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First-principles study of the adsorption of sulfur on Pt(111):
S core-level shifts and the nature of the Pt-S bond
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The adsorption of a sulfur atom and a sulfur molecule on th&lBt surface is investigated through the
first-principles full-potential linearized augmented plane-w&veAPW) and pseudopotential calculations.
Different sulfur coverage.25, 0.33, and 1 MLand several adsorption geometries are considered. It is found
that, for atomic sulfur, the S-Pt bond is weakened with the increase of sulfur coverage and the most stable
adsorption site changes from fcc-hollow site to atop site. Thg 8&e levels shift to higher binding energy
with the increase of S coverage. The Ptabre levels are stabilized upon interaction with the S adsorbate, and
yet the Pt to S charge transfer is not substantial in many cases. S adsorption induces significant decreases in the
density of Pt B states near the Fermi energy. For the case,ad3orption, the S-S bond length is 2.1 A with
one atom near an atop position and the other on a mixed bridge-hollow site. The adsorption energy is close to

44 kcal/mol.
DOI: 10.1103/PhysRevB.65.155409 PACS nunifer68.43—-h, 82.65:+r
[. INTRODUCTION that are 0.8—1.0 eV different. Such large core-level shifts, if

they come from initial state effectswould suggest impor-

Platinum is widely used as a catalyst in the chemical andant changes in the nature of the Pt-S bond as a function of
petrochemical industries due to its peculiar propertrelts  sulfur coverage. While the first-principles pseudopotential
catalytic lifetime, however, is limited by many factors: chief results in Ref. 7 helped the interpretation of experimental
among them is sulfur poisonir}g‘_6 Millions of dollars are data, the core-level shifts were not available. Photoemission
lost every year in industrial applications as a consequence gPectra for the adsorption of sulfur on(¥00 (Ref. 10,
the negative effects of sulfur poisoning on the activity and/ofR(11D) (Ref. 11, and Pd11]) (Ref. 19 also exhibit big
selectivity of Pt catalysts*3At the present stage the mecha- €1anges in the SZpositions with coverage. Again, the phe-
nism responsible for sulfur poisoning is not fully nomenon 1S poorly_ “”‘?'efsﬁ?d&* In general terms, it is .
understood® The reduction in activity or selectivity in- important to establish if initial-state effects can cause this

duced by sulfur could result from modifications in the mor- type of core-level shifts for adsorbed sulfur.

holoav of the catalvst. steric blocking of reaction pathwavs In this study, the all-electron full-potential linearized aug-
P 9y . yst, . 9 P YSmented plane-wavé~LAPW) method® is used to study the
and changes in the electronic properties of the active $ftes.

- inimize th i ffocts of sulf o adsorption of sulfur on a Pit11) surface. The same system is
0 minimize theé negative etiects ot sullur poisoning, Or‘einvestigated using first-principles pseudopotential

needs a fundamental understanding of the nature of the Pt;34thodd45 and a series of different exchange-correlation
bond. _ _ functionalst® 18 Following this approach, we are able to ob-
The adsorption of sulfur on Rl1) was studied by Rod-  tain general trends with theoretical methods that use different
riguez et al” using photoemission and thermal desorptionjevels of approximation. While we find that most results of
mass spectroscoy DS) as well as a first-principles pseudo- the FLAPW method agree with those obtained through
potential method. It was found that the bonding properties opseudopotential calculations, some significant deviation also
sulfur to P{111) strongly depended on the coverage of theexist, especially for the values of adsorption energies. Nev-
adsorbate. The Pt-S interactions were substantially weakenegitheless, trends in the relative stabilities of the adsorption
with the increase of sulfur coverage. For coverages of Sites and variations in the strength of the S-Pt interactions
higher than 0.4 monolay&iML), desorption of $ species with S coverage are identical in the all electron and pseudo-
was observed in TDS and the $ Zore levels substantially potential calculations. The FLAPW calculations indicate that
shifted in binding energy. This phenomenon is illustrated bythe S 2 core levels are very sensitive to changes in S cov-
the high-resolution photoemission data shown in Fig. 1. Aterage and adsorption sites. Thus, initial state effects could
small S coverag€0.15 ML), a well-defined doublet is seen play a major role in the core-level shifts of Fig. 1.
in the S 2 region arising from S atoms bonded to fcc-
hollow sites of the R111) surface’® As the coverage of II. MODELS AND COMPUTATIONAL METHODS
sulfur increases on the surface-0.3 ML), new features
appear in the S 2 spectra. The spectrum for 0.93 ML of
sulfur contains contributions from two different types of sul-  The pseudopotential calculations were carried out using
fur species & andb in Fig. 1), with S 2p3/2 binding energies thecasTer(Cambridge Serial Total Energy Packagaite of

A. Pseudopotential calculations
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FIG. 1. High-resolution S g photoemission spectra for the adsorption of 0.15 and 0.93 ML of sulfur @it The spectra were fitted
using a many-body line shag®oniach-Sunji¢ convoluted with a Gaussian function to account for instrumental resolution. Right side:
variation of the S p5,, binding energy and partial coverage of ta@andb species with total sulfur coverage.

programs-* The wave functions of valence electrons wereforce less than 0.02 eV/A, and the displacement of atoms
expanded in a basis set of plane waves with kinetic energyuring the geometry optimization less than 0.001 A. The fcc
up to a cutoff value of 25 Ry. The effect of tightly bound |attice constants obtained for bulk Pt with the PW@1992
core electrons was represented by nonlocal ultrasoft pseud@;) pgg (4.007 A), and RPBE4.005 A functionals are
potentials of the form suggested by VanderbﬁlRemproqal- very similar to those obtained in other theoretical studies
space integration over the Brillouin zone was apprOX|mateq3_97_4_02 A (Refs. 22 and 2Band the experimental value
through a careful sampling at a finite number lopoints (3.924 A (Ref. 23 Due to computational requirements, the

using the Monkhprst—Pack sqheﬁj"eUp to 81 spemalk . thickness of the resulting slab in most of the pseudopotential
points were considered for Brillouin zone sampling and in-

. . o étudies was limited to six atomic layers. The two-
tegration. In these calculations, the kinetic energy cutoff an ] mensional periodic slab was then embedded in a three-
the density of the Monkhorst-Pag&kpoint mesh were chosen : : periodi W :

well above the minimum values necessary to ensure convefimensional periodic supercell, with a vacuum of 12 A thick
gence of the computed structures and energetics. Th%eparatlng the top of the sla}b and the bottom of its periodic
exchange-correlation contribution was treated in the general™age. This large vacuum width should be more than enough
ized gradient approximatiofGGA) with three different O Pprevent interactions between neighboring slabs. The
functionals: Perdew-Wang(PW91),'%%° Perdew-Burke- CASTEP calculations predicted almost no relaxation of the
Ernzerhof(PBE),*” and a revised version of Perdew-Burke- clean Pt111) surface with respect to th11) face of bulk
Ernzerhof(RPBE).18%! Pt, in agreement with experimental investigatiérSulfur
The structural parameters of the $Rfl) system in its was adsorbed on one side of the slabp@Xx1) and S
different configurations were determined using the Broydenp(2X2) superstructures, and the geometry of the adlayer
Fletcher-Goldfarb-ShannBFGS minimization technique, and first two Pt layers was fully relaxed, while the four bot-
with the following thresholds for the converged structures:tom Pt layers were frozen at the bulk crystalline spacings in
energy change per atom less thax B0 © eV, residual order to mimic the presence of a semi-infinite crystalline
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material beneath the surface. The adsorption energy of surfu
is defined a€£,4= Epy111)T Es— Egpya11), With Egpyaiy,
Epy111), and Eg representing the total energies of the ad-
sorbed system, the clean(P1l) surface, and a free S atom, @ Surface layer //
respectively. In test studies, we investigated the adsorption o
1 ML of S on P{111) using eight- and six-layer slabs and /
obtained almost identical results. For the systematic work
reported in Sec. lll, a six-layer slab has been used owing tc
the computer time required by the calculations. Some signifi-
cant differences were found when comparing the results ob-
tained with a eight-layer slab and four- or three-layer slabs
used in previous pseudopotential calculations for the
S/P(111) system’?*

. Centered laver

. Sub-surface layer /

/
/

(V3xv3)

. FIG. 2. Schematic top view of a @fL]) surface. Ap(1X1), a
B. FLAPW calculations p(2x2), and a (/3% /3) unit cell are shown by dotted lines.

The film version of the FLAPW method used htrbas
no shape approximation for charge, potential, and wave funaggeometriegatop, bridge, hcp-hollow, and fcc-hollow adsorp-
tions in the muffin-tin, interstitial, and vacuum regions. A tion sites are considered. The equilibrium structures for the
single slab geometry is used to simulate the surfaces with amdlayers were determined using total energy minimization
infinitely extended vacuum on each side. The real space iguided by atomic forcé8 with a criterion that required the
divided into three different regions: namely, muffin-MT)  force on each atom to be less than 0.02 eV/A.
spheres around the nuclei, a vacuum region on each side of
the slab, and the remaining interstitial region. The wave Il. RESULTS AND DISCUSSION
function, charge density, and the effective single-particle po- _ _ _ _ )
tential are represented by a “natural” representation in each A- Energetic properties for different adsorption geometries
of the three spatial regions without any shape approximation We will begin by discussing the results for the all-electron
in the whole space. Compared to the pseudopotentistEP  calculations. The schematic top views of different unit cells
approach, the FLAPW approach avoids the three basic agp(1x1), p(2x2), andp(y/3X3)] on a P(111) surface
proximations: namely(1) the frozen core(2) “pseudizing”  are shown in Fig. 2. For the(/3x \/3) cell with S adatoms
the ionic potential and thereby removing the near-nucleugcoveraged= 1/3), the in-plane symmetry becomes very low.
wave function nodes, an@) approximation or neglecting of - As listed in Table I, the adsorption energies are 67.8 kcal/
the nonlinearity of the core-valence exchange correlation inmol, 100.3 kcal/mol, 109.5 kcal/mol, and 113.9 kcal/mol
teraction. In addition, relativistic effectéexcept the Spin- for the atop, bridge, th-hO“OW, and fcc-hollow, respec-
orbit coupling for the valence electronare explicitly in-  tively (1 kcal/mol = 0.0424 eV/adatoi The sequence of
voked in the LAPW bases and Hamiltonian. Thereforethe adsorption energies, i.e.E,q4(atop)<E.q(bridge)

cially when heavy element.g., Pt hergare involved. by pseudopotential calculations for tifle= 1/4 casgwith a
The GGA(in the form of PBE96 (Ref. 17 is adopted to

describe the exchange-correlation interactions. In the muffin- TABLE I. Adsorption energies and bond lengths of atomic and
tin region, spherical harmonics with a maximum angular mo-molecular sulfur on F111): FLAPW(GGA) results.

mentum of 8 are used to expand the charge, potential, and
wave functions. In the interstitial region, plane waves withAtoms dpr.s (A) E.q (kcal/mol)
energy cutoffs of 225 Ryfor the charge and potentjaghnd  p(y/3x y3)R30°, 1/3 ML atomic S

16 Ry (for the variational bas¢svere employed. Up to 37

specialk points in the irreducible two-dimensional Brillouin AP 2.25 67.8

zone are used for integrals in the reciprocal sgacgest Bridge 2.31 100.3

calculations for atop site adsorption opélx 1) surface of  h-hep 2.40 109.5

Pt(111) with morek points and larger energy cutoffs showed h-fcc 2.38 113.9

that this approach is reasonable for the convergence of strug{1x1), 1.0 ML atomic S

ture and total energy. Atop 2.32 79.7
The Pt substrate is modeled by a five-laydlPt) slab. A Bridge 2.60 64.9

sulfur atom or a sulfur molecule is placed on each side of thé-hcp 2.65 64.5

slab to retain the inversion symmetry. In this case, the adh-fcc 2.63 66.9

sorption energy of sulfur is defined déad=%(Ept(111) p(1x/3), 1.0 ML S(molecule adsorption

+2Es— Egpi111))» With Egpya11y, Epyar1y, andEsg repre- dss 2.12 79.1

senting the total energies of the adsorbed system, the clean dg 0y 2.39

Pt(111) surface, and a free S atom, respectively. Different ds pi(mix 2.92

sulfur coveragesl/3 ML and 1 ML) and different adsorption
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TABLE II. Adsorption energies and bond lengths of SX2) TABLE Ill. Adsorption energies and bond lengths of atomic and
on P{111): pseudopotential GGA) results. molecular sulfur on RP111): pseudopotentialGGA) results.
dprs (A) E.q (kcal/mol) dprs (A) E.q (kcal/mol)

. Functionals PW91 PBE RPBE PW91 PBE RPBE
Functionals PW91 PBE RPBE PW91 PBE RPBE

Atop 2.19 2.18 2.19 64.6 53.2 51.3 p(1X1), 1.0 ML atomic S
Bridge 2.25 2.25 2.25 72.3 66.8 60.5 Atop 229 228 229 57.9 526 493
h-hcp 2.28 2.29 2.29 854  80.7 75.6 Bridge 237 235 236 548 487 46.1
h-fcc 2.29 2.29 2.28 89.8 85.1 79.7  h-hcp 243 242 243 46.8 43.6 394
h-fcc 242 241 242 516 475 433
. . p(1x \/§), molecular adsorption
p(2x2) adsorption structure; see belbvirhe most stable dss 201 202 201 609 569 537

adsorption site is over the fcc-hollow site, whetg, is as
large as 113 kcal/mol and the nearest S-Pt bond length is
2.38 A. This result agrees well with a quantitative low- SPi(mix)
energy electron diffractioflLEED) measuremeritwhich in-
dicated that S adatoms prefer the fcc-hollow site dd B
at small coverage. The least favorable adsorption site is the The S/P{111) systems examined in Refs. 24 and 28 and
atop site, where the adsorption energy is only 67.8 kcal/mo@bove contain a limited amount of sulfur on the metal sur-
and the S-Pt bond length is 2.25 A. As expected, the differface. Table | shows FLAPW results for the adsorption of a
ence betweelt ,4(hcp-hollow) andE,4(fcc-hollow) is very  full layer of atomic § =1, with ap(1Xx1) superstructure
small (<4.5 kcal/mol). This indicates that the second-As the sulfur coverage raises from 1/3 to 1 ML, the adsorp-
neighbor interaction between S and Pt is weak, but not nedion energy decreases sharply by 35%-41% for the bridge
ligible. The calculated bond lengt.38 A) is about 4%-5% and two hollow sites. By contrasg,4(atop) is enhanced by
larger than the experimental value (2:28.03 A) and the about 18% when the S coverage increases. Dramatically, the
calculated binding energy113.9 kcal/mol is also signifi- atop site becomes the most favorable one among the four
cantly larger than the measured results through T@S  adsorption sites for 1.0-ML atomic S adsorption. An identical
kcal/mol).’ conclusion can be reached after analyzing the corresponding
Table Il lists the results of pseudopotential calculationsresults of pseudopotential calculations in Table Ill. TDS data
for 0.25 ML of S on Pt111), S p(2% 2) superstructure. For for S/P{111) show a substantial decrease in the S adsorption
the three exchange-correlation functionals examined th&nergy with increasing adsorbate coverage, and the photo-
trends are identical and corroborate those seen in themission results in Fig. 1 suggest that there could be a
FLAPW calculations for a $(\/§X \/§) Superstructure' In- Change in adSOI’ption Sifdn Tables I—“I, the Weakening of
dependently of the exchange—correlation functional emthe Pt-S interactions is accompanied by a large elongation
ployed, S adsorption on a fcc-hollow site appears as the moé¢P to 0.2 A of the S-Pt bond distances.
stable configuration, in agreement with the results of LEED. ~ Clearly, both the adsorption energy and bond length de-
The calculated S-Pt bond distand@s28—2.29 A are close Pend sensitively on the coverage, adsorption site, and even
to those found in LEED(2.28 A)® cluster calculations the local arrangement of adsorbates. This can be used to
(2.24-2.33 A*?"and in a three-layer slab study performed €xplain _the devia;ions t_)etween the m_easured and calcplated
also with the PBE functional but with a different pseudopo-adsorption energies, since the atomic arrangements in the
tential (2.25 A).?* For the PBE functional the predicted S €Xperiments may not be as ideal as in the theoretical models.
binding energy on a fcc-hollow sit85 kcal/mo) is bigger ~ In addition, S adatoms may form, $nolecules on RL11).”
than that measured in TDS experimefit§ kcal/mo),” but ~ Using ap(1x /3) surface unit cell as shown in Fig. 3 (
smaller than those found in the pseudopotential calculations1) with S, adsorbates, the adsorption energy for,ar®I-
of Ref. 24(105 kcal/mo) or in the FLAPW results of Table ecule is found to be 79.1 kcal/m6hcluding the S-S binding
| (113 kcal/mo). These discrepancies probably originate inenergy since the single S atom is used as the refeyefiis
the different approximations used for each set of calculationgalue is very slightly smaller than that for the atomic adsorp-
(see Sec. Il abovelf theoretical methods with similar ap- tion case(79.7 kcal/mol, indicating that both adsorption
proximations are used, pseudopotentials can give resulighases may coexist at the high-coverage regime. If one uses
similar to those of FLAPW, but this may not be necessarilya free $ molecule as the referen¢gimulated by a freestand-
the case when comparing predictions of different types oing S, lattice with a large separatigrthe molecular adsorp-
codes??> Cluster calculations with different levels of tion energy for $/Pt(111) is 44.3 kcal/mol, a value which
theory?*? give S adsorption energies that range from 80 toagrees very well with the experimental results
115 kcal/mol. In Table I, the absolute values for the S ad{~45 kcal/mol)’ The pseudopotential calculations in Table
sorption energies significantly change from one functional tdll also predict similar adsorption energies fop &nd 2S
another. In general, the RPBE functional predicts S bindingpecies on P111) at =1. This is valid for all the examined
energies that are smaller than those predicted by the PW91 exchange-correlation functionals. When comparing the all-
PBE functionals. This is consistent with trends found in the-electron and pseudopotential calculations with the PBE func-
oretical studies for other adsorbatég?! tional, the molecular adsorption energies are quite close to

dspiaop 232 229 229
246 240 241
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. Centered layer
@ Sub-surface layer

@ Surface layer
® s

S/P(111)

Valence

Intensity (arb units)

FIG. 3. Schematic top view for 1 ML of Son a P{111) surface.
A (1% /3) unit cell is shown by dotted lines.

each other: 39.1 kcal/mol from the pseudopotential approach
versus 44.3 kcal/mol from the FLAPW approch. For the S
adsorption case, one S atom locates near the atop position
(Satop) and the other on a mixed hollow-bridge site,{(J;
see Fig. 3. In the FLAPW calculation§able ), the S-S
bond length is 2.12 A, while the nearest S-Pt bond distances
are 2.39 A(atop and 2.92 A(mix), respectively. The S-S
and S-Pt bond lengths calculated with the pseudopotential
approach(Table Ill) are somewhat smaller than those from
the FLAPW method. FIG. 4. Valence photoemission spectra for cleaflBh and

The all-electron and pseudopotential calculations des/Pt111) surfaces. At the bottortdotted tracg for comparison, is
scribed above indicate that the behavior of the @/B) sys-  shown the corresponding spectrum for platinum sulfide.
tem can be very complex. Changes in the sulfur coverage can
lead to a movement of the adsorbate from one surface site 9OS at the Fermi level, especially for adsorption on the fcc-
another and the existence of S-S bonding. In the following@nd hcp-hollow sites. The least change in DOS occurs for the
sessions, we will examine how these transformations affectop site adsorption, which corresponds to the least favorable

the nature of the S-Pt bond and the core levels of sulfur. ~configuration at low S coveragesf. Tables | and i In
contrast, for thep(1xX1) geometry, the largest decrease of

the DOS atEr occurs for the atop site case, Fig. 6. At this
high coverage, the S-Pt hybridization is strong for all the
Figure 4 shows valence photoemission spectra for severahses. The S-induced decreases in the DOEgafor the
coverages of sulfur on Btll)and platinum sulfidé’ The bridge, hcp-hollow, and fcc-hollow site adsorption are very
deposition of sulfui(i.e., formation of Pt-S bondsnduces a close to each other. It is thus understandable that they have
decrease in the density of states of the Btlland near the almost the same adsorption energieg=atl (cf. Tables | and
Fermi level. This electronic perturbation was studied in dedll). As expected, the S,p band spreads over a wide energy
tail with the FLAPW method and a five-layer slab. The cal-range due to the large spatial extension of $he atomic
culated layer-projected density of staté®-DOS, obtained orbits.
from the summation of atomic DOS in each atomic layer  To elucidate more clearly, the calculated valence charge
indicates that the adsorption of S on thélR1) surface has a density differences on the vertical cross sectigassing
very minor influence on the electronic structures of the centhrough the thick solid line shown in Fig) 2Ap=p(S/Pt)
ter and even subsurface Pt layers. Therefore our five-layer p(S)—p(Pt), where p(S/Pt), p(S), and p(Pt) are the
model for the Rtl11) substrate is reasonably thick. The DOS charge densities for the adsorbed system, the freestanding S
projected on the surface Pt layer are displayed in Figs. 5 anghonolayer, and the clean Pt substldte the four adsorption
6 for the 1/3 ML and 1 ML atomic S adsorption, respectively.sites are presented in panétop, (bri), (hcp, and(fcc) of
The DOS for the S atom are shown by the dashed linesrig. 7 (for 6=1/3) and Fig. 8for #=1), respectively. Their
while the surface layer DOS for the clear{tl) surface are planar averages are also given in Figf& 6= 1/3) and Fig.
also shown in each panel by the dotted lines. The strength afo (for #=1). Significant differences can be found for the
the S-Pt hybridization(characterized by the S-induced two coverages. The S adatoms are almost not ionic at all for
change in Pt-DOBclearly determines the value &,q4 for ~ 9=1/3. In the pseudopotential calculations of Table dl,
each case. For thg(\/3X y/3) geometry, S adsorption broad- =1/4, a Mulliken population analy$ gave very small
ens the Pt 8 band and drastically lowers the value of the (<0.1%) charge separations, and the S-Pt bond is best de-

Binding Energy (¢V)

B. Electronic structure and bonding mechanisms
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FIG. 5. The DOS projected on the surface Pt la§®bO9 for
1/3 ML atomic S adsorptiorgsolid curves, accompanied by the FIG. 6. The same as in Fig. 5, but for 1 ML atomic S adsorp-
SDOS for the clean Pt11) surface(dotted curves The dashed tjon.
curves represent the DOS of the S adatom. The vertical lirie at
=0 represents the Fermi level. Calculated with the FLAPW
method.

E (eV)

In summary, the theoretical results discussed in this sec-
tion indicate that the formation of S-Pt bonds induces a sig-
scribed as covalent. Cluster calculations for small coverage’ificant reduction in the density of states of Pt near the Fermi
of S on P(111) also show a low degree of ionicity in the S-Pt level, a phenomenon that may or may not be associated with
bond?’ A very interesting situation is seen in Fig. 8 for 1 ML a charge transfer depending on the sulfur coverage and ad-
of S on Pt111), where a substantial charge accumulafion  sorption site. The drop in the density of states of Pt should
charge polarization from Pt toward$ &curs. Consequently, hinder the ability of this metal to interact with
repulsive forces among the S ions could reduce the adsorgdsorbate®?~3? leading to a decrease in its catalytic
tion energies in the high-coverage case. However, the behagctivity.®?’
ior of the system is more complex than this since, to com-
pensate for the weakening of the S-Pt bonds, S-S bonds can
be formed. Independently of this, a strong S-Pt hybridization
is always observed. From the similarity in the profi{panel As shown in Fig. 1, the line shape of the § 8pectra for
“S2” and panel “atop”) of the planar-average charge density S/P{111) surfaces depends strongly on sulfur coverage. A
difference in Fig. 10, one can find that the S-Pt interactiorsimilar trend is observed in photoemission data for sulfur on
in the molecular configuration is mainly due to the atop Sother metal surface€*?It is not clear what causes the shifts
adatom. in the S 2 core levels and, in particular, if the shifts come

For the charge contours of Figs. 7 and 8, electrons aréom initial-state effectS:"?” In general, binding-energy
depleted from the area right under the S adatom for the hcshifts in core-level photoemission can be a consequence of
hollow configuration. This suggests that the S and the undeinitial state effectdi.e., real variations in the position of the
neath Pt are repulsive to each other and thus the hcp-hollosore level produced by charge transfer, orbital rehybridiza-
adsorption is less stable than the fcc-hollow one. For all théion, volume perturbations, changes in chemical environ-
cases, the charge density around the center Pt atom remaiment, etc. and/or final-state effect$i.e., “artifacts” pro-
almost intact. duced by changes in the screening of the core)l¥oteThe

C. Initial-state core-level shifts
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(atop) (bri) (hecp) (fce)

FIG. 7. The calculated charge
density difference for the case of
1/3 ML atomic S adsorption. Con-
tours are shown in the vertical
cross section passing the thick
solid line shown in Fig. 1 and start
from £5x10° 4 e/a.u® and in-
crease successively by a factor of
10%%% Dashed lines indicate nega-
tive differences. From FLAPW
calculations.

FLAPW method is ideal for addressing this issfieThe  core-level binding energies for the two most stable configu-
method does not give the final-state contribution to the exrations (fcc-hollow for 6=1/3, atop ford=1) are almost
perimental core-level shiftea more sophisticated theoretical identical. This makes difficult an explanation of the experi-
treatment is necessary to obtain i, but it allows us to mental data in Fig. 1 without the aid of the first-principles
study core-level positions as a function of the chemical enfesults. For the adsorption of the, Snolecule @=1),
vironment(initial-state effects®* Our objective is a qualita- the splitting between the core levels of the two S atoms is
tive interpretation for the site dependence of experimentad.23 eV.
core-level shifts seen in Fig. 1. Several useful conclusions can be reached after analyzing
The energies of the core states of the adsort&2p,,, the results in Table IV and comparing them to existing(s 2
S 2p,,) and those of the surface Pt atof®$ 4f,, Pt 4f;,)  photoemission spectra for the S/Bit1) system’?’ At mod-
with respect to the corresponding Fermi level for differenterate S coverages and low temperatures, the(B/Btsys-
coverages and adsorption sites are listed in Table 1V. Clearlyem exhibits metastable states with $ Binding energies
the energies of the S, and S D3, core levels are very smaller than that seen for a stable(y/3%3)
sensitive to the environment and the binding-energy shifts isuperstructuré?’ According to Tables | and IV, these meta-
Fig. 1 probably reflect initial-state effects. Fé+1/3, the S  stable states probably correspond to S atoms bonded to atop
adatoms on the hcp-hollow sites have the highesp$,2nd  or bridge sites. Under these conditions there is a direct rela-
S 2pg3p, binding energies, while they are reduced by 1.15 eMVtionship between the strength of the S-Pt bond and the posi-
for the atop configuration. Fo§=1, the variation in the S tion of the S 2 core levels. The S core-level shifts sim-
core-level binding energy is less pronounced. The maximunply reflect variations in the electron distribution around S in
difference(0.31 e\} occurs between the hcp-hollow and the each site and not necessarily a Pt to S charge transfer. For
atop configurations. large coverages of S, two processes occur that can modify
In addition, we found that the Sp@2core-level energies are the position of the S core levels by initial-state effects:
enhanced with an increase of S coverage. Dramatically, thehanges in the relative stability of the adsorption site and the

(atop) (bri) (hep) (fec)

~

- i,
S\t
e

FIG. 8. The same as in Fig. 7,
but for the case of 1 ML atomic S
adsorption.

) @%ﬂﬁi\x
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FIG. 9. The planar average charge density difference for thé]'hcIO
case of 1/3 ML atomic S adsorption on the plane perpendicular wd-fee
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TABLE IV. Core levels of adsorbed S and surface Pi. &td
Pt, represent two kinds of nonequivalent Pt atoms on g3
x/3) R30° surface with Rtbeing the nearest neighbor of the
adsorbed S atom.

Atoms Sulfur Surf-Pt
S 2p12 S 2p3p, Pt 4fg), Pt 47
cln P{111) —68.25 —64.79
p(y/3x \/3)R30°, 1/3 ML atomic S
Atop 151.39 -150.13  Rt-69.05  -65.59
P: -68.16  -64.70
Bridge -152.22 -150.96 Pt-68.74 -65.28
Pt -68.28  -64.82
h-hcp -152.54 -151.27 -68.71 -65.25
h-fcc -152.46 -151.19 -68.67 -65.20
p(1%x1), 1.0 ML atomic S
Atop -152.46 -151.20 -69.09 -65.63
Bridge -152.65 -151.39 -68.86 -65.40
-152.77 -151.51 -68.90 -65.44
-152.75 -151.48 -68.88 -65.42

the surface normal, which shows the change in charge distributioR(1X V3), 1.0 ML S(molecule adsorption
along the surface normal caused by the adsorption of S. Calculated Atop -152.63 -151.36 -68.78 -65.32

with the FLAPW method.

Mix -152.40 -151.14 -68.46 -65.00

existence of S-S bonds. The behavior seen in Fig. 1 for the 8ls. This is the trend observed in photoemission experiments

2ps, binding energies of the speci@sprobably reflects a
change in the adsorption site of atomic S (hoHewridge or
atop. In Table 1V, if one compares the S2osition for the
most stable configuration in the(\/3X \3) superstructure
(i.e., hollow-fcc site and for the adsorbed,$nolecule, there
is an effective increase in the stability of the § 2ore lev-

0.004
0.000
-0.004

0.004
0.000
-0.004

0.004
0.000
-0.004

Difference of PLANAYV

0.004 |-
0.000
-0.004

0.004 |
0.000
-0.004

FIG. 10. The same as in Fig. 9, but for the case of 1 ML of

atomic S or molecular adsorption.

for sulfur on P€111),”?" Rh(111),** Pd111),*? and Au111),*’

when S appears on the surface. In qualitative terms, the
FLAPW calculations indicate that the measured [Sshifts

reflect changes in the initial state, although final-state effects
can also contribute to them. It is difficult to offer a quantita-
tive interpretation of the S |2 spectra in Fig. 1 at high S
coverages, because for these coverages the surface contains a
disordered mixture of sulfur species and not the well-
defined superstructures of Table IV.

In Table 1V, the core leveldPt 4f;,, Pt 4f;,) of the
surface Pt atom nearest to the S adatom are found to shift
down by 0.42-0.8 eV fow=1/3 and by 0.63—0.84 eV for
0=1 compared to those on the(Ptl) clean surface. For the
adsorption of the smolecule @=1), the Pt 4 core levels
are stabilized by 0.53 e\0.23 e\j for the one near to the
atop(mixed hollow-bridge S adatom. The most pronounced
energy shift occurs for the atop configuration either for lower
(0=1/3) or higher §=1) coverage. For the low coverage,
the core levels of the surface Pt atoms that are not near the S
adatom (Pt in our notation are perturbed very slightly: de-
stabilized by 0.09 eMatop configurationor stabilized by
0.03 eV(bridge configuratiop indicating that the S-Pt inter-
action is quite localized. It is interesting that forpg+/3
% \/3) superstructure the Pt to S charge transfer is minimal
(see abovg but yet there are substantial shifts in the Pt 4
levels. In experiments of core-level photoemission, the sulfi-
dation of Pt induces positive binding-energy shifts in the Pt
4f levels®® which according to our results probably originate
in initial-state effects.

IV. SUMMARY

The adsorption of a sulfur atom and a sulfur molecule on
the P{111) surface was investigated using the first-principles

155409-8
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FLAPW and pseudopotential calculations. Different sulfursubstantial shift in the Pt fdlevels, and(vi) S adsorption
coveragg1/4, 1/3, and 1 Ml and several adsorption geom- induces significant decreases in the density of ®tstates
etries were considered. It was found that, for atomic sulfurpear the Fermi energy. For the case of adsorption of the S
(i) the S-Pt bond is weakened with the increase of sulfumolecule, the S-S bond length is 2.1 A with one atom near
coverage(ii) the most stable adsorption site changes froman atop position and the other on a mixed hollow-bridge site.
the fcc-hollow site to the atop sitéiji) the energies of the S The adsorption energy is close to 44 kcal/mol.

2pyp and S 25, core levels are very sensitive to the chemi-
cal environment and shift to higher binding energy with the
increase of S coveragéiy) compared to the Pt1l) clean
surface, the Pt &, and Pt 4, core levels are stabilized in Work supported by the U.S. DO&rant Nos. DE-FGO03-
energy upon S adsorptiofy) at small sulfur coverages the 99ER14948 and DE-AC02-98CH1088&nd by computing
net charge transfer from Pt to S is minimal, but there is @ime grants from the NERSC.
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