a h&e of zero intensity at + = 40 O, and 
troughs of decreased intensity at various angles. 
The experiment does not show contours outlining 
these features. The predicted hole and trough in 
the range 65 < $ c 80 o would occur where the 
experimental intensity exhibits locally maximum 
intensity. Similar results were also obtained for 
Ei = 1000 eV. In this case one azimuth, c$ = 19 ‘, 
was chosen and J, scans were run for annealed 
surfaces with various coverages of Sn from 0 up to 
0.4 ML, roughly the maximum achievable on an 
annealed surface. No evidence was found for ad- 
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Fig. 5. Computed shadow~ams are shown for a Pt(lll) surface with Sn atoms present as an overlayer in fee hollow sites at a height 

of 0.226 nm (left panel) and with Sn substituted for Pt atoms fright panel). In both cases a p(fi X &)-R30 o ordering of 0.33 ML Sn 
is assumed. Darker shading indicates increased scattering intensity or number of Pt tayers visible, with darkest shading corresponding 

to two layers. The center pan& shows the experimentaliy measured contours of constant (sine corrected) intensity with the inner box 
showing the range of angles measured. 
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Fig. 6. Incident angle dependencies are shown for ions scattered 
from a clean surface (bottom) and from an annealed 
p(fi x fi)-R30° Sn/Pt(lll) (top two curves) at two different 

relative final energies. 

ditional shadowing caused by overlayer Sn atoms. 
Additional measurements were made at other 
azimuthal and scattering angles, chosen such that 
Sn adatoms present in fee or hcp hollow sites 
should give rise to abrupt decreases in Pt single 

scattering intensity. No such decreases were ob- 

served, further refuting the overlayer model. On 
the basis of these results, it is concluded that the 
incorporated model is preferred over the overlayer 

model. 
As seen in fig. 4, features associated with sec- 

ond-layer scattering become relatively more in- 
tense upon putting Sn on the surface. Evidently, 
the presence of the Sn causes the first layer to be 
slightly more transparent to the Lit ions, resulting 
in increased probability for an ion to penetrate 
through and back out of the first layer. The in- 

creased transparency of the surface associated with 
the p(2 x 2) and p(& x a)-R30” surfaces is also 
apparent at lower incident ion energy. The $ 
scans shown in fig. 6 were recorded for 500 eV 
ions along the [Oli] azimuth. For the clean surface, 
second layer features located at + = 40 and 80 ’ 
for 1000 eV ions are very weak or absent for 500 
eV ions (compare clean spectra figs. 4 and 6). This 
comes about because the increased shadow cone 
size for 500 eV ions is just enough larger than for 
1000 eV to prevent single scattering from second- 
layer atoms without substantial energy loss. For 

the p(fi X fi)-R30° structure the second-layer 
features reappear as shown in fig. 6. The effect is 

even more striking at a slightly lower detection 
energy since second layer scattering is subject to 
additional inelastic loss. The results for 500 and 
1000 eV ions indicate that for both the p(2 x 2) 
and p(fi X fi)-R30” structures the first layer is 
somewhat more transparent to Li+ ions. This re- 
sult is consistent with the incorporation alloy 
structure proposed in fig. 1, since substituted Sn 

would have a smaller scattering cross section 
(shadowing radius) than Pt. This would be further 

enhanced if the Sn were buckled slightly outward 

with respect to first-layer Pt atoms. 

3.3. Sn single scattering 

Information was also obtained from the inci- 

dent angle dependence of the Sn single scattering. 
Extracting information required care because of 
the fact that the Sn peak is present upon a varia- 
ble background of inelastic scattering from the 
bulk Pt, and that fairly high scattering angles are 
required to fully separate the Sn peak from the Pt 

peak. Energy distributions recorded at a total 
scattering angle of 130 o are shown in fig. 7 which 

demonstrate the extent of the inelastic background 
and the separation of the Sn and Pt peaks. Inci- 
dent angle dependence of the Sn peak was re- 
corded for this scattering angle by measuring, at 

each angle, first the count rate at the ESA pass 
energy E/Ei = 0.82, corresponding to the position 
of the Sn single scattering peak, and then subtract- 
ing the intensity at E/Ei = 0.78, an energy below 

0.6 0.7 0.6 0.9 1.0 

E/Ei 

Fig. 7. Energy distributions from an annealed p(fi X a)-R30 o 
Sn/Pt(lll) surface are shown as a function of incident angle. 
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Fig. 8. Intensity of the Li.;ijSn single scattering is shown as a 
function of incident angk before and after annealing. There is 

no offset between the curves. 

the Sn peak on the inelastic background. This 
reduces the effect of changes in the inelastic back- 
ground. Two such scans are shown in fig. 8. A 
scan recorded using this background subtraction 
method and the same ESA pass energies from a 
clean Pt crystal showed low intensity and no 
structure, indicating that the inelastic background 
from bulk Pt in the region 0.78 < E/E, < 0.82 is 
flat. The scans in fig_ 8 are therefore representative 
of the Sn singIe scattering. 

In fig. 8 the scans were recorded along the [Oli] 
azimuth for a surface with about 0.55 ML of Sn 
deposited at room temperature, and a second scan 
was obtained from this surface following a quick 
anneal to 975 K. After the anneal the surface 
exhibited a ~(6 X fi)-R30” LEED pattern and 
AES indicated 0.35 ML of Sn. It is seen that for 
the unannealed surface the onset of Sn scattering 
is fairly gradual, with significant scattering occur- 
ring at 10 *_ High intensity at such glancing inci- 
dence angle is indicative of widely separated Sn 
overfayer atoms, or the edges of many small is- 
lands of overlayer Sn. A broad onset is indicative 
of poor ordering, or variable interatom spacings 
between Sn and its neighbors. Upon annealing, 
the onset of scattering sharpens considerably indi- 
cating improved ordering of the surface. Such a 
sharpening may indicate either formation of well 
ordered islands with a fixed Sn-Sn interatom 
spacing, or incorporation of the Sn into the surface 
such that each Sn has a fixed distance between 
neighboring (Pt or Sn> atoms. The fact that the Sn 

exhibits a sharp edge and a clearly resolved Sn 
peak in the energy dist~bution (fig_ 7) at glancing 
a&es indicates that Sn must be present in the 
surface region. 

The location of the edge for the annealed 
surface provides immediate information about the 
interatom spacing along the short azimuth. If the 
Sn were present as an overlayer in a p(fi X fi)- 

R30” arrangement, the Sn-Sn interatom spacing 
along a short azimuth would be 0.83 nm. For 
reasonable scattering potentials this spacing would 
lead to a critical edge below Il”, far lower than is 
actually observed. The observed position is roughly 
in the range expected for interatom spacing be- 
tween Sn and Pt atoms in the incorporated struc- 
ture. It is concluded that the sharp Sn edge and its 
location support the incorporation modeLSimilar 
results were obtained in the long azimuths, and at 
smaller scattering angles of 100 and 120 ’ for both 
long and short azimuths. Although the Pt inelastic 
background was larger, qualitatively the same re- 
sults were also obtained for incident ion energies 
of 1000 eV. These additional data reduce the 
possibility of any spurious ion scattering effects 
and re-enforce the above conclusions. Similar re- 
sults were obtained at lower Sn coverages giving 
rise to the ~(2 x 2) structure when annealed. A 
+$ contour plot was run for a p(2 X 2) structure 
and produced well defined shadowing semi-circles 
for the Sn scattering, indicating Sn in a close 
packed configuration expected for the incarpo- 
rated model, 

3.4. BuckliPlg qf the Sn J Pt(ill) surface 

In the previous section it was established that 
for the annealed surface the Sn is incorporated 
into the Pt first layer according to the structures in 
figs. la and lb. It is interesting to consider whether 
the Sn atoms are precisely co-planar with the Pt 
first layer atoms or whether buckling occurs re- 
sulting from differential relaxation. 

Information about such buckling can be ob- 
tained from measurement of the critical angle 
associated with the onset of first-layer single 
scattering as described previously [lo]. The loea- 
tion of the critical angle, #,, for a given set of 
scattering conditions (azimuth, ion energy and 
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d, (nm> 
Fig. 9. The experimentally measured critical angles are shown 

as arrows for both the annealed p(2 x 2) and p(J3‘ x fi)-R30 o 

structures in both the long and short azimuths. The solid lines 

give the predicted critical angles as a function of the height, d, 
of the Sn atom above the plane of the first-layer Pt atoms. 

scattering angle) can be readily predicted if a 
reasonable scattering potential is known. In fig. 9 
the values predicted for the onset of Sn single 
scattering are calculated as a function of buckling 

parameter, d,, where d, is the distance between 

the plane of Sn atoms and the plane of Pt atoms. 
Positive values of d, are defined to be outward 

relaxation of Sn compared to Pt. Results expected 
for 8 = 130 O are shown in fig. 9 for both the short 
and long azimuths. 

Predicted critical angles depend upon whether 
the shadowing atoms are assumed to be Sn atoms 
or Pt atoms which in turn depends upon the 
ordering in the first layer. From fig. 1 it can be 
seen that for both the p(2 x 2) and p(fi x fi)- 

R30” structures each Sn atom is surrounded by 
six Pt atoms so that in the short azimuth, each Sn 
atom is shadowed by Pt atoms. In the long 
azimuths, each Sn atom is shadowed by Pt atoms 

in the p(2 X 2) structure but by a Sn atom in the 
p(v? X v%)-R30” structure. 

The observed critical angles are indicated by 
arrows in fig. 9. Consider first the long azimuth. 

For the ~(6 x a)-R30” structure the measured 
critical angle is 17.7 o f 0.5 o while for the p(2 x 2) 
surface the measured critical angle is shifted sub- 

stantially to 15.5 o indicating clearly a change in 
the geometry or type of shadowing atom, or both. 
Assuming the shadowing atom is Pt according to 
the postulated structure for p(2 x 2) the curve in 

fig. 9 indicates that the Sn is buckled outward by 
0.019 nm. It is important to note that even in the 

absence of accurate knowledge of the scattering 
potentials, the shift in the critical angle between 

p(2 X 2) and ~(6 X fi)-R30 * is evidence of 
buckling. 

In the short azimuth, [Oli], nearly the same 

critical angle is measured for both the p(2 X 2) 
and the ~(6 x fi)-R30 o structures. This is con- 
sistent with the Pt shadowing Sn atoms for both 
structures as predicted and with the same amount 
of buckling (about 0.023 nm) in both cases. Tak- 
ing together the results for the short and long 
azimuths, and considering uncertainty in the mea- 
sured angle and in the paramete~zation of the 

scattering potential we arrive at a value of 0.022 &- 

0.005 nm for d,. 

Predicting the curves shown in fig. 9, used to 
extract the magnitude of the buckling, requires a 
knowledge of the scattering potential. As previ- 
ously described [12], we have used a Thomas- 
Fermi-Moliere (TFM) scattering potential with 
screening length, a, adjusted by a factor C = a/uF 
(where aF is the Firsov screening length). The 
parameter C for Pt was determined directly from 

measuring the critical angle for the clean Pt(ll1) 
surface as a function of labortory scattering angle. 
An inconsistency was found between the short 

and long azimuths, probably due to the effect of 
out-of-plane atoms contributing along the long 
azimuth. This effect was taken into account in an 
empirical way by allowing slightly different values 
of C for the short and long azimuths, 0.87 and 
0.95 respectively. A value of C,, = 0.94 was ob- 
tained from the critical edge obtained in the long 
azimuth from the annealed ~(6 x a)-R30” 
surface where, according to the structure in fig. 
lb, it is assumed that Sn shadows Sn. For a fairly 
large scattering angle, such as 130”, the predicted 
critical angle is more sensitive to the potential of 
the shadowing atom than of the target atom. In 
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the case of the short azimuths, Sn atoms are 
shadowed by Pt atoms. Variation of the value of 
C,, by 50.1 only changes the predicted critical 

angle by f 0.2” while variation of Cp, by this 
amount changes $J, by 2.1°. Since C,, was de- 
termined directly from critical angles on the clean 

surface it is known fairly accurately, while the 
predicted magnitude of the buckling is relatively 

insensitive to the uncertainty in C,,. 
It has been noted above that the incident angle 

dependence in the Pt scattering is relatively unaf- 

fected by the presence of Sn (fig. 4) and that the 
lowest angle critical edge is unshifted. However, 
since Sn is protruding above the plane of the Pt 
atoms, a shift might be expected. Close examina- 
tion of all available data indicated that for the two 

long azimuths studied both at 500 and 1000 eV, 
no experimentally significant shift (i.e., greater 

than about 0.5”) was observed for either the 

p(2 X 2) or the p(fi x fi)-R30” compared to the 
clean surface. For the short azimuth there was 

generally a broadening of the edge so that the 90% 
point was shifted to higher angles by as much as 
2” for the p(fi X fi)-R30”. 

From the proposed incorporation models in fig. 
1 it is seen that for the p(fi X fi)-R30” struc- 
ture, the Pt atoms are shadowed only by other Pt 
atoms along the long azimuths. Therefore, along 
these azimuths the Sn buckling should have no 
effect on the Pt edge in agreement with expeti- 

ment. Along the short azimuths half of the first- 
layer Pt atoms are shadowed by Sn atoms. Based 
upon the scattering potential used above, a buck- 
ling of 0.022 nm should lead to a critical edge 
which is about 3O higher angle for half of the Pt 
atoms, compared to that for the remaining Pt 
atoms. This is qualitatively, if not quantitatively, 
consistent with the experimentally observed 
broadening. Along the short azimuths, the energy 
distributions exhibited a broad multiple scattering 
feature, presumably due to second-layer scatter- 
ing, which contributed at the single scattering 
energy. This has the effect of diluting the first-layer 
contribution in the incident angle scans, making 
the effect of the Sn buckling harder to see. 

Similar arguments can be applied to the 
p(2 x 2). From the incorporation structure in fig. 
1, it is seen that a third of the first-layer Pt atoms 

are shadowed by Sn in both the long and short 
azimuths. Single scattering from the remaining 
two thirds of the surface Pt atoms should be 
unaltered by buckling. No edge shift is observed 
experimentally for either the long or short 

azimuths. The predicted shift of the Pt edge in the 

long azimuth is only 2” for the shadowed third of 
the Pt atoms which could be difficult to see in the 
presence of the larger unshifted contribution and 
in the presence of inelastic scattering which also 
increases in the critical edge. 

It is concluded that the failure to see clear 
shifts in the Pt edge associated with Sn buckling 
for either the p(fi X fi)-R30° or the p(2 X 2) 
surfaces can be rationalized. The interference from 
unshifted contributions and from multiple and 
inelastic scattering appear to make the Pt edge 
insensitive to the buckling for less than 4 ML of 

Sn. Work is in progress to examine this issue by 
computer simulation. 

4. Discussion 

The results from the annealed p(2 X 2) and 
p(fi x fi)-R30 o Sn/Pt(lll) surfaces support the 
following structural conclusions. It is clear that Sn 
must be present in or above the first Pt layer from 
(1) the clear Sn peak observed both in Li+ scatter- 
ing and in Net scattering [5], (2) the presence of a 
sharp critical edge at low angles observed in the 
Sn single scattering incident angle dependence, 
and (3) analysis of the location of this edge. The 
annealed surfaces are well ordered as indicated by 
the sharp LEED pattern and the sharp angle 
dependence observed both in the Pt and Sn single 
scattering. The first layer maintains the 60” 
azimuthal spacing between principle low index 
directions, characteristic of the (111) surface, as 
indicated by unchanging azimuthal angles scans 
(not shown above). It also maintains roughly the 
same interatom spacings as indicated by the un- 
changing locations of the low angle critical edges. 
Preservation of the sharp second-layer features in 
the incident angle scans indicates that there is 
little shift in registry of the first layer with respect 
to the second layer. Evidence that the Sn is incor- 
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porated into the Pt surface derives from (1) the 
lack of clear shadowing and blocking features 
which should be present for Sn present as an 
overlayer, at least in well defined sites, (2) the 
increased transparency of the Pt first layer, (3) 
preservation of the low angle critical edge in Pt 
single scattering, and (4) the critical angles meas- 
ured for the Sn single scattering. Similar results 
were obtained for both the p(2 X 2) and 
p(fi x fi)-R30” surfaces indicating that these 
structures are related and that Sn is incorporated 
into both surfaces. These conclusions therefore 
support the incorporation models shown in figs. 
la and lb. 

The ion scattering data presented here cannot 
determine the ordering of the Pt-Sn surfaces, but 
the LEED patterns certainly suggest the ordering 
and unit cell shown in fig. 1, and the Sn critical 
edges are consistent with this ordering. The buck- 
ling of the Sn above the surface provides ad- 
ditional periodic modulation which may contrib- 
ute to the fractional order LEED beams in ad- 
dition to the compositional periodicity. 

The depth of the Sn-Pt mixture is not clear. 
No second-layer Sn features were observed in the 
Sn single scattering at high incidence angles as 
have been seen in other binary systems of two 
layer thickness [8,11]. However, at high incidence 
angles there is serious interference from the Pt 
inelastic scattering. The Sn which is lost upon 
annealing probably diffuses into the crystal rather 
than forming three-dimensional islands, since the 
final Sn AES intensity seems to saturate at a level 
nearly independent of the initial coverage. Also, 
the ion scattering shows little Sn single scattering 
at grazing angles (e.g., 4 = 10 o ) or broadening of 
the Pt critical edge which would be expected for 
Sn islands. 

Little has been said about the film growth or 
structure of the room temperature deposited 
surface. Many ion scattering measurements were 
made on the unannealed surface for coverages up 
to about 1 ML and they gave a picture of poorly 
ordered surfaces. Sn caused a broadening and 
weakening of the low angle edges in the Pt single 
scattering and a loss of a sharp Pt single scattering 
peak in the energy distributions. No clear shadow- 
ing features were observed in the Pt incident angle 

dependence to indicate a well-defined bonding 
site. The fact that a p(fi X a)-R30” LEED 
pattern (and also a c(4 X 2) pattern [5]) is ob- 
served might suggest that the alloy structure is 
nucleated already at room temperature but that Sn 
adatoms or clusters may also exist above the 
surface. High-temperature annealing evidently 
causes the alloy to grow and the excess Sn to 
diffuse away. Growth above 1 ML was not studied 
but apparently it is not strictly Stranski-Krastanov 
since alloy formation readily occurs in the first 
layer. 

As pointed out previously [5], the proposed 
incorporation structure for the p(2 x 2) is struct- 
urally analogous to the (111) plane in Pt ,Sn. Re- 
cent results on an alloy single crystal Pt,Sn(lll) 
surface have indicated that it also exhibits a 
p(2 x 2) surface when clean [13]. The p(fi x a)- 

R30” surface is not simply related to any bulk 
plane in Sn-Pt alloys. This fact is not particularly 
disturbing since the structure is not the result of a 
truncation of a bulk alloy, but is rather the result 
of a mixed overlayer on a Pt substrate with an 
interaction which is dominated by the Pt surface 
periodicity. In Pt,Sn the Sn-Pt distance is longer 
than the nearest-neighbor distance in bulk Pt. The 
observed buckling of Sn outward in the mixed 
overlayers would result in a lengthening of the 
bond distance between Sn and both first and 
second layer Pt atoms. This allows relief of lattice 
strain without introducing unfavorable registry 
mismatch between first and second layers. The 
actual Sn-Pt bond distances could not be de- 
termined without knowledge of the first-second 
interlayer spacing. 

It is of interest to compare the present results 
with studies of other overlayer systems, perhaps 
the most relevant being for Sn and Pb on noble 
metals. In particular we cite results for Sn on 
Ni(ll1) [14], Au(ll1) [15], and Cu(ll1) [16], and 
for Pb on Au(ll1) [17], Ag(lll) [18] and Ni(ll1) 
[14]. Most of these systems exhibit AES versus 
deposition time curves which are roughly similar 
for room temperature deposition as observed for 
Sn/Pt(lll) at 450 K [5]. In particular, the sub- 
strate AES signal decreases rapidly with coverage 
up to roughly 1 ML and then decreases more 
slowly and reaches a nonzero plateau (10 to 50% 
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of clean value) with little further decrease with 
exposure. In cases where it has been measured, the 
response differs with deposition temperature [5,15] 
and also with deposition rate [16] and it has been 

noted that the details are subject to serious varia- 

tion due to experimental difficulties [19]. The 
plateau in the substrate signal at a nonzero value 

may be interpreted as due to diffusion of substrate 
material to the surface, i.e., alloy formation, or 
due to Stranski-Krastanov type of growth. 

Structural inte~retation in the previous cases 
has derived almost entirely from interpretation of 
the accompanying LEED patterns. In Pb/Au(lll) 

and Sn/Au(lll) AES/LEED results have been 
interpreted as due to alloy formation occurring 
already at room temperature at coverages above 1 
ML while for Pb/Ag(lll) room temperature de- 

position was interpreted strictly as overlayer for- 
mation. Previous results for Sn/Pt(lll) indicate 
alloy formation beginning at least by 450 IS. For 

Sn/Ni(lll) and Sn/Cu(lll) it has been noted 
that room temperature deposition gives disordered 
surfaces (therefore not readily interpretable by 
LEED/AES) while annealing of Sn/Ni(lll) to 
670 K leads to a p(2 x 2) interpreted as a Sn(ll1) 
double layer. 

In spite of the diversity of these conclusions, all 
of these binary systems form bulk intermetallic 
compounds and exhibit bulk solubility (except 
possibly Pb/Au) of the overlayer metal in the 
substrate metal [20]. They also all form low tem- 

perature eutectics which tend to make alloy for- 
mation occur rapidly at low temperature. It is also 
noteworthy that in every one of these systems a 
p({j- x fi)-R30 * LEED pattern is obtained at 
sub-monolayer coverages at room temperature or 
at least after annealing. Pb/Ni(ll l), Sn/Ni(lll) 
and Sn/Pt(lll) behave similarly in that upon 
annealing high coverages (l-3 ML), a stable 
p(fi x a))-R30 o pattern is formed and associ- 
ated with f ML. There are few other results for 
high temperature annealing. The p(fi X &)- 

R30° pattern is almost universally ascribed to an 
ordered overlayer, although the inte~retation of 
the LEED pattern is of course ambiguous. We 
suggest that surface alloying may occur in many 
or all of these systems at the submonolayer cover- 
age range, especially at elevated temperatures. 

5. Conclusions 

Previous LEED/AES studies of Sn deposited 
on Pt(ll1) have been reproduced, confirming that 

annealing of the Sn deposited Pt(ll1) surface leads 

to well defined structures exhibiting p(2 X 2) and 
p(fi x JI-)-R30’ LEED patterns. Examination 

of these surfaces by angle dependent ion scatter- 
ing provides a variety of evidence that both struc- 
tures are characterized by incorporation of Sn into 
the first Pt layer forming a two-dimensional 
ordered alloy surface. Both surfaces exhibit a slight 
buckling in which Sn protrudes about 0.022 f 
0.005 nm above the plane of the first-layer Pt 

atoms. 
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