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Atomic Scattering from Single Adsorbates: What Can We Learn from the Gas Phase?
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Numerically exact studies of atomic scattering from single adsorbates on a flat surface are based on a
soft potential closely approximating a hemisphere geometry, and on the ideal, hard and soft hemisphere
models. The hard wall model cannot fit any of the five interference maxima of the angular distribution.
In contrast, the soft hemisphere model perfectly predicts the first three interference peaks. Moreover, the
first interference peak is revealed as the well-known gas phase rainbow arising from the van der Waals
interaction between the scatterer and the adsorbate. [S0031-9007(98)06531-4]

PACS numbers: 79.20.Rf, 34.10.+x, 34.50.Dy

In the context of gas phase collisions the angular demodel clearly contribute to its attractiveness and popular-
pendence of the differential cross section is well characity. The physics contained in the hard hemisphere model
terized [1,2]. The classical rainbow singularity and theinvolves diffraction processes and reflection symmetry in-
guantal diffraction process give rise to pronounced oscilterferences. However, it lacks in any distortion of these
latory interference patterns. The resulting structure camechanisms as well as rainbow effects, due to the neglect
be traced to the scatterer-target interaction and accuraté the attractive range and of inflection points in the re-
potential energy surfaces can be inverted from beam scapulsive wall of the realistic Her defecfsurface interac-
tering data [1-3], at least for closed-shell systems. Whetion potential [8,9]. The limited applicability of the hard
one collision partner is a molecule the main effect of thewall model shows up in the fact that the apparent adsor-
orientational anisotropy is the damping of the oscillationsbate radius cannot be expected to increase from a reason-
whereas the diffraction spacing is primarily determined byable value of 2.4 A (i.e., comparable to the gas phase
the isotropic potential [3,4]. One basic question to be adradius) at the collision energg; = 40.3 meV, up to
dressed in this study is the following: What do we know4.4 A at E; = 9.4 meV, as given by the best fit calcu-
from gas phase scattering that can be transferred to tHations of Choi, Tang, and Toennies [11].
situation in which the atomic or molecular target is ad- In closing the introductory section it is worth noting
sorbed on a smooth surface? that an exact dynamical resolution is required in order to

In the past decade Toennies and co-workers havdetermine accurately the positions of the intensity max-
succeeded in characterizing the angular distributions aima, which constitute the useful information to confront
helium atoms scattering from isolated CO adsorbatewith experimental data [5—7,11]. Indeed, all kinds of
on smooth metal surfaces [5—7]. They have measurescattering approximations, including classical, semiclassi-
the scattered beam intensities that are analogous to thal, sudden, and reduced dimensionality treatments, have
differential cross sections in gas phase collisions. Onalready been applied but none can be found to yield satis-
can then expect both diffraction and rainbow effects tdfactory fits to the angular distributions, either experimen-
occur [8,9]. In addition, collisions with both the adsorbatetal [11] or stemming from the exact, three-dimensional
and the metal surface combine with the direct scattering3D) quantum calculations of Carré and Lemoine (CL)
from the adsorbate in order to give rise to the so-called9]. Therefore, the present study relies exclusively on the
reflection symmetry interferences [7]. Next, the energyexact solution of the Schrédinger equation for the motion
transfer with surface phonons or with hindered modes 0bf the atomic scatterer. Two simplified interaction mod-
the adsorbed molecule must be accounted for. Toennieds are investigated and tested against the 3D scattering
and co-workers have checked that the scattering wasalculations of CL, based on a soft potential closely ap-
dominated by the elastic signal owing to a time-of-flight proximating a hemisphere geometry as depicted in Fig. 1.
analysis [5—7]. Hence, the interpretation of the observe®ne is the hard hemisphere lying on the flat surface, and
interference patterns can be based on a rigid adsorbate the other will be termed the soft hemisphere model, up-
surface system, further assuming a flat surface since thgrading the hard sphere potential to a realistic isotropic
CO-induced corrugation is much larger than that of thanteraction between the scatterer and the adsorbate. The
smooth surface. highlights of the investigation are twofold: (1) The ade-

Many attempts have been made to explain the resultinguacy of the hard hemisphere model is denied, and, most
oscillatory structures in terms of an ideal hard wall inter-importantly, (2) the exact angular distribution is now fully
action model consisting of a hemisphere lying on a flatcharacterized; i.e., every intensity peak is assigned with
surface [5—7,10—12]. The intuitive nature and the easyespect to the analogous gas phase diffraction or rainbow
dynamical resolution implied by such a simple interactionfeature, or to a surface-specific interference effect.
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Tr—T T T T T T T T T Within the hard wall model, the gas phase scattering
i ] amplitude can be formulated analytically as a function of
6 the hard sphere radius e.g., Eq. (23) of Ref. [12]. The
2 reflection construction of Eqg. (1) for the hard hemisphere
ST model then yields [14,16]
= 4 HHG oy = L Ly delkia)
E | FUf Gy ki) = ;(2(7 1) hola)
S X [Pe(ks - ki) = Pe(ky - k)], (2)
N 2 i in terms of the spherical Bessel and Hankel functigns
1 and iy, and of the Legendre polynomi&l, [17]. For in-
L plane scattering, as in the experiments of Toennies and co-
0 workers [5-7], Eq. (1) translates &k, k;) = f(7 —
- 6; — 0y) — f(6; — 6;), whered is the angle betweek
T e and the normal to the surface. In order to compare to
0 1 2 3 4 5 6 7 8 the CL calculations performed under normal incidence, the
p (bohr) latter expression can be simplified such /B, k;) =
flar — 6) — f(6), which reduces Eq. (2) to
FIG. 1. Potential energy contours for He scattering from CO 2i io(kia)
adsorbed on Pt(111) in a plane perpendicular to the surfaceFHH(kf,ki) = —-= Z 2¢ +1) Jes P(coséy) .
Solid equipotentials are repulsive (0, 10, 20, 40 meV), whereas ki (4 he(k;a)
the dashed one is for2.5 meV. (3)

The hard sphere scattering amplitude can be further de-
The scattered intensity or differential cross section is decomposed into two contributions, namely, the backscat-
fined by the square of the scattering amplitude [1,2,12]. Byering or illuminated face term and the Fraunhofer term
assuming a hemisphere lying on a flat surface the atomig; 7). It may be instructive to isolate the Fraunhofer con-
scattering from a single adsorbate can be formulated agihution since it is predominant in the forward scattering
the difference of two gas phase collision events, enforcingrom a hard wall. By specializing the analytical formula
the proper boundary conditions along the mirror plane bygiven by Eq. (4) of Ref. [7] to the case of normal inci-
symmetry [13—-15]. These are determined by reflectioryence, the reflection construction leads to
construction and involve the free sphere obtained by ex- F . .
tending the adsorbed hemisphere by symmetry [14]. One F"(ky. ki) = iacotlfy)J(kiasindy), (4)
can then express the scattering amplitude for the adsorbéal terms of the cylindrical Bessel functiof [17].
hemisphere modeF, in terms of those for the free sphere, After the scattering dynamics review it remains to de-
f, such as fine the interaction potential for the soft hemisphere model.
_ Figure 1 displays a contour plot of the He-CO/Pt(111)
Fky ki) = f(ky - ki) = flky - k), (1) potential referred to as model | by CL, as a function of
wherek is a wave vector and the indices, f, and s the distance to the surface, and of the distance from
denote the incident, final, and specular directions, respet¢he adsorbate along the surfage, It consists of the
tively. The first amplitude describes the direct scatteringsum of a Morse potential for the He interaction with the
from the adsorbate with incident wave veclqr whereas flat surface, and of an isotropic Lennard-Jones potential
the second contribution represents the waves specularly réer the gas phase He-CO interaction [8], hereafter de-
flected from the mirror surface, including those undergo-noted by Vp;11) and Vo, with well depths of 4.0 and
ing a previous or subsequent deflection from the adsorbat@,37 meV, respectively. Because this soft potential closely
with incident wave vectok,. Because of the spherical approximates a hemisphere geometry as can be seen in
geometry of the investigated model, the angular distribufig. 1, the comparison between the reference calculations
tion spanned by Eq. (1) can be characterized exactly fromf CL and the reduced-dimensionality treatments stem-
a single 1D numerical resolution for an arbitrary scattererming from the hemisphere models will unambiguously as-
adsorbate potential [13,15]. This exact scattering formulasess the relevance of the latter simplified descriptions. In
tion for a hemisphere model [13,15] was initially proposedother words, the predictive power of the hemisphere de-
to reproduce total (vs differential) cross sections. The auscriptions is obviously expected to weaken as one attempts
thors of Refs. [13,15] revealed that the van der Waals atto interpret experimental observations.
traction was most important for quantitative comparison Figure 2 shows thé/p;11) and Vco potential curves
with experimental data and a gas phaselike glory effecand those for He scattering directly above the adsorbed
[1,2] was evidenced [13]. The purpose of the present inCO, Vco+py111) = Veo + Veairy with well depth of
vestigation is to apply this theory to characterize the riche.96 meV, and for a purely repulsivé/co-based in-
patterns of the differential cross section. teraction. The difference betweelto-+py111), that is,
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10 T I , I I T the Veo+pi11) SOft, Veo-based purely repulsive and hard
wall (a = 5.6 boh) interactions, respectively. It is found
that the hard hemisphere differential cross sections do
not change appreciably when the hard sphere radius is
increased from 5.3 to 5.6 bohr. In addition, replacing
Vco+pi11y With Voo does not significantly shift the in-
terference maximum locations. CL found the positions
co of the three first maxima away from specular reflec-
\ tion to be AK; = 048, AK; = 091, and AK; = 1.34,
+0.02 bohr !, within model I. Remarkably, the soft hemi-
sphere model reproduces these results, A&, = 0.50,
CO+Py(111) AK, = 0.92, andAKg = 1.33. Upon comparing the.dot—
5 ) : A ; ; ; ted and solid lines it is obvious that the hard hemisphere
0 2 4 6 8 10 12 14 Model fqlls to_mterpretthe CL results. A better match can
7 (bOhI') be ob_talned, i.e.AK; = 048, AK, = 0.89, andAK;z =
1.39, if one assumes the hard radius to doe= 9.6 bohr
FIG. 2. Potential energy curves for He scattering from Pt(111)hich is truly unrealistic in view of the contour plot de-
and from various CO sphere models: Adsorbed, free, angicted in Fig. 1. Moreover, the agreement cannot remain
purely repulsive. satisfactory if one considers any other energy 6, 8, 12,
14 meV probed in that range, because the hard hemisphere
PR . calculations result in an erratic dependence of the peak po-
for_pSB Oh n F::g.' 1'1 and th(“l)t’ t[]hat IS, rog[ggly f?rth sitions as a function of incidence energy for a given value
goiugat(i)or: ilgdu::ge'd b;/re'[ﬁ:eesp?gssencg gf]at%g' iLsIo(IeatZd C%f a (not shown here). In contrast, the soft hemisphere
adsorbate. The collision energy range spanned by CL i aIcuI'ations define fixed positions.ve.rsus the incidence en-
centered ébout 10 meV, i.e., 6-14 meV. The 10 mev, Y " the range 6-14 meV, W|th|tt0.0_2 bohr™ fqr
equipotential from Fig. 1 yields — 5.40 and 5.34 bohr, K1 @ndAKy, in very good agreement with CLAKj is
quip 9- 1y ’ ' ' slightly more sensitive to the collision energy, especially

_ : Lo 9 2
for p = 0 and 5 bohr, respectively, with” = p* + 2. = 4, energy, decreasing from 1.36 bohr at 14 meV down

This confirms that the He probes an adsorbed hemispher% 1.26 bohr at 6 meV, the agreement with CL remaining
only slightly di_storted by t_he surface interaction, on Onequité good overall. TFle dashed line in Fig. 3 shows the
EZII::?J’IaatLirc])?\slt grllvfhse %?hthrI]rgr?;e affor the hard sphere effect of removing the potential well in the He-adsorbate
Fiqure 3 ais lavs the 10 meV anaular distributions ob_interaction. Althoughitis well known from gas phase scat-
rigure s dispiays the. ang tering that the van der Waals well causes the rainbow ef-
tained within three distinct hemisphere models, namelyfect that evolves as a remnant shoulder at high energies
(see Fig. 1 of Ref. [3]) the vanishing of the first inter-
ference maximum within the purely repulsive hemisphere
model unambiguously elucidates the nature of this peak.

VPt(lll)

A
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—— —
=0° 3= - In addition, the three dashed interference peaks closely cor-
2 10* ei 0° a=35.6 bohr Ei 10 meV respond to the oscillations following the soft hemisphere
g7 AN hard hemisphere rainbow, whereas they strongly depart from the hard wall
8 3 L\ - repulsive hemisphere oscillatory structure, perhaps with the exception of the first
*'S‘ 10 E soft hemisphere maximum. This demonstrates that the hard hemisphere
.a) F model cannot even account for diffraction effects, at least
2 10% oo A for these low incidence energies. Surprisingly, the pure
= E_ Yo ] Fraunhofer model of Eq. (4) ideally reproduckk’, at all
D g X % S energies witha = 5.6 bohr, as already found by CL, be-
s 10 ‘g’,"\ cause reflection symmetry interferences appear to have no
F [\ i sizable effect. It does not seem to be a mere coincidence
10— o a1l b AL 7 ! since it also occurred for model Il [9].
0 0.5 1 1.5 2 2.5 3 Figure 4 compares the angular distributions stemming
AK (bohr“l) from the adsorbed hemisphere and gas phase sphere

models, and thereby illustrates the role of the reflection
FIG. 3. Differential cross sections as a function of parallelsymmetry interferences. The solid and dotted lines,

momentum transfer, for He scattering with a collision energy Ofrespectively correspond t& (k. k;) and f(ks - k,)

10 meV from an adsorbed hemisphere under normal incidence, Lo ;
The solid, dashed, and dotted curves refer to the attractivéd! Ed- (1), the f(k, - k;) contribution being roughly
purely repulsive, and hard wall interactions, respectively. Theconstant. There is a perfect qualitative match of the

hard radius isz = 5.6 bohr. two interference patterns at the exception of the small
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two Fraunhofer diffraction maximaF{ and F,), and two
i surface-specific rainbows, a single collision, and a double
0=0° E=10meV collision event, respectively. Of course, the last two
! ! . features evidenced by Yinnon, Kosloff, and Gerber [8]
soft hemisphere cannot be reproduced by a hemisphere model lacking in
10 T2 N free soft sphere the surface-induced distortion mechanism responsible for

these rainbows.

The future perspectives of this study are to extend the
L o soft hemisphere calculations to compare with the high-
WA resolution experimental data recently obtained for He-CO/
{\, o Cu(100) [7], as well as with exact scattering distributions

10*

[a—y
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[

Relative intensity

stemming from a more realistic interaction potential, e.g.,

with an elongated shape along the surface normal. Last,

ATT 1 I the future investigation should span the experimental
0 05 1 L5 2 25 3 range of beam energies, that is, 10—50 meV. This would
AK (bohr'l) clarify whether the surface-induced rainbows rather than

the hemisphere features, are amplified with increasing

FIG. 4. Differential cross sections as a function of momentu P :
transfer, for He scattering with a collision energy of 10 me\r/nenergy as indicated by Yinnon, Kosloff, and Gerber [8].

from an adsorbed soft hemisphere under normal incidence
(solid curve) and from a free soft sphere (dotted curve).
R labels the rainbow, and”, and F, denote the two first
Fraunhofer diffraction peaks.
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