PHYSICAL REVIEW B 71, 113405(2005

Calculations for methane scattering from Pt(111)
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Calculations are presented and compared with recently available experimental data for the scattering of CH
from a clean, ordered Bil1) surface. The theoretical model was used earlier for describing data from the same
laboratory for the scattering of GHby LiF(001). The results are in good agreement with experiment for both
the energy-resolved and total-intensity angular distribution spectra.
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Recently, data for the scattering of molecular beams oexperimental incident beam has an appreciable affect the
CH, by a clean, ordered @tll) surface have become rather broad energy-resolved spectra calculated here, and this
available!=® The purpose of this Brief Communication is to has been verified by trial calculations in which the results for
analyze and discuss these data in terms of a theoretical modelwell-defined beam are convoluted with a Gaussian distri-
that was successful in describing similar data taken at théution of incident energies.
same laboratory for the scattering of £flom the insulator It is shown that both the angular distributions and the
LiF(002).” energy-resolved spectra for the @IRt{111) system can

The CH,/Pt(111) data consist of angular distributions quantitatively be explained by the theoretical model. The re-
which produce total scattered intensities for a given incidensults of the analysis give an estimate of about 40 meV for the
beam, and time-of-flight(TOF) energy-resolved spectra physisorption well depth of the interaction potential for this
taken for fixed incident and final beam angles. The experisystem.
mental apparatus is constrained to a fixed angle of 90° be- The differential reflection coefficient is obtained for clas-
tween the beam incident at the ang|eand the final detector sical conditions on the translational and rotational motion of
direction 6;, thus for the measured angular distributions eactthe molecular projectile. This implies hypersonic transla-
final angle corresponds to a different incident angle accordtional energies, large masses compared to that of hydrogen
ing to the relationé;=90°-6,. The energy resolution of the and high rotational quantum numbers. The internal vibra-
incident beam wa\E/E=0.06 and the angular dispersion tional frequencies of Cjdare large compared to the transla-
was less than 0.5 tional and rotational energies expected in these experiments

Pt(111) is highly reactive and over a period of time under and must be treated quantum mechanically. In this limit the
bombardment by the CHbeam the surface becomes con-differential reflection coefficient for a single collision with
taminated with adsorbed molecules as well as dissociatiothe surface can be written as an analytical expression, and
products. In the experiment careful studies were made tthe details are given in Ref. 7.
assess the rate of build-up of contaminant products on the Phonon correlations at small distances on a smooth sur-
surfacé and it was found that for initial periods of several face give rise to the two constantg and wg appearing in the
minutes after routine cleaning protocols were completed, thelifferential reflection coefficienta:g is a weighted average
surface remained clean and the quality of the scattered specf phonon velocities parallel to the surface, whose value
tra did not degrade. Thus all measurements considered heshould be of the order or smaller than the Rayleigh mode
are for scattering from a clean and uncontaminated surfacespeed®!3 and its value is chosen as 1700 m/s in all of the

The theoretical model is a mixed classical-quantum de€alculations shown herexz is a weighted average frequency
scription of the collision in which translational and rotational of the surface-parallel motions of librations of the substrate
motion of the molecule and energy exchange to the surfacmolecules’ However, in the present calculations the value of
phonons are treated classically and excitations of internabg is not an adjustable parameter because its value is chosen
vibrational modes are treated with a semiclassical quanturto be 13° s™* which is too small to produce any measurable
theory?® This model has also been used to explain the sureffect. The physisorption potential is modeled by a square
face temperature and incident energy dependence of scatell of depthD and the crystal mass of the substrate is taken
tered angular distributions of 8, from LiF(001) (Ref. 10  to be that of a single Pt atom.
and Q beams from the AlL11) surface!! Rotational and The incident molecular beam in the experiments consid-
vibrational excitation of the Cjdmolecules are included in ered here is prepared in a state that approximates an equilib-
the theoretical calculations presented here, however, the erum distribution of rotational and vibrational states at low
perimental apparatus was not capable of measuring the intetemperatures. For the calculations we have averaged the in-
nal state of the molecular projectiles. Neither the small encident beam over a Boltzmann distribution of rotational
ergy resolution nor the angular dispersion of thestates at a temperature of 30 K, approximately the estimated
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FIG. 1. Angular intensity distributions for methane g£kcat- FIG. 2. Angular intensity distributions for different surface tem-

tered from a Rtl11) surface compared to the calculations shown asperaturesT=827 (a), 700 (b), 600 (c), 500 (d), and 400 K(e) as
solid curves. The incident translational energies @e500 meV,  marked. The incident energy is 190 meV and the vertical line marks
(b) 190 meV. The surface temperature is 827 K. The vertical linethe specular position.

marks the specular position.

, . o , energy and approximately 5° larger than the specular posi-
experimental conditions. The vibrational temperature is estigion at the higher energy. The specular positiesF45° is

mated to be significantly less than 100 K and for the calcuingicated by the vertical line. The experimental data and in
ations presented here a value o Wwas usea. 1he CalCl icylar the supraspecular shift with increasing energy are

Iatfions ar(},\ ess‘?mi"’.‘”ﬁ/ uncf:hﬂnged by variationshof m(IJrelth ell described by the calculations. In addition the small de-
a factor of two in either of these parameters. The calculate : ; - :

results are averaged over angular orientation of the moIgrease n fu".W'dth at half maxmunﬁF\NHM) with the
ecules, and over angular orientation of the angular momer{—argrir etnergy |stmat((:jhed bg the CafICtLr']Iat'ons'l distributi
tum. The detector used in these experiments is a velocity- 1 1c temperature dependence of the angular distributions

dependent density detector, and consequently the calculat&d ShOWn in Fig. 2 which gives a series of graphs at the
spectra must be corrected by a factor opdin order to  1OWer incident translational energy of 190 meV ranging from
compare with the measurements. T;4OO to'7OO K. Also shown is the data B:827 K from

The calculations require the polarization vectors for theFig. 1 which was taken on a different day. All other condi-
normal modes of the CHmolecule. These were obtained tions are the same as in Fig. 1. It is seen that with increasing
using a standard classical normal modes analysis in the haiemperature there is a small subspecular shift of the most
monic approximatior:'4-1For CH, there are a total of nine probable scattering angle toward the specular position and an
normal modes that have four distinct frequencies, three oincrease in the full with at half maximum, both of which are
which are degenerate. Calculations indicate that only the twavell matched by the calculations. A similar subspecular shift
lowest frequency modes with energie=190.2 and 161.9 with increasing temperature was observed previously in the
meV are appreciably excited under the experimental condi€H,/LiF(001) measurements and also for the case of
tions considered here, with the maximum excitation prob-0,/Al(111) (Ref. 1) as well as for the case of rare gas
ability at E;=500 meV of approximately 4 and 5 %, respec- scattering from metals,

tively. Time-of-fi in Fi
o -of-flight energy-resolved spectra are shown in Fig. 3
Angular distributions for the CHPI(111) system were o the same two energies and temperature as in Fig. 1. The

measured at two incident energids=190 and 500 meV, jncident beam and detector angles are both 45°. The calcula-
and for surface temperatures ranging from 400 to somewhajons shown as solid curves are with a well depth of
over 800 K. The crystal azimuthal direction wésl2). Fig- D=40 meV. The TOF time corresponding to elastic scatter-
ure 1 shows the experimental data compared to calculatiorigg is indicated by the vertical dashed line. The TOF time for
for an angular distribution taken at a temperature of 827 Krecoil energy loss in a hard-sphere collision with a single Pt
The calculated curve is obtained by integrating the differenatom is indicated by the dash-dotted vertical line which at
tial reflection coefficient over all final energies and final an-this specular scattering angle is about 15% of the incident
gular momenta, averaging over an initial Boltzmann rota-energy. It is seen that under these scattering conditions the
tional distribution at a temperature of 30 K, summing overmeasured most probable final energy shows an energy loss of
all excitations of internal vibrational modes, and averagingapproximately the same as the expected recoil loss with a
over molecular orientations. The well depth is taken to besingle surface atom, but there is a significant fraction of scat-
D=40 meV and the crystal madd. is that of a single Pt tered CH molecules that leave the surface at energies larger
atom. than that of the incident beam. The FWHM of the scattered
It is seen that the most probable angle of the anguladistribution becomes significantly smaller with increasing in-
distributions are slightly supraspecular at the lower incidentident energy. It is seen that the calculated curves match the
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FIG. 5. Angular distributions for different values of the well
depthD. The incident energy is 190 meV and the temperature is

FIG. 3. Time-of-flight spectra of CHmolecules scattered from 700 K

a P{111) surface for different translational energies 500 mgy
and 190 meV(b). The incident angle i®,=45° and the surface

temperature is 827 K The two v_ertical Iings indicate‘recoil energyjowest temperature and slightly less than 15% at the largest
loss (dashed-dotted lineand elastic scatteringlashed ling temperature. The FWHM becomes broader with increasing
temperature.
peak position and the high energymall TOF timé of the Comparison of the theoretical model to the experimental
data, but do not explain the long tail at low energies. Thisdata provides an opportunity to obtain estimates of physical
low-energy tail may be the result of trapping and subsequerfarameters such as the physisorption well depth of the inter-
desorption which is not included in the calculations. action potential. Figures 5 and 6 show calculations at several
The temperature dependence of the TOF spectra is givewell depths compared with data for both the angular distri-
in Fig. 4. Four different spectra at temperatures ranging fronbutions and the TOF spectra. The data is for the incident
400 to 700 K are shown for the same conditions as in Fig. 3{ranslational energy of 190 meV and the well depths are 40,
although these data were taken on different days and und®b, and 100 meV. For the higher incident energy of 500 meV,
somewhat different incident beam properties as indicated b§ small physisorption well gives virtually no change in the
the larger scatter in the data. It is clear that with increasingalculations.
surface temperature the scattered distribution shifts to higher From Fig. 5 it is evident that the effect of the physisorp-
energies(smaller TOF timek i.e., the average energy loss tion well is to broaden the angular distribution particularly

is somewhat larger than 15% of the incident energy at th@n the side of the peak nearest to normal. Clearly a small
well with D=40 meV gives the best fit for the angular dis-

tributions, and this holds true for calculations carried out at
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FIG. 4. Time-of-flight spectra for CHP{(111) for different val- FIG. 6. Time-of-flight distributions for different values of poten-

ues of surface temperatufe 700 K (a), 600 K (b), 500 K(c), and tial well D=100, 65, and 40 meV as marked. The incident angle is
400 meV(d). The incident angled,=45° and the incident transla- 6,=45°, the translational energy is 190 meV, and the surface tem-
tional energy is 190 meV. perature is 700 K.
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situation is somewhat less clear, in part because there is In conclusion, it is shown that the theoretical model used
much more scatter in the data. The effect of a potential welearlier to describe the scattering of £fom LiF(001) also

is to broaden the calculated curves and to give a shift of th@rovides a good explanation of the available data for scatter-
peak position to higher energies. Although a well depth of 4dng of CH, by P{(111). The comparison of the theoretical

meV gives a reasonable fit to the data, a somewhat largdpodel with the data produces an estimate of the physisorp-
well may be an even better choice. However, taking intotion well depth of the interaction potential that is somewhat

consideration both sets of measurements, the angular distgmaller than that inferred from earlier thermal desorption and

butions and the TOF spectra, the choice @E40 meV sticking experiments.

which was used in Figs. 1 and 2 seems reasonable. This This work was supported by the National Science
value is smaller than the binding energy for a full monolayerFoundation under Grant No. DMR-0089503 and by the
of CH4 on P(111) as estimated from its measured desorptionpepartment of Energy under Grant No. DE-FG02-
temperature of 67 KRefs. 18,19 to be about 175 meV. 98ER45704. The authors would like to thank S. Yamamoto
Further measurements of the sticking coefficient indicate thaind T. Kondo for helpful discussions during the course of
the binding energy of an isolated Glén a P(111) terrace this work and for supplying experimental data in advance of

could be in the range of 110-130 mé&V. publication.
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