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Experimental Evidence for Anticorrugating Effects in He-Metal Interactions at Surfaces
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We show that systematic differences occur in the corrugations of the systems Ni(110)c(2x4)H, and
Rh(110)(1x3)H and (1x2)H, when determined from He and Ne diffraction: Whereas the hills along
the H-free close-packed metal rows correspond to underlying metal atoms in all corrugations deduced
from Ne diffraction, they are shifted to short bridge sites in all He-derived corrugations. This assign-
ment is possible, as the H adatoms mark threefold hollow sites on both (110) substrates. These observa-
tions provide strong experimental support for anticorrugating effects in He-metal surface interactions as
proposed by Annett and Haydock [Phys. Rev. Lett. 53, 838 (1984)].

PACS numbers: 68.35.Bs, 68.45.—v, 79.20.Rf

He diffraction today is accepted as a well established
surface structure method [1,2]. It has been successfully
used in the last decade to elucidate the structures of
reconstructed surfaces as well as rather complicated ada-
tom configurations [2,3]. Ne diffraction was only recent-
ly shown to be applicable for investigations of adsorbate
structures [4]. The advantages of atomic beam diffrac-
tion lie in its absolutely nondestructive nature as well as
in its sensitivity to the topmost surface layer, both due to
the very low particle energies (E; =20-100 meV). The
information on the surface structure is provided by the
corrugation function {(R) [R denotes a two-dimensional
vector in the surface plane (x,y); z is the direction per-
pendicular to the surfacel which can in general be ob-
tained in a manner free of any model assumptions on the
surface structure by assuming a general Fourier ansatz
for ¢(R) and determining the Fourier coefficients via
fitting calculated to experimental intensities for a large
number of diffraction beams [1,3]. As shown by Esbjerg
and Nerskov [5], £(R) corresponds in first order to a con-
tour of constant surface electronic charge density p(r) re-
lated linearly to the incoming particle energy E;. Thus
from inspection of ¢(R) the arrangement of the surface
atoms can often be inferred [1-4].

Annett and Haydock [6] were the first to theoretically
discuss an extension of this simple picture leading to the
possibility of anticorrugating effects. According to their
proposition the repulsive part of the particle-surface in-
teraction potential should read

Vau(r) =ap(r) +pV2p(r) —vp, (). )

Here, the first term denotes the Esbjerg-Ndrskov leading
repulsive term [5]. The second term accounting for the
inhomogeneities of the electron distributions should lead
to a lateral smearing of the corrugation; it should be more
pronounced for Ne than for He, but was shown to be gen-
erally very small [6,7]. Most important in the present
context is the third term, since it gives rise to anticorru-
gating effects due to the hybridization of the orbitals of
the incoming atoms with the unoccupied metal states and
is thus proportional to the unoccupied density of states
pu(r). A simple physical picture of the influence of this
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anticorrugating term can be obtained [6,7] by observing
(Fig. 1) that unoccupied states have essentially antibond-
ing character with larger densities at top positions of the
surface atoms than at bridge sites. Consequently, He
(ground state 1s2) will be more strongly attracted at top
positions due to the large overlap between the He 152 and
the surface wave functions of the unoccupied states than
at center positions where the overlap is zero and the cor-
rugation will thus be diminished (Fig. 1, left side). For
Ne (2s22p6), on the other hand, this “anticorrugating
effect” is expected to be smaller, because for the 2p, or-
bital the situation is exactly reversed as depicted on the
right side of Fig. 1; thus, the Ne 2p, orbital counteracts
the anticorrugating influence of the Ne 2s2 orbital [6,7]
leading to v=0 for Ne in Eq. (1). For He/Ni(110) An-
nett and Haydock [6] have determined the value of v
semiempirically by adjusting the corrugation amplitude
perpendicular to the close-packed rows (i.e., along [001])
to obtain agreement with the experimentally observed
corrugation amplitude [8]. For the direction along the
close-packed rows [110], they found that the so deter-
mined anticorrugating contribution for Ni(110) leads
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FIG. 1. Illustration of the origin of anticorrugating effects
arising from the interaction of He with an unoccupied anti-
bonding metal surface state. Left side: The He 1s2? orbital
shows strong overlap with the unoccupied metal state at top po-
sitions, whereas the overlap is zero at bridge positions where the
metal wave function changes sign; this leads to an attraction of
the He atoms at the top positions and thus to a reduction of the
basic corrugation which is due to the surface electron charge
density [see Eq. (1)]. Right side: For Ne the 2px orbital shows
no interaction with the metal state on-top sites but strong over-
lap at bridge sites where both px and metal orbitals change sign;
thus in the case of Ne the 2p, orbital counteracts the influence
of the 2s orbitals leading to a much smaller anticorrugating

contribution than in the case of He. Adapted from Annett, Ref.
[71.
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even to a reversal of the corrugation, so that the corruga-
tion maxima should correspond to short bridge sites of
the close-packed rows. These results were questioned in a
subsequent theoretical calculation of Harris and Zaremba
[9], who employed the local density approach and found
that the anticorrugating effects should be appreciably
smaller. However, in response to Ref. [9], Annett and
Haydock published first principle calculations [10], which
supported their initial conclusions. Obviously, the situa-
tion calls for a decision on experimental grounds.

In the present paper we show that systematic dif-
ferences in the corrugations of partially hydrogen covered
(110) surfaces of Ni and Rh are indeed found when
determined with He and Ne diffraction: Whereas in all
Ne-derived corrugations the hills along the (adsorbate-
free) close-packed metal rows correspond to underlying
metal atoms, in all He-derived corrugations the hills cor-
respond to short bridge sites between the metal atoms.
These results are comprised in Fig. 2 and concern the
three systems Ni(110)c(2x4)H, Rh(110)(1x3)H, and
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FIG. 2. Sphere models of H phases on Ni(110) and Rh(110)
together with grey scale representations of the corrugation
functions derived from He and Ne diffraction: (a) Ni(110)-
¢(2x4)H, (b) Rh(110)(1x3)H, (c) Rh(110)(1 x2)H. In the
sphere models open large circles denote metal atoms and full
small circles H adatoms at the locations determined by LEED.
The areas of the corrugations correspond to those of the sphere
models. The H atoms have the largest corrugation amplitudes
and thus show up as the brightest spots in the grey scale top
views. Note that in all He-derived corrugations there occur less
bright maxima between the H atoms along [001] on all H-free
metal rows in disagreement with the true atom arrangements
shown in the sphere models. In contrast to this, in the Ne-
derived corrugations the metal maxima are shifted by a,/2
along [1T0] in agreement with the true surface structures.
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Rh(110)(1x2)H. These adsorption phases were chosen
because (i) they exhibit close-packed metal rows, which
are not covered with H adatoms, and (ii) the H locations
on both surfaces are well established by quantitative low
energy electron diffraction (LEED) analyses [11,12] to
be the threefold coordinated sites drawn in the sphere
models of Fig. 2. Furthermore, the electronic structures
of Ni and Rh are very similar [13].

It is important to emphasize that the H adatoms are
needed in our analyses to mark the threefold coordinated
sites, so that other areas of the corrugation can be proper-
ly assigned. The clean surfaces on principle cannot be
used to connect the corrugation features with the under-
lying atomic geometry, as the diffraction equation [1,3]

ZG)Agexp{i{(sz —ki:)¢(R)+GRI} = —1 ()

is invariant against any displacement R— R+ R’ parallel
to the surface. Equation (2) determines the scattering
amplitudes Ag of the different reciprocal lattice vectors G
for the corrugation {(R); k;, and kg, are the components
of the wave vectors of the incoming and diffracted beams
perpendicular to the surface. The diffraction intensities
are given by IQ==IAQ|2sz/k,-Z. The corrugation func-
tions shown in Fig. 2 were derived by best-fit intensity
analyses of several diffraction spectra measured with
angles of incidence between 25° and 40° and different
beam energies using Eq. (2). We here restrict a detailed
discussion of the diffraction results to the system
Rh(110)(1x2)H, since analogous results were obtained
for all three systems investigated. The corrugation is de-
scribed mathematically by writing for the metal substrate
corrugation the truncated Fourier series [reference is
made to the unit cell depicted in the sphere model of Fig.
2(c)]

¢s(x,y) =(ajpcosX+agicosY)/2+acosXcosY , 3)

with X =2znx/a, and Y =2ny/(a»/2) (x along and y per-
pendicular to the close-packed metal rows; a»/2 =agn
=3.8 A, a, =arn/+/2) and by modeling the H adatoms as
Gaussian hills

2

+

2
CH(x,y)=hHexp{—4ln2[xBxH Y _JH

B,

>
X

(4)

with Ay denoting the height of the H adatom hills, xy,yn
their lateral distances relative to the next metal atoms,
and By,B, their widths along x and y. In Figs. 3 and 4
we present experimental spectra (solid lines) obtained
with both He and Ne. The best-fit coefficients are given
in Table I. Note that xy was also treated as a fit param-
eter and its best-fit value for both He and Ne agrees with
the value a,/2 in accordance with the threefold coordinat-
ed sites occupied by the H adatoms. The values of yy are
also in agreement with this adsorbate site (for an extend-
ed discussion of the structural conclusions based on the
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FIG. 3. Experimental He diffraction scans (solid lines) for
Rh(110)(1x2)H. The dashed line indicates the intensity distri-
bution of the best-fit result (the corresponding parameters are
given in Table I). The crosses indicate the best-fit peak intensi-
ties of a corrugation, in which the metal maxima have been
forced to lie above the metal atoms; the agreement is clearly
worse.

He-derived corrugations, see Refs. [14] and [15]). The
best-fit result for the intensities is given as a dashed line
in Fig. 3 and by crosses denoting the peak heights (with
the experimental beam widths taken into account) in Fig.
4. It should be noted that the Ne corrugations systemati-
cally exhibit larger amplitudes of ~0.1 A for the H ada-
toms and ~0.05 A for the metal corrugations perpendic-
ular to the close-packed rows. Most important, however,
is the observation that the corrugation maxima along the
H-free metal rows correspond to bridge sites in the He-
derived corrugation and to the on-top sites in the Ne-
derived corrugation as visualized in Fig. 2(c): Along the
[001] direction the highest and thus brightest hills corre-
sponding to the H adatoms are in line with the less high
and less bright hills on the H-free metal rows in the cor-
rugation derived from He diffraction; in contrast to this,
the less bright hills are shifted by a,/2 along [110] in the
Ne-derived corrugation and are thus in correspondence
with the locations of the underlying metal atoms as
shown in the sphere model. The result that the maxima
along the H-free metal rows correspond to short bridge
sites in the He-derived corrugations and to top sites in the
Ne-derived corrugations holds also for the two other ad-
sorption systems investigated as shown in Figs. 2(a) and
2(b). The wrong location of the metal maxima in the
case of the He-derived corrugation of Rh(110)+ (1 x2)H
[Fig. 2(c)] is signaled by the minus sign obtained for the
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FIG. 4. Experimental Ne diffraction scans (solid lines) for
Rh(110)(1 x2)H. The crosses indicate the best-fit peak intensi-
ties (the corresponding parameters are given in Table I).

Fourier coefficient a ;o (Table I). A refractive correction
[1] was used in all calculations to account for an effective
well depth D of the attractive part of the particle-surface
potential; D was found to be practically negligible for He
(2-3 meV) and ~8 meV for Ne. It is important to point
out that in Fig. 3 the crosses refer to the peak values of
an independent fit of the He data, in which the substrate
corrugation was forced to exhibit the maxima at the met-
al top sites. The agreement with experiment is clearly
worse: The intensities of the (04) and (03) beams are
systematically reversed and the (11) beam is systemati-
cally too large. Similar results were obtained for spectra
taken at other angles of incidence as well as for other He
wavelengths. Analogous conclusions could be drawn for
the two other phases shown in Figs. 2(a) and 2(b): All
corrugations shown in Fig. 2 are those yielding the op-
timum agreement between measured and calculated in-
tensities. With all these examples we have collected am-
ple proof that the corrugation of the metal substrate,

TABLE I. Best-fit parameters for Rh(110) (1 x2)H as deter-
mined for He and Ne diffraction. The substrate corrugation is
described by the simple Fourier series, Eq. (3), and the H ada-
tom hills by Gaussians, Eq. (4). Values are in angstroms. The
corresponding corrugations are shown in Fig. 2(c).

aoi ao an By B, hy XH YH
He 0.124 —0.06 0.01 232 1.76 0.31 1.34 0.86
Ne 0.15 0.035 0.027 1.84 143 04 1.34 09
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which is small in comparison to that of the H hills (see
Table 1), influences the diffraction spectra in a sensitive
manner. Thus the systematic differences between He and
Ne observed for all three phases can certainly be regard-
ed as well established.

In conclusion, we have provided strong evidence that in
the case of He scattering at least along the close-packed
metal rows (with corrugation amplitudes of a few 0.01 A)
anticorrugating effects [6,7,10] obviously are able to
outweigh the basic corrugation due to the surface charge
density [5] described by the first term in Eq. (1). Conse-
quently, the hills along the close-packed rows correspond
in all He-derived corrugations to short bridge sites rather
than to top positions. For Ne, on the other hand, where
anticorrugating effects are anticipated to play a much less
important role [6,7,10], the corrugation hills along the
close-packed metal rows indeed correspond to underlying
metal atoms. In view of the adverse conclusions of Refs.
[6] and [10] on the one side and of Ref. [9] on the other
concerning the magnitude of the anticorrugating term in
Eq. (1), our results certainly should stimulate further
theoretical investigations on the subtleties of the interac-
tion of the light noble gases with surfaces. In any case,
adopting a pragmatic point of view, it appears safe to
state that corrugations derived from Ne diffraction
deliver more faithful pictures of surface atom arrange-
ments than corrugations deduced from He diffraction;
moreover, Ne “‘sees” larger corrugation amplitudes and
may thus be more sensitive to structural details. Thus,
although Ne diffraction spectra are more difficult to mea-
sure and to evaluate, Ne diffraction will certainly play an
important role in the future.
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FIG. 2. Sphere models of H phases on Ni(110) and Rh(110)
together with grey scale representations of the corrugation
functions derived from He and Ne diffraction: (a) Ni(110)-
c(2x4)H, (b) Rh(110)(1x3)H, (c) Rh(110)(1x2)H. In the
sphere models open large circles denote metal atoms and full
small circles H adatoms at the locations determined by LEED.
The areas of the corrugations correspond to those of the sphere
models. The H atoms have the largest corrugation amplitudes
and thus show up as the brightest spots in the grey scale top
views. Note that in all He-derived corrugations there occur less
bright maxima between the H atoms along [001] on all H-free
metal rows in disagreement with the true atom arrangements
shown in the sphere models. In contrast to this, in the Ne-
derived corrugations the metal maxima are shifted by a,/2
along [110] in agreement with the true surface structures.



