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DYNAMICS OF ELEMEMNTARY PROCESSES AT SURFACES:
HEITRIC OXIDE SCATTERED FROM A GRAPHITE SURFACE

H. VACH, J. HAGER, 8. SIMON, C. FLYTZANIS™, AND H. WALTHER
Max-Planck-institut fiir Quantenoptik, D8046 Garching and
Sektion Physik der Universitat Minchen, Fed. Rep. of Germany

ABSTRACT

Hatecular beam scattering from solid surfaces has lang been recocnized
15 a powerful means for investigation of gas-surface reacion dynamics. With
the hetp of the recently deveioped laser-induced fluorescence and ianizatien
techninues for state-selegtive aetection, oae can now measvre theé anguizr and
velocity distributions of the scattered molecules together with their inter-
nal nnerqy distributions. Such measurements fully describe the average energy
and momentum exchanges between molecules and surfaces ene give thus full
intursation on the dynamics of the interaction. Recently, also the scattering
of wibrationally excited H) moiecules was investigated. The paper gives 3
reviow of new experiments with cmphasis on the investigation of the scat-
tering of HO molecules from a pyrographite surtface. A simple model using
transpart preperties of the salid is presented which :ccounts surprisingly

well tor the observed features.

INTRODUCTION

In recent years a large amount of detailed information has been chtained
on the interaction of gases with clean single-crystal surfaces. The kriowiedge
on binding sites of adsorbed molecules and their vibratignal motion has been
provided by infrared absorption [1] and electron energy loss spectrascopy
[2] 8inding energies and residence times can be investineted by temperature
dependent desorption 3] and modulated melecular boan technioues |o]. Fur-
thermere, angular and velecity distributions of scattered particies provide
infarmation on the carrugation and the repulsive part of tre interacticn po-
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tential responsible for the translational energy exchange [5].

Further progress was made when molecular beam scattering from surfaces
was combined with subsequent analysis by Jlaser techniques leading to the
distribution of the interna) degrees of freedom of the scattered molecules as
well as their angle and state resolved velocity distributions (6 - 14].
These laser measurements provide new and surprising results on the scattering
process, not available by conventional methods. It could be observed that
both trapping/desorption and inetastic scattering processes show similar
behavicur for the rotational state distribution: the molecules were fully
accommodated to the surface at low surface temperatures, but not at higher
ones. The abserved results do not depend on the kinetic energy of the in-
coming particles for the case of adsorption/desorption and show a small
change in the case of ipelastic scattering. This is the case as long as the

velocities of the incoming particles are in the range of thermal energies.

Higher translational energies (> 0.4 eV¥) lead to rotational rainbows and to a
polarization of the scattered particles {7].

The laser investigation of the vibrational motion of the particies shows
excitation of the molecules during the scattering process that is dependent
on both the incoming translational energy and the surface temperature {7e].
In general, it has been observed that there is only a very inefficient vi-
brational energy transfer to the scattering surface, i.e. vibrational ac-
commodation coefficients are small. This was predicted theoretically_[lS] and
observed experimentally [10b].

The study of NO molecules desorbing from a Pt(111) surface showed accom-
modation of the velocity distributions to the surface temperature for inter-
mediate temperature ranges [9¢). This result could be expected according to
the mainly isotropic angular distributions which were found experimentally
[6c, 9¢]. In the case of the inelastic NO/graphite system, however, a more
complicated velocity distribution was measured [6d]. At low surface tempera-
tures two different scattering channels exist: one corresponding to quasi-
specularly reflected molecules with a velocity slightly smaller than that of
the incoming beam, while the other one represents a diffusively scattered
part with particles with a much smaller velocity. The peak velocity of the
quasi-specularly scattered molecules increases with increasing surface tem-
perature, increasing incidence and decreasing scattering angle. This effect
can be so substantial that some of the scattered molecules show a velocity
larger than that of the incoming ones, especially for high surface
temperatures, large incidence and smail scattering angles.

In the following the results of our investigations into the scattering
of NQ molecules from a graphite surface will be discussed in more detail.



EXPERIMENTAL

An ultrahigh vacuum (UHV) chamber with a pulsed or optionally contin-
uous molecular beam was developed for measuring the angular, rotational,
vibrational and velocity distributions of surface scattered N0 molecules.
The details of this set-up have already been described [6]. The MO motecuy-
les of an {optionally seeded) supersonic molecular beam are scattered from a
cleaved pyrographite surface in the centre of an UHV chamber {background gas
pressure 10'10 mbar). The molecular beam is crossed by the fregeen-
cy doubled radiation of a tunable excimer pumped dye laser (226 nm). The
laser beam can be positioned in such a way that it probes either the incoming
or the scattered molecules. The NO molecules are excited electronically in a
one-photen process or ionized by resenantly enhanced two-photon absorption.
The fluorescence intensity or the number of ionized molecules is recorded as
a function of the laser wavelength. The population density of the rotational
and vibrational levels can be deduced from the line intensities of the re-
sulting spectra. In addition, information on the angle and state resolved
velocity distributions of the scattered molecules can be obtained [6d]. For
this purpose a cylindrical cage of metal wire mesh is sat fin front of the
sample, with the focused laser beam propagatiﬁg along the cage axis. Scattered
molecules passing through the centre of the cage are ionized, starting from a
specitic rotaticnal-vibrational state, by a resonantly enhanced two-photon
transition. The ions produced have the same velocity as the parent motecules.
Changing the position of the surface relative to the cage teads to a detec-
tion of molecules with different scattering angles.

For the investigation of the scattering behaviour of vibrationally
excited molecules part of the incoming particles are excited into the first
vibrational state by a C0-laser pumped Spin-Flip Raman laser (SFL), tuned to
the R(1/2) NO line. The SFL beam is focused into a multireflection cell
{White cell} properly adjusted for efficient excitation of the incoming
molecular beam (Fig, 1),

The degree of vibrational excitation of the incoming MO molecules by tne
SFL is limited owing to both the small absorption linewidth of the incoming
molecular beam and the retatively high number of populated rotational states.
We estimate, however, that about 2 per cent of the incoming particles are
excited into the v = | (J = 3/2) state. In order to probe the vibrationat
excitation of the scattered molecules, the freguency-doubled dye laser was
tuned aver the 211 (v = 1) » 23{v = ¢} transition (around 236 nm), leading to
fluorescence or ionization spectra and, consequently, to both rotational ard
anqular distributions of vibrationally excited molecules,
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Fig. 1: Schematic set-un for the investigation of the scattering of vibra-
tionally excited NO 'molecules.

The N0 molecules were scattered from the surface of a cleaveg pyro=
lytic graphite crystal or from a carbon-covered Pt(111) surface. The graonite
crystal consisted of microcrystals with highly oriented basa) planes and a
mosaic spread of 0.4° + 0.1° (Union Carbide, grade IYA).

RESULTS

The adiabatic expansion of the NO molecular beam in the nozzle causes an
fncrease of the average velocity in the beam direction and, simultanecusly, a
strong reduction of the rotational temperature and the velocity spread. The
unseeded molecules in our supersonic beam had an average velocity of ~ 750
m/s, a velocity spread (FWHM) of ~ 140 m/s and a rotatienal population distri-
butien corresponding te about 35 K [6]. The beam impinged on the surface at a
selectable incidence angle between 30° and 70°. The NO/graphite system has a
very low interaction potential depth (0.1 eV), leading to a very short resi-
dence time of the molecules on the surface. This time is short compared with
the duration of the molecular beam pulses (~ 5 ms FWHM),

The angular distributions of NO molecules scattered from the graphite
surface clearly indicate the weakly inelastic character of the interaction
[6b]. At low Ts' the distributions are generally composed of a quasi-specular
scattering or lobular part peaked at a scattering angle 05 significantly less
than the specular reflection angle and a diffusive scattering or cosine
distribution part. With increasing surface temperature, the diffusive part
decreases relative to the ‘specular part together with a shift of the specular
lobe to lower scattering angles. This behaviour results from a weakly inelas-
tic scattering process with an increasing trapping/desarption contribution



for decreasing temperatures. The change of the angle of the specular lobe is
correlated with the behaviour of the velocity distributions of the scattered
NO molecules, as will be discussed later.

I \ ‘l i 4 i / ‘}
X golvdlfomnnn: | Fia. 2: Angular distribution of
, =70° . .
T, « 200K #9700, vibrationally excited NO
‘ .~ 5@ -] molecules scattered from
? ’J a 200 K grapnite surrace.
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The vibrationally excited malecules show a similar behaviour. for the nea<
surements shown in Fig. 2, the inccming molecules had a velecity of 1400 m/s
(MO seeued in He), an incidence angle of 70°. and were excitad to the v = ]
(J = 3/2) state. The laser probed only NO moiecules wnich were scatiarea from
the 00 K graphite surface into the v = | (J = I1/2) state. that means moie-
culas with preserved vibrational and changea rotationai stize. The viora-
tionally excited molecules exhibit a specular scatter'nq Tcbe 2ng & Jdiffusive
part very similar to the results obtaines for tho Toiecui2g 1~ the vigraticaal
grouna state |[6b]. Within the given experimental aCCuracy tha inguiar d4istribu-
tions of the scattered molecules seem to be indepencent or the rotatiznal and
uf, in addition, the vibrational state.

The rotational distributions of both the vibrationa) g-ouna state and
the first vibrational state were derived from the spectra of the 21 (v = 0} -
L (v = 0) transition (~ 226 nm) and the M (v = 1) = 33 (v = 0) transition
(~ 236 nm), respectively. In both cases, the rotational s:ate population
could be fitted approximately to Boltzmann distributions with a characteri-

stic rotational temperature Tro For the ground state measuremenzs, it was

.
found that the population distribution in the electronic states :HI/Z andg

2n3/2 could be described by the same T Even the overall copulation ratio

N(3n1/2) : N(zn3/2} is given rouqnlyrﬁgr exp(-AE/kTrot). afere 3AE is the
fine-structure splitting.

The dependence of Trot on the surface temperature for -he Kl/grapnite
system is shown in Fig. 3 for both the vibrational qround state {Jeft) and
the vibrational excited state {right). The solid lines correspond ts compliete
accommodation of the rotational degree of freedom to the surface temoerature,
For the vibrational ground state of the unseedad molecules the exserimental
points follow this line up to a surface temperature of about 190 X, while at

higher temperatures they deviate. At TS higher than 350 K, T ipproaches @

rot
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Fig. 2: Scattering of NO motecules from a pyrographite c¢rystal and a car-
bon-covered Pt(111) surface. The rotational temperature is plotted versus the
surface temperature for the vibrational ground state (Teft) ang vibrationally
excited molecules {right).

constant value of about 250 K. The results characterized by coen sympols were
obtained at an incoming energy of about 80 meV; increasing the average ki-
netic energy of the incoming NO molecules to about 200 meV {NQ seeded in He)
led te a somewhat higher rotational temperature {solid points).

Host of the rotational distributions were measured for MO molecuies with
an incidence angle of 30° 1In this case, molecules pregominantly in the
specular direction were analyzed. Neariy the same rotational temperatures
were obtained at a second incidence angle of 60°, where mainiy molecyles in
the surface normal direction were investigated. Because of the bad anguiar
resalution of this measurement a clear distinction between the fluorescence
signal of diffusively and specularly scattered particles and, therefore,
between their respective rotational temperatures was not possible. Later,
however, we will see that the effective rotational temperature is slightly
different for diffusively and quasi-specularly scattered molecules.

A similar dependence of Trot on the surface temperature is measured for
vibraticnally excited NO molecules (Fig. 3, right). In this case. seeded NO
mojecules in v = 1 with a velocity of about 1400 m/s (~ 300 meV) impinged on
the surface at an incidence angie of 70°, Only specularly scattered particles
{scattering angle 64°) were analyzed. As with seeded molecules in the vibra-
tional ground state, the rotational temperature appreaches a constant value
of about 335 K for high surface temperatures. For low surface temperatures
our (preliminary) results show rotational temperatures higher than the cop-
responding surface temperatures, which could be a result of either the vi-
brational excitation aor the high incoming translational energy. An evaluation
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of vibrational ground state measurements with seeded NO molecules will clari-
fy this effect. From these results we can conclude that the survivability of
vibrational states is high, and that the rotationa! degree of freedom behaves
independently of the vibrational excitation, which means a decoupling of

rotation and vibration for the NO/qraphite system.
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For the measurement of state and angie resolved veilocity distrisu-ions
(in the vibratigpal around state) the scattered melocules are janizedg tom a
specific rotationai state |6d]. Since the transtationai. snerny is cinserveg
during photoicnization, the time-of-flight spectra of the ions carrespond
directly to the velocity distributions of the barent neutrai molecu es. “hese
time-of-flight measurements show that the spectra are nearly indecenagert of
the rotational states fer all scattering angles. In the specular direction,
they are composed of a very high quasi-specular peak of very fast molecules
and a Jonger tail resulting from particles with Tower velocities; see Fig. 4.
In the left part. unseeded NO melecules with an incoming veiocity Vi of 750
m/s ware scattered from a high temperature graphite surface in the specular
direction. The outgoing time-of-flight spectrum exhibits an averlapping of
specularly (fast) and diffusively (slow) scattered molecules. For seeded
incoming molecules, however, the flight time is shorter and the distribution
has  a smaller width, Therefaore, specularly and diffusively scatteres
wirticles appear clearly separated as a result of their difterent arrival
times at the ion multiplier {right side of Fig. 4}).

Comparing the time of-flight spectra of molecules in difforent rota-
tional states, we find the diffusive part to be stronger -~ relative to the
specular part - for higher rotational states than for lower J-states. Cose-
ouently the diffusively scattored molecules gain more rotational enerqgy
during the scattering process than the specular ones, The diffusive and

Vo

specrlar parts can be independently characterized by two rotational tempe-
ratu-es, with Trot of the diffusively scattered molecules being about 20 %
higher than that of the specularly scattered ones [6d].

Changing the position of the surface relative to the cage leags to
velocity distributions of molecules with different scattering anales. “ole-
cules scattered in the specular direction show a behaviour similar ts sig.-d,
molecules scattered at a smaller angle and at low surface temperatures ex-
hibit a velocity distribution with 8 smaller average velocity corresvonding
to tre diffusive part of the angular distribution. This slow diffusive part
disappears when the particles are scattered from a sufficiently hot surrace.
In tris case, the scattered motecules show a clean lobular angular gistribu-
tion where the peak velocity is dependent on both the incidence and the scat-
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Fig. &: Average velocity of scattered NOD molecules (arrows) as a functicn
of the incidence angle Gi (left) and the scattering angle 9. (right),
The maximum of the scattering lobe is shifted to smaller scattering
angles for e, > 45°% and to larger angles for 8, < 45° (Jeft}),

tering angle. This is demonstrated in Fig. S, Increasing the incidence angte
teads to an increasing shift of the angular distribution maximum to tower
scatte=ing angles. Simultaneousiy, the average velocity in the direction of
the angular maximum increases, However, the velocities inside a scattering
‘obe a-e not constant: they increase with decreasing scattering angie (Fiy.
5, rigtt).

With inceasing surface temperature, the average velocity of the scat-
tered rarticles increases. Figure 6 summarizes this effect as a function of
the scittering angle for NO' (J = 9/2) molecules with an incidence angle of
M° I: is also obvious that the variation of the vetocities inside the
scattering lobe increases with the surface temperature. These effects can be
S0 sybstantial that some of the scattered molecules show a larger velocity
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than the incoming ones, especially for high surface temperature, large inci-
aence and small scattering angles.
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DIITussIon

Certainiy the above results retlect the microscopic PARrY AXCIIATE Dro-
cusses that take place during different stages of the malecuie surtize inter
lction. Extensive numerical intearition of the iassica: sotion o tma u3s
molecule and the- nearpy surface and buik Jatoms usinag 30 wepieical inzaricticn
potential for the scattering and desorption of 50 nalecuies rrem oag, Li2) ang
PL(1ll) yielded satistactory agresment with the eaverimental coia=vations
[16]. Such calculations, however, can only be performea for simale systems
and even there the numoer of parameters to he adjusted in the assumeq inter-
action potential is not to be minimized: furthermore only a few features of
this potential seem to be relevant as the gas molecule interacts with a larce
iumber of surface and bulk atoms.

On the other hand it is well established that a relatively sma’' 1 aumber
of the censtituant atoms quite ¢lasely reproduces the properties of tne infi-
nite surface and bulk material and, in particular, the ﬁensity of states fer
All iigrees of freedom, electronic or ionic. Hence an approach that from the
nutzet introduces the collective dynamical properties of the surrace ang Lre
bulk should be approoriate and in practice very usevul tor 3 systemaeic stugy
of different gas molecule/surface systems. From the fundamental point of view
it is of course of considerable interest to extent the applicability of ma-
croscopic solid state aspects down to g microscepic scale and study the
Accommodation between individual molecular motion and collective ona, As #t
will be shown below transport properties can be used and account surorisingly
well for the observed features. Comoined with the extensive calculations [15)
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that use detailed molecular dynamics such an approach may provide a more
unifying reformulation of the microscopic energy transfer processes.

From the previocus abservations gne may assume that to a first approxima-
tion the translation, rotation and vibration of the molacule are decoupted
and accordingly each motion obtains its own thermal equilibrium separately
from the others, in particular because of the different energy spacings. We
concentrate our attention on the rotational motion and we admit that the ob~
served rotational temperature Trot is reached during the separation stage of
the gas molecule from the surface. We proceed to determine this Trot.‘

During the short duration of the separation stage. of the order of a few
temtosecands, a nonequilibrium situation occurs and the thermodynamic equi-
librium that is expected to exist between the surface and the bulk in the
stationary regime is destroyeti; this is due to the vastly different dynamical
features of the collective surface and bulk matians respectively [17]. The
gas molecule together with the nearby surface maintains during this stage a
local equilibrium at a temperature Trot which is different from the bulk
temperature TB; the latter will be taken as the reservoir. The resulting
nonequiiibrium is restored through heat conauction from the bulk to the
molecule complex which during the interaction undergoes energy redistrioution
and relaxation. Let us admit that this can be described by a rate eguation
for the rotational energy

dE,o At = = E /T + 4 . (1)
where T is a relaxation or memory time of the rotational energy redistribu-
tion; jT is the thermal energy per unit time transmitted accross the effec-
tive cross section of the molecule § which depends on its orientation on the
surface; let us put S = d? where d is a characteristic molecular dimension
projected on the surface. We set

Bp = o k(T - Tg)/a (2)

where Kk is the thermal conductivity [18,19) at the bulk femperature TB and a
is a characteristic surface depth. At local equilibrium dErotldl = 0 and Erot

= kTrot for a linear molecule so that

= 24 - = -
Trut 1d L(TB Trot)/ka a(TB Trot) {3}
or
Trot = Tau/(l + o), (4)
The main temperature dependence in « comes through «, the latter behaves
quite differently for metals and dielectrics, respectively,



For crystalline dielectrics phonons are responsible {18] for heat con-
duction and for TB 28y+ the Debye temperature [18], « ~ llTal*c where roughly
0 < & < 1; for an ideal crystalline dielectric £ = 0. For metals the elec-
trons are mainly responsible for heat conduction and for Tl << B, the Fermi
temperature (18], x ~ 1/TB1+e where now -1 < e < 0 and € = - 1 for an ideal
Fermi metal; for TB >> BD or impure metals or disordered alloys the heat
conduction becomes again dominated by phonons.

From these considerations on x one may write in general a = .'\/TBM8
with -1<¢ 51 or

Toot = Tp/(1+ Ty (5)
which accounts for the observed behaviour of Trot as a function of T8 in all
studied cases with -1 < ¢ < 0 for metals and 0 < ¢ < 1 for crystalline di-
electrics or dielectric layers on metals. It is instructive to have an order
of magnitude estimation. Thus for the scattering of a NO molecule from an
ideal dielectric (¢ = 0) like NaCl where « = x/Ty with x = 40 J cm '), 4 =
104, ¢ =2+ 10%nmand t *3 - 108 ve obtain A = T, = 300 K and (5)
can be written
Trnt = TB /(s TB/Tsat) (6)

where TSat is a saturation temperature for the rotational energy distribu-
tion. In contrast for an ideal metal «r = -1 and one obtains a straight 1ine
with a slepe A/(1 + A) from eq. (4).

The above considerations are valid for TB > BD where almost all phonons
are available for therma! conduction. For TB << BD {Debye regime) the number
of phonons available for conduction is more restricted and x ~ (TB/BD)3 and
according to (3) Trot may even be larger than TB for dielectrics in the Debye
ragime; as GD % 100 - 200 K for most cases this situatian should occur below
30 - 50 K; in this regime, however, quantum effects may become partially
important,

The above model should apply both for desorption as-well as for scatter-
ing since Trot is essentially determiped during the separation stage which
has a very short memory. [n the short times involved in the scattering inter-
actien, however, partial coupling with translation or vibration mediated
through the surface may occur. Such a situation can be accounted for by
additional energy flows in (1}. Thus coupling to translational motion to a
first approximation leads again to rrat described by (6) with a slightly

Targer rsat in the case of an ideal dielectric and a siope > 1 for TB <

T
sat’

The use of this mode) for the rotational motion can be justified on
Account of the small rotational energy spacing of all molecules heavier than

deuterium. Expressed in a temperature scale this spacing 1is ernt and {s
smaller than 3 K so that classical heat transport is valid. The situation is
expected td be quite different in the case of vibrational motion whnere the
energy spacing corresponds to a temperature avib = 2700 K which is a huge
energy amount unlikely to be transferred rapidly; molecules vibrationally
excited in the bulk are expected to lose at most ~ 300 K per ps [20] ang thus
a very long time with respect to the duratfon of the separation stage is
required to channel out the energy kavib unless resonant quantum transfer
effects with the phonons or other collective modes are present. Thus a vibra-
tionally excited molecule in many respects can be expected to show the same
behaviour as in its ground vibrationa) state in particular as far 235 the
rotational temperature is concerned.

In conclusion within the- stated assumptions and approximations the zpove
mode] provides a remarkably straightforward explanation of the ceserved
behaviour and reiates it to macroscopic parameters. Extensive appiicaticn to
4 large number of cases should allow one to better define its range of ap-
plicability and establish its link with the models based on ustaiied -ole-
cular trajectary dynamics.

ACKHOWLEDGEMENT

One of the authors (C.F.) sincerely thanks ihe Alexanger von Humooidt foun-
dation for a senior Humboldt award.

References

1. C.R. Brundle and H. Horawitz, Vibrations at Surfaces. (Elsevier, Am-
sterdam, 1983),

2. H. Tbach and D.L. Mills, Electron Energy Loss Spectroscopy and
Surface Vibrations (Academic, New York, 1982).
R.J. Madix and J. Benziger, Annu. Rev. Phys. Chem, 29, 285 (1973).
M.J. Cardille, Annu. Rev. Phys. Chem. 32, 331 (1981).
C.W. Muhlhausen, J.A. Serri, J.C. Tully, G.E. Becker, M.J. Cardillo
Isr. J. Chem. 22, 315 (1982).

6. (a) F. Frenkel, J. Higer, W. Krieger, H. Walther, C.1. Campbelt,
G. Ertl, H. Kuipers, J, Segner, Phys. Rev. Lett, 46, 152 {1281};

*



<1}

1.

13.
14,

pu

—_2-

{b) F. Frenkel, J. Higer, W. Krieger, H, Walther, G. Ertl, J. Szaner,
W. Vielhaber, Chem. Phys. Lett. 90, 225 (1982); (c) J. Segrer,

H. Robota, W. Vielhaber, G. Ertl, F. Frenkel, J. Hager, W. Xriezer,

H. Walther, Surf. Sci. 131, 273 (1983); (d) J. Higer, Y.R. Shen,

H. Walther, Phys., Rev. A 31, 1962 (1985); (e) J. Hider and H, w3iina=,
J. Vac. Sci. Technol. B 3, 1490 (1985).

(a) A.W. Kleyn, A.C. Luntz, D.J. Auerbach, Phys. Rev. Llett. 37, 1159
(1981): (b) A.W. Kleyn, A.C. Luntz, D.J. Auerbach. Surf. Sci.
(1282); {e) A.C. Luntz, A.W. Kleyn, D.J. Auerbach, Phvs. Rev.
<273 (1932): (d) J.E. Hurst, L. Wharton. K.C. Janda. D.J.
<, Chem. Phys, 78, 1582 {1983); (e) C.7. Hettnar. F. faore. J. -i-man,
2.J. Averpach, Phys. Rev. Lett. 85, 1904 (1085).

{a) G.M. HMcCleltand. I.0. Kubiak, H.G. Rennacel, R.N. Zare, Fay:,
Pov. Lett. 46, 331 (19913; (b)Y G.D. Kubiak. J.E. Husse, Sr,, . 3. San-
aaael. G.M. McClelland, R.M. Zare. J. Chem. Phvs, 79, BI8% (Lli3l:

ta} M. Asscner, W.L. Sutnrie, f.H. Lin. G.A. Somorjai. Phvs. Jew.
Lett. 19, 76 (128205 (b) H. Asscher, W.L. Guthrie, T.H. Lin, 5. 4 Ia=

Toriai, Jo Chem. Phys. 73, 5992 (1983): (e) W.L. <utnrse. T.:i. .
3.T. Cever. G.A. Somurjzi, J. Chem. Phyvs. 7O, 0308 (1u2l,

ta) H. Zacnarias, M.M.T. Loy, P.A. Rolana, Phvs. Aev, Lenz. 223, 1723
(1222}, (b)Y J. Risewich. H. Zacnarias, MOMUT. Low, Sevil Say. _ens.
25, 1719 {1985). .

2.5, Havden and G.J. Diepold, J. Chem. Phys. 77, 4767 (1332).

(1) J.M. Hepburn, F.J. tlarthrup, G.L. Ogram, J.C. Polanvi, J.#. ail-
liamson, Chem. Phys. Lett. 85, 127 (1982): (b} O. Ettinger. &, -anma.
M. Keil, and J.C. Polanyi, Chem. Phys. Lett. 87, 413 (19s1;.

J.B. Cross and J.B. Lurie, Chem, Phys. Lett. 100, 173 (1283)

(a) D.A, Mantell, S.8, Ryali, G.L. Haller, J.B. Fenn, J. Chem. “nys,
73, 4250 (1983); (b) 0.4, Mantetl, Y.F. Haa, 35.B. Ryaly, .L. #Az1ier
J.B. Fenn, J. Chem. Phys. 78, 6338 (1983).

R.R. Lucchese and J.C. Tully, J. Chem. Phys, 30, 3451 (1924).

C.W. Munihausen. L.R. Willians, J.C. Tully, J. Chem. Phys. 21,

2599 (1925), ’

R.F. Wallis, Progr. Surf, Sci. 4. Od. 5.G. Davinson, 233, {1773y

d.W. Ashcrott and N0, Mermin, Solid State Phwsics, (Holt=saun-
ders, Tokio, 1981), chp. 25.

C. Kittel, Intrnduction to Solid State Phvsics, (John wiley, N. 1.,
1276), c¢chps. 5 and 6.

Ao Seilmeier and W, Zaiser, (private communication)



