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Impact of Topography on Molecular-Beam Scattering on Surfaces: The NO-Diamond Case
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State-selective laser techniques are used to study the scattering of NO molecules on a crystallographic
diamond surface. It is inferred that the diamond surface differentiates between "left" and "right" incom-

ing molecules and accordingly endows them with different energy contents after the collision without

providing any energy to them. Time-of-flight spectra show the existence of two velocity components in

the scattered molecules that correspond to two different molecule-surface collision histories.

PACS numbers: 79.20.Rf, 68.45.Da, 82.65.My, 82.65.Pa

We present the first experimental study of molecular-
beam scattering on a crystallographic diamond surface
using state-selective laser techniques. These tech-
niques' 6 allow one to prepare the molecules in well-

defined states of internal and translational motion before
their interaction with the surface, and, by interrogating
their state after the collision, to deduce essential features
of the dynamics of the molecule-surface interaction as
well as the energy transfer and accommodation that
takes place among the single molecule and the surface
degrees of freedom. This problem is particularly intrigu-
ing' compared with the one occurring in molecule-
molecule collisions since the degrees of freedom of the
two interacting partners, the single molecule and the sur-

face, are of fundamentally different character, individual

and collective, respectively.
The choice of diamond in our case contrasts in many

essential physical aspects with previous similar studies on

graphite, its allotrope carbon partner, and other crystal-
line surfaces, metallic or dielectric, because of the singu-
lar position that diamond occupies ' among crystals. In
order to appreciate the distinct features in the molecule-
surface interaction that one may anticipate here, it
suffices to state that the unreconstructed diamond sur-

face possesses no inversion symmetry while the graphite
surface does, as do also the other close-packed metallic
and ionic crystalline surfaces studied '

up till now.

Furthermore, the Debye temperature of diamond is ex-

ceptionally high, eD = 2200 K for the bulk and

eD = 1800 K for the surface, a unique case in solid-state

physics, all other crystals having values for eD close to
the room temperature: Accordingly, the amplitude of
the mean thermal motion of the surface carbon atoms is

almost 1 order of magnitude smaller in diamond than in

any other crystal and does not smear out the surface
features.

The experimental technique and setup have already
been described in connection with the investigation on

graphite. 2 6 For completeness we remind the reader that
the scattering and diagnostics take place in an ultra-
high-vacuum (UHV) chamber. A pulsed supersonic
beam of NO molecules, optionally seeded by helium, is

scattered from a diamond surface in the center of the
UHV chamber held at a background gas pressure of
10 ' mbar. The surface (6 x 4 mm ) was obtained by
the polishing of a type-IIa diamond along the (111)sur-
face as checked by von Laue back diffraction and the
subsequent cleaning of it. Throughout the preparation
stage and the experiments, the surface temperature never
exceeded 1000 K, so that we worked with an unrecon-
structed surface; ' ' no surface contamination was
detectable by Auger electron spectroscopy. The transla-
tional energy of the rotationally cool (T„t=20 K) in-

coming molecules can be varied with a small velocity
spread in the range of 700-2800 cm '

by variation of
the NO:He ratio.

The scattered molecules are interrogated with a
pulsed, tunable, frequency-doubled dye laser pumped by
an excimer laser, and the rotational energy distribution
is determined by the relative intensity of the resonantly
enhanced two-photon ionization signal as the laser fre-
quency is varied; this diagnostic combined with a time-
of-flight technique and a rotatable quadrupole mass
spectrometer allows one to measure state-selective angu-
lar, rotational, vibrational, and velocity distributions of
the scattered NO molecules for different incident angles
8; and surface temperatures T, ranging from 200 up to
700 K. For the case of diamond, it was imperative that
the measurements be repeated for two orientations of the
sample, obtained by turning it by 180', below they will

be arbitrarily referred to as "left" and "right. "
The most striking revelation of this dual series of mea-

surements, and a confirmation of our anticipation con-
cerning the impact of the diamond surface topography, is

the left-right asymmetry exhibited in the angular distri-
bution of the scattered molecules as recorded with the
mass spectrometer and depicted in Fig. 1. In the case of
the faster incident molecules in particular, the single
narrow lobe obtained in one direction contrasts with the
broader and apparently double lobe recorded in the op-
posite direction. This can be traced back to specific
features of the topography and dynamics of the diamond
surface, which are nonexistent or suppressed in the
graphite surface.
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FIG. 2. Schematics of the (a) diamond and (b) graphite
structures. The asymmetric profile of the diamond (I I I) sur-
face and the hexagonal channels (in a different but equivalent
surface) are demonstrated.

FIG. 1. Right (R) and left (L) scattering asymmetry for
two surface temperatures and incident velocities.

The diamond structure and its (111)-surface termina-
tion are schematically depicted in Fig. 2 and compared
with the graphite structure. The (111) surface is the
plane of easiest cleavage as it requires the breaking of
the smallest number of bonds per unit area. It is well or-
dered ' and bulklike and shows neither reconstruction
(parallel displacements of atoms) nor relaxation (per-
pendicular displacement of atoms) up to 1000 K. Up to
this temperature the dangling bonds are actually ter-
minated' ' with hydrogen atoms which start evaporat-
ing when the temperature is raised above 1000 K and
reconstruction gradually sets in; the process completes at
—1200 K. Because of the very tight C—H bonding the
hydrogenation stabilizes the surface carbon atoms at
their bulklike positions and hinders reconstruction, but
otherwise has a very minor effect on the electronic distri-
bution and may be momentarily disregarded.

Referring again to Fig. 2, because of the difference in

the chemical bonding, the uppermost plane of the graph-
ite surface is a regular planar array of strictly planar
carbon hexagons, with all six carbon atoms equivalent,
and possesses the inversion symmetry, while the diamond
(111) surface does not. This bulklike surface when

looked at from above also appears as a regular array of
hexagons, but which are tilted and not planar; indeed,
the atoms alternate around each ring in an upper (the
hydrogenated) and a lower position, each group of three
equivalent atoms forming an isosceles triangle. By
oversimplification of the electronic density distribution,
the surface profile along any of the three equivalent
directions of the (111) surface has a sawtooth appear-
ance with asymmetric triangular "grooves, " schematical-
ly depicted in Fig. 2 with a simplified scattering
geometry.

Accordingly, the diamond surface is not centrosym-
metric and presents a different profile to left and right

incoming molecules; the observed L-R asymmetry in the
scattering profiles as revealed in Fig. 1 bears the signa-
ture of this topographic feature. Furthermore, as can be
seen from Fig. 2, the crater-shaped hexagons, each with
the three higher-lying hyrdrogenated carbon atoms, may
act as geometrical traps, with pronounced asymmetry in

the time periods that they geometrically accommodate
incoming molecules.

The different left and right angular scattering distri-
butions also underlie different energy distributions. In
Fig. 3 we show two typical time-of-flight traces, for left
and right incoming molecules. As can be seen there, the
flux profiles for a given rotational level J in general con-
sist of two components, a sharp one and a broader one
corresponding, respectively, to specularly and diffusively
scattered molecules in the angular distribution, with the
broader one showing a substantially long residence time
on the surface: approximately 0.1-0.5 ms, which was

measured by our delaying the laser pulse with respect to
the molecular-beam pulse. The relative importance of
the two components differs for the left and right incom-

ing molecules and, in addition, depends on the surface
temperature T, [Fig. 3(R)], the rotational state J [Fig.
3(L)], and the exit angle 8, . The slow component does
not obey a cos8 distribution law but shows a R-L asym-
metry. It was found that the sharp component is dom-
inant for the L incoming molecules, whereas the broad
component is dominant for the R incoming ones, and this
accounts for the more pronounced double lobe previously
pointed out in Fig. 1 for the scattering profile of these
molecules.

We attribute the sharp component to the fast mole-
cules that only experience a single (or eventually double)
hard (elastic) collision on the overall rigid diamond
(111) surface and are predominantly scattered in the
specular direction. For these molecules we expect an
efficient transfer of energy from translation to rotation.
We attribute the broad component to molecules that are
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FIG. 3. Time-of-flight profiles for R and L scattering
geometry for diA'erent surface temperatures and rotational
states of the scattered particles, respectively.
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"geometrically" trapped and accommodated for a long
period of time inside the craterlike corrugations on the
diamond (111)surface, where they experience a complex
motion before they reemerge considerably slowed down
and in directions that to a certain extent reflect the
geometry of the traps; the asymmetric angular distribu-
tion of this component, clearly exhibited in Fig. 1, sup-
ports this picture.

As can be seen in Fig. 4, the scattered molecules of the
slow component emerge in a rotational Boltzmann distri-
bution corresponding to a T„&= 380 K which is indepen-
dent of the surface temperature T, and the incident and
exit angles 8; and e„respectively. Those of the fast
component emerge in an overall rotational energy distri-
bution that also can be described by a Boltzmann distri-
bution but with a rotational temperature markedly
higher than that of the slow component, and which also
does not depend on T, but does depend on the incident
angle 8;; here, however, a small number of high-J mole-
cules show a deviation from a strict Boltzmann plot, in-

dicating the onset of rotational rainbow scattering. It
was checked and found that these rotational tempera-
tures are identical for the two ground electronic states of
the NO molecule, H~/2 and f13/q. Also, the overall pop-
ulation ratio of these two electronic states, N( II~/2):
N( 113/2) is given by exp(~/T„, ), where ~ is the
fine-structure splitting and T„, is the rotational tempera-
ture for the fast or slow velocity component. This im-
plies that each velocity component of the scattered mole-
cules is rotationally and electronically in equilibrium
characterized by T„t.

The absence of any correlation between rotational and
surface temperatures in the case of the fast velocity com-
ponent, as shown in Fig. 4, is consistent with the assump-
tion that the corresponding rnolecules only experience a

FIG. 4. Rotational temperature of slow and fast NO mole-
cules vs surface temperature after scattering from the diamond
(111)surface. Incident velocity, v; =1450 m/s.

~ ae
oo

0

L R 8, e~ Ts

0 ~ 4 po I po 20p K
—2500

o ~ 404 40 700K

1300— oop, ~
—2000

1200—

1100—
I

VJ///j JYJA

100
I

300 500 700

~ 1500
I I I

900 E)rtt lcm 1]

FIG. 5. Peak velocity vs internal energy E;,t of the scattered
NO molecules of the fast component for L and R scattering
geometries and two surface temperatures. Incident velocity,
v; 1450 m/s.

single collision with a rigid surface but do not exchange
energy with it; on the other hand, the collision with a rig-
id surface provides' a very eScient coupling mechanism
for translational and rotational modes. This is strikingly
demonstrated in Fig. 5, which shows a complete correla-
tion between a rotational-state-resolved measurement of
the peak velocity of the fast molecules (or, equivalently,
their peak kinetic energy Ek;,) and the rotational-state
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energy E„t expected by overall energy conservation for a
sole molecule without energy exchange with the rigid
surface, or Ek;„+E„&=const. This is in remarkable con-
trast to the results for the NOlgraphite system, where
the peak velocities were nearly independent of the rota-
tional state. In addition, the observed increase of T„,
as 8; decreases (the direction of incoming molecules ap-
proaches the nortnal), as shown in Fig. 4, indicates that
the rotational energy gain that is experienced by the
molecules of the fast component after their collision with
the diamond surface occurs at the expense of the normal
component of the incoming translational energy
E„Ek;„cos 8;, the tangential component being con-
served as expected'3 for a hard collision on a rigid sur-
face.

In contrast, it is difftcult to give a detailed picture of
the interaction history of the molecules of the slow com-
ponent. Their long residence time on the surface (of the
order of 0.1-0.5 ms) is attributed to geometrical trap-
ping and accomodation of these molecules inside the
craterlike corrugations, where they undergo a complex
motion with multiple collisions with the hard walls of the
corrugation before being ejected in the directions of easi-
est escape as imposed by the geometry of the traps and
the dynamics of the interaction. Their rotational and
translational energy distributions are fitted with
Boltzmann and Maxwell distributions, respectively, and
are both characterized by roughly the same temperature,
380 K. This indicates that each molecule only interacts
locally with a single corrugation during its residence
time, in "thermal" isolation from the rest of the surface.
The geometrical trapping inside the corrugations of the
diamond surface is quite distinct from adsorption or
chemisorption processes. Since the dangling bonds are
hydrogenated under our conditions, chemisorption
should be inoperative; furthermore, chemisorption would

lead to drastic alteration of the scattering patterns with

time which we never observed. Physical adsorption is

also ineffective in diamond as the attractive surface po-
tential is negligible.

The case of diamond opens the way to some novel ex-
perimental and theoretical investigations related to its
specific topography and high Debye temperature. But
this is not restricted to diamond only; it may well show

up in other surfaces such as, in particular, unreconstruct-
ed covalent ones, semiconductors, or others.
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