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Scattering of Rare-Gas Atoms at a Metal Surface: Evidence of Anticorrugation of the
Helium-Atom Potential Energy Surface and the Surface Electron Density
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Recent measurements of the scattering of He and Ne atoms at Rh(110) suggest that these two rare-
gas atoms measurecaalitatively different surface corrugation: While Ne atom scattering seemingly
reflects the electron-density undulation of the substrate surface, the scattering potential of He atoms
appears to be anticorrugated. An understanding of this perplexing result is lacking. We present density
functional theory calculations of the interaction potentials of He and Ne with Rh(110). We find and
explain why the nature of the interaction of the two probe particles is qualitatively different, which
implies that the topographies of their scattering potentials are indeed anticorrugated.

PACS numbers: 79.20.Rf, 68.35.Bs, 73.20.—r

The presumed simplicity of the interaction of low en- action. A general consensus on the origin of the effect
ergy rare-gas atoms with surfaces has strongly promotedbted by Rieder and Garcia [5] has not been reached.
the use of He atoms adeal probe particlesn scatter- Recent elegant measurements [8] enforced the interest
ing experiments in order to determine the surface atomin this important question and, in fact, raised signifi-
geometry and the corrugation of the surface electrowant doubts about the meaning and interpretation of the
density [1-3]. Reconstructed surfaces have been su@mportant HAS method. Rieder and co-workers found
cessfully investigated and even light adsorbates like hyunexpected differences in the interaction potentials and
drogen, which are scarcely seen with other techniquesneasured corrugations when comparing the scattering of
can be located. As a consequence, helium-atom scattdrle and Ne atoms at surfaces. For Rh(110) and Ni(110) and
ing (HAS) is one of the leading tools for the analysisusing the Esbjerg-Ngrskov approach they concluded that
of structural and vibrational properties of surfaces. Athe Ne diffraction data reflect the corrugation of the surface
widely used form for the interaction potential has beenatomic structure and the unperturbed electron density. In
derived by Esbjerg and Ngrskov [4] who argue that thehe case of He-atom scattering, however, the same type
interaction energy of a He atom and a surface is simef analysis gave an electron corrugation shifted away
ply proportional to the unperturbed electron density offrom the atomic positions: The electron density at the
the substrate at the position of the He atom. Althougtshort-bridge position appeared in HAS to be higher above
widely accepted, the credibility of this approach hasthe surface than the on-top site. Rieder’'s explanation,
been questioned: For Ni(110) Rieder and Garcia [5] refollowing the arguments of Annett and Haydock [6], is
ported a serious discrepancy in the corrugation amplitudéhat, especially at the on-top position, the Heorbitals,
when comparing their measurements with the results ofs well as the N@s orbitals, and the empty metalstates
the Esbjerg-Ngrskov approach taken together with goodlybridize, giving rise to an anticorrugating contribution.
quality calculations of the surface electron density. An-For Ne, however, this contribution is overcompensated by
nett and Haydock [6] tried to reconcile the disagreementhe repulsive interaction between the e, , orbitals and
by introducing an additional term in the interaction po-the metals states. Severe doubts about this explanation
tential. This addition, named thanticorrugating term  are in place because it assumes that the additional term
arises from the hybridization between the occupied introduced by Annett and Haydock is now even dominating
orbital of the He atoms and the unoccupied states of théhe interaction potential.
metal surface and results in an attractive contribution to Obviously, there is profound need for a direct calcula-
the potential which should be stronger at on-top position of the interaction of a rare-gas atom with a metal sur-
tions than at bridge sites. Harris and Zaremba [7] criti-face. For this it is important that practically no serious
cized the estimates by Annett and Haydock and arguedonstraints on the electronic response of the surface and
that theanticorrugating termshould be, by more than an the inertness and polarizability of the rare-gas atoms are
order of magnitude, smaller than what Annett and Hay4introduced. A related important aspect of such a theoret-
dock had evaluated. Harris and Zaremba [7] claimed thatal study is that the interaction of a He or Ne atom with
the discrepancy between theory and experiment lies in aa metal surface is an example of weak physisorption, and
improper description of the van der Waals contributionsuch a calculation represents a critical test of the exchange-
and a tendency to overcorrugate the He-surface interacorrelation functional used iab initio calculations.
tion potential within the framework of the local-density We performed density-functional-theory (DFT) cal-
approximation (LDA) of the exchange-correlation inter- culations exploiting two different functionals for the
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exchange-correlation interaction, namely the LDA [9] and3.89 A, without accounting for zero point vibrations)
the generalized gradient approximation (GGA) [10]. Ifagrees well with that measured at room temperature
not stated explicitly, the below reported results refer(a; ™ = 3.80 A [13]). We find the first layer relaxes
to a DFT-GGA calculation. The nonrelativistic Kohn- inwards by Ad»/dy = —4.9%, and the second layer
Sham equations and energy functionals are evaluateglaxes outwards bWd,3/dy = +2.3%, with dy being
self-consistently using the full-potential linear augmentedhe interlayer distance in the bulk. These results are in
plane wave (LAPW) method [1112]. The Rh(110) surfacegood agreement with the values obtained by a LEED
is treated by a supercell approach, using five layer thiclanalysis Adi,/dy = —6.8%, Ady;/dy = +1.9% [14]).
slabs, which are separated by a vacuum region8of. The interaction potential energy was calculated for
The slab thickness is rather small for a fcc (110) surfacemany positions of the He and Ne atoms (see Fig. 1). At
but because of the weakness and localization of the intea distance 0f6.0 A above the surface we find that the
action it is sufficiently large for the present study. Theatom-substrate interaction is negligible and hence use this
energy cutoff for the LAPW wave functions is chosen togeometry to define the energy zero of our calculations.
be E.,. = 15.5 Ry, the muffin tin radiusRyr is 1.24 A, The theoretical results for He (Fig. 1, left) show clearly
the angular momenta of wave functions inside of the mufthat the potential energy is anticorrugated with respect
fin tin spheres are taken up ig.x = 10. The muffin tin  to the unperturbed substrate electron density and atomic
radius for the He and Ne atoms Ryt = 09 A. For  structure: At the repulsive part and same distance from
the potential expansion we use a plane-wave cutoff othe surface the energies for the short-bridge geometries
70 Ry and a 4, m) representation (inside the muffin tin are higher than those of the on-top geometries. Thus, for
spheres) with/,,,x = 4. Thek integration is performed the whole range of particle energies typically used in HAS
on an equally spaced mesh of 88 points in the whole twoexperiments £20-100 meV) the turning point above the
dimensional surface Brillouin zone of @ X 1) surface on-top position is closer to the surface than that above
cell. For the evaluation of the potential energies of im-the short-bridge position. The behavior of Ne nearing the
pinging He and Ne atoms we usdlaXx 2) surface cell. Rh(110) surface is qualitatively different. The potential
As a first test of the accuracy of the calculations weenergy curves for Ne atoms above the short-bridge and
studied the equilibrium structure of Rh bulk and the clearon-top sites almost coincide, but in the repulsive regime
Rh(110) surface. The theoretical lattice constaiff & there is a clear difference and at the same distances
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FIG. 1. Calculated potential energy using DFT-GGA (see text) for a He (left) and Ne (right) approaching the on-top and short-

bridge positions of Rh(110) as a function of the distané®m the center of the first surface layer. The insets show a magnification
of the repulsive part of the potential for particle energies used in experiment. Solid lines are guides to the eye.
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from the surface the short-bridge position is energetically
favored over the on-top position (see Fig. 1, right). Thus,
according to the calculations the corrugation experienced
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4
by the Ne atom corresponds qualitatively to that of the 3
2
1
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clean surface electron density. This anticorrugation for
HAS and “normal” corrugation for Ne atom scattering
agrees with the experimental analysis of Rieder, Parschau,
and Burg [8]. Using the data of Fig. 1 we estimate the
corrugation amplitude along the [110] directigif" at

the particle energies used by Rieder, Parschau, and Burg
[8] as the difference in the classical turning point over the
on-top and the short-bridge positions. We obtgi§i"' ~
—0.06 A for He and 5™ ~ +0.04 A for Ne. The
comparison of these results with those derived in Ref. [8],
A~ —0.04 A for He and {5 = +0.089 A for

Ne, shows that our results agree qualitatively, and even
somehow quantitatively, with those of the experimental
analysis. The quantitative disagreement may be due to
the GGA but it may also be due to the fact that the
measurements were not performed for a clean Rh(110)
but a H-covered surface, since the adsorbates enabled
the identification of the on-top and short-bridge positions.
Thus, the experimental corrugation amplitude for the
clean surface was extrapolated from the measured data
by assuming that the H atoms give rise to a Gaussian
contribution to the clean surface electron density [8].

Our DFT-GGA results reproduce not only the experi-
mental corrugation but are also consistent with other feariG. 2. Density difference plots (see text) for a He (top
tures of the probe atoms potential energy. For examplepanels) and Ne (bottom panels) atom over the on-top position
the calculated potential well for a He atom is 13 meV at three different distances from the topmost surface layer. The

(8 mev. if we include the zero-point viration), which Sios5e%, dcae the pasitons of e () aboye the surface
compares nicely with the value derived from selective adang 4.4, 3.7, and.4 A for Ne. Full lines note an increase
sorption measurements, 8.2 meV [15]. For Ne we findand dashed lines a decrease in electron density; the values are
18 meV (11 meV with the zero-point vibration). On the =0.5, 1.0, *2.0, and10~* bohr>.
other hand, with the LDA exchange-correlation functional
these quantities are in poor accordance with the experpolarized themselves. Thus, it is obvious that it is not
mental data: The turning points for He and Ne are systhe unperturbed surface electron density which is probed
tematically closer to the surface and the potential welldy the scattering. Figure 2 shows that for the surface the
are too deep (27 meV for He and 61 meV for Ne). Thismain changes occur in theé shell. The leading effects
is consistent with the well-known behavior that the LDA for both probe atoms are a depletion of #ig._,. states
systematically gives rise to an overbinding in polyatomicand an increase af,, andd,, occupation at the on-top
systems. position, and a depletion of th&,, states and an increase
In order to analyze the differences of He and Ne atonof d,, andd,. at the short-bridge site (theaxis lies along
scattering we discuss the changes in the electron densithie short-bridge and the direction along the long-bridge
of the surface and of the rare-gas atoms induced by thdirection). The largest effect happens for theelectrons:
interaction. Figure 2 displays the difference between th&€€ompared to the unperturbed surface dhecontribution
self-consistent electron density of the interacting systemis increased at the turning point by about 1%. This increase
and the superposition of the densities of the clean Rh(110% partially due to the fact that the Pauli repulsion of the
surface and a He (Ne) atom. Three positions of the probeare-gas atoms with the spilling out substratelectrons
atoms are selected which correspond to a slightly attractivis reduced by transferring electron density into thé,,
interaction (left panel), to the minimum of the interaction band, which for Rh has a particularly high density of filled
energy (middle panel), and to a position in the repulsiveand empty states right at the Fermi level. We come back
part close to the turning point assuming a kinetic energyo the important role of thd,, band below.
of 150 meV (right panel). The figure shows clearly that While the reaction of the substrate is similar for both
both rare-gas atoms change the substrate surface electrprobe atoms, the polarization densities of the He and
density noticeably and that they are also significantlyNe atoms are clearly different as is the nature of their
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interaction with the surface. For He the interaction isSome of this repulsion is removed by transferrifig: -
mediated by the Hés electrons and a polarization of the electrons into the/,. andd,. bands. For Ne the repulsion
He atom away from spherical symmetry which impliesat the on-top site is much stronger: TBe, electrons
a hybridization ofls and2p, orbitals, clearly visible in interact repulsively with the substratg,._,. electrons,
Fig. 2 (top right panel). On the other hand, the interactiorand the Nep, interact repulsively with the,, electrons.
of Ne is dominated by thep electrons and the easier The Ne2p, orbital is found to be affected only slightly.
polarization of the Ne atom which requires2@ — 3s These results imply that the interaction between rare-
virtual transition. This contradicts the interpretation of gas atoms and a surface is significantly more complicated
Rieder [3] which was based on a strong involvement of thehat hitherto assumed: It is not the to&dkctron density
Ne2s orbitals. As our calculations show (see also Fig. 2)of the surface which is probed, but the interaction is
at the on-top position He exhibits a reduction of the determined by the substrate surfasave functionsat
density and an increase of tAe density (mainly2p,), a the Fermi level. Our explanation of the interaction
result similar to that found in studies of He physisorptionmechanism has interesting consequences. For example,
at a jellium surface [16]. On the other hand, for Ne we findwe expect similar “anticorrugation” effects for thé
a reduction of thep, occupation and a slightly stronger metals which belong to the same or a direct neighbor
localization of thep,, p, states. At the short-bridge site column of the periodic table, but for systems with a
the polarization of the He atom is similar to that at the on-different band structure we expect different effects.
top geometry, although weaker, but that of Ne is different; We thank K.H. Rieder for stimulating discussions.
i.e., here the occupancy of all thr@e states is reduced. The work was partially supported by the Deutsche
The results are understood as follows. The reflectioriForschungsgemeinschaft, Sonderforschungsbereich 290.
of He and Ne atoms happens rather close to the surface,
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