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Ordered phases of potassium on B111}: Experiment and theory
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Using low-energy electron diffraction structural analysis and first-principles calculations based on the local-
density approximation we have investigated th@X 3)R30° K and (2x2) K overlayers on BL11}. The
measured and calculated adsorption geometries agree quantitatively. In both phases the K adatoms occupy
threefold symmetric hcp hollow sites, the preference for the hcp site over the fcc site being a consequence of
the polarization of the surface HEtelectrons. We have not found any indication of K incorporation into the
P{111} surface, as has been recently sugge4®0163-182808)06412-]

[. INTRODUCTION energy differencél5 me\) between the two threefold sym-
metric hollow sites. In order to study the energetics of pos-
CO and potassium on P11} represents an important sible K incorporation we have also calculated the stability of
model system in studies of alkali metal coadsorption. Indeedseveral intermixed phases at high K coverage, but do not find

the first measurements showing the typical features of than energetically favorable substitutional geometry.
interaction between the two species were first performed for

this system some fifteen years dgfoBoth the pure layers of

each adsorbate and the co-adsorbed layer give rise to ordergdgayvpLE PREPARATION AND LEED MEASUREMENT
phases. A necessary prerequisite for understanding the nature

of the interaction, and the promotion effects of alkali metals A 5N Pt crystal of dimensions>88x 2 mm was oriented

in catalytic reactions involving CO, is a knowledge of the to within 0.5 degrees of thf111} orientation. The tempera-
structure of these phases. In this paper we concentrate on twgre was measured using a Ni/NiCr thermocouple and it
ordered phases in the pure K layer. Altogether five areould be varied through resistive heating between 90 K and
known: At low coverage a (83) structure is first formed 1400 K using a programmable power control unit. To clean
followed by the (/7x7)R19°, (2x2) (V3Xy3)R30°,  the surface several cycles of argon ion bombardment and
and (3/2<3/2) phases?® This series can be interpreted as subsequent annealing to 800 K were required. Auger mea-
resulting from a minimization of the electrostatic K-K syrements show that carbon was the main contaminant. Us-
repulsion’ which according to the widely accepted Gurney ing the cleaning cycle contamination could be reduced until
model is caused by a transfer of charge to the Pt surface ande ratio between the Auger amplitudes from carbon at 272
the resulting interaction between the partially charged K adagy; gng platinum at 64 eV was>10 4. K was deposited

toms. In agreement with this model, a threefold symmetricfrom a commercial SAES getter SOUTRAES Getters Sph
adsorption site at low coverage has been predicted by CIUStWith the crystal held at 100 K. The source was thoroughly

calculations within the LDA by Mler.>® Based on measure- d o h i
ments with variougsemiquantitative techniques Lehmann qut—gasse prior to each experiment. For a constant evapora-
' tion rate the amount of K on the{RtL1} surface, as measured

Ross, and Bertéhave suggested, however, thai#nd Na by the Auger signal, was found to increase linearly with

incorporate partially into the Pt11} surface below a cover- indicati di ional h of th |
age of® = 0.22 without a measurable activation barri@he UM, indicating a two-dimensional growth of the overlayer.

coverage® =0.33 corresponds to the/8x y3)R30° phase Both the (/3% y3)R30° and the (x2) structures were
with one adatom per unit cellOn the basis of electron- found to be stable for at leas h at 100 K.Adsorption at
energy-loss spectroscopELS) and scanning tunneling mi- 00m temperature or adsorption at 100 K and subsequent
croscopy(STM) Hannonet al® have also suggested that sub- annealing at 270 K did not change the measu(&j curves
stitutional adsorption occurs. They found that thesubstantially. All experiments were carried out at back-
incorporation is an activated process that only takes place @round pressures below I&° mbar.
a K coverage® =0.1 or higher. This adsorption site would  The LEED intensities at 100 K sample temperature were
mean that Pt-Pt bonds would have to be broken in favor ofneasured using a Varian three-grid optics and a video-LEED
Pt-K bonds. system (AIDA) from Vacuum Science Instruments. The
We present a dynamical LEED structural analysis of KLEED patterns from the clean surface as well as from the
adsorbed on Bt11 in the (2x2) and (y3x3)R30°  overlayer structures were characterized by sharp spots and a
phases at coverages 6f=0.25 and® = 0.33, respectively, low background intensity. The energy of the electron beam
at 100 K. These are compared to our LDA-based firstwas varied in steps of 1 eV from 40-50 eV to 400 eV. Five,
principles calculations, which give very similar surface ge-thirteen, and niné(V) curves were taken for the clean sur-
ometries. Both indicate that the hcp site is the stable site foface, the (X2) K overlayer (Fig. 1), and the (3
K on the P{111} surface, although there is only a very small X '3)R30° K overlayer (Fig. 2) and, respectively, com-
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The LEED results were analyzed using a fully dynamicalwere considered in the analydiSig. 3 shows them for the
multiple scattering code developed by MofitZhe program  (2X 2) structure§ the threefold-hollow siteghcp and fcg,
uses the layer KKR and the “layer-doubling” methddror  the bridge site, and the atop site. Additionally, we tried a
the Pt atomic potential phase shifts up to11 derived from  surface substitutional geometry similar to the one proposed
self-consistent band-structure calculations were used. For Kor Na and K on A{(111) (Ref. 13 [Fig. 3(¢)] and a structure
the potential from Ref. 10 was used. To determine the adwith ® =1/9 subsurface K and wit® =2/9 K on the surface
sorption structure a grid search involving the adsorbate poi hcp sitegFig. 3(f)].
sition and the first two-layer distances was performed. The A hollow site geometry clearly resulted in the smallBst
agreement between the calculated and meadkédcurves factors. Both the hcp and fcc geometries for thex@)
was quantified by th&Rp (Ref. 1) and Rpe (Ref. 12 reli-  phase were further refined, based on minimiziyg by con-
ability factors. The following high-symmetry geometries sidering a rumpling of the first substrate layer with two in-
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FIG. 4. R factor minima for various structural and nonstructural
equivalent Pt surface atorfisee Fig. 8)]. We subsequently parameters for Pt11(+/3x \/3)R30°-K. The region between the
optimized the Debye temperatures and simulated the vibradashed linesR,,) indicates the variance interval as estimated from
tional motion of the K atoms for both phases by using thethe formula of PendryRef. 12. (a) A (filled), separation between
method of split positiont? Plots of theR factor for the K and first Pt layemd.pi; A, separation between first and second

(\/§>< \/§)R300 structure against the various structural pa—Pt layerd,,; ¢ (filled), separation between second and third Pt
rameters are shown in Fig. 4. layerd;,. (b) OI (filled), real part of the complex inner potent\éy;

[0, split-position distance ipA].
IV. GEOMETRY FROM THE LEED ANALYSIS . . .
layer. The platinum atom in the second layer below is at a
A. The clean P{111} surface distance of 5.01 A. The first layer spacing is expanded by
The best fit between experiment and simulations is ob1-0%, the second-layer distance is contracted by 0.5% rela-

tained for a first-layer expansion dfd;,=1.5+0.9% (d,, tive to the bulk layer distance.
=2.30+0.02 A). The spacing between deeper layers is in- (2x2) and (/3x3)R30° phases of alkali metals on
distinguishable from the bulk value. The Pendyfactor is  threefold-symmetric hollow sites have been observed for K,
0.24 for normal incidence and 0.28 for off-normal incidence.Rb, and Cs on RH11, Ru{000%, and Ad11L.1°7*% A
The inner potential was chosen to b&.5 eV with an imagi- Small rumpling of the first substrate layer for theX(2)
nary part Vo =Voi[(E—Vo)/eV]¥3 The constantVy, Phases has also been observed edri@here is, however,
minimizes Rp at Vo;=0.75 eV. The results fall within the ©One significant difference in the Pt case. For bot{(RO0}
site at low coverage to the hcp site at high coverage. This is
not the case for K on P111}. A change from the fcc site to
the hcp site with increasing coverage could be safely ex-
In the “best fit” structure[Fig. 5@)] for the (2x2) phase cluded in our LEED analysiéSee Table | and Figs. 1 and.4
the K atoms are located in the hcp hollow site, with a bondwe discuss the origin of this preference for the hcp site in
length of 3.12-0.04 A between the K and the three nearest-Sec. V| E below.
neighbor platinum surface atoms. The Pt surface atoms that The LEED analysis also excludes the possibility of a sig-
are nearest neighbors of the K adsorbates are raised relativifficant fraction of substitutional or subsurface K adsorption
to the other Pt surface atoms by 0.07D&(). The average geometries. This is not in direct contradiction to reports of K
first interlayer spacing is expanded by 1%. No expansion opeing incorporated into the 111} surface by Hannogt al®
contraction is measurable for deeper layers. In the optimizegecause all our experiments were conducted below 270 K
(v3%x 3)R30° structure[Fig. 5a)] the K atoms are also and at a higher coverage. According to this reference the
adsorbed in hcp hollow sites with a bond length of 3.15incorporation required heating the sample to room tempera-
+0.02 A between the K and platinum atoms in the firstture following a significant length of time. Lehmann, Ross,

B. Adsorbate structures
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FIG. 5. (Color) (a) Perspective view of the best-fit structure model for the PE(2 X 2)-K structure. Smaller circle@ray, green, and
blue) represent Pt atoms; large red circles correspond to K atoms. Lighter circles in the first Pt layer indicate Pt atoms displaced by 0.07 A
towards the bulk(b) Perspective view of the best-fit structure model for thel PB(/3x y3)R30°-K structure. Small circles represent Pt
atoms, large darker circles correspond to K atoms.

and Bertel also suggest a return to on-surface adsorption & a lesser extent by adjusting the imaginary part of the inner
about®=0.25. Substitutional adsorption sites will be dis- potentia). The Debye temperatur€y, however, only ac-

cussed in more detail in Sec. VI F. counts for isotropic vibrations, whereas adatoms on surfaces
vibrate anisotropically. Additionally, it is possible to deter-
C. Split positions analysis of in-plane K vibrations mine the anisotropic vibrational amplitudes with the split

Surface vibrations are usually accounted for in LEEDPOSition approach! The vibrating K atom is replaced by
analysis by a variation of the surface Debye temperatamd three equivalent atoms of weight 1/3, each laterally displaced
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TABLE I. Rp factors for the different phases of{P11}-K studied. Numbers in brackets are calculated
using the “split positions” analysis.

hcp fcc Bridge Atop Fig. &) Fig. 3f)
(2x2)
Ryf-normal 0.40(0.39 0.61 0.60 0.69 0.57 0.58
R’;,O'ma' 0.38(0.29 0.81 0.54 0.60 0.44 0.47
(V3x3)R30°
Rgff-normal 0.32(0.22 0.73 0.59 0.64 0.87 0.69
Ruormal 0.29(0.24 0.68 0.71 0.82 0.68 0.61

by r spit from the mean position. Multiple scattering between X V3)R30° and (2<2) adsorbate phases slabs with three to
these split atoms is suppressed and the Debye temperaturesig Pt atoms per layer in hexagonal or orthorhombic super-
refined along with the split positions. The split positionscells were used. The equivalent of up to 28 points were
method increases the apparent Debye temperature becauséampled in the irreducible portion of the surface Brillouin
already accounts for part of the vibrations parallel to thezone of a (X1) unit cell. Tests with different cells, differ-
surface. (A high Debye temperature correlates with small entk meshes, and different sets of floating orbitals indicated
vibrational amplitude$.The use of split positions reducBs  that calculated adsorption energy differences are accurate to
by about 25%(see Table )l The calculated in- and out-of- within a few hundredths of an eV. The difference between
plane vibrational amplitudesr,;, and the isotropic Debye fcc and hcp adsorption sites changed by a few meV only
temperature3p are listed in Table Il. These values are simi- when differentk meshes were used.
lar to those values found for K on RHL1} (Ref. 18 and also
compare reasonably well with the calculated values in Sec.
VIC. A. bce K and KClI
Special care was necessary in the present work to gener-
V. TOTAL-ENERGY CALCULATIONS ate trans_ferable K pseudopot_entials. For example, the calpu—
lated lattice constant of KCI is more than 20% too small if
The first-principles total-energy calculations of clean and“‘standard” settings for the K pseudopotential are used. To
K-covered PRtl11L surfaces were performed using get acceptable agreement with the experimental bulk proper-
“QUEST,” a parallel code based on the linear combinationties of bcc K and KCIl we used a highly ionic K atomic
of atomic orbitalsSLCAO) method. A basis set of contracted reference(K *9. To describe thel channel scattering of
Gaussians was usédin the surface region several layers of the K correctly the . radius for thed pseudo-wave-function
floating orbitals were employed to make the basis set ahas to be small0.79 A). The evaluation of the valence-core
complete as possible. The Ceperley-Alder LDRef. 20 XC interaction requires the use of a pseudocore charge
was applied to approximate the exchange-correlat@)  (r.=1.4 A).2* Using this recipe the calculated lattice con-
interaction of the electrons. Hamann pseudopoteﬁfialsre stants of bcc K and of KCl were found to be about 3% below
used to represent the Pt and K cores. The theoretical lattiogie experimental value. The bulk modulus is overestimated
constant used was 389 , which is about 0.6% smaller by about 50% in both cases. The disagreement between LDA
than the experimental lattice constant in agreement with eaalculations and experiment is slightly larger than usual. In
lier calculations??® The P{111} surface was modeled by the case of bcc K the inclusion of zero-point vibrations
slabs seven or nine layers thick. The K adlayers plus the toghould improve the theoretical values, for KCI the use of the
two layers on each side of the slab were relaxed until alfrozen core approximation might be the major source of er-
forces were below 10 eV/A. To calculate the {3  ror. For the purpose of this paper, however, it is most impor-

TABLE II. Structural parameters of the best fit model, i.e., the hcp site, from the LEED analysis together
with the geometry parameters from the LDA calculations. LDA results are scaled to correct for the 1%
underestimation of the Pt bulk lattice constant. Values given in percent relate to the bulk interlayer spacing.

(2% 2) (V3% 3)R30°

LEED LDA LEED LDA
K-Pt bond length(A) 3.12+0.04 3.11 3.1%0.02 3.14
K-Pt layer separatiofh) 2.70+0.03 2.63 2.7%0.02 2.69
first Pt layer expansioad,, (%) 1.0+1.0 1.0 1.0£0.02 1.0
second Pt layer expansiad,; (%) 0.0+1.0 0.0 -0.5-0.03 -0.6
first layer rumplingD ;; (A) 0.07+0.02 0.07
Srioma(A ) 0.1+0.05 0.08-0.05 0.05
srharaller i) 0.47+0.25 0.26:0.1
PottassiunT (K) 250+70 200+30

PlatinumTp (K) 302+50 302+50
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tant that the K/Pt interaction is described correctly. The goodlisplacementg of the K adlayer to a third-order polynomial
agreement between theory and the LEED experiment for thg(z). The Pt substrate was held fixed in these calculations.
geometry of K adsorbed on {211} indicates that the de- This result is in almost perfect agreement with EELS mea-

scription of the K atom is quantitatively correct. surements(152 cm 1) by Hannonetal?” for the (3
% \/3)R30° phase; the very good agreement indicates that
VI. LDA ENERGETICS, GEOMETRIES, the K-Pt and the Pt-Pt vibrations are only weakly coupled.
AND ELECTRONIC STRUCTURE This is confirmed by the observation of only a very small

width of the K-induced EELS peak at 152 crhin the
experiment’ The calculated mean vibrational amplitude
Clean P11 has previously been studied both s iemalis 0,05 A at a temperature of 100 K, assuming an
theoretically* and expenment_allﬂrl.; The calculations re- gnargy of 1/RT in the vibration normal to the surfadeee
ported here are in agreement with these earlier results in that,p 10" This is within the error margin of the value derived

the first interlayer spacing is expanded by 0.5% and th ; o ;
second-layer spacing is contracted by 0.6%. However, theferom the split position LEED analysis (0.88.05).

calculated first-layer expansion is slightly smaller than the
LEED result Ad;»=1% according to Ref. 15 and this
work). Also, the LEED analysis does not predict any signifi-
cant second-layer expansion. A slight disagreement between
LDA and LEED analysis for clean transition-metal surfaces At low coverages alkali-metal adsorbates usually repel
seems to be unavoidatd®2 We note, however, that theory €ach other, whereas in the high coverage limit some alkali
and experiment agree on a slight first-layer expansion. Likdilms actually condens&:*’We have found no condensation
the fcc/hep difference discussed in Sec. VI E, the expansiofPr K adsorbed on f111. K adatoms repel each other up to
is caused by a polarization of surfadeelectrons. the saturation coverage @ =0.33 according to our LDA
calculations. At this coverage the adsorption energy is 2.42
eV; at ®=0.25 the value is 2.93 eV. K-K repulsion at all
coverages is also indicated by the structural phase diagram

For both coverages studied the K adatom prefers the hcfor K adlayers on BiL11} in which all observed phases mini-
site over the fcc site with a geometry that is close to themize the K-K dipole-dipole repulsichThe dipole moment
LEED result. Other adsorption sites on the flat surface wer@er K adatom can be determined from the calculated K-
not studied. In the following comparison we account for theinduced work-function change: The work function is reduced
underestimation of bond lengths in LDA by scaling the cal-from 6.1 eV for clean Ri111} to 1.2 eV at®=0.25. At®
culated distances by a factor 1.01. In thé3( y3)R30°  =0.33 partial depolarization leads to a work function of 1.7
structure the K atoms are separated from their Pt neighbormsV. The work-function reductions of 4.9 eV @t=0.25 and
by 3.14 A. The K adlayer to Pt top layer distance is 2.69 A.4.4 eV at®=0.33 result from dipole moments per K adsor-
Both numbers are within 1% of the LEED result. The first Ptbate of 3.4 D and 2.3 D, respectivéfyThe calculated work
layer expansion is 1.0% and the secone 18.6%, both prac- function changes are in reasonable agreement with measured
tically identical with the LEED I(V) analysis above. values of 4.4 eV and 4.1 e¥?.Comparison with experiment
Complementary to the LEED analysis, which is not sensitivealso shows that the depolarization with coverage is quite
to very small shifts parallel to the surface, we have alscsubstantial. In the zero coverage limit the measured dipole
allowed for an in-plane relaxation of the top two Pt layers. Amoment per K adatom is 9.4 1.
0.8% in-plane expansion of the triangle of Pt atoms beneath Besides the dipole-dipole repulsion an additional contri-
the K adsorbate was found. In the X2) phase the Pt-K bution has to be taken into account. &&= 0.33 coverage the
distance is reduced by 1% to 3.11 A relative to thé8( K-K distance is only 4% larger than the K bcc nearest-
X \/§)R30° phase, again confirming the results of the LEEDNeighbor distance and a direct K-K bonding interaction starts
analysis. This indicates a smaller radius and larger ionicity ofo occur. The K-K interaction reduces the strength of the
the K adatom, which correlates with the fact that the meaK-Pt bonds although they remain much stronger: The K bulk
sured work-function minimum is neaa K coverage of cohesive energy is 0.9 eV and the K adsorption energy on
©=0.25% The height of the K adlayer above the average PPY111} is almost 3 eV at low coverageThis does not in-
surface atom is 2.63 A. The surface Pt atoms that are ndtuce a condensed phase, but does give rise to the 0.51 eV
nearest neighbors of the K adatoms are raised relative to tHéifference in adsorption energy betweéh=0.25 and©®
other Pt surface atoms by 0.07 B(,). The in-plane expan- =0.33. It is thus unfavorable to weaken the K-Pt bond in
sion of the triangle of Pt atoms beneath the K is 0.9%.  favor of a metallic K-K bond. This relatively strong K-Pt
bond is a major difference found Wheg8 comparing the
I present system with K adsorption on{A11}.“° The adsorp-
C. K vibrations norma;l(:)o_the surface at a coverage tion energy of K on Al111) at high coverage is only 40%

of ©=0.33 higher than the K bulk cohesive enefjyhus allowing an

To support the identification of the hcp hollow as the attractive K-K interaction. Betwee® =0.25 and®=0.33
adsorption site the frequency of the perpendicular K vibrathe K adsorption energy on fl11} increases slightl¢® It is
tion atI" for the (/3% 3)R30° structure was determined. A remarkable that the condensed K adlayer phase forms on
vibrational frequency of 154 cm'* was obtained by fitting Al{111} at ®=0.33 even though the K-K distance is still
the total energy and the forces on the K for four vertical7.6% larger than the bulk K-K distance, indicating that the

A. Clean P{111}

D. Coverage dependence of the dipole moment
and the adsorption energy

B. Geometry of the K-covered P{111} surface from LDA
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FIG. 6. (a) Calculated valence charge density in a normal cut through the cl¢ahlPsurface.(b) Cut through local density of states
of K on P{111} at threefold hcp sites fo =0.33. The contributing states are-1 eV below the Fermi energyc) Same agb) but with
K in the fcc hollow site.

K-K interaction should be substantial in theJ3 above, thed charge tilts towards the hcp site and leads to an
X \/§)R30° phase on P111} as assumed above. extra attraction of the K adatom towards the hcp site.

This electrostatic model describing the preference of K
for the hcp site is related to Feibelman’s model for oxygen
adsorption on B111.32 O prefers the fcc site over the hcp

The hcp site is preferred over the fcc site by about 15sjte by about 0.5 eV on this surface. The negatively charged
meV for both coverages studied here. Even in the zero cove adatoms repel the shell of the surface atoms, which
erage limit the hcp site is preferred for K on{P11} accord-  causes the neighboring Bthole to orient away from the O.

ing to Miller's cluster calculation$® A calculated energy This is favorable for the O on the fcc site, but leads to extra
difference of 15 meV is quite small considering the approxi-pt-pt repulsion on the hcp sité.

mations involved in the calculations and we would rather be The d polarization model is also consistent with alkali-

more careful were it not for the LEED results. The prefer-metal adsorption on R11 and RY000Z, which has been
ence for the hcp site can actually be traced back to differsiydied earlier with dynamical LEED analy$fs'® In the
ences in the electronic structure at the fcc and the hcp siteggge of REL1L, which has about eight electrons, the high-
Pt has an outed shell that is almost full. Thel electrons just  est occupied orbital should still be antibonding in nature so
below the Fermi energy thus have antibonding character. Afat a preference of alkali metals for the hcp site is expected.
the surface the in-plang charge is reduced and tldeorbit-  |n hep Ru it is not clear whether the highest occupitd
als with mostly out-of-plane character get filled inst¢ade  orpitals — Ru has twal electrons less than Pt — are bond-
Fig. 6@)], thus keeping the top Pt layer approximately ing nonbonding, or anti-bondir. The energy difference
charge neutral. This intra-atomic charge reorganization repetween the fcc and hep sites should be relatively small. This
duces the in-pland repulsion and adds to the repulsion be-js in agreement with the experiment, which shows the fcc
tween the first and second layers. This lowers the energyjie occupied at a coverage ©f=0.2518
because the surface layer has only neighbors towards the oyr model for the fcc-hcp difference only considers the
bulk. Thed charge reorganization contributes to the surfacqnteraction of thed electrons with the alkali-metal adsorbate;
expansion(see Sec. V'%g“d to the large in-plane tensile the s.p electrons are neglected. This seems justified because
surface stress of @11}.™ _ _ metals where the electrons do not contribute significantly
That thed states just below the Fermi energy contributeys the bonding show an even smaller fcc-hep site difference
repulsively to the Pt-Pt interaction can be seen in Fi@.6 for alkali-metal adsorption. For example, on {A¢% both
Thed contours for the surface layer are slightly tilted to thefcc and hcp sites have been foulfdand on A{11%} the
left, i.e., towards the hcp site, so that tlidiole points par-  cajculated fcc-hep energy difference is only about 1 meV for

tially to the Pt neighbors in the the second layer. If the Na or K adsorption according to our calculatiofsee also
states just below the Fermi energy contributed attractively tqef, 2g.

the Pt-Pt interaction the charge in Fig. 6a) would tilt to the
right. Figures @) and 6c) show the density of states ap-
proximately 1 eV below the Fermi energy with K adsorbed
on the hcp and the fcc sites, respectively. The K adlayer Two recent papers indicate a possible substitutional ad-
enhances the vertical polarization of the Pt surface atms sorption site for K on R.11}.”° This seems unlikely because
states, indicating an attractive electrostatic interaction beit would mean that it is favorable for Pt-Pt bonds to be re-
tween the P electrons and the positively charged K ad- placed by Pt-K bonds: in fact the Pt cohesive energy is six
layer. The extra vertical polarization also adds to the surfacéimes larger than that of bcc K and still double the adsorption
expansion, at least in the LDA calculations. As discussednergy of K on BfL11}. Not surprisingly, the cluster calcu-

E. The origin of the hcp-fcc site energy difference

F. Energies for substitutional adsorption
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lations of Mler® indicate that K adsorption in single\E Interstitial K absorption has not been calculated. We as-
=0.6 eV) or triple (AE=0.9 e\) surface vacancies is unfa- sume that because of the size of the K atom interstitial ab-
vorable at low K coverage. Also the subsurface vacancy sitgorption of K in Pt is even less likely than substitutional
is unfavorable by 1.15 eV compared to on-surface adsorpadsorption.
tion. It is argued in Ref. 6 that the substitutional geometries Although they cannot be described as an exhaustive study
become favorable at higher coverage because of the K-Rf all possible substitutional geometries of K oq1Rtl}, the
repulsion on the flat surface. LDA calculations .by Mlier and those presented here to-
To test whether K substitutional adsorption might be ofgether show that it is generally_unfavorable to repl_ace Pt-Pt
lower energy on flat P11 at high K coverage we first bonds by K-Pt bonds even at high K coverage. This conclu-

considered a3 \3)R30° arrangement of K-filled surface sion is supported by the present LEED study, which excludes

: : o the two possible substitutional adsorption geomettiégs.
vacancies/Fig. 3(e)]. This is the lowest-energy phase for LY
high coverages of Na and K on {AIL1}.2#2K in a surface 3(e) and 3f) as well as Table)l Nevertheless, substitutional

i . K adsorption might still take place at vacancies at steps. This
vacancy on Ri11 would be a first step in the process of .4 explain the “fuzziness” of the steps in the STM im-

subsurface adsorption. Our calculations show that it COStages of K-covered Pt11}.5 Energetic reasons favor incorpo-
0.48 eV per K atom to form the vacancy structure instead ofatjon at steps: Vacancy formation energies are much smaller
the on-surface phase &t=0.33. The energy difference of at steps than on fldL11) surfaces because fewer bonds have
0.48 eV is the result of a P11} surface vacancy formation to be broken. The vacancy formation energy at a step on
energy in a (/§>< \/§)R30° arrangement with the displaced Al{111} is about 1/3 of that on flat AL11}.>* Already a
Pt atom put in a bulk site of 1.49 efRef. 33 and a 3.43 eV  reduction by 50% would be enough to make substitutional K
binding energy of the K atom in the vacancy. Thus the K isat steps on P111} stable®®
1.01 eV more stable in the vacancy than on the flat surface at
®=0.33 coverage. This is not enough, however, to compen-
sate for the RiL11} surface vacancy. VIl. CONCLUSIONS

We have also considered a second geometry where Pt-Pt K adsorbs in the hcp hollow site in both theX2) and

bgn?s are btrr(])k?n in.tfavorbofddK-I; Eor:jclis: a l/4hML Ff Pt the (/3% /3)R30° phases of K on Pt11}. The properties
adatoms on the fcc site embeddacais adiayer on NCp SIes o e adlayer are similar to those predicted by the Gurney

at ©=0.25. This geometry is less favorable by 1.26 €V penyqqe| The energy difference between the hcp site and the

K atom compared to a surface K adlayer@=0.25 K and  f¢¢ site is quite smal(15 me\), but significant; it results
the Pt adatoms remaining the bulk. Again, the K atoms arg.om the antibonding nature of the highest occupieddPt
bound more strongly at the more open surface. The K-Pétates. These are strongly polarized at tHa Bl surface.
blndlng energy increases from 2.93 to 3.35 eV. This is The geometrica| parameters for the two phases deter-
caused by a doubling of the number of Pt neighbors and @ined independently with LEED structure analysis and LDA
better screening of the K from each other. However, thiscalculations agree quite well. Moreover, the frequencies of
energy gain is too small to compensate for the Pt adatonthe K vibration of all modes determined with LEED, LDA,
formation energy of 1.68 eV that we calculate. Our calcula-and EELS(Ref. 6 are consistent.
tions provide additional insight as to the cost in energy re- On the basis of LDA total-energy calculations of substi-
quired to fom a K substitutional structure on flat{P11}. tutional K adsorption energies and an analysis of the relative
Combining the surface adatom and the surface vacancy fopond strength of Pt-Pt and Pt-K bonds we can exclude the
mation energies on P11} at high K coveragé0.48 e\ we  Possibility that a large fractionfea K monolayer adsorbs
obtain an estimate of the formation energy for the Pt surfacgubstitutionally in surface or subsurface. The most likely
Frenkel pair on K-covered P11} of 0.48 + 1.26 = 1.74 candidates for sub;tltutlonal adsorption sites are vacancies at
eV. This energy is an approximate lower limit for the barrier Steps. However, without measurement or calculation we can
to incorporate K on flat PL11}. alrea_dy predict tha_lt the vibrational frequen_mes of_ K at va-
To test if subsurface K adsorption is favorable, we havec@ncies at steps will be lower than the 225 cheonsidered

investigated K embedded in the second layer of &4 B4 to be th(_a signature of. the subsgrfa_ce K in Ref. 6 The puzzle
slab and replacing one or three Pt atoms. A cell was concerning the posIS|bLe substitutional adsorption of K on
used for these calculations and the K plus the top three IJ:t?t{llj} Is not yet solved.

layers of a Rtl11} slab were allowed to relax. It turns out
that both geometries are very unfavorable. Again a bulk res-
ervoir for the removed Pt atoms is assumed. The resulting K
adsorption energies are below 0.5 eV. One reason for the We are indebted to W. Moritz for supplying the platinum
high energy of subsurface K is that the vacancy formatiorphase shifts and to J.B. Hannon, P. J. Feibelman, M. Gierer,
energy in bulk Pt should be almost twice the surface viiue. and H. Over for valuable discussions. This work has been
The other reason is that the K substitutional atom does not féupported both by the Deutsche Forschungsgemeinschaft
well into the Pt bulk matrix. For example, in the single va- within the Sonderforschungsbereich 290 and by the United
cancy the K is too large and leads to an expansion of th&tates Department of Energy under Contract No. DE-AC04-
first-layer spacing of 8% and of the second of 4%. If the K94AL85000. Sandia is a multiprogram laboratory operated
replaces two or three Pt atoms the space available for the Ky Sandia Corporation, a Lockheed Martin Company, for the
is not spherical enough. United States Department of Energy.
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