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The scattering of He atoms from a CO molecule adsorbed on a Pt surface is studied
theoretically by methods that include: (1) Numerically exact solutions of the time-dependent
Schrodinger equation for the scattered wave packet; (2) The sudden approximation; (3)
Classical trajectories. The methods are used to obtain detailed insight into the collision
dynamics, and to predict and understand interesting features in the angular intensity
distribution of the scattered atoms. The analysis and interpretation of the exact quantum
results is facilitated by calculations of the probability current density of the scattered particles.
Some of the main results are: (i) The angular intensity distribution exhibits nonspecular
maxima of two types: Several of the peaks are rainbow effects induced by the adsorbate, while
others (at angles nearer to the specular) are Fraunhofer diffraction interferences. Both types of
peaks contain useful, largely complementary, information on adsorbate geometry and on the
He/adsorbate interaction. (ii) The angular intensity distribution is quantitatively sensitive to
the adsorbate distance from the surface, suggesting possible determination of that distance
from experimental data. (iii) The corrugation due to the adsorbate leads to scattering
resonances associated with temporary trapping of the scattered atom at the defect site. This is a
new effect of potential importance for experimental studies of atom/defect interactions. The
results obtained here suggest that He scattering from isolated adsorbates exhibits distinct,
substantial effects, measurement of which should yield very useful data on the adsorbates and

on their interactions with gas-phase atoms.

I. INTRODUCTION

Isolated defects on crystalline surfaces, such as steps,
adsorbates, and vacancies, often greatly affect the physical
and chemical behavior of the surfaces. Determination of the
structure and of other microscopic properties of such de-
fects, of which little is known at the present time, is thus a
major goal of surface science. Results in the last few years
indicate that He scattering is potentially a very powerful
probe of surface defects and their properties.’ The first, and
very major, experimental direction in this subject focused on
the attenuation of the specular scattering from the surface
due to the presence of the defects.'” In particular, Comsa
and co-workers !> were able to extract a wealth of informa-
tion on surface defects and their mutual attractions from
measurements of the attenuation of the specular scattering
as defect concentration is varied. Also, there have been sev-
eral theoretical studies and calculations of the cross section
for scattering by a defect, a concept directly related to the
attenuation of the specular scattering.>° A second impor-
tant line in studying surface imperfections by He scattering
has been the investigation of the angular intensity distribu-
tion. Theoretical studies by the present authors'® and inde-
pendently by Heuer and Rice'! predicted the occurrence of
weak maxima in the nonspecular intensity distribution for
atom scattering from isolated adsorbates on smooth or peri-
odic surfaces. Gerber etal.'®® and Yinnon ez al.'°® found
that the nonspecular maxima of the angular distribution in
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their calculations were rainbow effects due to the local cor-
rugation caused by the defect. In a recent study'? Lahee et al.
reported observation of undulations in the angular intensity
distribution of He atoms scattered from isolated CO mole-
cules on a Pt(111) surface. This was interpreted by the au-
thors as Fraunhofer interference oscillations.’®> Although
both experimentally and theoretically the subject is in a very
early stage of development, the abovementioned progress is
encouraging. As the available theoretical calculations sug-
gest,'®'>!4 angular intensity distributions for scattering
from a defect can, in principle, furnish very useful informa-
tion on the geometry of the imperfection, and on the interac-
tions between the latter and the He atom.

The present article explores the collision dynamics of an
incoming He atom with an isolated CO molecule adsorbed
on flat Pt surfaces with two purposes in mind. First, interest-
ing new effects in the scattering induced by the adsorbate are
demonstrated. Perhaps the main such effects are scattering
resonances corresponding to trapping of the He atom by the
impurity. Second, we seek to clarify the relation between
rainbows and Fraunhofer peakslin the angular intensity dis-
tribution, and to show that the two features are distinct, but
can both be found in the same intensity distribution under
certain conditions. We discuss the information contained in
each of the two features.

The structure of the article is as follows: In Sec. II we
discuss the model used for the adsorbate and for its interac-
tion with the He atom. Section III briefly describes the meth-
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ods employed for studying the collision dynamics and the
scattering intensities. Section IV gives an analysis of the re-
sults. Concluding remarks are brought in Sec. V.

Il. THE MODEL SYSTEM

The present study deals with the scattering of a He atom
from an isolated CO molecule chemisorbed upon a smooth
Pt surface. The molecule and the underlying surface will be
treated as a static, nonvibrating target. Obviously, vibrations
of the adsorbate and of the surface are expected to affect
quantitatively the collision dynamics and the angular inten-
sity distribution measured in molecular beam experiments.
However, results of calculations using a rigid, nonvibrating
surface system should be useful at least for studying the main
qualitative effects. Moreover, for diffraction scattering from
crystalline surfaces, the effect of surface vibrations on the
scattering intensities can be represented approximately by a
simple Debye—Waller factor.'* A similar description may be
successful also for the angular intensity distribution in scat-
tering from surface defects.

The Pt surface will be treated in most of the calculations
reported here as completely flat. For a very low corrugation
surface such as Pt(111), this should be a good approxima-
tion.

In the work reported here, scattering calculations were
carried out for three models of the interaction potential
between He and the [adsorbate 4+ Pt surface]:

A. Gas-phase He/CO interaction

This model takes the He/[ CO + Pt] potential function
to be of the form

V(xp,z) =V, (2) + Vap (x,1,2) , (N

where ¥V (z) represents the interaction between He and a
Pt(111) surface, assumed completely smooth, and V,, is
the interaction potential between He and CO in the gas
phase. The coordinate z measures the distance of the He
atom from the surface plane, while (x,y) are the coordinates
in parallel to the surface plane. For the gas-phase He/CO
interaction we took an isotropic potential determined from
the experiments of Butz et al.'> This potential depends only
on the distance R between He and the center of mass of the
CO: V,p (x,3,2) = V,p (x —1r,p) = Vi, (R), where r is
the position vector of the He, and r ., the position vector of
the CO c.m. The gas-phase He/CO potential of Butz et al.'”
has a well depth of € = 2.37 meV, and a minimum distance of
R, =3.5 A. For the He/Pt interaction a Morse potential
was used

Vi(2) =D,Je™ 27" —_ge7 7] (2)

The steepness parameter of the Morse potential was taken to
have the value of @ = 0.6 bohr —!, typical of He interactions
with metal surfaces. The value of D, = 4.0 meV, given by
Harris et al.'® was employed. The value of z,, was adjusted to
yield a specified distance of the CO c.m. (the position of
which was defined as z=0) from the surface plane of Pt,
leading to z,, = 2.3 bohr. The interaction potential (1) is
definitely not quantitatively correct. Indeed, the experimen-
tal cross sections for He scattering from CO on Pt(111) asa

function of incident energy and angle are not satisfactorily
reproduced by this potential.® Nevertheless, we expect this
potential to be realistic on a semiquantitative footing. This
should suffice for our purpose of searching for qualitative
effects in the angular intensity distribution. However, in or-
der to assess the sensitivity of the results to the potential
used, calculations were carried out also for other model po-
tentials.

B. The potential of Jonsson et a/.®

This potential has the form of Eq. (1). However,
Vap (r —rap) = V,ap (R) was not taken in this case as the
gas-phase He/CO interaction. Rather, we employ the Len-
nard-Jones potential ¥V, (R) obtained by Jonsson et al. by
the fitting of the energy-dependence of the measured cross
section for He/[CO + Pt(111)].% This potential has a well-
depth of € = 1.38 meV, and a minimum distance R,,, = 4.3
A, and it differs therefore considerably from the gas-phase
potential discussed above. Also the potential of Jonsson ez
al., as all currently available potential functions for He/
[CO + Pt(111)], must not be regarded as quantitatively
true since, e.g., it fails to reproduce the experimental vari-
ation of the measured cross section with the incidence an-
gle.®

C. The potential of Liu and Gumhalter'?

This potential function, again of the general form of Eq.
(1), introduces an atom/adsorbate interaction that is cor-
rected for surface polarization effects. ¥V, p, (r —r,p ) is giv-
en in this model by

Vap (F—tap) = VB (r—rap) + VB (r —ryp)
+ ViR (r —rap), 3
where V' (& is the direct, gas-phase-like interaction between
the atom and the adsorbed molecule. For the repulsive part
of this interaction, Liu and Gumbhalter employed the expo-
nential potential given by Gordon and McGinnis for gas-

phase He/CO.'® The attractive, long-range part of V(% as
employed by Gumbhalter and Liu is given by

(2 +4u)
R6

(d) —
Vip (t—rap) = —C,

X[l _ 1= b (cos 9)] , (&)
1+ 2u
where R = |[r —r,p | ,0 is the angle between R=r —r,
and the normal to the surface. u is the ratio of transverse and
longitudinal adsorbate polarizabilities. ¥ {3’ in Eq. (3) rep-
resents the interaction of the He with the adsorbate image in
the surface plane. ¥ {2 is an interference term between the
interaction of the atom with the adsorbate, and its interac-
tion with the pure image. The functional forms of these inter-
actions, and the parameters for He/[CO + Pt] are given in
Ref. (17) and Ref. (9). As the calculations show, the surface
mediated interaction terms have little effect on the angular
intensity distribution studied here. On the other hand, the
adsorbate location with respect to the surface plane (given
by r.p) was found to be of crucial importance. We varied
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this geometric parameter in the calculations, to demonstrate
its effect on the observable angular intensity distribution.

D. Potential for corrugated surfaces

We carried out several calculations to assess the effect of
the corrugation of the underlying crystalline surface on the
scattering from the adsorbate. This topic was already very
briefly examined by Gerber et al.'® The potential function
employed in this case is also of the additive form (1), but the
He/crystal interaction component V| is taken as

V.(zxy) =D,[e” 7 2™ 2]
+ ﬂDse —2a(z—2z,,)

X [cos(zl x) + cos(zly)] (5)
a a

which is the familiar Lennard-Jones-Devonshire model.'®
Here a is the lattice constant of the surface, and £ is the
corrugation parameter. In the calculations we used the value
of #=0.1 [which is certainly unrealistically high for
Pt(111) and other smooth metal surfaces] in order to obtain
strong, noticeable effects. Such a corrugation is roughly in
the correct range for alkali halide surfaces such as LiF (001).
For the He adsorbate interaction term we used in this case
the gas-phase He/CO potential.

IN. THE METHODS

Several methods were used in this study in order to com-
pute the angular intensity distribution of the scattered atoms
and to gain insight into the ways in which the collision dy-
namics is reflected in that distribution. The methods em-
ployed were: (1) The solution of the time-dependent Schro-
dinger equation for the scattering process by the FFT
algorithm?®>2%; (2) The sudden approximation®-2%; (3)
Classical trajectory calculations. Since these methods were
already discussed extensively in previous articles, only brief
comments will be made.

To obtain the time evolution of the wave packet which
describes the scattering process, the FFT method numerical-
ly solves the time-dependent Schrédinger equation

(P (_ gt vn) v, (®
ar 2m

where r is the position vector of the scattered atom and m its
mass. The technique, due to Kosloff and Kosloff ?° uses the
fast Fourier transform algorithm (FFT) to evaluate the ac-
tion of the kinetic energy operator in Eq. (6) upon the wave
function at each time point. The propagation in time of the
wave function was obtained in the present study by expand-
ing the evolution operator e ~ #* by a Chebychev polynomial
series which is discussed elsewhere,?"?? and is a very efficient
algorithm. To facilitate the physical interpretation of the ef-
fects found in terms of the computed wave packets, we made
use here of the probability current density, a vector quantity
defined by ?":

j(r,2) =Re[‘l’*%v\ll] . (7

As will be seen later, analysis of this quantity offers insights

into the formation mechanism of resonances, interference
structures, etc. .

Both quantum-mechanica and semiclassi-
cal'>?>?8 wave packet methods have previously been applied
to the study of scattering from defects, and their advantages
for this purpose are apparent. For example, the time-inde-
pendent close coupling technique, extensively in use for scat-
tering from crystalline surfaces, requires expansion of the
scattering wave function in a discrete basis (for which the
diffraction states are employed in the case of a periodic lat-
tice). No such basis is available in the case of a surface with
defects, when the allowed final momentum states form a
continuum.'*?* The wave packet methods do not require a
basis set expansion, and are thus applicable to the present
problem.*?

Another very useful tool in studies of atom scattering
from defects has been the sudden approximation,?>-2%°
which has the advantage of offering an explicit expression
for the angular intensity distribution, but is restricted to cer-
tain systems and scattering conditions. Basically, the sudden
approximation requires that the momentum transfer in the
direction parallel to the surface be small compared with the
momentum transfer normal to the surface, i.e.,>?>*

K’ — K| <2k, , (8)

where k, is the incident wave number in the z direction; K is
the incident wave vector in parallel to the surface plane, and
K' is any intermediate or final wave vector in parallel to the
surface plane which plays a significant role in the scattering
process. For a surface of area 4 which contains a single de-
fect, the angular intensity distribution is given by the func-
tion

19, 10,22,25

2

| x| (9)

Py =5

where p = (x,p), and 7(p) is the scattering phase shift com-
puted for fixed p, given by

7(p) = on d, {[kﬁ —2mV(xp,2)/#]"* — k, } — k.2,
Zy
(10)

where z,, is the classical turning point pertaining to the inte-
grand in Eq. (10). Condition (8) for the validity of the sud-
den approximation is expected to break down for systems of
high corrugation, and an isolated adsorbate on an otherwise
flat surface generally represents, for realistic parameters, a
very substantial local corrugation.?*** Nevertheless, pre-
vious calculations have shown that the sudden approxima-
tion reproduces rather well many features of the scattering
from isolated adsorbates.”® Features for which it breaks
down are, e.g., intensity peaks due to double collision events
(in which the incoming atom first hits the surface and then
the adsorbate or vice versa), which are a particularly sensi-
tive manifestation of strong corrugation. The sudden ap-
proximation is thus useful for the interpretation of these fea-
tures for which it works, and offers useful insights also at the
points where it breaks down.

Another tool employed in this study for gaining under-
standing of the collision dynamics are classical trajectory
calculations. To obtain an angular intensity distribution
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from such trajectory calculations we must employ a suffi-
ciently dense sample set of initial (x,y) values for the incom-
ing atom so as to adequately represent all collisions between
the beam particles and the surface segment that contains the
defect. Typically, about 2000 trajectories were used in each
such calculation. Quantum effects, in particular interfer-
ences, are important in such collisions, hence classical trajec-
tory results for the angular intensity distribution are bound
to be seriously flawed. Nevertheless, individual trajectories
do offer important and valid insight into many qualitative
aspects of the collision dynamics.

IV. RESULTS AND DISCUSSION

The results will be outlined by examining separately
each of several properties or features of the angular intensity
distribution.

A. Single- and double-collision rainbows and
Fraunhofer diffraction

Figure 1 shows the results of calculations within the
sudden approximation of He scattered from Pt(111), using
the fitted potential of Jonsson et al.,° discussed in Sec. II. For
simplicity, a one dimensional “surface” is used, i.e., the in-
teraction potential and the collision dynamics, were restrict-
ed to the (z,x) plane only, and the y coordinate was not
included. A normal incidence collision was treated with col-
lision wave number k, = 2.47 bohr . The angular intensity
in Fig. 1 exhibits, in addition to the large specular peak, also
six additional peaks, the pattern being obviously symmetri-
calin the momentum transfer AKX, = K, — K, (K, =0) in
the x direction. It is useful to employ a stationary-phase,
approximate evaluation of the sudden scattering amplitude,
asin Ref. 25. The crude quasiclassical stationary-phase limit
of Eq. (9) predicts a rainbow whenever?

dy

Ix?

In the classical limit, this should show up as a singularity in

=0. (11)

63.7 /JT}
|

by
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FIG. 1. Angular intensity distribution in He scattering from CO on Pt: Sud-

den calculations. The results shown are for normal incidence collisions at k,
= 2.47 bohr . The potential used is that of Jonsson ez al. (Ref. 9).

the angular intensity distribution at momentum transfer
AK such that

AK, = —291%) (12)
Ix

where x is the stationary-phase point of the integrand (9) for
momentum transfer AKX . The singularity of the crude clas-
sical evaluation is smoothed into a finite peak in more refined
calculations. Using the phase-shift 7(x) calculated from the
potential of Jonsson er al.,° we find that rainbows are pre-
dicted for AK,, = + 1.26 bohr !, in good agreement with
the peaks at AK, ~ 1.3 bohr ~! in Fig. 1. We therefore identi-
fy this symmetrical pair of peaks as rainbows. We did not
find a point x that satisfies the rainbow condition (11), i.e.,
inflection points of the phase shift, for the maxima at
AK, = +0.48 bohr~!, AK, = + 2.20 bohr~'. We shall
see below that the peaks at AK, = + 0.48 bohr™! are
Fraunhofer diffraction effects. Rainbows in atom scattering
from defects were found and analyzed in Refs. 10and 25 and
the sudden approximation was useful in identifying some of
the rainbows in these calculations.

We consider now Fig. 2, the results of numerically exact
wave packet calculations for the same potential and scatter-
ing conditions as shown in Fig. 1. Although the maxima at
AK, = 1.56 bohr ™' are shifted from the rainbow positions
in the sudden intensities of Fig. 1, the shift is not very large,
and it seems reasonable to identify these peaks as the “exact”
manifestations of the rainbows found in the sudden approxi-
mation. For the peaks at AK, = 4 0.48 bohr—!,
AK, = +0.85bohr—', AK, = + 1.22 bohr !, we suggest
that these can be interpreted as Fraunhofer interference
maxima. Indeed, Lahee ef al.'? semiquantitatively interpret-
ed their experimental results on He scattering from CO on
Pt(111) in terms of Fraunhofer diffraction interferences, us-
ing a model of a hard hemisphere on a flat, hard surface. The
Fraunhofer diffraction intensities given by this model are'?

(1 4 cos 8)J,(kd sin 8) |?

P(6
() sin 8

) (13)

where 8 is the scattering angle, d the hard-sphere radius, £
the collision wave number, and J, denotes the Bessel func-
tion of first order. We estimated d from the profile of the
equipotential at the collision energy used in the caiculation.
The effective radius of the adsorbate so defined is d = 7.5
bohr. The maximal positions predicted by Eq. (13) are in
very good accord with the peaks at AK, = 4 0.48;
+ 0.85; + 1.22 bohr ™! of the exact calculations. Although
we view this as sufficient evidence for attributing these peaks
to Fraunhofer diffraction, it should be stressed that the in-
tensities given by the Fraunhofer model (13) are in poor agree-
ment with those of exact calculation: The intensity ratio of
the second-order (AK, = 0.85 bohr™') to the first-order
(AK, = 0.48 bohr~') Fraunhofer maximum by Eq. (13) is
0.355, while the exact calculation gives 0.619. (The intensity
ratio of the third-order to the first-order maximum gives a
much better agreement: 0.184 in Fraunhofer model vs 0.190
of the exact calculation.) This leaves still the maxima at
about AK, = + 2.26 bohr™! to be physically interpreted.
To this effect, and to confirm the interpretations of previous-
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FIG. 2. Angular intensity distribution in
He scattering from CO on Pt: Exact quan-
tum calculations. The results shown are
for normal incidence collisions at k,
= 2.47 bohr ™. The potential used is that
of Jonsson ef al. (Ref. 9).
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ly mentioned features, we consider the results of classical
trajectory calculations for this system. Figure 3 shows the
classical intensity distribution for the same collision energy
and incidence direction as used above. The maxima seen at
AK, = +1.20 bohr~!, AK, = + 2.40 bohr™' are rain-
bows. (Although their qualitative shapes are typical of clas-
sical rainbows, the spikes are not pronounced due to very
limited trajectory statistics in the calculation). A trajectory
associated with the rainbow at AK, = 1.20 bohr ' is shown
in Fig. 4. The rainbow behavior is due to the fact that this
trajectory (and other trajectories at its infinitesimal vicini-
ty) strike the inflection point of the equipotential, which is
essentially the same as the inflection point of the phase shift,
given by Eq. (11). Theinflection point shown in Fig. 4 is due
to the corrugation induced by the long-range attractive part
of the He/CO interaction at the vicinity of the surface. We
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FIG. 3. Angular intensity distribution in He scattering from CO on Pt:
Classical trajectory calculations. The scattering conditions and potential
are the same as in Figs. (1) and (2).

expect such inflection points (and the resulting rainbows) to
be widely present for adsorbates on flat surfaces, regardless
of the quantitative details of the potentials. The rainbows at
AK, = + 1.20 bohr~! ate near in position to the rainbows
found in the sudden approximation, Fig. 1, (AK, = + 1.26
bohr~!), and they are physically of the same origin. The
trajectories associated with the classical rainbows at AK,
= + 2.4 bohr ! are of a different type, shown in Fig. 5:
These are double-collision rainbows, in which the trajectory
first strikes the CO adsorbate at an inflection point of the
equipotential, then undergoes a second collision with the flat
Pt surface. The sudden approximation cannot describe such
rainbows, because it does not include double-collision ef-
fects. But the peaks corresponding to these rainbows are seen
in the exact quantum results of Fig. 2 (at AK, = +2.26

'(.OO "

4.67
E
s
~

2.33+

0 T T T — 1
25.0 325 40.0 4715 55.0

x (a.u.)

FIG. 4. Trajectory corresponding to single-collision rainbow. The system
and scattering conditions are as in Fig. 1. z is the distance from the surface
plane and x the coordinate along the 1D surface used. Shown also is the
equipotential at the collision energy used. The He atom hits an inflection
point of the equipotential.
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FIG. 5. Trajectory corresponding to double-collision rainbow. The system
and scattering conditions are as in Fig. 1. z,x are defined as in Fig. 4. Shown
also is the equipotential at the collision energy used. Note that the turning
point of the trajectory along z in the second “‘collision” does not lie on the
equipotential, since after the first collision part of the kinetic energy of the
atom is in the x direction.

bohr~'). We sum up now briefly the main findings of this
part: (i) Generally, Fraunhofer maxima, single, and double
collision rainbow peaks can all be seen in scattering from
adsorbates in the same collision conditions (same experi-
ment). (ii) The Fraunhofer maxima are nearer to the specu-
lar direction (involve less momentum transfer in parallel to
the surface) than either of the rainbows. (iii) The double-
collision rainbow occurs at directions much further from the
specular than the single-collision rainbow. (iv) The sudden
approximation can be used to assign the single collision rain-
bow, and (at least) the first-order Fraunhofer peak, but not
the double collision rainbow. Classical trajectory calcula-
tions describe qualitatively both rainbows, but of course can-
not yield diffraction interferences. Finally, we note that each
of the scattering features discussed here is sensitive to differ-
ent aspects of the interaction potential. The Fraunhofer
maxima mainly probe the size of the adsorbate. The single-
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FIG. 7. Intensity distribution from classical trajectory calculations. The en-
ergy and incidence direction are as in Fig. 6. R1 is the single-collision rain-
bow; R2 is the double-collision rainbow corresponding to the trajectory of
Fig. 8; R3 is the double-collision rainbow of Fig. 5. The arrows show maxi-
ma due to trapping effects.

collision rainbow probes mainly the long-range force exerted
by the adsorbate at the surface plane. The double-collision
rainbow is expected to be mostly sensitive to the repulsive
He/adsorbate interaction. Experiments measuring all these
features should provide a comprehensive picture of the ad-
sorbate/He interaction.

We proceed now to examine the dependence of the
Fraunhofer and rainbow effects on the scattering conditions.

B. Dependence of intensity features on incidence
energy

We consider now results for He scattering from CO on
Pt at normal incidence, but for a collision wave number of
k, = 3.28 bohr !, corresponding to a much higher energy
than in the case of Figs. 1-3. Figure 6 shows the exact quan-
tum-mechanical intensity distribution, calculated for the po-
tential of Jonsson et al.° Figure 7 shows the corresponding
classical results. The peaks at AK, = + 0.52 bohr~! and

FIG. 6. Angular intensity distribution from
exact quantum calculations for He/[CO
+ Pt]. The results shown are for normal inci-
dence collisions at k, = 3.28 bohr—'. The po-
tential of Jonsson et al. (Ref. 9) was used. F1,
F2 indicate Fraunhofer peaks. The other
maxima are rainbows. Arrows indicate peak
positions in the experiments of Lahee et al.
(Ref. 12).
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FIG. 8. Trajectory showing the double-collision rainbow R2. The equipo-
tential, corresponding to the collision energy used is also shown.

AK, = + 1.04 bohr~' in the quantum intensity distribu-
tion seem to be the first- and the second-order Fraunhofer
interference maxima: Their positions and magnitudes are in
accord with Eq. (13), and they are not present in the classi-
cal distributions. The peaks at AK, = + 1.38; 4 1.72;
+ 3.05 bohr ™! are all rainbows. It is convenient to classify
them with the help of the classical distribution, Fig. 7, and of
the trajectories associated with the various peaks. According
to this the peaks at + 1.38 bohr~! are single collision rain-
bows, of the type shown in Fig. 4, to which we shall refer as
R1 rainbows. The peaks at + 3.05 bohr ~' are double colli-
sion rainbows, qualitatively the same as in Fig. 5, to which
we shall refer as R3. The peaks at AK, = 1.72 bohr ' are a
new type of double collision rainbow: The He strike the in-
flection point on the potential which is due to the long-range
attractive part of the He/CO force, but on its way out strikes
the CO. The trajectory is shown in Fig. 8, and we refer to this
rainbow as R2. Finally, the peaks at AK, = + 2.75bohr ™!,
AK, = + 4.3bohr™ ! are to our interpretation supernumer-

-1.00 —

-200 —

Log (intensity) (Bohr)
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ary rainbow peaks of the double-collision rainbow R3. Com-
paring the angular intensity distribution of Fig. 6 with the
lower energy results of Fig. 2, two important facts emerge:
First, at higher energy a new, additional double-collision
rainbow emerges. It clearly requires higher incident momen-
tum than the R3 rainbow mechanism. Second, at higher en-
ergy there are less noticeable Fraunhofer peaks, and more
rainbow maxima (due to the supernumerary peaks). The
results of Fig. 6 are in the energy range of the Lahee et al.'?
experiments. It may be instructive to make a tentative, limit-
ed comparison between the theoretical and the experimental
results, for which purpose we show also results of wave pack-
et calculations at k, = 5.13 bohr~! (in Fig. 9), which also
correspond to an experimental energy. We caution that a
rigorous comparison between experiment and other present
calculations is not possible because the calculations brought
here show the intensities as a function of momentum transfer
(or scattering angle) for fixed (normal) incidence, while in
the experiments the final and the initial angle were related
(e.g., 6, + 6, = 90°), and thus the intensities compared are
not identical). It is nevertheless regarded as provoking that
the experimental peaks appear to coincide, to good approxi-
mation, with peaks found in the calculations both in Figs. 6
and 9. Should this comparison be reliable, then it would sug-
gest that the maxima actually seen in the experiments of
Lahee ef al.'? were all rainbows. The true Fraunhofer peaks
were not observed, and may well be buried under the specu-
lar signal.

C. Dependence of rainbows on incidence angle

Figure 10 shows the classical intensity distribution for a
collision at incoming energy of 17.5 meV, and incidence an-
gle of 30°. Figure 11 shows results for the same collision
energy at incidence angle of 70°. The results exhibit a physi-
cally obvious shadowing effect of the adsorbate on the scat-
tering of the atom. At 70°, the forward (AKX, > 0) double-
collision rainbows have disappeared completely. As for the
backward scattering, Figs. 7, 10, and 11 show that as the

FIG. 9. Angular intensity distribution for
He/[CO + Pt] from exact quantum cal-
culations. The results shown are for nor-
mal incidence collisions, with k, = 5.13
bohr~!. F1, F2 are Fraunhofer maxima.
The other maxima are rainbows. The ar-
rows indicate peak positions in the experi-
ments of Lahee et al. (Ref. 12).
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FIG. 10. Classical angular intensity distribution. The results shown are for
a collision energy of 17.5 meV, and incidence angle of 30°.

incidence angle is increased also the backward R2 rainbow is
suppressed in magnitude in comparison with R1: By geome-
try one expects at high incidence angles only a small flux of
trajectories to hit the inflection point of the potential and
then strike the adsorbate, which is required for an R2 rain-
bow.

D. Dependence of the intensity features on the
interaction potential

We examined the sensitivity of the rainbow and Fraun-
hofer features to the interaction potential. Our calculations
have shown that there are only relatively small differences
between the results for the Jonsson ef al.’ potential, and
those obtained using the “gas-phase” interaction, with pa-
rameters as given in Sec. II. We focus therefore on the com-
parison between the angular intensity distribution for the
abovementioned potentials and that calculated from the po-
tential of Gumhalter and Liu. Figure 12 shows the scattering
intensities calculated using the potential of Ref. 17 for a nor-
mal incidence collision with wave number k, = 2.5 bohr .
The three rainbows R1, R2, and R3 are all seen in the angu-
lar intensity distribution although the collision energy is

10.0
b
o 667
<
£
=3
o Ry
>
2 333
b4
£
Ry
} Re
c H ¥ H 1
6.0 .30 0 30 60

K, {Bohr-t)

FIG. 11. Classical angular intensity distribution for incidence angle of 70°.
The results shown are for a collision energy of 17.5 meV.
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low. {The potential of Jonsson et al. shows only the R1 and
R3 rainbows at such energies.) Analysis of classical trajec-
tory results, not shown here, supports the conclusion on the
presence of the third rainbow in this case. The reason for this
behavior is that the potential of Liu and Gumbhalter, with the
parameters used by the authors in Ref. 17 corresponds to a
CO molecule placed with its center of mass relatively high
above the Pt surface plane. As a consequence, there is an
increase in the likelihood of collisions in which the atom hits
the repulsive potential of the CO after a previous impact on
the Pt surface. The R2 rainbow is caused by collisions of this
type. To further reveal the sensitivity of the rainbows to the
adsorbate/surface distance, we present now results of a se-
ries of calculations in which that distance is varied as a pa-
rameter. Fig. 13(a) corresponds to a case in which the CO is
almost totally immersed in the conduction electrons of the
Pt. The calculations are for a Gumbhalter—Liu potential, but
with a distance of — 1.83 bohr between the CO c.m. and the
Pt surface plane. The corrugation due to the CO is slight in
this case, and there is hardly any attractive “deformation” of
the equipotential away from the adsorbate, as in Fig. 4. Since
there is no inflection point in the potential, the R1 rainbow
does not appear, and the corrugation is much too low for
double-collision rainbows. There is only one pair of peaks
seen in Fig. 13(a), and these are first-order Fraunhofer
maxima. From Eq. (14) one can extract the effective radius
of the CO, R,, from the peak position. The result obtained is
about 4.5 bohr, a small value that indicates that most of the
CO is indeed immersed in the Pt for the parameter used, and
the corrugation is due to a small part of the CO sphere that
lies above the plane of the Pt electrons. The results in Fig.
13(b) correspond to a calculation with the Gumhalter-Liu
potential in which the distance of the CO c.m. for the Pt
surfaceis — 0.83 bohr. The CO ¢.m. is such that a significant
“attractive” deformation of the equipotential (as in Fig. 4,
but much weaker) is already present. Therefore, an R1 rain-
bow due to scattering from the inflection point, qualitatively
asin Fig. 4, does already occur. On the other hand, the repul-
sive corrugation is still weak, and there is therefore no inflec-
tion point on the CO molecule itself, which is required for R3
double-collision rainbows. Also the CO part outside the Pt
plane is not high, so collisions that strike the attractive in-
flection point miss the molecule and will not hit it in a second
collision. All this accounts for the fact that in Fig. 13(b) we
see Fraunhofer peaks and R1 rainbows, but no R2 or R3
rainbows. Since the CO is less immersed than in the case of
Fig. 13(a), the radius of the nonimmersed AP is expected to
be higher. From the Fraunhofer model and Fig. 13(b) we
estimate R, = 6.25 bohr, a considerable increase from the
previous case. Finally, in the case of Fig. 13(c), the COc.m.
is at a height of + 1.17 bohr from the Pt surface plane. This
corresponds to substantial repulsive corrugation, although
still not as with the actual Gumbalter-Liu distance. In Fig.
13(c) the emergence of the R3 (but not yet of R2, as in Fig.
12), rainbow is seen. When measurements of the rainbow
features become available, they should, by the above evi-
dence, provide very sensitive information on the adsorbate
position with respect to the surface.

We carried out also calculations to check the sensitivity
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of the rainbow feature, to the surface-mediated interaction
terms of the Gumbhalter-Liu potential. Although the omis-
sion of the image and interference potentials did affect quan-
titatively the angular intensity distribution, the effects were
neither large nor of qualitative interest. This will therefore
not be discussed here.

E. Rainbows in scattering from CO on a corrugated
surface ‘

We examined this question for a model having much
greater corrugation than Pt(111), in order to find significant
effects. The potential used in these calculations is described
in Sec. II D. Figure 14 shows the results of sudden calcula-
tions for He scattering from a CO adsorbate on a corrugated
surface. These results show first and second order diffraction
peaks due to scattering from the underlying corrugated sur-
face. In addition, there are three symmetrical pairs of rain-
bows. The identification of these peaks as rainbows is sup-
ported by classical trajectory calculations (not shown here),
but is mainly based on the fact that these rainbows lie close to
values predicted by the stationary-phase approximation, ac-
cording to Eqgs. (11) and (12). These equations, for the po-
tential function of Sec. IID predict rainbows at AK,

= +0.86, + 1.4,and + 1.70 bohr~"'. The peaks at 4 0.6
bohr are Fraunhofer maxima. All these rainbows are closely
related to the attractive inflection point of Fig. 4 in the flat-
surface case. However, in the present case the inflection
points of the potential (or more precisely the phase shift)
involve an interplay between (i) The corrugation induced by
the long-range attractive force of the CO molecule at the
surface plane; (ii) The corrugation of the surface potential
itself. Two of the rainbow pairs are caused by inflection
points within the first unit cell adjacent to the CO: one point
is closer to the CO molecule, the other is near to an inflection
point of the pure surface potential (but amplified and shifted
by the CO attractive field). The third rainbow comes from
an inflection point in a unit cell one removed from the CO

site, but the potential exerted by the CO at this point is still
important. The Sudden, of course, only gives single collision
rainbows. The classical calculations, which we do not show,
exhibit also a double-collision rainbow of the R3 type. Multi-
ple (but single collision ) rainbow peaks as in Fig. 14 provide
information that should be useful in determining the posi-
tion of the adsorbate within the surface unit cell, since the
latter affects sensitively the inflection points.

F. Adsorbate-induced trapping effects

It is well known that in atom scattering from periodic
surfaces of sufficient corrugation there occur resonances
that correspond to temporary trapping of the colliding atom
in the vicinity of the surface plane. These are referred to as
selective adsorption resonances'® and the study of these re-
sonances has been a major topic in He scattering from crys-
talline surfaces. Physically, these resonances are due to
transfer of energy from the z direction to a direction parallel
to the surface plane, caused by the surface corrugation.
When the remaining energy in the z direction does not suffice
to overcome the binding potential along z, trapping occurs
until energy flows back from the (x,p) coordinates of the
atom to the direction perpendicular to the surface. For very
weakly corrugated surfaces, trapping does not occur or is an
extremely weak effect. The question arises whether the local
corrugation due to an adsorbate can lead to a trapping effect
when the underlying surface is practically flat. This was
found to be the case in all the classical low energy calcula-
tions that were carried out in this study. We return, for in-
stance, to Fig. 3 showing results for normal incidence impact
of Heon [CO + (flat) Pt], k, = 2.47 bohr ! (these calcu-
lations used the potential of Jonsson ef al.). Two symmetri-
cal peaks could not be attributed to any rainbow effect. To
interpret these peaks, we note first that calculations in this
study employed a surface segment on which the adsorbates
were placed, and imposed periodic boundary conditions at
the ends of the segment. Thus the model used is essentially
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one of a lattice of adsorbates upon a flat support, although
the distance between the adsorbates in our case was very
large. Figure 15 shows trajectories that occur for such a lat-
tice of adsorbates, and the analysis of which has shown it to
be the cause of the maxima near the specular: The trajectory
strikes a point of inflection on the repulsive wall of the adsor-
bate, and after the collision is directed towards the flat un-
derlying surface. The energy of the atom in the z direction
after the collision with the CO is insufficient for escaping
from the surface. The He thus carries out a vibrational mo-
tion along z while transiating along the surface. It exits from
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FIG. 13. (a) Angular distribution for the Gumbhalter-Liu potential, with an
unrealistic distance of CO to surface plane. The CO c.m. is — 1.83 bohr,
corresponding to immersion of nearly all the molecule in the Pt; (b) Asin
Fig. 13(a), but with CO c.m. distance to the Pt plane of — 0.83 bohr; (c) As
in (a), but with CO c.m. distance to the Pt plane of + 1.17 bohr.
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FIG. 14. Angular intensity distribution of He scattered from CO on a corru-
gated surface. The results are from sudden calculations and correspond to
normal incidence collisions at k, = 2.47 bohr~'.

the surface when a collision with a second adsorbate (pres-
ent in the calculation by virtue of the periodic boundary con-
dition) converts back most of the x-coordinate energy into
kinetic energy along z.The effect appears to be pronounced
only when the He actually strikes an inflection point on the
equipotential: It can therefore be described as rainbow-en-
hanced trapping. The peaks associated with rainbow-en-
hanced trapping are also seen clearly in Fig. 7, at a somewhat
higher energy. It is hard to identify the trapping peaks of Fig.
3 in the quantum angular intensity of Fig. 2, because they are
masked by the stronger Fraunhofer effect at the pertinent
angles. To pursue the occurrence of the trapping effects
quantum mechanically, it is most useful to employ the prob-
ability density current, defined in Eq. (7) as a tool of inter-
pretation. Figures 16(a)-16(e) show the probability density
current (z,x,t) obtained from the time-dependent wave
packet calculations at different points ¢ in time. The results
are for normal incidence collisions at k, = 3.28 bohr !, and

12
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FIG. 15. Trajectory corresponding to rainbow-enhanced trapping in He
scattering from [ CO on flat Pt]. The potential and scattering conditions are
as in Fig. 3. The peaks due to the above (and neighboring) trajectories are
seen at the sites of the specular peak in Fig. 3.
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FIG. 16. (a) Contours of the probability density current for He scattering
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bohr ™. The wave packet calculations used the potential of Jonsson ef al.
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the potential of Jonsson ez al. was used. Each figure shows
the contours of the probability current |j(z,x,t)| at a given
time ¢. The arrows show the direction of the vector j at the
{z,x) point. Figure 16(a) shows the situation before the
wave packet hits the adsorbate. Figure 16(b) shows the on-
set of wave motion around the repulsive CO sphere, as the
wave front reaches the repulsive wall. This motion around
the sphere gives rise to some turbulent flow of the probability
density, which, as shown in Fig. 16(c), leads to the build up
of a Fraunhofer interference peak. Other peaks which in-
clude interference contributions build up as the wave front is
reflected away from the surface, and the currents associated
with the rainbow peaks are clearly visible in Fig. 16(d).
There is, however, a component of the wave that leaves the
scattering region considerably later than the first front of the
probability current. This time-delayed part is clearly the
trapped component in Fig. 16(e). We conclude that the
quantum calculations do exhibit trapping resonances in
analogy with the classical situation. The complexity of the
quantum intensity pattern makes it easier to reveal the re-
sonances in terms of an analysis in time, but they also affect
the intensities. This, in itself, does not, of course, provide a
useful guide on how these (rainbow enhanced) trapping re-
sonances can be measured. A promising approach, in our
opinion, will involve a study of a rainbow or a diffraction
peak intensity as a function of incidence angle, a sharp re-

duction in the rainbow (or Fraunhofer) flux being a signa-
ture of formation of a trapped component. This is in analogy
to the way of measuring selective adsorption resonances in
scattering from corrugated periodic surfaces.'® This topic
will, however, be left to 2 more extensive study in the future.

V. CONCLUDING REMARKS

In this study we sought to demonstrate that the angular
intensity distribution of atoms scattered from isolated adsor-
bates has a rich structure, and that structure contains very
useful information on the interaction between the atom and
the adsorbate, as well as on the collision dynamics. We found
that rainbows and Fraunhofer diffraction interferences can
both be seen in the angular intensity distribution, the rain-
bows occurring at higher momentum transfer than the
Fraunhofer peaks. It was also pointed out that the Fraun-
hofer maxima, the single and the double collision rainbows
are each sensitive to a different aspect of the He/adsorbate
interaction. The full angular intensity distribution should
thus amount to a fairly detailed picture of the adsorbate and
itsinteraction with the colliding atom. Finally, attention was
drawn to the occurrence of scattering resonances induced by
the presence of the adsorbate. Such resonances, if found,
may become a useful additional probe of isolated adsorbates.
This, of course, gives rise to the question on the nature of the
bound states for a gas-phase atom at the site of an adsorbate,
or another surface defect.

1t should be desirable to explore the nature of the scat-
tering intensities also for other types of defects, such as va-
cancies, and work along these lines is in progress. Above all,
progress on this topic depends on advance made in the ex-
periments, and we feel these should be strongly encouraged.
Although the effects discussed here are hardly easily detect-
able, by our estimates most of them shouid be observable
with present-day techniques and resolutions. On this basis
one may anticipate considerable advance in knowledge of
surface defects and their interaction with incoming atoms.
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