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Rotationally Inelastic Scattering of CoH » from LiF(100):
Translational Energy Dependence
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We report the first results from a new experimental apparatus designed for the general investigation
of energy transfer in molecule-surface scattering. The translational energy dependence of the rotational
temperature of GH, scattered from LiF(100) has been measured, yielding results which are different
from any data of this type previously reported. Our preliminary interpretation of the results is in terms
of vibrational excitation with increasing incident translational energy. [S0031-9007(96)00726-0]

PACS numbers: 82.65.—i, 34.50.Dy, 34.50.Pi, 82.20.Rp

The transfer of energy and the ensuing chemistry thatotation (“chattering”), and/or excitation of the bending
occurs between molecules and surfaces is of both fundamodes of the GH, molecule.
mental and practical importance, yet the depth of our un- Figure 1 shows a schematic diagram of the appara-
derstanding of these and many of the associated procesges, which, for the present study, is configured to deter-
is quite limited compared with analogous processes in unimine the rotational state population distribution of the
molecular and bimolecular chemistry [1], due, in part, tomolecules beforeand after the surface encounter. A
the greater complexity of molecule-surface interactionsmolecular beam is formed by expanding mixtures gfi¢
The most comprehensive data to date are from studiés He into vacuum from a source pressure of 2 bars,
of NO/surface scattering [2—9], which include measure-and the molecular velocity is changed by varying both
ments of the rotational, vibrational, and angular distri-the beam composition and the nozzle temperature. The
butions, along with their dependencies on translationaliF(100) surface was cleaved in air and hedtedacuoto
energy €;) and surface temperatuft&,). For the other 550 K overnight (base pressure2 X 10~% mbar). The
molecules which have been studied, which include HCkcattering azimuth{100), and surface cleanliness were
[10], NH3 [11], CO, [12], CO [12,13], HF [14], B [15], then confirmed via He atom diffraction, which is known
D, [15], SFs [16], HD [17], CH, [18], and N, [18,19], to be highly sensitive to surface contamination. These
the data are much less complete. Thus most of the litermmeasurements, carried out at various times during the ex-
ature is limited to diatomic molecules, with the data forperiment, showed that the 300 K surface remained clean.
polyatomic molecules being inadequate to claim a general
understanding of these processes. Notwithstanding, these A
experiments provide the curredé factostandard for the
classification of molecule-surface scattering mechanisms,
namely, (1) elastic, (2) direct inelastic, (3) indirect inelas-
tic, and (4) trapping-desorption [5].

The data presented in this Letter are the first results
from a new apparatus that is designed to overcome many
of the experimental limitations experienced previously in
the study of molecule-surface scattering. The coupling
of a high-resolution infrared laser, an ultrahigh-vacuum
surface scattering apparatus, and the highly sensitive
optothermal detection method [20] provides the means for
studying a wide range of molecules and surfaces. By
carrying out an extensive study of the,H,/LiF(100)
system as a function of the energy of the collision, we
have identified two scattering regimes: a low energy
regime where the degree of rotational excitation upon
scattering is strongly dependent on the incident energy,
and a high energy regime where the degree of rotationdflG. 1. Schematic diagram of the apparatus showing the
excitation is essentially invariant with incident energy.nozzle (N), skimmer (S), collimator (C), Doppler cell (DC),

L crystal (X), surface normal (SN), probe multipass cell (MP),
The novel form of this incident energy dependenceoolometer (B), liquid helium dewar (LHe), liquid nitrogen

is indicative of rich scattering dynamics and may bedewar (LN,), axis of rotation of the detector flange (A), and
explained in terms of phonon energy transfer, frustratedarious mirrors (M).
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As indicated in Fig. 1, the laser can be directed into theés0° and the bolometer detector was positioned at or near
apparatus upstream of the crystal surface where a foldetie angle of maximum intensity in the measured angular
multipass cell is used to collect Doppler shift spectra tadistribution.
measure the molecular velocity. ,i&, rovibrational tran- Figure 3 shows a series &f measurements carried out
sition frequencies were located using a wave meter ands a function oft;. The dependence @f, on the normal
published frequencies [21] for the branch of the upper incident translational energyE, = E; cos 6;) can be
member of thevs/v, + vi + v Fermi diad. divided into two regimes: at low energied3(< E, <
Angular distributions were measured for rotational65 meV), T, varies linearly withE, (in kelvin) with a
state-selected molecules by rotating the bolometer abogiope of 20%; while at high energig®, > 65 meV),
the crystal while pumping the?(3) transition prior to 7, is essentially independent af,. Figure 4 shows
the molecule-surface collision, as shown in Fig. 1. Sincehree angular distributions representative of the same
the laser excitation occurs upstream from the crystalincident energy range. In the low energy regime, the
these angular distributions correspond to the scatteringngular distributions [e.g., Fig. 4(a)] are relatively broad
of vibrationally excited molecules from the surface. Al- and subspecular, while at higher energies we observe
though, in principle, there could be a difference betweemarrower and more specular scattering lobes [Fig. 4(b)]
the precollision and postcollision pumped angular distri-that become pregressively supraspecular [Fig. 4(c)] with
butions, a comparison of the experimental data showeihcreasingE;.
that they were the same within experimental uncertainty. To interpret the above observations we must take sev-
This result is not surprising considering the reports oferal factors into account: (1) the direct conversion of
NO/LiF(100) scattering of Misewicket al.[22] which translational energy into rotational and vibrational excita-
suggest that (at least for high-frequency vibrations) thdion of the scattered molecule, (2) surface corrugation, (3)
scattering process is nearly vibrationally elastic. phonon creation and annihilation, (4) kinematic effects,
For postcollision pumping measurements of the internaind (5) multiple scattering (including chattering [23,24]
state populations, the laser was directed into the sphericahd multiple bounces [25]). The observed narrowing of
multipass cell, yielding an infrared spectrum of the scatthe angular distribution with increasirfgy can be largely
tered molecules. Rotational state populations were desnderstood in terms of the kinematics associated with
termined from the measured transition line intensities bythe changing magnitudes of the energies involved. In
correcting for the rotational state degeneracy, laser powegn uncorrugated, rigid-surface, vibrationally elastic, direct
and line strength. Analogous measurements were madwattering system, inelastic scattering involves only the
for the incident molecular beam, yielding incident rota-intramolecular conversion oF, into rotation—giving
tional temperatureér’,) of 24—42 K for the beam condi- rise to supraspecular scattering since the parallel compo-
tions used to access the entire rang&pfonsidered here. nent of the energy is unchanged. In our experiméfits
Figure 2 shows an example of a Boltzmann plot of thevaries from=25 to =155 meV, while the range of rota-
rotational population measured forl€, scattered from tional states populated corresponds to a loss of 0—54 meV
LiF(100). The line through the data points represents &f E, to rotation. ASE; is increased over the range stud-
392 K Boltzmann distribution, which clearly provides an ied, this energy loss becomes less significant in propor-
excellent description of the data. For all the measuretion to E,, and the angular distributions become narrower
ments reported here, the angle of incidence was fixed at
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FIG. 2. Semilogarithmic Boltzmann plot of the rotational dis- FIG. 3. Dependence of the final rotational temperature of
tribution of C,H, scattered from LiF(100) foE; = 244 meV C,H, scattered from LiF(100) as a function Bf, for §; = 60°.

(E, = 61 meV) at #; = 60°. The line is a fit to the experi- Labels (a), (b), and (c): the values f&f, which correspond to
mental data from whiclT, is found to be392 + 10 K. the angular distributions in Fig. 4.
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Elastic and direct inelastic scattering trajectories in-
volve a single center-of-mass (COM) turning point. The
fact that GH,, is rather long and less spherical than the
diatomic molecules previously studied suggests that an
impact of one end of the molecule could lead to suffi-

G cient rotational excitation to enable tle¢her end of the
molecule to impact the surface before the COM experi-
ences its turning point (chattering). This mechanism is
different from indirect inelastic scattering which involves
multiple COM turning points and is best thought of as an
intermediate between trapping-desorption and direct in-

. N ) elastic scattering. In contrast, chattering involves only a
FIG. 4. Angular distributions of vibrationally excited .8, 9 9 y

scattered from LiF(100) ai; = 60°. Incident energies are (a) single COM turning point even though therg are multiple
110 meV, (b) 275 meV, and (c) 618 meV. encounters of the ends of the molecule with the surface.

To test the plausibility of such trajectories, we have em-
ployed model classical trajectory calculations [26] which

and more specular. Model calculations [26] show thatshow that multiple encounter, single-turning-point colli-
in the absence of corrugation, phonons, and finite resisions are, in fact, likely. This chattering concept is ap-
dence times, these kinematic effects will focus the scatpealing because it can provide an explanation for the lack
tered molecules into a narrow angular range of approxief a rotational rainbow [2] in the present data, even in
mately # centered at 62for E; = 618 meV. the regime where the measured angular distributions indi-

This simple model of energy transfer fails in that it cate direct inelastic scattering dynamics. In the diatomic
predicts angular distributions far narrower than thosestudies, the rotational distributions have all been rational-
actually observed and cannot explain the observeized based on a direct scattering process that leads to a
subspecular scattering. Inclusion of surface corrugaedeviation from Boltzmann statistics evidenced by an en-
tion, phonons, and multiple scattering effects will tendhanced probability of scattering into highstates because
to broaden the angular distributions, as well as allowof the presence of a maximum in the rotational excita-
for nonconservation of surface parallel energy whichtion as a function of impact angle (the angle between
would lead to subspecular scattering. Multiple scatterthe surface normal and the bond axis). FoHG we
ing effects resulting in finite surface residence timesexpect the rainbow may be washed out by these multi-
(and a trapping-desorption-type scattering mechanisnple encounters. Chattering may frustrate the transfer of
are expected to be the major cause of the backscatranslational to rotational energy and could play a role
tered intensity (co8-like scattering) observed in the in the observed decrease in translational to rotational en-
angular distributions at lowk;. However, the backscat- ergy transfer(T — R) efficiency at highE;. However,
tered molecules comprise a relatively small fraction ofour initial theoretical treatments indicate that chattering is
the total scattered intensity [see Fig. 4(a)], indicating that minor contributor to the overall dynamics and we do not
relatively few molecules are temporarily trapped at theexpect that it is the cause of the dramatic change in be-
surface. Therefore, the observed subspecular scatteritigvior observed aE, = 65 meV.
must be a consequence of surface corrugation, phonon in- The dramatic break in the curve shown in Fig. 3 occurs
teractions, and/or chattering. Any one or combination offoughly at an energy corresponding to the bending vibra-
these effects could also explain the rather large degree tibnal modes of GH, (76 and 90 meV fory, and vs,
rotational excitation observed in the low energy regime. respectively [21]), and it is tempting to invoke vibrational

The narrow specular and supraspeculgfgscattering  excitation as an explanation for the change in dynamics.
observed in the high energy regime is quite similar toThe fact that the break occurs slightly before the energy
the measured angular distributions for the M@(111) threshold could be due to (1) the acceleration of the mol-
system [3,4]. The extensive studies of this system reveacule into the surface due to the attractive component of
narrow specular and supraspecular scattering, With the interaction potential, (2) the effect of surface corruga-
varying linearly withE, (slope=10%) and showing only tion and the nonconservation of parallel momentum, and/
a weak dependence ofi,. The authors attribute this or (3) energy transfer from surface modes to the molecu-
behavior to a direct inelastic scattering mechanism. Idar vibrations. For collisions occurring “end-on” or “side-
contrast, the present results indicate thats independent on,” there is no torque on the molecule and, hence, no
of E; above a threshold of=260 meV. Therefore, bending deformation of the molecule. On the other hand,
although the highE; angular distributions suggest a collisions occurring at intermediate angles result in large
scattering dynamics which is in the “direct inelastic” torques and are also those that could induce bending of
regime, the near independencelbffrom E; suggests that the C,H,. Thus the same trajectories which give rise to
something more is needed to fully explain the results.  highly rotationally excited molecules also have the poten-

1404



VOLUME 77, NUMBER 7 PHYSICAL REVIEW LETTERS 12 AcusT 1996

tial to excite the bending vibrations. Since the present This work was supported by the National Science Foun-
experiments probe molecules only in the ground vibradation (CHE-93-18936). The donors of the Petroleum
tional state, such a correlation between rotational antResearch Fund, administered by the ACS, are also ac-
vibrational excitation would give rise to an apparent de-knowledged for partial support. T.W.F. acknowledges
pletion of the highl state populations relative to the lalv  partial support from the U.S. Department of Education.
states, thus lowerin@,. This mechanism could also ac-
count for the slightly negative slope of the curve beyond
the break in Fig. 3. AIt_hough vibrational excitation iN" 111 R.D. Levine and R.B. BernsteinMolecular Reaction
molecule-surface scattering has been observed previously, * pynamics and Chemical ReactivifOxford University

for example, in the NH/Au(111) system [11] where the Press, New York, 1987).
umbrella mode was excited at incident translational ener-[2] A.W. Kleyn, A.C. Luntz, and D.J. Auerbach, Phys. Rev.
gies close to energetic threshold, the dependend& oh Lett. 47, 1169 (1981).

E, was reported to be linear with a slope of 20% over the [3] G.D. Kubiak, J. E. Hurst, H.G. Rennagel, G. M. McClel-
entire range studied. |If the effect we are observing here  land, and R.N. Zare, J. Chem. Phy$, 5163 (1983).
is the result of the proposed rotational-vibrational corre- [4] C.T. Rettner, J. Kimman, and D.J. Auerbach, J. Chem.
lation, it is perhaps not surprising that the nature of this 5] ghé&%icgi (133/%/)' Kolasinski. S.F. Shane. and R.N
comelaton depend songly on molcular st a7 3 chon syed iz 50

. ) [6] H. Vach, J. Hager, and H. Walther, Chem. Phys. LE33
At the present time we are unable to say much about™ ~ ,-g (1987).
how phonon interactions influence the scattering dynam-i7; G. M. McClelland, G.D. Kubiak, H.G. Rennagel, and
ics. It is interesting to note, however, that the curve in R.N. Zare, Phys. Rev. Lett6, 831 (1981).
Fig. 3 extrapolates to a finite rotational temperature of [8] H. Vach, J. Hager, and H. Walther, J. Chem. Ph§8,
~255 K for zero incident energy, indicative of energy 6701 (19809).
transfer from the surface to the molecule. In fact, de- [9] M. Asscher, W. L. Guthrie, T.-H. Lin, and G. A. Somorjai,
coupling from the heat bath of the surface with increasin Phys. Rev. Lett49, 76 (1982).
E; may account at least in part for the observed rollovet10] K.R. Lykke and B.D. Kay, J. Chem. PhyS2, 2614
in the T, vs E; curve: given & intercept of zero, a slope (1990). )
of 20% extrapolated to af, of 155 meV would give 1] E'et[t)'Sga};?g'zD('lgg%mond' and M. E. Coltrin, Phys. Rev.
T, ~ 360 K. Future experiments designed to further '”'&12] D.A. Mantell, S.B. Ryali, G.L. Haller, and J.B. Fenn, J.
vestigate the rolg o_f energy transfer from the.s_u_rface t Chem. Phys78, 4250 (1983).
the molecules will involve measurements of initial and[;3; j.w. Hepburn, F.J. Northrup, G.L. Ogram, J.C. Polanyi,
final state-selected angular distributions, surface tempera- ~ and J. M. Williamson, Chem. Phys. Le8@5, 127 (1982).
ture studies, and measurements of final velocities. [14] D. Ettinger, K. Honma, M. Keil, and J. C. Polanyi, Chem.

In summary, the overall behavior of the Phys. Lett.87, 413 (1982).

C,H,/LiF(100) system is distinctly different from [15] W. Allison and B. Feuerbacher, Phys. Rev. L&, 2040
that of all other systems which have been reported. (1980).
The angular distribution measurements indicate thatl6] A. Boschetti A. Cagol, C. Corradi, R. Jacobs, M.
the scattering mechanism is direct, and the internaﬂ Mazzola, and S. lanotta, Chem. Ph¢§3 179 (1992).
state measurements show that the scattering is strong }7] J.P. Cowin, C. Yu, S.J. Sibener, and L. Wharton, J.
rotationally inelastic. TheT, data indicate a dramatic Chem. Phys79, 3537 (1983).

. . - l[18] K.C. Janda, J.E. Hurst, J. Cowin, L. Wharton, and D.J.
change in the dynamics over the range of incident ener- " A .arbach Surf. Scil30, 395 (1983).

gies used in our study. Atlow;, where the dependence [19] A.C. Kummel, G.O. Sitz, R.N. Zare, and J.C. Tully, J.
of T, on E; is linear, the results are consistent with Chem. Phys91, 5793 (1989).

T — R, surface corrugation, and phonon energy transfef20] T.E. Gough, R.E. Miller, and G. Scoles, Appl. Phys. Lett.
mechanisms. At higher energi€g; > 260 meV), we 30, 338 (1977).

observe a saturation (and possible decrease)T,in [21] K.F. Palmer, M.E. Mickelson, and K.N. Rao, J. Mol.
indicative of the onset of another mechanism which  Spectrosc44, 131 (1972).

has not previously been observed. We propose thd22] J. Misewich, H. Zacharias, and M. M. T. Loy, Phys. Rev.
the low frequency bending vibrational modes ofHG Lett. 55, 1919 (1985).

are excited above the energetic threshold, resulting in i3] ioﬁ gltggeitgé%\] Madix, and J.C. Tully, J. Chem. Phys.
depletion of hi_th, vibrational groqnd state molecules. [24] jC Polar(myi an)d R.J. Wolf, J. Chem. Phg@s, 1555
Further work is underway to verify the existence of (1985).

vibrationally excited scattered molecules by direct lasefys) p.c. Jacobs and R.N. Zare, J. Chem. P9, 3196
probing of these states, which should provide us with (1989).

the information necessary to define the detailed natur@6] T.W. Francisco, N. Camillone, and R.E. Miller (to be
of the proposed rotational-vibrational correlation. published).

1405



