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Fully state-resolved analysis of NO molecules desorbed from an oxygen-covered Ni(100) surface by
uv radiation (k =193 nm) yields the operation of two desorption channels, thermal and nonthermal, via

electronic excitation. The latter fraction exhibits as a particular feature pronounced spin-orbit selectivi-

ty at low rotational quantum numbers.

PACS numbers: 68.45.Da, 79.20.Ds

The investigation of the dynamics of gas-surface in-

teractions by means of laser spectroscopic techniques has
received much attention during recent years, ' since in

this way experimental determination of the energy parti-
tioning between the various degrees of freedom becomes
possible. So far these studies have been essentially con-
cerned with scattering and thermal-desorption processes
(including laser-induced thermal desorption), although
desorption via electronic excitation through an electron
beam was demonstrated also to be accessible by this stra-
tegy. The present Letter reports on the first full state-
resolved (i.e., with respect to translational, rotational, vi-

brational, and spin level distributions) results for mole-

cules photochemically being desorbed from a well-

defined surface, namely NO from oxygen-covered
Ni(100). The nonthermal excitation of at least a frac-
tion of desorbed molecules manifests itself in several
efl'ects among which the pronounced spin-orbit selectivity
for low rotational quantum levels appears to be most re-
markable. A preliminary report had been given else-
where, but this previous work suffered from insufficient
surface characterization.

Experimental details have been described elsewhere. 3

Briefly, a NO molecular beam served as a gas doser and
was directed at a Ni(100) surface centered in an UHV
chamber. Auger spectroscopy and low-energy electron
difl'raction were used to determine surface cleanliness
and order. A rotatable quadrupole mass spectrometer
made possible measurement of temperature-programmed
desorption (TPD) spectra. Cleaning of the Ni(100) sur-
face was accomplished through standard techniques.
NO adsorbed on an initially clean Ni(100) surface at
140 K was irradiated with uv-excimer laser light (ArF,
193 nm). The rotational and vibrational state distribu-
tions of the photodesorbed molecules were probed via
laser-induced fluorescence. Frequency-doubled light

from a tunable excimer-pumped dye laser (around 226
nm) passed parallel to the surface typically at a distance
of 25 mm to excite electronically the desorbed NO mole-
cules. Fluorescence light from the excited molecules was
focused on a photomultiplier and the resulting signal was
digitally stored. Time-of-flight measurements were per-
formed by variation of the delay between the desorption
and the probe-laser pulses with the probe laser tuned to
detect NO in a particular quantum state. The time-
integrated populations in the various rotational states
yielded internal energy distributions.

Starting with an initially clean Ni(100) surface which
was continuously exposed to NO at 140 K (in order to
establish stationary conditions by compensating for the
loss of adsorbed particles by laser-induced desorption),
the total flux of desorbed NO molecules was found to in
crease continuously with the duration of irradiation until
after about 5000 shots (at =2 mJ/cm laser power) a
steady state was reached. Auger-electron-spectroscopy
analyses performed afterwards exhibited the presence of
considerable amounts of adsorbed oxygen which presum-
ably resulted from the dissociation of adsorbed NO.
(The surface concentration of N was always found to be
much smaller, presumably because of secondary reac-
tions causing release into the gas phase. ) NO adsorbed
on Ni(100) is known to partly dissociate thermally near
200 K. On the other hand, gaseous NO is known to dis-
sociate by irradiation with light of 191-nm wavelength
which is close to the energy of our desorption laser (193
nm). Dissociation of adsorbed NO in the present system
might therefore be feasible through both channels, which
has to be explored in further work.

TPD of NO adsorbed on Ni(100) exhibits two peaks,
at 346 and 358 K. In the presence of adsorbed oxygen
an additional peak at 240 K appears. If the Ni(100)
surface is preexposed to 02 up to saturation (which pro-
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FIG. 1. Time-of-flight distribution for NO (v" =0, J"= —', ,

1I~g) photodesorbed from Ni(100)-O. The peaks were fitted

by velocity distributions of the form f(v) =Av'exp[ —B(v
—vv) ], where A, B, and vv are adjustable constants.
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FIG. 2. Average translational energy of the "fast" particles
as a function of their internal energy in the F I and F2
branches.

cedure is known to form a layer of NiO ), subsequent
NO adsorption yields exclusively this weakly bound state
which is therefore identified with NO adsorbed on an
oxygen-covered surface, Ni(100)-O. Detailed experi-
ments demonstrated that it is just the species which is
desorbed by irradiation with the applied excimer laser
pulses, while the small cross section for laser desorption
of the more strongly held molecules adsorbed on the me-
tallic surface prevents their detection. This explains why
the signal increases with continuing irradiation, i.e.,
buildup of the surface oxide.

Figure 1 shows a typical time-of-flight distribution of
NO molecules desorbed in specific vibrational (v" =0),
rotational (J"= —', ), and electronic ( II1t2) levels. Simi-
lar spectra were reported by Burgess et al. s for laser-
induced desorption (X=532 nm) of NO from Pt-poly.
The present data were analyzed in terms of superposition
of two groups of molecules with high and low transla-
tional energies, in the present example exhibiting aver-

age values of (E«», )/2k =1010 and 250 K, respectively.
The latter number should be compared with the TPD
peak at 240 K for thermal desorption. The rotational-
state population of the "slow" molecules was found to
decrease more rapidly with increasing J" than those of
the "fast" particles, yielding a rotational temperature
Tmt =170~ 20 K. Their angular distribution was found
to be cosine, while the flux of "fast" particles is peaked
in the direction of the surface normal. These results
strongly suggest that we identify the origin of the slow
molecules with a thermal-desorption process caused by
absorption of the laser pulse by the solid.

There are, on the other hand, a series of findings
which demonstrate that the "fast" molecules arise from
nonthermal desorption, i.e., from activation distinct from
coupling to the heat bath of the solid.

(i) Their mean translational energy (E«»g)/2k in

creases markedly with internal energy for the II1t2 as
well as the II3t2 branch as shown in Fig. 2 up to values
of almost 3000 K. Remarkably (E&„„,) is systematically
higher for the molecules in the II3/2 electronic configu-
ration. Translational energies of the observed order of
magnitude are completely incompatible with thermal ori-

gin, even if a barrier should exist in the exit channel:
Remember that thermal desorption of the particles under
consideration takes place with maximum probability at a
surface temperature of 240 K. The surface temperature
under the present conditions of laser irradiation will nev-

er exceed about 300 K, as otherwise one would observe
also desorption of those other species which show up with
a peak around 350 K in TPD. The possible existence of
a substantial barrier in the ground-state exit channel
could, in addition, not be reconciled with the high stick-
ing coefficient for adsorption with a gas temperature of
300 K. For particles thermally desorbing from a surface
temperature at T„one observes (E„,„,)/2k' T„ in-

dependent of their internal energy, while a decrease of
(E«,„) with E;„t may occur in direct-inelastic scatter-
ing. '

(ii) Figure 3 shows "Boltzmann plots" for the
rotational-state population of the "fast" particles in the

II~t2 and II3t2 levels. While the data for the former
yield approximately a straight line to which formally a
rotational temperature of about 300 K can be assigned,
this is certainly not the case for the II3t2 species where a
marked underpopulation of the rotational levels with J"
up to J"= —", is present. This is considered as being the
most remarkable result of the present study and will

therefore be discussed further below.
(iii) The total yield of molecules desorbed in the first

vibrationally excited state was of the order of about 1%
with respect to the flux of v" =0 particles, which is less
than observed in the preliminary study but still about 2
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FIG. 4. The ratio R-N( 111/z)/N( 113/3) of the populations
of the two spin-orbit branches as a function of rotational quan-
tum number. The solid line represents equal populations of
both spin-orbit manifolds.
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FIG. 3. Boltzmann plots of the internal energy populations
for the (a) II1/3 and (b) II3/3 branches.

orders of magnitude more than corresponding to thermal
equilibrium at 300 K. Although not investigated in great
detail, the qualitative features of these particles were
similar to those with v" =0: high kinetic energies (e.g. ,
(E„,„,)/2k =1300 K for J"= '2', 111/2), approximately
Boltzmann-type internal energy distribution for the II1/2

branch (yielding T„t=625 ~ 50 K), while the f13/2 par-
ticles again exhibit underpopulation for low J". Only
"fast" particles were found with v" =1, which is further
confirmation for the origin of the "slow" molecules by a
thermal process.

Nonthermal desorption of particles from surfaces
caused by absorption of uv or visible photons has already
been reported for a number of systems. ' ' The desorp-
tion may be either directly or indirectly induced by light.
In the former case, localized photon absorption within

the substrate-adsorbate bond would be responsible for
this effect. Indirect photochemical desorption would

comprise electronic excitation within either the adsorbate
or the substrate (creation of hot carriers) as primary step
and subsequent conversion into activation of the
substrate-adsorbate bond. ' No distinction between

these possibilities can be made on the basis of the avail-
able data, but in any case the system will reach a situa-
tion characterized by a potential which is repulsive with

respect to the molecule-substrate interaction from where
the particle starts to leave the surface. Electronic relax-
ation into the ground state is very efficient —especially
with metal surfaces —and as a consequence the cross sec-
tions for such processes may be very small and also
strongly dependent on the specific adsorption state. '3

This is presumably the reason why, with the present sys-
tem, photodesorption is only observed from the nonme-
tallic Ni(100)-0 surface. (Likewise, Domen and
Chuang' observed photodissociation and photodesorp-
tion of CH2I2 only from nonmetallic substrates, but not
from Ag. )

The energy distributions in the various degrees of free-
dom of molecules desorbed as a result of electronic exci-
tation and passage over repulsive potential curves are, of
course, expected to be quite different from those result-

ing from thermal excitation from the ground state, and it
is therefore not surprising that also different types of en-

ergy partitioning are observed. We shall concentrate our
further discussion, however, only on the novel effect of
spin-orbit selectivity in desorption. Figure 4 shows a plot
of the ratio R of the populations of the F1(= 2II1/2) over
that of the F2(= 113/2) species as a function of the rota-
tional quantum number J". In the present case, R goes
up to a value of 40! This can be compared with R = 1.5
(also at low J") reported for direct-inelastic scattering of
NO at an Ag(111) surface (where the incident mole-
cules were predominantly in the F1 level), ' if we

remember that desorption is essentially a scattering pro-
cess.

Although desorption and scattering are, of course, fun-
damentally different processes, the experimental findings
will be tentatively interpreted on the basis of an elemen-
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tary step of scattering. In view of the mechanism of non-

thermal desorption discussed above, we may consider
this process —in which molecules are created on a repul-
sive potential from where they start to come off the
surface —as a kind of half collision, so that qualitative
comparison with information on direct-scattering pro-
cesses is considered to be justified. Theoretical treat-
ment of scattering of open-shell 2II molecules at fiat sur-

faces revealed that in fact two sets of interaction poten-
tials, V+ and V, have to be taken into account. '6'
These potentials are degenerate when the molecule is

oriented perpendicular to the surface, but differ because
of the two possible orientations of the singly occupied 2II
orbital if the orientation of the molecular axis has a com-

ponent parallel to the surface. Interaction of F1 mole-
cules with a surface will exhibit small transition proba-
bility into the F2 spin-orbit manifold at low J", which,
however, increases with increasing J"so that finally both
manifolds reach equal population, i.e., R = l. This effect
is due to quantum-mechanical interference between
scattering on the V+ and V— surfaces which becomes
stronger with increasing J". The data of Fig. 4 follow

exactly this trend, which suggests that the photo-
excitation process indeed predominantly creates mole-
cules of the Ft manifold. Recent close-coupling calcula-
tions for scattering at varying sets of potentials' demon-
strated further that R(J") may oscillate. The available
experimental data of Fig. 4 allow, however, no clear con-
clusion in this respect.

The qualitative agreement of the experimental obser-
vations (pronounced spin-orbit selectivity at low J" and
its decay with increasing rotational excitation) with the
main predictions of the quoted theoretical treatments of
direct scattering is considered as additional support for
the proposed mechanism of nonthermal desorption via a
repulsive exit channel.

In conclusion, the present work demonstrates the
operation of two desorption channels by irradiation of a
surface with uv photons. The nonthermal part exhibits
very strong spin-orbit selectivity at low rotational quan-
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