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Abstract

The angular distributions of NO photodesorbed from a Pt(111) surface by UV-laser irradiation at 193 nm are
investigated as a function of velocity using a quantum state specific detection method, which combines resonance
enhanced multiphoton ionization (REMPI) and a two-dimensional-imaging technique. The angular distributions of
NO in individual rovibrational states are observed to be strongly peaked in the surface normal direction and are
consistently reproduced by gaussian functions in the desorption angle h. The angular width of these distributions is
found to decrease substantially with the velocity of the desorbing molecules. The identical velocity dependence of the
angular distributions is observed independent of the rotational quantum states of the photodesorbed NO molecules.
This is indicative of a de-coupling of the rotational motion of the molecular axis and the hindered parallel translation
of the molecules in the adsorption ground state as well as in the excited states probed by the desorption process. The
implications of a simple impulsive model, which relates the amplitude of the frustrated translational motion to the
velocity dependence of the observed angular distributions, are discussed. © 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction in both the ground and the excited states and
include the fundamentally interesting aspect of
energy conversion between the electronic systemTo elucidate the dynamics of molecules inter-
and nuclear motion, the photo-desorption of NOacting with a surface, the use of photons to initiate
molecules from solid surfaces has been studied ina dynamical process followed by the characteriza-
some detail by state selective-detection techniquestion of the final state by means of quantum state
[4–15]. The adsorption of NO molecules onresolved methods has proven to be a particularly
Pt(111) was characterized by various techniquespowerful approach [1–3]. Since the photoinduced
of surface analysis, though there still seems todynamics reflect the nature of the chemical bonds
remain some ambiguity about the adsorption site
assignment and geometry [16–20]. The angular
distribution of molecules desorbing from or scat-* Corresponding author. Fax: +81-3-3402-6375.
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on the dynamics of the molecule–surface inter- doser up to saturation coverage. Photodesorption
was induced by pulses of ultraviolet photons fromaction: While the angular distribution of molecules

desorbing from thermal equilibrium with the sur- an ArF excimer laser (l=193 nm, hv=6.4 eV,
pulse width: 15 ns) at normal incidence and aface often obeys a cos(h) law, distributions which

are more sharply focussed in the preferred desorp- fluence of 1–2 mJ/cm2. An increase of the surface
temperature from 90 K due to the laser irradiationtion direction are expected for molecules originat-

ing from direct elastic/inelastic scattering or from was not observed. The rovibrational quantum state
selective detection of the desorbing NO moleculesdesorption induced by an electronic transition. In

the latter case, two main factors may be considered was achieved by (1+1)REMPI via the
A2S+÷X2P transition. To compensate the deple-to dominate the angular distribution: the frustrated

translational motion of the molecules, which tion of the NO coverage during the photodesorp-
tion measurements, NO was redosed from thevibrate parallel to the surface in their adsorption

potential on one hand, and directional dissociative pulsed molecular beam source ( f=2 Hz) synchro-
nized a few milliseconds after the detection laserforces on the other, acting along the molecule-

surface bond in the desorption process. The former firing, thus allowing evacuation of the unadsorbed
and backscattered NO molecules between the laserdetermines the electron stimulated desorption of

CO from Cu(110) [21], while the latter has been pulses and reduction of the background signal due
to atmospheric NO below the detection limit.shown to govern the photodesorption of CO from

Si(100) surfaces [22]. To obtain the angular distributions, a two-
dimensional imaging set-up was employed in theIn the present paper we report for the first time

on velocity and quantum state resolved measure- present study [23]. By a telescope of cylindrical
lenses, the detection dye laser beam was spread toments of the angular distributions of NO molecules

photodesorbed at 193 nm from a Pt(111) surface. a sheet of about 20 mm width in the plane perpen-
dicular to the sample surface. The two-dimensionalThe desorption is found to be strongly peaked in

the surface normal direction, with a pronounced distribution of ions produced in this detection laser
sheet was repeatedly imaged on a phosphor screendependence of the angular distributions on the

desorption velocity. Furthermore, an effective and accumulated by a CCD camera after directing
the ions by a repelling electrode onto a microchan-de-coupling from the rotational excitation of the

desorbing molecules is observed. Within a simple nel plate for space resolved amplification. From
these images, the angular distributions are deriveddynamical model these results will be discussed in

terms of their relation to the hindered translational as particle density profiles as a function of the
desorption angle h for a selected velocity, which ismotion of the NO molecule.
defined by the time delay between the excitation
and detection laser pulses and the distance of a
given position within the laser sheet from the2. Experimental
sample surface. The desorption laser beam had a
spot diameter of 2 mm on the sample, confiningThe measurements were performed in an ultra-

high vacuum chamber described previously [23]. the angular resolution of the measurement to about
Dh=2.5°.The system was equipped with low-energy electron

diffraction (LEED), X-ray photoelectron spectro-
scopy ( XPS) and a quadrupole mass spectrometer.
The Pt(111) sample was cleaned by Ar+ ion 3. Results and discussion
bombardment and repeated cycles of annealing in
an O2 atmosphere (2×10−7 mbar) at 1190 K and Fig. 1a shows a two-dimensional image of pho-

todesorbed NO molecules ionized in the probeflashing to 1400 K. The sample cleanliness and
order were checked by XPS and LEED. The laser sheet 14 ms after the pump laser pulse. The

detection laser wavelength is tuned to probe thesample was cooled to 90 K by liquid nitrogen and
NO was adsorbed from a pulsed molecular beam molecule in the rotational state of J=15.5, its
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Fig. 1. The two-dimensional images of NO molecules desorbed from Pt(111) in the quantum state (v◊=0, V=1/2, J=15.5) at different
time delays after the photoexcitation at 193 nm, as viewed by a horizontal REMPI laser sheet in front of the surface. For clarity, the
maximum intensity in each image has been normalized to use the 8-step color-intensity code.

vibrational ground state v◊=0 and the spin-orbit The angular width b of the distributions is
found to decrease substantially with increasingstate of V=1/2. For clarity, the detection geometry

is indicated in Fig.1 and the intensity-normalized velocity of the desorbing molecules, reflecting the
increasingly peaked shape of the desorption cloudimages are displayed in an eight-step color code.

The delay times Dt labeled to the images denote for faster molecules (ref. Figs. 1 and 2). To ease
comparison with the angular distribution of cos(h)the time differences between the firings of the

pump and the probe laser. As evident from com- encountered in thermal desorption, angular distri-
butions of molecules desorbing or scattering fromparing Fig. 1 a and b, a shallower shape of the

desorption cloud in the vertical direction, which surfaces have frequently been expressed by func-
tions of the type cosN(h), which are equivalent tocorresponds to the coordinate parallel to the

Pt(111) surface, can be noticed for the faster gaussian functions for angles ≤30°, with N corre-
sponding to 1/b2 (rad). Using this notification, ourdesorbing molecules detected after 14 ms. An analy-

sis of the digital images is shown in Fig. 2, where angular distribution data are well reproduced by
cosN(h) functions with N=(4–5) for velocitiesthe desorption intensity is plotted as a function of

the desorption angle h for a variety of molecule ≤1100 m/s, increasing rapidly at higher velocities
to reach N>18 at 1700 m/s. These results comparevelocities. Solid curves represent least square fits

of the data to gaussian functions of the type well with the values of N=4 at 1330 m/s reported
by Schwarzwald et al. [9] and N=(11±4) foundA · exp{[−(1/2) · (h−h0)2/b2]}, where A, h0 and b

are fit parameters. Since h0, the center of the by Buntin et al. after time-integrating TOF spectra
recorded at different desorption angles [6,7]. Indistributions, ranges within limits of ±2.5°, the

desorption is concluded to be peaked in the surface agreement with these earlier studies, the strongly
peaked angular distributions (N&1) obtained innormal direction within experimental accuracy.
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electronic transition has been successfully dis-
cussed on the basis of a simple impulse model
[22,24–26 ]. For an NO molecule adsorbed on-top
of a Pt surface atom [16–18], the rotational excita-
tion is considered to be the product of the linear
momentum transferred along the PtMN bond and
the bending angle w of the molecular axis with
respect to this bond direction, caused by the frus-
trated rotational motion of the adsorbed molecule.
The frustrated translation, on the other hand,
resembles a low frequent vibration of the NO
parallel to the surface. The two modes of hindered
molecular motion at the surface differ considerably
in energy: While a value of (Bv)#60 cm−1 for the
ground state of the hindered translational mode is
reported for on-top NO on Pt(111) [27],
465 cm−1 have been determined for the hindered
rotation [28], justifying treating these two degrees
of freedom independently within the model. It
should be noticed in this context, that within
experimental accuracy no significant dependence
of the angular distributions on the rotational exci-
tation of the desorbing NO molecules could be
observed. This is evident from the fact that the
gaussian width b of the angular distributions of

Fig. 2. Velocity dependence of the angular distributions of NO
NO detected in different rotational quantum statesphotodesorbed from Pt(111) at 193 nm, detected in the
(J=6.5 and J=15.5) exhibits comparable valuesquantum state (v◊=0, V=1/2, J=15.5). Solid curves are fits to
and the same dependence on the desorption veloc-gaussian functions, the gaussian widths b (°) of which are listed

in the right-hand panel. For comparison, N values for cosN(h) ity (Fig. 3). This observation strongly suggests
functions calculated according to 1/b2#N are included. that during the course of the desorption event, the

frustrated rotation of the NO molecule, which
gives rise to the rotational excitation of the desorb-the present investigation clearly reflect the non-

thermal character of a desorption induced by an ing particles [25,26 ], is obviously de-coupled from
the motion which determines the angular distribu-electronic transition (DIET), being well estab-

lished for the photodesorption of NO/Pt(111) [4– tions, consistent with the impulsive model
assumptions.15,24–26 ]. As an interesting observation, the angu-

lar width b of the distributions decreases markedly We tentatively apply this classical picture to
derive information about the frequency of thewith the velocity (N=1/b2 increases) only for fast

molecules (v≥1100 m/s), while it appears to hindered translational motion from the velocity
dependence of the angular distributions. The frus-remain almost constant below this velocity. As

reported previously [12], the velocity distribution trated translation generates a periodically fluctuat-
ing deviation of the PtMN bond direction fromof desorbing NO consists of two components, a

fast and a slow channel. Since we are mainly the surface normal. The dissociative force on the
desorbing molecule is assumed to act in the PtMNprobing the fast channel in the present study, the

very limited number of data in the velocity range direction and therefore includes an angle of libera-
tion hlib with the surface normal in the moment ofof v≤1100 m/s will be excluded from our further

analysis. bond rupture. If the potential for the hindered
translation is harmonic, this liberation angle hlibDesorption of molecules induced by an
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a2m2(v0d )2}, with
the momentum p=m · v0dand a2=1/(mBv).
The mass of the NO molecule is represented by m
and v is the frequency of the parallel vibration.
Thus, (v0

d
)2� writes as 1/(a2m2)=(Bv)/m,

and a linear dependence of b2 on 1/v2 is expected:

b2=h2�=h2lib�+{Bv/m}/v2. (1)

The experimental data are shown in a b2 versus
1/v2 diagram in Fig. 3. It is obvious that a linear
function (dotted line) fitted to the data can roughly
reproduce the high velocity regime (v≥1100 m/s).
However, the slope of this straight line yields a
value of (Bv)#730 cm−1 for the frustrated transla-
tional quanta, which is considerably larger thanFig. 3. Angular width b of the gaussian angular distributions

of NO photodesorbing from Pt(111) in different rotational the value of 60 cm−1 derived from scattering
states J=6.5 and J=15.5 (v◊=0, V=1/2) as a function of veloc- experiments [27]. Even in view of possible hollow
ity v, presented in a b2 versus 1/v2 diagram. Refer to the text

site adsorption, which is still under discussion asfor the function assignments.
the ground state geometry [19,20] and would prob-
ably account for a higher frequency of the lateral

will be gaussian distributed around the surface vibration, the obtained value appears to be unusu-
normal. Furthermore, the hindered translation ally large. As a possible origin of this discrepancy,
imposes a velocity component vd0 parallel to the strong directing forces acting on the molecule
surface to the molecule’s center of mass: parallel to the surface in the excited state of the
v0d#l · d(hlib)/dt (l# distance between the Pt-atom

photodesorption process might be discussed. This
and the NO center of mass). If this lateral momen-

interpretation would be equivalent to a consider-tum is conserved in the transitions between the
ably higher frequency of the lateral vibration inground and the short-lived excited state and the
the excited state as compared to the ground state,impulse in the PtMN direction yields the mole-
which is, of course, neglected completely in thecule’s desorption velocity v, the parallel (v

d
) and

naive model outlined above. However, such athe perpendicular (v
)

) velocity components are to
‘hardening’ of the parallel vibration in the excitedbe described as v

d
=v · sin hlib+v0

d
and v

)
=

state appears to be unlikely, since the excited statev · cos hlib. Since the liberation angle hlib is likely
potential involved has been suggested to be repul-to be small, these can be approximated by
sive [29].v

d
#v · hlib+v0

d
and v

)
#v, finally defining the

Assuming a wavenumber for the hindereddesorption angle h by tan(h)=v
d
/v

)
=

translation of 60 cm−1 [27] and estimating a maxi-(v · hlib+v0d )/v. Since the cross term (hlib v0d )� van-
mum liberation angle hlib of 7.9° from this value,ishes for a harmonic oscillation, the squared width
Eq. (1) predicts a much smaller slope in the b2b2 of the observed angular distributions contains
versus 1/v2 plot and a small positive intersect withtwo contributions: b2=h2�=h2lib�+(v0d )2�/v2 ,
the ordinate (solid straight line in Fig. 3).where the latter term introduces a dependence on
According to this function, the angular distribu-the measured velocity v. The uncertainty of the
tions should possess even much smaller angularparallel velocity (v0d )2� is given by the mean
widths ( lower b2 values) than observed experimen-square amplitude of the gaussian wavefunction
tally. It therefore has to be concluded that com-u0( p) for the harmonic hindered translation in
pared to the assumptions of the dynamical model,momentum space, assuming that only the vibra-

tional ground state has to be considered: u
0
( p)= a considerable amount of additional lateral
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