PHYSICAL REVIEW B

VOLUME 39, NUMBER 6

RAPID COMMUNICATIONS

15 FEBRUARY 1989-11

Onset of surface corrugation in molecular scattering from Ag(111)
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Although close-packed metal surfaces are commonly assumed to be flat for beam energies up to
about 1 eV, we find that the close-packed Ag(111) surface is considerably corrugated for O, at
normal energies below 1 eV. The amount of surface corrugation strongly depends on the kind of

incident particle (Ar, CO, O,).

Molecular-beam scattering from surfaces is well suited
to study dynamics of gas-surface interactions.!> Many
phenomena in thermal and superthermal molecular
scattering (incident energies E; < 2 eV) scale with the en-
ergy E, (=E;cos?6;) perpendicular to the surface (nor-
mal energy), such as, for example, the width of the angu-
lar distribution,? rotational excitation,*> vibrational exci-
tation,® and sticking.7 6; is the angle of incidence with
respect to the surface normal. One exception is the stick-
ing of N; on W(1 10),® which scales with E;. The scaling
with E, suggests that the surface can be assumed to be
flat (confirmed by He and H, scattering®) and that the
observed angular broadening is due to thermal motion of
surface atoms. Clear deviations have not been seen before
for molecular-beam scattering from close-packed sur-
faces. We will present the first experimental and theoreti-
cal results on anomalous broadening of angular distribu-
tions of O, from Ag(111) due to strong surface corruga-
tion, much stronger than we observe for Ar. This indi-
cates that corrugation of the close-packed Ag(111) sur-
face can be important even at energies just above thermal.

As the surface appears to be flat the most frequently
used model, to explain beam scattering, is the rather sim-
ple hard-cube model.!®!" The importance of rotational
excitation has been demonstrated experimentally for NO
and N, on Ag(111).4%12-14 Therefore, the hard-cube
model has been modified to include a rigid-rotor (hard el-
lipsoid) instead of a spherical particle.!’> Furthermore,
the hard-cube model can be extended with a corrugated
surface,'® although this is never combined with the rigid
rotor modification. The hard-cube model, and the 2D
(two-dimensional) models based on it, can only explain
in-plane scattering. More sophisticated models are based
on 3D classical trajectory calculations.!? Both methods
will be used to analyze the data presented in this paper.

The experimental setup is described in detail else-
where.!” Only a short description will be given here. A
supersonic molecular beam is produced by a 100-um heat-
able dc quartz nozzle. Behind two skimmers the beam is
chopped into pulses of about 15 us by a rotating disk
chopper situated 15 cm in front of the target. The use of a
chopper gives the possibility to perform time-of-flight
(TOF) measurements with a resolution of 2 us. By seed-
ing the beam gas in He, and optionally heating the nozzle,
it is possible to raise the translational energy of the beam
molecules. The beam is directed with a variable angle of
incidence 6; to a Ag(111) single crystal, mounted on a
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two-axis goniometer in the center of a ultrahigh vacuum
(UHV) chamber. The Ag(111) crystal is sputtered with
500-eV Ar*t jons and annealed at 780 K before the mea-
surements were taken. The quality of the crystal surface
is checked with specular He scattering, Auger electron
spectroscopy (AES), and low-energy electron diffraction
(LEED). All experiments were performed at a surface
temperature 7, =600 K. The incident as well as the scat-
tered particles are detected by a differentially pumped
quadrupole mass spectrometer (QMS), which has an
opening angle of 2°, at a distance of 18 cm from the target
crystal. The angle of reflection 6, can be changed by ro-
tating the detector around the crystal. The construction
of the apparatus is such that the lowest available 6y
=60° —0,.

Experimental results of O; scattering from Ag(111) are
presented in Fig. 1. A 3D spectrum is built up by a step-
wise scanning through 6y, while measuring a 2D TOF
spectrum at each 6y. To be able to obtain more informa-
tion from such a 3D spectrum, it can also be plotted in a
topographical way. The mean final translational energy
of the spectrum is determined by first integrating the
angular-TOF spectrum over the scattering angle and then
determining the mean translational energy from a fit of
the integrated spectrum. '7!8

The width of the angular distribution can be up to 40°
at thermal energies, when the molecular velocity is com-
parable with the thermal motion of the surface atoms.!’
As is expected for scattering from hard cubes,>'®!! the
angular width decreases drastically when the translational
energies become superthermal (above 0.1 eV).!” At fur-
ther increase of energy, the width is expected to increase
again, due to the onset of structure scattering or corruga-
tion. This has not been observed before for molecular
scattering. As is shown in Fig. 1 (upper 3D spectrum), we
measure for O, at E; =1.56 ¢V and 6; =38° on Ag(111) a
broadening of the angular distribution which is surprising-
ly large and asymmetric. The lower 3D spectrum in Fig. 1
illustrates that the angular broadening comes up very fast
when increasing the incident translational energy from
0.91 eV to 1.56 eV (6; =38°). Figure 2 shows the angular
width as a function of incident energy over the full range
from thermal up to about 1.5 eV. To emphasize the
dramatic broadening with increasing E,, the Ar curve is
shown for comparison. The sensitivity of the broadening
to the normal energy is clearly shown by the topographical
plots in Fig. 1. From these spectra we conclude that the
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FIG. 1. Topographical representation of intensity of scattered O as a function of 6, and flight time at different E; and 6;. Contour
lines are drawn at 30%, 50%, 70%, and 90% of the peak maximum. To the right the angle of incidence decreases, and to the bottom
the incident translational energy decreases. The specular positions are indicated by vertical dotted lines and the TOF of the corre-
sponding incident beams are indicated by horizontal dotted lines. For better insight two spectra are plotted as common 3D graphs as

well.

angular broadening scales with the normal energy.

Since the strong broadening of the O; spectrum at 1.56
eV will be shown to be most likely due to surface corruga-
tion, we can use a modified hard-cube model, which in-
corporates surface corrugation, to explain the experimen-
tal broadening. Such a model, which has been proposed
earlier, '® is based on the common hard-cube model.'%!!
Using this modified hard-cube model and representing the
corrugation by a cosine with an adjustable amplitude, we
were able to reproduce the experimental angular distribu-
tion for E;=1.56 eV at 6, =38° (7T, =600 K) when we
used a corrugation depth of 0.1 A at a modulation dis-
tance of 2.89 A, the lattice parameter of Ag. The agree-
ment very sensitively depends on the amount of corruga-
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FIG. 2. The full width at half maximum of the angular distri-
bution at 6; =38° as a function of incident energy for Oz (@)
and Ar (2&). The Ar data are in good agreement with earlier ex-
periments (Ref. 3).

tion, while a variation in the reduced cube mass has only
minor effect. We have to emphasize that the corrugation,
determined in this way, is an average since we represented
the actual 3D corrugation by a 2D corrugation in the
model. Consequently, the maximum corrugation ampli-
tude is considerably larger than 0.1 A; in fact, from our
classical trajectory studies follows a maximum corruga-
tion amplitude of 0.45 A. Since the surface Debye tem-
perature (perpendicular to the surface) is about 120
K,2%2! the mean vibrational amplitude of surface atoms is
about 0.2 A at 7, =600 K. Although this value is larger
than the mean corrugation that the 1.56 eV O, is probing
(ca. 0.1 A), it is smaller than the maximum value. There-
fore, thermal roughening of the surface is not the main
origin of the angular broadening.

When we measure scattering of other particles (Ar,
CO) at approximately E; =1.5 eV and 9; =38°, the width
of the angular distribution varies from about 20° for Ar to
about 30° for CO, but O, exhibits by far the largest
broadening (> 35°), as is shown in Fig. 2. This indicates
that there is a substantial difference in surface corruga-
tion for those particles. Trajectory calculations show that
differences in surface corrugation are due to differences in
slope of the interaction potential between particle and sur-
face, when it is represented by a sum over Born-Mayer po-
tentials [V (r) =Ae ~7", where r is the distance from the
particle to a surface atom]. If the interaction potential
has a long repulsive range (p <4 A '), the turning point
of the approaching molecule will be relatively far away
from the surface, where the corrugation of the surface po-
tential is somewhat damped out. In case of steep poten-
tials (p >4 A ~!) the corrugation becomes more percepti-
ble at the turning point, so corrugation-induced effects
can become larger. The differences in angular distribu-
tions disappear at very low energies (E, <0.3 eV), be-
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cause then the turning point will be far away from the sur-
face.

We have simulated our experimental results by 3D clas-
sical trajectory calculations using summed pairwise repul-
sive interaction potentials.?> These pairpotentials are
Born-Mayer potentials fitted ‘to the Hartree-Fock-Slater
(HFS) potentials computed for this system.?’> In the
0,/Ag(111) case we used the potential parameters
A=8181 eV and p=5.03 A ~!. The value for p is unusu-
ally large, leading to large corrugation, which is in agree-
ment with our experiments. For Ar the computed p =4.10
A ~! which is considerably smaller, leading to less corru-
gation. The molecular trajectories are calculated at a
cluster of 30 Ag atoms, which are incorporated in a
thermal Einstein lattice with a temperature of 600 K.
Both rotational and vibrational excitation of the initially
nonrotating and nonvibrating molecules are included in
the calculations. The results of calculations on 1.56 €V in-
cident O, on Ag(111) at 6, =38° can be seen in Fig. 3.
The simulated spectra appear to be in reasonable agree-
ment with the experiments. To show the sensitivity of the
trajectory calculations to the kind of potential, we also
used the Ziegler-Biersack-Littmark (ZBL) ‘“‘universal”
potential?® in the calculations. It appeared that there is
hardly any agreement between the latter calculations and
the experimental results, as can be seen in Fig. 3.

At 6;=38° the width of the calculated angular distri-
bution (30°) is lower than the experimentally observed
one (38°). Furthermore, the mean transldtional energy of
the scattered molecules ((Ef)caic = 0.9 eV) is higher than
the experimental value ((Ef)expt==0.7 €V). These devia-
tions might be due to errors in the potential, either due to
an incorrect pair potential, or to a breakdown of the as-
sumed pairwise additivity.?*> Figure 3 clearly shows that
the computed results strongly depend on the shape of the
pair potential. However, for both Ar and CO scattering
at similar energies and for Na scattering in the energy
range from 10-100 eV, all from the same surface, the
classical trajectory calculations using similar HFS-linear-
combination-of-atomic-orbital (LCAO) potentials as
computed for Ag-O describe the experimental results very
well. 2> This might point to additional energy transfer
due to formation of an ionic intermediate (O; ) during
the collision, which is not possible in the other cases men-
tioned and not included in the calculations.?® Formation
of O, scattering has been observed at much higher in-
cident energies (around 100 eV).? In gas-phase collisions
between K and O, an ionic intermediate has been shown
to be extremely effective to energy transfer between
translation and O, vibration.?® This is due to the oc-
currence of so-called snarled trajectories along the poten-
tial energy surface that effectively couple the translational
and vibrational degree of freedom. This may lead to the
additional energy transfer observed, when comparing data
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FIG. 3. Calculated angular-TOF spectra of O, (6; =38°),
determined by classical trajectory calculations, compared to the
experimental spectrum. The “experimental” parameters are the
same as those of the experimental spectrum in Fig. 1 (upper-left
spectrum). For comparison the result of classical trajectory cal-
culations, based on the ZBL potential, is shown also.

and results of the trajectory calculations. In these models
the lateral degree of freedom is not included. It is not un-
likely that when strong coupling between translation and
vibration occurs the lateral degree of freedom will also be
coupled to translation, leading to an enhanced corrugation
compared to a situation where charge transfer and snarled
trajectories are ignored.

We conclude that the broadening of the angular distri-
bution can be explained by surface corrugation. The
amount of surface corrugation is to a large extent deter-
mined by the normal-incident energy and the slope of the
molecule-surface interaction potential. For C and O the
computed p=5.1 A~!, which is surprisingly large for
such a system (par,=4.1 A~!). The large energy transfer
found in the present O, experiments and the width of the
angular distribution at the largest E, exceed the comput-
ed one and may indicate that negative ion resonances are
important for the energy transfer in gas-surface collisions.

After completion and submission of this manuscript
similar observations for the interaction between Ar, N,
and W(100) have been reported.?’ The strong difference
between O, and Ar seen in our work is not seen for Ar and
N; on W(100).
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