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Dynamics of NO Molecular-Beam Scattering from a Ge Surface
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Translational and rotational energy distributions of NO molecules scattered from an oxidized Ge
surface were determined by means of laser two-photon ionization and time-of-flight techniques.
Trapping-desorption and direct inelastic-scattering channels are clearly separated in state-resolved
measurements: The former shows a mean kinetic energy (E „) corresponding to the surface tem-

I

perature, while the latter exhibits "rainbow" features and a (E „) which is, for high-J" states,
much larger than expected from pure translational to rotational energy conversion.

PACS numbers: 79.20.Rf, 61.16.Fk

The interaction dynamics of molecules with a sur-
face is usually divided into two channels'. trapping-
desorption and direct inelastic scattering. In trapping-
desorption the molecule releases its incident kinetic
energy completely to the solid and is intermediately
trapped at the bottom of the interaction potential.
After a certain residence time at the surface it returns
back into the gas phase by uptake of thermal energy
from the solid. In direct inelastic scattering, on the
other hand, the energy exchange of the incident
molecule with the surface is not sufficient —it returns
into the gas phase after single (or multiple)
collision(s). These two channels manifest themselves
in the angular and velocity distributions of the scat-
tered molecules: The anguler distribution for
trapping-desorption is symmetric with respect to the
surface normal, while for direct inelastic scattering it is
peaked near the specular direction. The velocity distri-
bution in the former case corresponds in principle to
complete translational accommodation and can usually
to a first approximation be described by a Boltzmann
distribution corresponding to the surface temperature
T„while in the latter it is non-Boltzmann and strongly
correlated with the incident kinetic energy.

Different effects are also observed corresponding to
the populations of the rotational levels after scattering
of initially rotationally cold molecules: In trapping-
desorption the rotational population can be described
by a Boltzmann distribution with rotational tempera-
ture Tz. Interestingly, Tz = T, only at low surface
temperatures, awhile it reaches a limiting value
( Ttt „=400 K in the case of NO) at higher T, .2 This
effect is denoted as "rotational cooling in desorption, "
whereby Tz h is essentially only determined by the
rotational constant of the desorbing molecule, but not
by its interaction potential with the surface. In direct
inelastic scattering, on the other hand, with high in-
cident kinetic energy, E;, the rotational distribution
becomes clearly non-Boltzmann as a result of the "ro-
tational rainbow" effect. This effect is ascribed to

the transformation of translational into rotational ener-
gy during the collision process. According to current
theoretical treatments, s energy exchange with the pho-
non bath of the solid should be of minor importance
for this effect, but experimental verification of the full
energy balance was so far still lacking and will be re-
ported in this Letter for the first time. This goal was
achieved by state-resolved experiments: A beam of
rotationally cold NO molecules with defined initial
kinetic energy E, was scattered at an oxidized Ge sur-
face, and the molecules coming off the surface in a
certain direction were analyzed with respect to their
velocity distributions in individual rotational levels.
These measurements allowed, in addition, a clear
separation between the two scattering channels and
therefore their relative contributions to the total flux
of scattered molecules could be determined as a func-
tion of J". It should be noted that the oxidized Ge
showed some surface roughness.

The experimental arrangement involving a UHV-
molecular beam and an excimer-dye-laser frequency
doubling system is the same as that used in our earlier
laser-induced-fluorescence study, 2 except that the
laser-induced-fluorescence detecting system is now re-
placed by a device combining resonantly enhanced
multiphoton ionization and time-of-flight (TOF) tech-
niques. This device consists of a cylindrical cage, 17
mm in diameter and 6 mm in height, which is made of
metal wire mesh and set at ground potential in front of
the sample. The axis of the cage is perpendicular to
the incident NO beam, but does not intersect it. The
laser pulses are focused along the cage axis to ionize
the NO molecules from individual rotational states.
The ions produced have the same velocity as the
parent molecules. After passing the radius of the cage,
they are accelerated towards an electron multiplier and
detected. The resulting TOF distributions can subse-
quently be converted into velocity distributions. By
translating the sample along the NO beam axis with
respect to the detection axis formed between the
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FIG. l. TOF signals of scattered NO at various rotational states (J"); (a) density vs time and (b) converted into flux vs
velocity under the experimental conditions E; -730 meV, 8;-Hf =45', and T, =190 K. The characteristics of the incident
NO-He seeded beam are also displayed. Dashed lines in (b) indicate the maxima of the high- and low-ur components in the
velocity distributions.

center of the cage and the multiplier, we can measure
the molecular density as a function of scattering angle

Bf. To obtain the velocity (u; ) of the incident
molecules, the cage is moved into the center of the
primary beam and the photoions are detected in line of
sight by a second multiplier. The v; can be changed by
control of the nozzle temperature and by seeding of
the beam with He. The angle of incidence with respect
to the surface normal (8;) can be varied by rotation of
the sample. A full account of experimental details as
well as of data-handling procedures will be published
elsewhere. 9 Our TOF measuring scheme is very simi-
lar to that used by Higer, Shen, and Walther'0 to study
scattering of NQ graphite. Hamers, Houston, and
Merrill" applied also resonantly enhanced multipho-
ton ionization and TOF to investigate NO scattering
from Ir(111).

A typical set of TOF distributions and the corre-
sponding final velocity distributions (vf) at different
rotational levels (l") of the scattered NO molecules
are shown in Fig. 1 for T, =190 K. Separation into
two different contributions is clearly evident which al-
lows evaluation of the two scattering channels indivi-
dually. Measurements at a higher T, (up to 450 K)
yield similar TOF structures with double peaks,
although the relative intensities of the two com-
ponents vary with T, . the high-velocity component is
highly non-Boltzmann and is attributed to direct ine-
lastic scattering. Kith increasing J", its peak max-
imum shifts to lower velocities suggesting decreasing
mean translational energy. The intensity of this high-
vf component becomes much larger near the specular
scattering angle. It also increases ~ith increasing E;
and decreasing 8;. In contrast, the low-velocity com-

ponent is due to trapping-desorption: Its peak max-
imum depends on T, but is independent of l" and in-
cident E;. Its intensity increases with decreasing 8&
(varied from 60' to 0'). Furthermore, the high-l"
states which are absent in the incident beam
( T„„=120 K) are appreciably populated in the high-vf
component, but exhibit only very small intensity for
the low-vf component. It should be noted, however,
that the low-vf component has a TOF line shape
somewhat different from a pure Maxwell-Boltzmann
distribution at low T, . The reason for such a behavior
is being further studied.

For quantitative analysis, each of the (density)
time-of-flight distributions is converted into a flux
velocity distribution and then integrated to scale the
total flux ( = population iV „,, ) of scattered particles.
The low-uf part is fitted by a flux velocity distribution
given by Av exp[ —8(v —uo) ], where A is a normal-
ization factor, vo a flow velocity which is zero for a
pure Maxwell-Boltzmann distribution, and 8 a width
parameter. 9 Its integration yields the fraction of
molecules which have undergone trapping-desorption.
Its difference from the total flux then corresponds to
the particle flux originating from direct inelastic
scattering. The resulting "Boltzmann plots, "
1n[XJ„/(2l"+1)] versus internal energy E;„, (=E„,
+ E,i), for both components are reproduced in Fig. 2.

The data from the trapping-desorption channel can
be fairly well approximated by a straight line, yielding
a rotational temperature of Ttt =210+20 K, which
equals within experimental error the surface tempera-
ture T, . This result is in agreement ~ith previous in-
vestigations of NO desorption, 2 according to which
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FIG. 2. Plots of rotational state distributions. In[N „/
(2J"+ 1)] vs E;„„ for both the high-vf (direct inelastic
scattering) and the low-vf (irapping-desorption) com-
ponents observed in TOF spectra under the same conditions
as described in Fig. 1. Rotational "rainbow" is clearly evi-
dent for the high-uf component (open circles).
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FIG. 3. Plots of the mean kinetic energy (E „) of scat-

tered NO vs the rotational energy E„, for (curve a) the
direct inelastic scattering and (curve b) the trapping-
desorption components. The solid line (curve c) indicates
the expected behavior if pure translational-to-rotational en-
ergy conversion were the mechanism for the "rainbow" ef-
fect.

is highly inelastic. (Ef) decreases with increasing J",
but to a much lesser extent than what would be ex-
pected if the rotational energy originates solely from
the incident translational energy.

The population of higher rotational levels in
molecule-surface scattering, leading to the effect of
"rotational rainbows, " has been treated theoretically
in numerous papers. ' The simplest picture—which also underlies most of these studies —is that
with an aspherical molecule bouncing off a hard wall,
part of the initial translational energy is transformed
into rotational energy, depending on the orientation of
the molecular axis with respect to the surface normal.
If this were the dominant mechanism, the rotational
energy stored in the molecules with a given J" should
be missing in the associated mean translational energy
(E „), i.e., the latter should follow the solid line in

Fig. 3. This is obviously not the case, but (E „) de-

creases only weakly with J", and we have to conclude
that the final translational energy is largely decoupled
from rotational excitation.

These experimental findings can, however, be tenta-
tively interpreted on the basis of the theoretical work
of Muhlhausen, Williams, and Tully. These authors

Ttt = T, up to about 300 K from where on the "rota-
tional cooling" effect becomes increasingly important.
By contrast, the data from the high-vf component are
strongly non-Boltzmann and show the "rotational rain-
bow" features characteristic for direct inelastic scatter-
ing at higher incident kinetic energies. The
numbers of NO molecules scattered from the surface
via the two channels vary with the rotational energy.
For example, with E; = 730 meV, 8; = ef =45' and
T, =190 K, about 76% of all molecules in the J"= —',

state originate from trapping-desorption and the rest
from direct inelastic scattering, whereas for the
J"= —", state, nearly all molecules stem from the latter
process.

The average translational energies (E „) for both

components were determined through (E&J„) M2/

MQ, where M„=f u"f (U)du and f(u) is the respec-
tive flux velocity distribution. ' The resulting data are
displayed in Fig. 3. For the trapping-desorption chan-
nel (Ef) is equal within the experimental limits to the
value 2kT„ irrespective of J". On the basis of argu-
ments of microscopic reversibility for a system in
which the sticking coefficient ( = trapping probability)
is & 1, the mean translational energy of the desorbing
particles should be even smaller than 2kT, '3 The cali-.
bration of absolute velocities was perhaps not suffi-
ciently accurate with the present experimental system
to detect such an effect of "translational cooling. "

The results for the direct inelastic-scattering com-
ponent are most remarkable: With E; = 730 meV and
at low J", (Ef) amounts only to about 35% of the in-
cident kinetic energy; 65% (or 474 meV) is lost to the
heat bath of the solid, which means that the scattering
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conclude that the NO molecule is not aspherical
enough to produce the rotational-rainbow effects on
the basis of the hard-wall model. (Thermal averaging
and surface roughness as in this case would, in addi-
tion, largely wash out effects caused by repulsive in-
teractions. ) Instead, rotational excitation is mainly
caused by a strongly orientation-dependent attractive
potential: If a NO molecule approaches the surface
with its wrong end (i.e., the 0 atom) foremost, it is
spun around, and the forces that reorient the molecule
produce rotational motion which is not effectively
damped when the molecule returns into the gas phase.
Detailed calculations for (E&J„) on the basis of this
model would clearly help to confirm this picture.

In short, the present results show the clear separa-
tion of the two scattering channels in both velocity and
state-resolved measurements. The earlier work by Ha-
mers, Houston, and Merrill" on NO/Ir demonstrated
the occurrence of two scattering channels in their TOF
spectra which, however, were not state resolved.
Higer, Shen, and Walther' on the other hand, inves-
tigated the NO/graphite system, but could not clearly
separate the two components. In our study on
NO/Ge, we are able to distinguish the two scattering
channels and separately analyze the state-resolved en-
ergy exchange. The results allow us for the first time
to conclude that pure translational to rotational energy
transfer cannot be the dominant mechanism for rota-
tional excitation in the scattering process.
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