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Dynamical LEED study of Pt(111)-(v3 xv3)R30°-Xe
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Low-energy electron diffractiofLEED) studies of RtL11)-(v3Xv3)R30°-Xe at 80 K and 110 K indicate
that the Xe adsorption site is on top of the Pt atoms with a Xe-Pt distance of 3.4 A. The substrate structure is
essentially unrelaxed with respect to the bulk. These results contrast with an earlier spin-polarized LEED study
which indicated that hollow sites are occupied in this structure. The low-coordination-site geometry for Xe is
discussed in the context of earlier studies of Xe adsorpfi®0163-1829)03939-9

INTRODUCTION tially in hollow sites, with equal occupations of fcc and hcp
sites, which together form a honeycomb array of sites. This
The adsorption site of Xe on @t11) has been a point of result therefore disagrees with the He-atom scattering studies
study and conjecture since the extraordinary proposal wadiscussed above. Since SPLEED determines the actual ad-
made in 1990 that Xe might occupy the low-coordination topsorption site rather than the symmetry of adsorption sites and
sites instead of the high-coordination hollow sitéghis pro- ~ does not require a model of the potential energy surface for
posal was based on the analysis of He-atom diffraction dat#s interpretation, it is the more direct approach to determin-
from the low-temperatureT(<60 K) uniaxially compressed ing the adsorption site. However, the Xe-Pt interlayer dis-
phase of Xe on R111).23 The diffraction intensities from tance determined from the SPLEED study was+021 A,
this incommensurate domain-wall structure were shown tavhich is exceedingly long compared to the corresponding
be consistent with a triangular array of adsorption sites, suchard-sphere interlayer spacing for hollow-site adsorption of
as would be found for an array of top sites as shown in F|g32 A (see Table)l Nevertheless, this hollow-site result was
1(a). The array produced by the hollow sites has a honeybolstered by a similar SPLEED study of the same structure
comb symmetry, as shown in Fig(d), which was deemedto Of Xe on Pd111), which also indicated hollow-site
be inconsistent with the He diffraction results. It was pointedadsorptior?. Interestingly, however, a SPLEED study of the
out that if the adsorption energies for Xe in the hcp hollowlower-coverage disordered phase of Xe ort1Rd) indicated
and the fcc hollow sites are significantly different, then Xetop-site occupation of the Xe atorfighis result was deemed
might occupy just one type of hollow site, also leading to ato be consistent with the cluster calculation for X€1Rt),
triangular array:* However, little if any adsorption energy Which most closely resembled a low coverage of Xe. Thus,
difference was expected for the two types of hollow sitesthe picture which emerged from these SPLEED studies is
and therefore top-site occupation by Xe atoms was propose#lat Xe prefers the top sites at low coverages, but hollow
This rather Shocking prop05a| was Supported by a densit}ﬁites at higher coverages. The mechanism for this change in
functional theory calculation for Xe adsorbed on a Ptsite preference was proposed to be the Xe depolarization and
cluster® This calculation indicated that the top site was pre-the concomitant weakening of the Xe-Pt chemical bond
ferred over the hollow sites by about 30 meV. This calcula-which occurs at higher coverages due to the increased Xe-Xe
tion cannot be considered to be complete since the van dépteractions.
Waals interaction was not included. However, its interpreta- More recently, however, Xe has been determined by low-
tion suggested that a top-site preference might arise from @nergy electron diffractiofLEED) studies to occupy top
hybridization of the Xe  states with the unoccupiedd5 —Sites in the {3Xv3)R30° structure on other metal surfaces,
states near the Fermi level in the Pt surfadelditional sup- namely RG000) (Ref. 9 and Cu111)."° These results do
port for the top-site geometry was provided by a recent studyiot fit the picture described above, unless the Xe atoms are
of the phonons of the commensurate/3&v3)R30° @) ()

structure® In that study, a comparison of the magnitude of

the ener ap for the in-plane Xe vibrations at the zone L o)
e " (CXaiafe)

WAYA'AY

center to model calculations strongly suggested that the ex-
perimental data were consistent with the top-site mbdel. aV.NaV.Vs)
While the indirect evidence of top-site preference of Xe eVA'AVA'AVAa
on P{111) has been mounting, a direct measurement of the AV‘V‘
site would be more convincing. Such a measurement was
made using spin-polarized low-energy electron diffraction
(SPLEED to study the commensurate3x v3)R30° struc- FIG. 1. fcq111) surface showing the arrays of adsorption sites if
ture in 1995’ The result indicated that Xe adsorbs preferen-(a) the top site is preferred ar(@) if hollow sites are preferred.
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TABLE |. Gas-substrate sites and interlayer spacifig\) determined for Xe on various metal surfaces.
The “hard-sphere” model predictions are calculated using nearest-neighbor spacings found in spigs.
the monolayer adsorption energy in méRefs. 20 and 211 Italics indicate earlier results that we now believe
are inaccurate.

Gas-substrate Hard-sphere

System Site interlayer spacinginterlayer spacing q
Cu(111)-(v3XV3)R30°-Xe (Ref. 10  top 3.60:0.08 3.47 20QRefs. 20, 212
Ru(000D-(v3XVv3)R30°-Xe (Ref. 9  top 3.54x0.06 3.54 23(QRef. 22
Pt(111)-(v3Xv3)R30°-Xe (Ref. 7 hcp/fcc 4.2+0.1 3.20 320Ref. 20
Pt(111)-(v3Xv3)R30°-Xe top 3401 3.58 320Ref. 20
Pd(111)-3Xv3)R30°-Xe (Ref. § hcp/fcc 3.5+0.1 3.20 330Ref. 23
Pd(111)-(v3Xxv3)R30°-Xe (Ref. 15  top b 3.56 330(Ref. 23
Pd111)-disordered-XgRef. 8 top 4.0:0.1 3.56 360 (Ref. 23

8 stimated value based on values published for similar surfaces.
bAnalysis incomplete.
“Initial adsorption energy.

more strongly polarized on Ru and Cu than on Pt and Pd. Irkv3)R30° structure as seen by sharp superlattice spots. To
fact, the heats of adsorption for Xe are smaller for Cu and Rustabilize this structure at 110 K, it was necessary to maintain
(see Table)lsuggesting a smaller polarization in these casesa partial pressure of 210"’ mbar of Xe.

The weakest possible adsorption bonds are ones with no hy- A LEED pattern from the R111)-(v3Xv3)R30°-Xe
bridization, and with no hybridization the hollow sites will structure is shown in Fig. 2. To analyze the LEED intensity
surely be preferred. Therefore it seems paradoxical that idata, the initial searches through different adsorption sites
the cases we know of, the most strongly bound Xe atomsvere done using the Barbieri—Van Hove symmetrized auto-
appear to be in the hollow sites and the most weakly bounehated tensor LEEDSATLEED) package? The phase shifts

ones are in top sites. were calculated with the Barbieri—-Van Hove phase-shift
progrant? using muffin-tin radii equal to the touching radius
EXPERIMENTAL AND CALCULATIONAL PROCEDURES of the atoms. We tested adsorption in top, fcc, and hcp hol-

low sites and a mixture of the two different hollow sites.
In order to obtain more information to help to resolve thisThegretical and experimenta(E) spectra were compared

conundrum, we undertook a LEED study of the3( ysing the PendrR factor®® Figures 3a) and 3b) show the
XV3)R30° structure of Xe on Rt11). The experiments experimental and best-fit calculated spectra for the 80 and
were performed at 80 K and 110 K using a low-current video110 K datasets, respectively. Table Il summarizes the opti-
LEED system described in detalil elsewhétdhe Pt11)  mum PendnR factors Rp) for the different structural mod-
crystal was cleaned by successive cycles of Ain bom-  gs tested in our analysiR;, is the optimum PendriR factor
bardment and annealing at 700 °C until no impurities couldkor the fractional-order beams only. From these results we
be observed in the Auger-electron spectrum. Xe was adcan rule out other models in favor of the on-top adsorption.
sorbed at a temperature of 100 K by backfilling the chambefrg see what these factors mean in terms of agreement, Fig.
with Xe. The adsorbed Xe formed a well-ordered3( 4 compares a fractional-order experimental curves to the cal-

culated curves for the top-site model and for the mixed-

TABLE Il. Optimum PendryR factors for different structural
models tested with SATLEEDRef. 12, for the two datasetsRp is
the overallR factor for each geometry arg, is the bestR factor
for the fractional-order beams only.

T=80K Rp Ry
hcp hollows 0.52 0.72
fcc hollows 0.58 0.85
top 0.34 0.39
60% hcpt40% fcc 0.48 0.70
T=110K Rp Ry
hcp hollows 0.46 0.70
fcc hollows 0.47 0.72
FIG. 2. LEED pattern from Xe on Pt1l) at T=110K, p=2 top 0.30 0.41
X 10" mbar, andE=290 eV. The inner ring of spots corresponds 60% hcpt40% fcc 0.41 0.62

to first-order overlayer diffraction of the/8 Xv3)R30° structure.
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FIG. 3. Best-fit theoretical and experimentéE) spectra for top-site adsorption of Xe on Pt for (a) 80 K and(b) 110 K. The solid
curves are from the experiment and the dashed curves are calculated.

hollow-site model. While peaks at some energies are preseie-Pt distance if the vibration amplitude parameters were
in both calculated spectra, there are considerably more fed&ept small in the calculation; however, the overall level of
tures in the calculated top-site spectra that match the experagreement was much better for the larger amplitudes. The
mental spectra. result of this insensitivity taly..p;is that the precision of this

The refinement of the top-site structure, including vibra-parameter is quite poor in this structural analysis; neverthe-
tions, was carried out using the LEED package of Van Hovdess, the sensitivity to the other structural parameters is not
and Tong!* In these calculations, 11 phase shifts were usedo much affected. Figure 5 shows the variation in the Pendry
in the scattering from Pt and 21 in the scattering from Xe.R factor with the Xe-Pt distance after other parameters had
The imaginary part of the inner potential was taken to bebeen optimized for each dataset. These curves show oscilla-
proportional to the cubic root of the electron energy, beingtions in theR factors, which are expected since they reflect
—4.6 eV at an electron energy of 90 eV. The real part of thehe constructive and destructive interference conditions
inner potential was varied in tHe-factor analysis in steps of

0.2 eV and the final value was 7.5 eV for the 110 K dataset N T
and 5.3 eV for the 80 K dataset. A Debye temperature of 200 . \ !
K was used for the first Pt layer and 280 K for the other orore N\ hep + f
layers. The Xe vibrations were allowed to be anisotropic Lo AN cco/
using a method described elsewh&eThe total energy ' ; . 1 60%:40%
ranges of nine symmetrically inequivalent beams in the ex- -%‘ : o (R.=0.71)
perimental spectra was about 1900 eV for the 110 K dataset § \ :
and 3400 eV for the 80 K dataset. = E ] I | top-site
D ! » (R=0.42)
RESULTS AND DISCUSSION o[ !
Although there is a very clear preference for the top-site Vi X : .
T X ) o . ~ experiment
geometry, the determination of the adsorption distance of the .

Xe was hindered by the insensitivity of the calculated spectra 100 1éo 260 25',0 360 3éo 460
to the Xe-Pt distance. This insensitivity is at least partially a
result of the relatively large perpendicular Xe vibrational am-
plitude which reduces the backscattered amplitude from the FIG. 4. A comparison of the experimental and calcula®@,
Xe atoms. The calculated spectra were more sensitive to th#3) beams for the top-site and mixed-hollow-site structures.

energy (eV)
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0.46 ¥ the 80 K case, which is considerably larger than the ratio of
0.44 the temperatures, 110/8d.4. The large errors on the ex-

0.42 perimentally determined vibration amplitudes preclude a

0.40 A\ quantitative analysis, but their faster-than-linear increase is

consistent with anharmonic behavior, which should be ex-

£°'38 pected close to the monolayer melting temperature, which is

0.36
0.34 |
032}

near 110 K for these experimental conditidns.

The most important aspect of this structural determina-
tion, however, is the adsorption site of Xe. As discussed
above, the earlier studies gave a somewhat ambiguous pic-

0.30

0.28 ) ture of this situation since there was not sufficiently stringent

' 25 3.0 35 ,40 45 evidence for either the top site or the hollow sites. The
d(Xe-Pt1) (A) present top-site determination is consistent with all other

studies except the spin-polarized LEED study, which found

FIG. 5. Variation in the Pendr{R factor as a function of the : . . :
Xe-Pt spacing after all other parameters have been optimized for thre]OIIOW sites. It is not clear to us why the spin-polarized

3.4-A minimum for the(a) 80 K dataset, anéb) 110 K dataset. LEED study should give a different structural result, but we
note that it included an extremely large Xe-Pt interlayer
which occur as the wavelengtbr energy is scanned. How- SPacing of 4.2 A,_compared to the 3.2 A expected from a
ever, the maxima between the local minima are unusuallj/ard-sphere packing model for hollow-site adsorption. We
shallow in these cases, and there is very little difference belested the distance 4.2 A for the model which includes both
tween the two lowest minima in both cases, making thenficP and fcc sites, and the best agreement we found gave an
almost indistinguishable. For the 80 K dataset, the two low-overall R factor of 0.51 and a fractional-ordé? factor of
est minima occur at about 2.9 and 3.4 A, while for the 110 KO-72. This is somewhat worse than the values obtained for a
dataset, the two lowest minima occur at about 3.4 and 3.9 ASmaller spacing for this modé¢tee Table )l and consider-
While by inspection and byR-factor analysis it is not gbly worse than _the top-site values. While the resuI.t guoted
possible to distinguish between the two lowest minima inin the spin-polarized LEED study was the global minimum
each case, we note that the minimum at 3.4 A is lowest irPf the reliability factor, a local minimum was also quoted for
both cases, and this distance is also closest to the hard-sph&h& top site with an interlayer spacing of 3.6 A. This value is
distance for Xe-Pt, 3.58 A. Therefore we have assumed th&/0Se to both our results and to the hard-sphere interlayer
this is the correct minimum and have optimized all otherSPacing of 3.58 A for the top site.
parameters for this minimum. The resulting structural param- This top-site determination for Xe/RtL1) and another re-
eters for the two datasets are given in Table Ill. These resultgent top-site determination for Xe/Rd.1) (Ref. 15 also re-
indicate that the structural parameters are essentially identE0lve the ambiguous trend of the adsorption site of Xe vs the
cal for the two temperatures, with the exception of the par&dsorption strengtisee Table)l Now, top sites have been
allel vibration amplitude, which is about 50% larger for the Observed in they3Xv3)R30° structure for Xe on all four
higher temperature. FaF>0p , which is the case we have Substrates, Qall), P{111), Pd111), and Ry0001. The
here T=80K and®,=55K), the mean-square vibrations LEED studies provide no evidence for a site change as a
in a normal harmonic solid should increase linearly withfunction of adsorption strength. Since the Xe-Xe spacing in

temperaturéf1 Using the re'ationship th|S structure on bOth mll) and P(ﬂlll) (476—480 A iS )
very expanded relative to its usual spacing of about 4.4 A, it
<Ar2>:(2<Arr2)ar>+<Ar;2)err>)/3 is unlikely that the Xe-Xe interaction plays a large role in

this site preference. Indeed, both specular He-atom scattering
and using the values given in Table Ill, the mean squareneasurement$ and the recent inelastic He-atom scattering
vibration amplitude for the 110 K case is about twice that ofmeasurementsfor Xe on Pt111) have indicated that the

TABLE Ill. Optimum structural parameters for the tvi®factor minima.Rp is the PendnR factor and
Ry, is theR factor for just the fractional-order beam$Pt1 refers to a rumple in the top layer of Pt in which
the Pt atom directly beneath the Xe atom is pushed inward, toward the bulk.

Pt(111)-(v3XVv3)R30 °-Xe 80 K 110 K
d(Xe-Pt1) 3.4£0.2A 3.4-0.1A

6 Ptl (rumple 0.00+0.02 A 0.0x-0.03A
d(Pt1-Pt2) 2.3%0.02 A 2.29-0.03 A
d(Pt2-Pt3) 2.25:0.03 A 2.28-0.04 A
d(Pt3-Pt4) 2.2#0.03A 2.270.04A
parallel rms Xe amplitude 040.1A 0.6:0.1A
perpendicular rms Xe amplitude D.1A 0.3:0.1A
Rp 0.33 0.30

Ry 0.41 0.39
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Xe-Xe interactions in this phase are consistent with gasture, the Xe atoms occupy top sites on th€lP1) surface
phase interaction potentialsTherefore the top-site adsorp- and the Xe-Pt distance is 30.2 A and 3.4:0.1 A, respec-
tion of Xe on close-packed metal surfaces appears to be tvely. There is essentially no rumpling of the substrate and
common occurrence. This raises a question as to the mechlitle if any relaxation of the substrate surface layers relative
nism which leads to this preference and whether it also perto their bulk spacing. This result is consistent with earlier
tains to other substrate morphologies and other rare gases.He-atom scattering studié$,which were shown to be con-
scanning tunneling microscopy study has indicated that Xeistent with a top-site geometry, but is inconsistent with an
adsorbs on the low-coordination side of surface stéfier  earlier SPLEED result which indicated hollow-site
instance, suggesting that the low-coordination preferencadsorptior. We have summarized four different LEED stud-
may extend to other substrate morphologies. ies that have found top-site adsorption for Xe adsorbed on
A mechanism for top-site preference which was proposedlose-packed metals, and we know of no corroborated stud-
in the earlier LEED studi€s® suggests that the occupied ies that indicate preferential hollow-site adsorption for Xe on
part of the Xe & resonance hybridizes with the unoccupiedany metal surface. Therefore the top-site preference of Xe
states in the substrate surface, which are localized at th@&ppears to be the rule rather than the exception on close-
position of the atoms. Within this model, whether the toppacked metal surfaces. We have suggested two possible
sites are preferred or not depends on the strength of the hyrechanisms that might contribute to the preference for top
bridization. An alternative explanation is that the site prefer-sites on metal surfaces. However, many more experiments
ence arises from the Pauli repulsion which depends on thare required for a fuller understanding of this phenomenon.
symmetry of the interacting wave functions of the adatom
and the substrate. This mechanism was found to be respon- ACKNOWLEDGMENTS
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