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Abstract An analysis of low-energy electron diffraction (LED) I-V spectra from the clean 
R,X(I 1 I )  surface was prformed by comparing measured intensities with data calculated using 
an automated tensor LEED program, which employs a directed search optimization procedure. It 
was found that the topmost layer is pure Pi and that the other layers have the bulk composition. 
The fim and second interlayer spacings are 2.23 f 0.03 A and 2.21 i 0.03 A respectively. 
corresnondine to a contraction of 0.9% and 1.8% of the bulk value. The eemendicular buckling . .  
is 0.04 16 i & l S  A in the top layer and 0.15 A +0.04 16 in the second layer. The m u I U  are 
in full accordance with previous investigations of the physical and chemical properties of this 
surface. 

- 

1. Introduction 

Titania-supported platinum is a well known catalyst for the synthesis of methane from 
COM2 [l]. Prolonged exposures to a reducing atmosphere at elevated temperatures leads 
to large dispersion changes in the catalyst. This is one of the effects commonly referred to 
as the strong metal support interaction (SMSI) [ 11. Phase analyses also reveal the presence 
of Pt3Ti, an ordered bimetallic alloy, under these conditions [Z]. The catalytic importance 
of this phase is not known but it has motivated us to investigate the physical and chemical 
properties of Pt?Ti(l11). The ordered alloy grows in the Cu3Au lattice with a lattice 
constant of 3.906 A 131. Single-crystal surfaces of this alloy have been investigated by 
several methods including a low-energy electron diffraction (LEED) I-V characterization of 
the (100) surface [3-lo]. 

All (11 1) planes of Pt3Ti have stoichiometric composition in the bulk, but earlier work, 
based on angle-resolved photoemission, ion scattering, and CO adsorption, has indicated 
that the surface is plantinum enriched [lo]. Images from scanning tunnelling microscopy 
(STM) and further measurements of core level energies support this thesis [ll].  The present 
study is related to this work and presents LEED measurements of the PgTi(ll1) crystal. 

- 
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2. Materials and  methods 

2. I .  Experimental derails 

The Pt3Ti( 11 I )  crystal was gold brazed to a tantalum foil which served as a resistive heater 
[4] and was cleaned by repeated cycles of sputtering and annealing [lo]. Special attention 
was paid to the annealing temperature, 1100 K for 5 minutes, since this may affect the 
degree of surface diffusion. Cleanliness was verified with Auger electron spectroscopy. 
This procedure gave sharp circular LEED spots with low background intensity. The clean 
surface displays a p(2 x 2) pattern relative to the ( I  x 1) pattern of pure Pt(l l1) [4,10]. 

LEED I-V intensities were measured with a videocamera interfaced to a Varian LEED 
optics with a freshly coated fluorescent screen [12]. Normal incidence was verified by 
comparing I-V intensities of degenerate beams. We present in this work the averaged 
intensities of symmetrical beams after eliminating beams where the line of sight was 
obstructed by the sample holder. I-V curves were recorded for the (io), ( O f ) ,  ( f i ) ,  (lo), 
(OI), and (1 1) beams. The incident intensity as a function of beam energy was measured 
both directly as the emission current at the gun and as the sum of the intensities of all 
diffracted beams and the sample-to-ground current. The I-V curves have been corrected 
for variations in the incident current. 

The limited range of the framegrabber, 256 intensity levels, made it necessary to measure 
the intense peaks of the (1  x 1) integer beams and the much weaker fractional beams with 
different amplification and dark level settings on the videocamera. The terminology ‘integer’ 
and ‘fractional’ beams refers to a Pt(l l1) p(1 x 1) surface. A third set of measurements 
was made to normalize the digitized pixel intensities. Measurements made with varying 
incident beam angles will be presented elsewhere [ 131. 

2.2. Calculations 

Pt,Ti(lI I )  constitutes a complicated scattering system with a likely surface segregation on 
top of an ordered bulk alloy. The bulk unit cell contains three Pt atoms and one Ti atom and 
all bulk (1 11) planes have stoichiomehic composition. However complicated, this structure 
can still be treated readily by a recently developed perturbative approach [14.15], based 
on the tensor LEED (TLEED) theory [16,17], and a numerical search algorithm. This new 
technique employs an automatic directed search optimization procedure which significantly 
reduces the computer time required for an entire structure determination, compared to 
traditional methods. It allows many structural parameters to be found simultaneously and 
highly asymmetric systems to be solved easily. The program contains subroutines based 
on the renormalized forward scattering method for stacking layers and the combined space 
method for forming composite layers [18-201. The calculation startS from a reference 
structure, for instance the unrelaxed surface structure, for which the LEED wavefunction and 
the reflected I-V spectra are calculated exactly. Subsequently related trial surface structures, 
relaxed versions of the reference structure, are generated by distorting the reference surface, 
i.e. displacing some of the atoms away from their position in the reference structure. The 
trial structures are compared with experiment and the structural parameters optimized. Once 
the best-fit surface structure is found, one can refine it by repeating the search using the best- 
fit geometry as a new reference structure. The agreement between measured and calculated 
intensity curves is measured by R-factors, which are also used to direct the automatic 
optimization search [20]. In this work, the geometries of surface layers are optimized by 
minimizing the Pendry R-factor Rp [20,211. The lower Rp, the better the structural model 
used. The Rz-factor was also used for comparison [20,22]. 
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The muffin-tin model was used for the phase-shift calculations. Atomic wavefunctions 
of isolated atoms were computed using fully relativistic calculations, and were used to 
obtain the muffin-tin pote?tial of Pt3Ti [23]. The muffin-tin radius of non-touching platinum 
spheres was set to 1.01 A while that of titanium was chosen to make the potential equal 
on the Pt and Ti muffin-tin spheres [241. Increasing the value of the muffin-tin radius 
of platinum slightly worsens the R-factor, but this does not modify the best-fit structure 
significantly [24]. The influence of the ‘atom radius’ was also addressed in recent band 
structure calculations [ 111. Phase shifts were generated by solving the Dirac equation and 
subsequently averaging over the two values of the spin. Calculations were performed by 
using eight phase shifts. The effect of lattice thermal vibrations was taken into account 
through standard temperature corrections to the phase shifts [19]. The Debye temperature 
of platinum was set to 300 K, that of titanium to 600 K and no attempt was made to fit 
these temperatures. In the course of calculation, the complex inner potential was initially 
chosen as VO = -(lO+Si)eV, but the real part was subsequently optimized in the R-factor 
analysis. 

3. Results 

3.1. The srructural models used in  the calcularion 

The bulk Pt3Ti has the C U ~ A U  structure. Therefore, an ideal (111) surface of this crystal 
should have a layer stacking designated as ABCABC. , , and all layers should be identical 
with three Pt atoms and one Ti atom per unit cell; the Ti atoms reside on a (2 x2) superlattice. 
The experimentally observed LEED pattern shown in figure 1 indicates that the surface has 
the two-dimensional periodicity related to the bulk structure. 

0 

l$%l 
0 0 .  . . . .  

0 . 0 . 0,10) 
100) . . . .  

0 0 0 . 0  
Figure 1. Schematic representation of the LEED pattern 
from the clean PtsTi(l11) surface. The open circles 
correspond to the integer-order beams, while the filled 

0 circles represen1 some of the fractional-order beams. 

Our previous study by x-ray photoelectron spectroscopy (XPS) and ion scattering 
spectroscopy (Iss) indicated that the clean surface of Pt3Ti( I 1  1) has a reconstructed structure 
where the first atomic layer is quasi-pure platinum [IO]. Since the bulk termination structure 
of this crystal surface was proposed before [4], we started the calculation with bulk-like 
structures followed by Pt-enriched surface structures. Overall the following seven models 
were investigated: 

(a) simple termination of the bulk lattice; denoted as ‘bulk’; 
(b) termination of the bulk lattice with the top layer in a HCP-type layer stacking, i.e. 

(c) termination of the bulk lattice with broken symmetry in the top layer, i.e. the position 
CBCABC.. . instead of ABCABC., . ; denoted as ‘bulk HCP’; 

of the Ti atom is exchanged with that of one of the R atoms; denoted as ‘bulk 6s’; 
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(d) two Pt atoms and two Ti atoms per unit cell in the top layer, i.e. one of the three Pt 

(e) one pure Pt layer on top of the bulk lattice; denoted as ‘1 Pt‘; 
(9 one pure Pt layer as topmost layer, and two Pt atoms and two Ti atoms per unit cell 

(g) two pure Pt layers on top of the bulk lattice; denoted as ‘2 Pt’. 

atoms in the unit cell is replaced by a Ti atom; denoted as ’0.5 Pt’; 

as second outermost layer; denoted as ‘1 Pt+0.5 Pt’; 

In these models, the surfaces of (a), (b), (e) and (g) preserve the symmetry of the simply 
terminated bulk structure (threefold rotation axis and three mirror planes), while the surfaces 
of (c), (d) and (f) break this symmetry. 

3.2. The comparison of different models 

The relative intensities among beams are significant in the determination of the surface 
structure. It turns out that at normal incidence the experimental intensities of the ‘integer’ 
beams are approximately ten times stronger than those of the ‘fractional’ beams. This is in 
contradiction with what is computed for models (a), (b), (c) and (d) where the calculated 
intensities of ‘integer’ beams are of the same order of magnitude as those of ‘fractional’ 
beams. The calculated intensities of the ‘integer’ beams are too strong relative to the 
‘fractional’ beams for model (g) with an intensity ratio of about 40. A ratio of about 10 is 
calculated for models (e) and (9. 

The above comparison of intensities among beams is sufficient to eliminate the 
possibility of the bulk termination structure (a) and the other four models @), (c), (d) 
and (g). The R-factor analysis, which is insensitive to the overall intensity scale of each 
beam, also favours this conclusion. Table 1 shows the average Rp- and Rz-factors over 
the whole set of I-V curves for all the models considered. Notice that the best fit for the 
relaxed structures is obtained by exploring trial structures having the same symmetry of 
the corresponding reference structures (except for model (e), as explained later), and hence 
the number of fitting structural parameters is different for models with different symmetry. 
It is clear that the Rp-factors corresponding to the five models (a), (b), (c), (d), (8) are 
relatively high. Figure 2 shows the comparison of calculated and measured I-V spectra 
and relevant Rp-values for selected beams in different models tested. These comparisons 
are representative of results obtained for other beams at normal incidence. 

Table 1. The average Rp- and R2-factors over the whole set of I-V curves for all the models 
considered, before and aRer relaxation. 

Models Rp, umlaxed Rp, relaxed 

Bulk 0.71 0.58 
BUk HCQ 0.81 0.69 
Bulk BS 0.61 0.38 
0.5 Fi 0.78 0.44 
1R 0.58 0.20 
1 R+OS Fi 0.59 0.24 
2Fi 0.54 0.41 

Rz,  unrelaxed Rz, relaxed 

0.49 0.26 
0.50 0.29 
0.44 0.19 
0.52 0.18 
0.56 0.15 
0.55 0.16 
0.53 0.30 

The computed intensities for the remaining two models (e) and (f) are consistent with 
the experimentally observed relative intensities of ‘integer’ and ‘fractional’ beams and these 
two models also give low R-factor values: Rp = 0.24 for (e) and Rp = 0.22 for (0 when the 
symmetry of the trial structures is restricted to that of the corresponding reference structure. 
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Figure 2. Comparison of calculated (full curve) 
and measured (broken curve) intensity soectra at . .  
normal incidence for three selected beams; (a) (10): 
(b) (it); and (c) (011, in different models. The 
individual Rp-factors for model (e) are 0.16 for 
beam (IO), 0.15 for (fi), and 0.34 for (01). 
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This small difference in Rp can be attributed however to the difference in the number of 
fitting parameters for these two structures due to their different symmetries (the symmetry 
is p3ml for (e) and pm for (0). Indeed, when using the same number of fitting parameters, 
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that is when the symmetry p3ml of model (e) is relaxed to pm, Rp for model (e) was 
reduced from 0.24 to 0.22. In order to distinguish between models (e) and ( f )  we refined 
the search further by using the two best-fit geometries as new reference structures and by 
allowing both models to have the same number of fitting parameters. This decreases R p  

from 0.22 to 0.20 for model (e) but increases Rp from 0.22 to 0.24 for model (0. This 
points to model (e) as the correct one, but we should stress that given the very close R-factor 
values of the two models it is not possible to exclude model (f) conclusively. Model (e) 
makes the Pt3Ti( I 11) surface Pt enriched, with one pure Pt layer on top of the bulk lattice. 

3.3. Best-JTt structure 

So far, we have established that one pure Pt layer atop the bulk lattice structure gives the 
best agreement with experiment. Figure 3 shows that the top layer of this structure has two 
types of Pt atoms, corresponding to the different neighbours in the second atomic layer. 
One Pt atom per unit cell in the top layer contacts three Pt atoms of the second layer, and 
three Pt atoms per unit cell in the top layer contact two Pt atoms and one Ti atom of the 
second layer. This difference allows buckling and lateral displacements in several layers: 
we have fitted these quantities in the top two layers. 

d a = 2 . 2 1 1 0 . 0 3 A  

Figure 3. Schematic top view of best.fit sUUctumI 
model for the F'l,li(l11) surface. showing the lop two 
iayen only. Ti atoms are hatched. 

F i y r c  4. Schematic side view of best-fit structural 
model for l h e  PI3Ti(I11) surface, with the surface a1 
the top of figure. TI atoms are hatched. 

The refinement of this structure leads to the following structural parameters (figure 4): 
the buckling in the top layer is bl = 0.04 .k with the plane of the first type of Pt atoms (one 
per unit cell) displaced upwards and the plane of the second type of Pt atoms (three per unit 
cell) displaced downwards. The buckling in the second layer is bz = 0.15 .k with the plane 
of Ti atoms moved upwards and the plane of Pt atoms moved downwards. The bucklings 
in these two layers induce contractions of both the first interlayer and the second interlayer 
spacing by 0.02 A and 0.04 A, or 0.9% and 1.8% with respect to the bulk value of 2.25 A, 
where the interlayer spacings are measured between average planes of the buckled layers, 
giving Pt and Ti atoms equal weights. There are also very small and probably insignificant, 
considering the respective error bars, lateral displacements of atoms in these two layers. 
In the top layer, the first type of Pt atoms (one per unit cell) have no lateral movements 
because of symmetry while the second type of Pt atoms (three per unit cell) move radially 
toward the Ti atoms of the second layer by 0.01 kO.05 A. In the second layer the Pt atoms 
move laterally toward the Ti atoms of the third layer by 0.02 f 0.10 A. 

The error bars for the structural parameters in figure 4, derived using Pendry's statistical 
estimate, are about *0.03 A for the interlayer spacings, +0.05 A for the buckling in 
the top layer and *0.04 A for the buckling in  the second layer. The optimized atomic 
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Table 2. Optimized atomic coordinates (A) of the best-fit structural model for PtiTi( I 1  I )  
obtained by preserving the full symmetry p3m I (x: perpendicular; y ,  z: parallel to the surface). 
The third-layer coordinates were not Rued but are reported here with the bulk repeat vector to 
give complete information about the structunl model. The coordinates of the nth layer (for 
n > 3) are obtained by translating those of the (n - 1)th layer by the bulk repeat vector. 

Layer x Y z Atom Layer x Y z Atom 

1st 0.034 2.758 -1.592 Pt 3rd 4.503 2.758 1.592 Ti 
0.077 0.000 -1.585 Pt 4.503 1.379 -0.796 Pt 
0.077 1.373 0,793 Pt 4.503 -1.379 -0.796 R 
0.077 -1.373 0,793 Pt 4.503 0.000 1.592 R 

2.334 2.758 0.016 F7 values 
2.334 1.392 2.381 R 
2.334 -1.392 2.381 R 

2nd 2.180 0,000 0.000 Ti Bulk repeat 2.252 0.000 -3.184 

Table 3. Optimized atomic coordinates (A) of the best-fit structural model for R3Ti(lI1) 
corresponding to complete relaxation of the symmetry (x: perpendicular; y. z: parallel to the 
surface). See caption of table 2 for thud layer and bulk repeat vector. Error bars on the 
individual vertical.mordinates of atoms in the fint layer and of the Ti atom in the second layer 
are about rtO.05 A. on the vertical coordinates of the remaining atoms in the s:cond layer are 
about JIO.10 A. Error bar on each individual lateral coordinate is about +0.15 A. 

Layer x Y z Atom Layer X Y z Atom 

1st 0.037 2.921 -1.509 R 3rd 4.503 2.758 1.592 Ti 
0.038 0.123 -1.661 R 4.503 1.379 -0.796 R 
0.088 1.338 0.757 Pt 4.503 -1.379 -0.796 Pt 
0.061 -1.371 0.821 Pt 4,503 0.000 1.592 Pt 

2.352 2.614 0.093 R values 
2.307 1.299 2.441 Pt 
2.301 -1.527 2.410 R 

2nd 2.190 -0.060 -0.140 T i  Bulk repeat 2.252 0.000 -3.184 

coordinates corresponding to symmetry conserving displacements are listed in table 2 while 
those corresponding to a complete relaxation of the symmefg are listed in table 3. 

Figure 5 presents the intensity curves for the above best-fit model and table 4 displays 
the R-factors corresponding to the different degrees of relaxation allowed in the fitting 
procedure for this model (the numbers in this table and table I are not directly comparable 
because some of them are obtained by using different reference structures). It is found that 
the perpendicular displacements of atoms in the two topmost layers reduce the Rp-factor 
significantly, but the perpendicular displacements of the atoms in the third layer and the 
lateral displacements of the atoms do not improve the Rp-value markedly. 

4. Discussion 

An analysis of LEED intensity profiles leads to the conclusion that the top atomic layer 
of the Pt3Ti(l11) surface is pure platinum. This is in full agreement with our previous 
findings by XPS, Iss, and CO adsorption measurements [IO]. We acknowledge the difficulty 
in establishing the stoichiometry of subsequent layers, due to the strong scattering of the 
topmost Pt layer, but no structure gives a better agreement with experimental data than the 
bulk 3:l ratio between Pt and Ti. Spencer proposed, on the basis of the broken-bond model, 
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0 100 200 300 Figure 5. The intensity spectm for the best-fit 
structural model. Full and broken C U N ~ S  represent 
theoretical and experiments1 curyes mspectivcly. Energy (ev) 

Table 4. R-facton corresponding to the different degrees of relaxation allowed in the fitting 
procedure for the best-fit structural model. The n u m m  in parentheses are the number of 
structural parameters being fined. 

Demee of relaxation 

No relaxation 
Perpendicular for top layer 
Perpendicular for top two layers 
Perpendicular for top three layen 
Perpendicular and lateral for top two layen 
Perpendicular and lateral for top two layen 
Perpendicular and lateral for top two layers 

RP 
0.58 
0.40 
0.25 
0.25 
0.25 
0.20 
0.19 

- 

that the two factors controlling the thermodynamics of segregation in alloys are the main  
energy and the surface free energy [Z]. The strain energy originates from the mismatch of 
the sizes of the atoms, and the surface free energy comes from the bonding between atoms. 
For the PtsTi alloy, the size of the Ti atom is smaller than the size of the Pt atom so that the 
strain energy does not favour the segregation of Ti atoms [26]. Moreover, there are no Ti-Ti 
bonds, and all titanium atoms are coordinated to 12 platinum atoms as nearest neighbours 
while the platinum atoms are coordinated to eight platinum atoms and four titanium atoms 
as nearest neighbours. Since the free energy of the Pt-Ti bond is larger than that of the 
Pt-Pt bond [25,27], the surface free energy will also not allow Ti atoms to occupy the 
surface. Indeed, calculations using thermodynamic data also suggested the segregation of 
platinum on the Pt3Ti(l11) surface [25]. 

Physically, the primary mechanism of surface segregation is the diffusion of one 
component in an alloy from the bulk. The driving force for the segregation is the difference 
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in the chemical potentials between the surface and the bulk for this alloy [28]. When 
equilibrium is achieved, the minimization of the total free energy at a given temperature 
may result in some surface segregation to obtain thermodynamic equilibrium. The amount 
of segregation will depend on the equilibrium temperature of the bulk alloy. 

5. Conclusions 

The present work reports the structure of the clean Pt,Ti(lll) surface as determined by 
LEED analysis. It reveals that the top layer is pure platinum and that other layers have the 
bulk Pt:Ti ratio 3:l. There is small contraction of 0.02 8, f 0.03 8, for the first interlayer 
spacing and 0.04 Ak0.03 A for the second interlayer spacing. It is also found that there is 
a small buckling in the top layer 0.04 A & 0.05 and larger buckling in the second layer 
0.15 8, k 0.04 A. Atoms in the third layer have the bulk positions and the third interlayer 
spacing has the bulk value. 
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