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Rotationally resolved experiments on the NO/Pt(111) system explore the mechanisms of
inelastic scattering and trapping/desorption. The rotational dynamics associated with these
two regimes are markedly different. A neat supersonic NO beam is scattered at normal
incidence from a Pt(111) crystal at 375-475 K. The non-Boltzmann rotational population
distribution of the scattered species exhibits considerable rotational excitation beyond the
energy available from the incident beam. Thus, a surface vibration to rotational energy transfer
mechanism must be operative. The accompanying rotational alignment data reveal that highly
excited rotational states exhibit predominantly “cartwheel” motion. In contrast, rotationally
excited molecules that desorb from a 553 K Pt(111) surface show a preference for
“helicopter” motion. The opposite preferences for rotational alignment in the two dynamical
regimes provide insight into the anisotropy of molecule-surface interactions.

I. INTRODUCTION

Dynamical studies of molecular and atomic scattering
on solid surfaces are essential for a complete understanding
of the detailed mechanisms of direct inelastic scattering,
trapping, and desorption.'™ These processes are governed
not only by thermodynamics, but by the features of the po-
tential energy surface and the degree of energy transfer in the
system. State-selective detection techniques allow the ex-
perimentalist to investigate the energy disposal of molecule-
surface encounters in a detailed fashion. For the case of mo-
lecular scattering, where dissociation and recombination do
not play a role, measurement of the rotational population
and alignment distributions often provides the most sensi-
tive probe of the dynamics in the system.

The rotational dynamics of several molecule-surface
systems have recently been explored using laser detection/
molecular beam scattering techniques: NO/Ag(111),>"2
NO/Cu,”* NO/Ge(111),"* NO/GeO,,'* NO/graph-
ite,'S-'7 NO/Ir(111),'*'* NO/LiF,***' NO/Ni(111),”
NO/Pt(111),2% NO/[Pt(111) + O],* NO/
MgO(100),>® CO/LiF(100), HF/LiF(100),° I,/
LiF(001),>' NH,/W(100),5**® NH,/Au(111),>* OH/
Pt(111),>36 and N,/Ag(111).7"*° Additionally, laser in-
duced fluorescence has been combined with temperature
programmed desorption (TPD) to examine the desorption
dynamics of NO from Ru(001)***! and Pt(111).**** To-
gether, these studies have investigated the regimes of direct
inelastic scattering, indirect inelastic scattering, and trap-
ping/desorption.

The categorization of molecule-surface encounters into
one of these three regimes is justifiable in some cases, though
this delineation becomes rather difficult for most scattering
systems. “Direct inelastic scattering’ refers to a single colli-
sion between the molecule and the surface in which energy is
transferred. “Indirect inelastic scattering” implies that mul-
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tiple collisions with the surface occurred before the mole-
cule’s escape. “Trapping/desorption” involves a relatively
long intermediate lifetime on the surface during which equi-
libration between the surface and trapped molecule oc-
curs.*** In this latter case, the desorbed molecule’s final
state distribution is characterized solely by the conditions of
the surface rather than the molecule’s initial conditions. The
NO/Ge(111)," NO/GeO,,"* NO/graphite,"*'" NO/
Ir(111),"® NO/Ni(111),” NO/Pt(111),>*%* NO/
[Pt(111) +C],* [NO/Pt(111) + 0], and NH,/
W (100)3** systems are believed to access all three dynami-
cal regimes over a range of surface temperatures. The inelas-
tic scattering and trapping/desorption channels are distin-
guished by differences in their respective velocity
distributions, surface residence times, and rotational distri-
butions.

In general, the rotational distribution characteristic of
direct inelastic scattering is non-Boltzmann. For relatively
high beam energies (0.1-1.0 eV, corresponding to 10-100
kJ/mol) a rotational rainbow is commonly ob-
served.”'#73? A rotational rainbow is a manifestation of a
singularity in the differential cross section for rotational ex-
citation. Consider an initially nonrotating ellipse scattering
from a flat surface. There will be no transiational-rotational
energy transfer for collision geometries where the ellipse
strikes the surface “end-on” or “side-on.” However, all mo-
lecular orientations in between these two limits will lead to
rotational excitation, with the maximum energy transfer oc-
curring close to 45°. This produces peaks in the rotational
distribution both at J = 0 and at high J. Luntz, Kleyn, and
Auerbach observed a rotational polarization for NO scatter-
ing from Ag(111).°"" They found that the scattered mole-
cules (15.5 <J < 35.5) preferentially rotate in a plane per-
pendicular to the surface (“cartwheel” motion). Sitz,
Kummel, and Zare observed an even stronger polarization
for the N,/Ag(111) system.”’® Additionally, Sitz, Kum-
mel, and Zare measured a rotational orientation, i.e., a pre-
ference for clockwise vs counter-clockwise rotation, for cer-
tain scattering angles.*®
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The desorption studies have concluded that rotational
distributions appear Boltzmann. They are characterized by
temperatures which are equal to the surface temperature
(for low T, ) or are less than the surface temperature (for
high T). This phenomenon, termed “rotational cooling,”
can be understood through the use of detailed balance argu-
ments.*”*8 Desorption is related to adsorption in that one is
the inverse of the other. For a system at thermal equilibrium,
the desorption rotational temperature will equal the surface
temperature only if adsorption occurs for all rotational
states, J, with equal probability. If on the other hand, ad-
sorption (and therefore desorption) is hindered for rota-
tional states of high J relative to those of low J, then the
desorption rotational temperature will be somewhat lower
than the surface temperature.

Jacobs et al. reported the only observation of rotational-
ly resolved alignment of molecules desorbing from a single
crystal surface.’” They found that NO, at high J, preferen-
tially desorbs from Pt(111) with its plane of rotation parallel
to the surface. Novakoski and McClelland measured for the
first time a preferential molecular orientation for the desorp-
tion of CHF; from Ag(111).*® Using electric deflection
techniques, they observed that CHF; tends to desorb with its
hydrogen atom oriented toward the surface, while scattering
leaves the molecule with a weak orientation in the opposite
sense. Utilizing similar techniques, Kuipers et al>° also
found that the incident molecular orientation of NO plays an
important role in determining the scattering angular distri-
bution from a Ag(111) surface.

It is the delicate yet consequential regime between in-
elastic scattering and trapping/desorption that we choose to
examine further. Our goal is to better understand the dy-
namical biasing that distinguishes which molecular configu-
rations lead to trapping and which lead to scattering. Cer-
tainly the shape and depth of the molecule-surface potential
as well as the coupling of molecular translation and rotation
to surface motion will play vital roles in these processes. The
measurement of rotational alignment will serve as a probe of
both the dynamics and the surface residence time. Our
choice of the NO/Pt(111) system is based on a few salient
factors. Nitric oxide can be state-selectively detected with
very high sensitivity using 1 + 1 resonance enhanced multi-
photon ionization (REMPI). Moreover, the treatment for
reducing 1 4+ 1 REMPI spectra to population and alignment
distributions has been developed and tested for the NO sys-
tem.>! The Pt(111) surface is the only metal substrate on
which the NO molecule has a large binding energy (25-35.5
kcal/mol, corresponding to 105-149 kJ/mol) and yet does
not appreciably dissociate.

The interactions between NO and Pt(111) have been
studied previously using a number of complementary tech-
niques. These have evaluated molecule-surface binding en-
ergies, core level shifts, vibrational frequencies, long-range
order, sticking probabilities, and accommodation coeffi-
cients for a variety of surface temperatures and coverages.

The thermal desorption data®*~*° indicate that there are
at least three distinct temperature peaks at which NO molec-
ularly desorbs from a Pt(111) surface. These occur at 190,
320, and 375 K. The high temperature peak is assigned to a
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bridge site’>***¢ with a binding energy of 35.5 kcal/mol
(149 kJ/mol).** The bridge site refers to an equilibrium ge-
ometry where the NO binds to two neighboring Pt atoms. It
has a characteristic vibrational spectrum, measured both by
electron energy loss (EELS)***” and infrared absorption
spectroscopy (IRAS),> and produces a shift in the N(1s)
and O(ls) core levels, as detected by XPS.*® These tech-
niques have also determined that the 320 K desorption peak
contains both bridge-bonded and atop species.”***® Atop de-
fines the geometry where the NO molecule binds to a single
Pt atom in a linear arrangement. The electron impact behav-
ior suggests that the NO is bound through the nitrogen
atom,” consistent with organometallic analogs.”®>® At low
coverage, the bridge site fills preferentially. The atop site is
occupied at higher coverage and forms a p(2 X 2) structure,
as seen by low-energy electron diffraction (LEED).?%%-7
This structure saturates at 0.25 monolayers and thus contin-
ued adsorption proceeds to fill weakly bound (190 K ther-
mal desorption peak) disordered sites within the p(2x2)
structure.

The fraction of nitric oxide which decomposes on the
Pt(111) faceis less than 2% .>*%° The small amount of disso-
ciation that does take place occurs at the minority defect
sites.”® These defect sites are quickly blocked from further
reactivity by tightly bound atomic oxygen.

Molecular beam studies of NO on Pt(111) have re-
vealed that the initial sticking probability, i.e., the probabili-
ty of a gas-phase molecule binding to the surface at low
surface coverage, is large (0.65°'-0.9°%%?) and rather insen-
sitive to surface temperature.®®®? The sticking probability
varies nonlinearly with coverage, suggestive of an extrinsic
precursor state.®? The desorption kinetics have been well de-
scribed by a model®® which takes into account the role of step
(defect sites) and terraces [regions exposing only the (111)
plane]. The rate limiting step for desorption at low coverage
appears to be diffusion from the steps to the terraces. On the
terrace, the NO molecule desorbs with a much higher proba-
bility.®*®

The angular and velocity distributions of NO scattered
from Pt(111) indicate the coexistence of inelastic scattering
and trapping/desorption channels, with the latter being pre-
dominant.®® The translational energy accommodation fac-
tor is near unity for surface temperatures less than 900 K. At
higher surface temperatures, the translational temperature
of the scattered species falls below the surface temperature.
A similar effect is seen for both the vibrational and rotational
degrees of freedom; however, the deviations from unity are
more dramatic and occur at lower surface tempera-
tures.?*~2%%243 The spin—orbit temperature was found to be
identical to the measured rotational temperature.*' The two
A doublets within each spin—orbit state were observed to
have equal populations.*' The A-doublet states, in the high J
limit, are distinguished by the direction of the partially occu-
pied 2pm orbital relative to the plane of rotation.

It appears from this summary that NO equilibrates rap-
idly and efficiently with the Pt(111) surface, that adsorption
is nonactivated, and that product distributions should exhib-
it purely statistical behavior, i.e., no dynamical biasing.
However, examination of the directional anisotropy of the
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scattered molecule’s rotational angular momentum reveals
much more about the dynamics of inelastic scattering, trap-
ping, and desorption.

Il. EXPERIMENTAL

The experiment utilizes a UHV scattering chamber, a
tunable UV laser source, and a variety of support electronics.
A Varian UHYV surface analysis chamber is adapted to sup-
port a pulsed molecular beam source and state-selective de-
tection (see Fig. 1). The main chamber houses a sample
manipulator which allows X, ¥,Z translation, rotation of the
2.5 in. offset sample arm about the center axis of the
chamber, surface tilt rotation, and surface temperature con-
trol through a combination of radiative and electron bom-
bardment heating as well as liquid nitrogen cooling. Heating
of the surface is controlled by a feedback circuit in order to
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keep the surface temperature constant to within 1 K
throughout a wavelength scan. The chamber is equipped
with LEED and Auger electron spectroscopy (AES) diag-
nostics, a quadrupole mass spectrometer, and an Ar™ sput-
tering gun for surface analysis and preparation. Additional-
ly, the apparatus includes a quartz window to permit entry of
the excitation laser light and a time-of-flight (TOF) ion drift
tube for ion mass separation and collection. Ions are pro-
duced by 1 + 1 resonance enhanced multiphoton ionization
(REMPI). The time-of-flight mass selection allows for dis-
crimination against nonresonant ionization of background
impurities. The tube’s custom design consists of an extrac-
tion grid, an acceleration grid, steering plates, a 30 cm drift
tube, and a channel electron multiplier array (CEMA) (Ga-
lileo Optics FTD 2002). The main chamber is pumped by a
220 #/s ion pump, a titanium sublimation pump, a liquid
nitrogen cryopanel (all from Varian), and a 1500 ¢/s turbo-

CEMA Detector

30 cm Flight Tube

Manipulator
1
Steering
Acceleration
Extraction
Surface Sample

220 l/s
Turbomolecular | lon Pump
Pump

FIG. 1. Experimental apparatus. A differentially pumped pulsed valve doses the Pt(111) crystal. Laser radiation is focused 2 mm above the surface. lons
produced in the REMPI process are accelerated through the time-of-flight tube and collected by the CEMA. The crystal can be rotated in order to face LEED
and AES diagnostics. Not shown are Helmholtz coils which cancel the earth’s magnetic field and leave a residual magnetic field in the direction of the surface
normal.
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molecular pump (Balzers) which allows us to maintain a
base pressure of 3 X 10~ '° Torr during the experiment.

An invaginated source chamber is attached to one of the
main chamber’s standard 8 in. conflat flanges. The 3/4 in.
thick flange separating the two chambers contains a motor-
ized gate valve. This valve permits either chamber to be vent-
ed to atmosphere without affecting the pressure of the other
chamber. A Lasertechnics pulsed valve, with a 0.1 mm noz-
zle orifice, is mounted kinematically to this interfacial
flange. The supersonic beam is collimated with a 0.3 mm
skimmer so that the beam strikes only a 5 mm diameter re-
gion of the surface. The 10 cm nozzle—surface distance al-
lows instantaneous pulsed molecular beam fluxes as high as
10'7 molecules/(cm? s). The source chamber is pumped by
a 330 ¢/s turbomolecular pump (Balzers).

The generation of tunable ultraviolet laser radiation re-
lies on a commercial 10 Hz Quantel 581C Datachrom Sys-
tem. The frequency doubled Nd:YAG laser pumps a Moya
oscillator cavity dye laser (0.08 cm ' bandwidth). This tun-
able output is frequency doubled and Raman shifted (sec-
ond order anti-Stokes) in H,. The resulting Raman orders
are separated with matched 60° quartz prisms. This system
creates 6 ns pulses at 224 nm with approximately 200 pJ of
energy per pulse. A 5 mm diameter homogeneous spatial
region of the radiation is selected, via an iris diaphragm, to
be focused into the chamber. On each laser shot the comput-
er selects the direction of the laser light’s plane of polariza-
tion via a photoelastic modulator (PEM). The PEM elimi-
nates beam walk associated with other polarization rotators
and produces light which is greater than 99.5% linearly po-
larized. A back-reflection of the 224 nm light is focused onto
a pyroelectric detector for shot-to-shot monitoring of the
laser energy. The remainder of the radiation passes 2 mm
above the surface as it propagates parallel to the Pt crystal
face. A 25 cm focal length lens is used to focus the light 5 cm
before it reaches the ionization region above the surface. In
this region the beam diameter is approximately 0.5 mm. This
focusing geometry reduces the level of saturation in the
REMPI process.”’

Due to the *II symmetry of the NO ground state, stray
magnetic fields can scramble the rotational alignment of the
product distribution during the molecule’s 1 us flight time
from the surface to the laser ionization region. In order to
minimize stray magnetic fields,°® Helmholtz coils are in-
stalled around the exterior of the main chamber. Symmetric
pairs of electromagnetic coils are placed along the X, ¥, and
Z directions of the apparatus. The regulated currents flow-
ing through these coils are adjusted so that a small field,
pointing along the surface normal, remains in the ionization
region.%” In addition, the filament current used to heat the
surface is turned off for 10 ms during the laser pulse.

The ion signal and the laser energy, as measured by the
pyroelectric detector, are digitized with a CAMAC LeCroy
charge sensitive gated integrator and stored on a DEC PDP
11/23 computer. The ion signal is normalized to the square
of the pyroelectric sector output on a shot-by-shot basis. The
computer also controls the laser wavelength, polarization
direction, surface temperature, and delay between the pulsed
nozzle and the firing of the laser.

All experiments reported here are performed with a 50
psi neat expansion of NO gas (99% rated purity®®) at nor-
mal incidence to the Pt(111) surface. The measured rota-
tional temperature of the beam is 40 K.** Under similar ex-
pansion conditions, Serri, Cardillo, and Becker®® found the
translational energy of a neat NO supersonic beam to be 9.2
kJ/mol. The ratio of dimers to monomers in the beam is
estimated to lie between 1072 7 and 10~ 2.%° The pulsed mo-
lecular valve delivers gas pulses as short as 90 us FWHM.

Two different Pt(111) crystals were used during this
investigation. No difference in rotational distributions was
observed between the two crystals. Both were cut froma 1 cm
boule of 99.999% single-crystal platinum. The first surface
was aligned to within 1.5° of the (111) face; the second to
within 0.5°. Both crystals were polished with diamond pastes
down to a final grit size of 0.5 um. Final polishing was done
with 0.005 gm alumina. The surface is cleaned by annealing
at 900 °C in the presence of approximately 10~ Torr of O,
and flash desorbing the resulting oxide at 1200 °C. AES is
employed to determine surface cleanliness. Treatments are
repeated until impurity levels reach the noise level of our
Auger spectrometer (approximately 1%-2% of a mono-
layer). Between experimental runs the crystal is annealed for
one minute at 800 °C. AES is also performed at the end of a
set of experimental runs. It was found that O was the only
impurity to build up (see below).

During the experiment, the surface quickly reaches a
steady-state coverage of molecular and dissociated NO.%%-%*
The atomic species are believed to originate from dissocia-
tion at defect sites on the surface. Because of the greater
binding energies for atomic oxygen at defect sites, adsorbed
oxygen blocks these sites from further reactivity. Thus, the
concentration of atomic oxygen saturates at a level approxi-
mately equal to the concentration of defect sites, which we
believe from our AES results to be <5%.

The dynamical regimes of direct inelastic scattering and
trapping/desorption are differentiated according to their
characteristic surface residence times. The residence time
for direct inelastic scattering is infinitesimal compared to the
microsecond time scale of the molecular beam pulse. How-
ever, the trapped state will exhibit a half-life on the surface
which is inversely proportional to the desorption rate con-
stant. For our temperature regime, the half-life is estimated
to be 2-2000 ms. Figure 2 illustrates the calculated surface
temperature dependence of both the steady-state coverage
and the surface residence time for a range of incident molec-
ular fluxes. For the calculation, we utilized the coverage-
dependent preexponential factors and activation energies for
desorption determined by Campbell, Ertl, and Segner.*

A 100 ps nozzle pulse at a 110" molecules/cm? s
peak flux delivers 0.006 Langmuirs to the surface and
creates a pressure rise in the main chamber of <13x 1070
Torr. Hence the instantaneous coverage during the nozzle
pulse will only be slightly higher than the steady state cover-
ages reported in Fig. 2.

Numerical integration of the rate equations for adsorp-
tion and desorption yields a prediction of the total and frac-
tional components of the scattered temporal waveform (see
Fig. 3). Here we again use the coverage-dependent sticking
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FIG. 2. Temperature dependence of the (a) steady-state coverage and (b)
surface residence time for NO on Pt(111). Calculations are performed for
three values of the instantaneous molecular beam flux.

probability and desorption rate constants determined by
Campbell, Ertl, and Segner.%* Figure 3(a) shows the inci-
dent Gaussian waveform and the calculated scattering wave-
forms for a range of surface temperatures. Conservation of
mass requires the integrated intensity of each of these pro-
files (over the 100 ms delay period) to be equal to the inte-
grated flux incident on the surface. Figure 3(b) illustrates
the fraction of scattered intensity that is associated with in-
elastic scattering and conversely trapping/desorption chan-
nels. The calculated flux emanating from the surface is inte-
grated over all detection angles. Hence the contribution of
inelastically scattered flux may be underestimated for nor-
mal incidence/normal detection geometries. At low surface
temperatures (190"" < T, <300 K), the surface coverage
approaches saturation and the sticking probability con-
verges to zero, while the trapping probability remains near
unity.®*”? The resulting scattered waveform then approxi-
mates the incident waveform, where the majority of the in-
tensity is attributed to trapping/desorption in a short-lived
extrinsic precursor on the NO-covered surface. At moderate
surface temperatures (300 < T, <525 K), the surface cover-
age remains low and the scattered profile resembles an atten-
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FIG. 3. (a) Total and (b) fractional (inelastic scattering vs trapping/de-
sorption) components for the scattered flux of NO from Pt(111) at various
surface temperatures. Calculations approximate an incident molecular
beam pulse with a Gaussian function [13< 10'” mol/(cm® s) instantaneous
flux, 100 us FWHM].

uated version of the incident pulse. The attenuation is related
to the effective sticking probability at the steady-state cover-
age. Desorption takes place on a relatively long timescale
and does not contribute to the flux leaving the surface during
the molecular beam pulse. At relatively high temperatures
(T, > 525 K), desorption occurs on a timescale comparable
to the incident pulse. However, the desorption decay is visi-
ble only for a narrow range of temperatures (525-650 K).
Beyond 650 K the scattered profile again resembles the inci-
dent waveform, although the fraction of inelastic scattering
during the molecular beam pulse is only 10%, or one minus
the initial sticking probability.

Figure 3 demonstrates that there are narrow windows in
temperature and coverage for which these experiments can
probe the distinct processes of inelastic scattering and trap-
ping/desorption. Specifically, inelastic scattering from clean
Pt(111) is uniquely accessed for surface temperatures rang-
ing from 400 to 525 K. Below 400 K the steady-state molecu-
lar NO surface coverage might begin to interfere with the
scattering dynamics. Above 525 K, trapping/desorption
starts occurring during the molecular beam pulse, thus dilut-
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ing the inelastically scattered component. The regime of
trapping/desorption must be probed after the completion of
the molecular beam pulse. Consequently, desorption mea-
surements can only be performed at surface temperatures
between 550 and 650 K. Beyond this narrow range there is
little or no intensity for state-selective detection of desor-
bates. This temperature range also constrains these desorp-
tion studies to operate in the very low coverage limit
( <0.1% of a monolayer). Of course, these kinetic calcula-
tions are approximate, but our measured alignment distribu-
tions confirm the basic principle of temporal discrimination.

I1l. ANALYSIS

Experimentally, we observe quantities that pertain to
the molecule’s total angular momentum vector J. The total
angular momentum is composed of nuclear rotation N, orbi-
tal angular momentum L, and electron spin S. This study
observes both the relative population and degree of rota-
tional alignment in each quantum level J. Relative popula-
tion refers to the fraction of molecules in the level J, and
rotational alignment is a measure of the anisotropy in the
spatial distribution of the vector J. Rotational alignment is
conveniently described by the even moments of the total an-
gular momentum distribution. In cases of cylindrical sym-
metry, 1 + 1 REMPI through the NO 4-X(0,0) band will
only be sensitive to the population and the quadrupole mo-
ment, 4 §*.3"%

Classically, the quadrupole moment is defined to be
twice the expectation value of the second order Legendre
polynomial with respect to the projection of the angular mo-
mentum vector J on the cylindrical symmetry axis. It is a
measurable quantity, whose value spans from + 2to — 1,7
where these limits correspond to the molecule rotating in a
plane parallel to the surface (“helicopter” motion) or in a

|

plane perpendicular to the surface (cartwheel motion), re-
spectively (see Fig. 4). A quadrupole moment of zero sug-
gests no preferential alignment of rotation.

The recorded REMPI spectra must be properly ana-
lyzed to extract accurate relative populations and alignment
factors.’""%¢ A theoretical treatment has been developed for
reducing 1 + 1 REMPI spectra to rotational state distribu-
tions.®® Additionally a methodology has been formulated for
both data collection and analysis phases.>! We include here
the specific formulas required for analyzing data recorded
under one commonly employed polarization scheme.

The ionization transition in 1 + 1 REMPI through the
v = 0 level of the 4 = state in NO has been characterized
previously.®! The cross section for ionization was found to
have a relatively mild dependence on the intermediate state
alignment.” Consequently, the 1 + 1 REMPI scheme is
only sensitive to the population and quadrupole alignment
moment of NO.” This result simplifies the extraction of
alignment information in that the ion signal need only be
measured for two independent planes of linearly polarized
light.

In the lab, we record spectra under conditions where the
polarization direction of the laser is either parallel or perpen-
dicular to the surface normal. This is performed by alternat-
ing the polarization between these two directions through-
out the entire wavelength scan. For a given rotational
transition out of a rotational state J, we identify | and I, as
the integrated ion intensities for which the laser polarization
is parallel or perpendicular to the surface normal (the cylin-
drical symmetry axis). The relative population N(J) and the
quadrupole alignment moment 4 §*’(J) are related to these
measured intensities by

L +21,

N(J) = ,
( ) ZM'I;;M [kOI(M)’klz(M),IAI]

(1)

and

201y — L}Z \ Foy Lot (M) K15 (M), JA ]

AP =

a) Helicopter b) Cartwheel

FIG. 4. Rotational alignment relative to the surface plane. The helicopter
motion (a) is favored for 4 {*' > 0 while the cartwheel motion (b) is favored
for A ¥ <0,

{1, + 21,32, (3IM /7 + 1)] — 1}F,,, [ko, (M) k(o (M) AL ]’

2)

r

where M is the quantum number representing the projection
of J on the cylindrical symmetry axis, k,, (M) is the M-
dependent transition probability for the resonant photon
step, k,,(M) is the M-dependent transition probability for
the ionization step, JA? is the measured laser fluence, and
F,,, is a function which calculates the overall 1 + 1 REMPI
ionization probability while including the effects of satura-
tion and intermediate state alignment. The analytical form
of F,,,, as well as ky, (M) and k, (M), have been worked out
previously.>!6¢

IV. RESULTS
A. Inelastic scattering

The dynamical regime of inelastic scattering is selective-
ly explored by firing the laser synchronously with the rising
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FIG. 5. Spectrum of NO scattering from a Pt(111) surface at 400 K. The inset provides an expanded view of the high J region. The rotational transitions of

the resonant excitation step are assigned.

edge of the nozzle gas pulse.” The laser is scanned at a rate
that permits, for each rotational line profile, approximately
50 laser shots of signal averaging for each of the two orthogo-
nal laser polarizations. Scattering of the neat supersonic
beam is studied at five different surface temperatures, select-
ed between 375 and 475 K. These temperatures exceed the
molecular beam formation temperature (298 K), i.e., the
temperature of the beam if the initial energy in the molecule
were evenly divided among all degrees of freedom. These
initial conditions favor surface vibrational to molecular en-
ergy transfer.

A typical spectrum of NO scattered from a 400 K
Pt(111) surface is shown in Fig. 5. This section of the spec-
trum contains predominantly branches arising from the
’T1,,, ground spin—orbit state. A portion of the figure is ex-
panded to illustrate the signal to background ratio that is
routinely realized with 1 + 1 REMPI. Our dynamical range
for extracting populations is on the order of 12 natural loga-
rithm units, or > 10°.

The spectra, recorded at orthogonal laser polarizations,
are reduced to the Boltzmann rotational population plots
shown in Fig. 6. Here we plot the natural logarithm of the
population (divided by its degeneracy and compensated for

saturation and intermediate state alignment) vs the rota-
tional energy. This plot would yield a straight line if the data
were described by a Boltzmann distribution. The data points
clearly deviate from a linear form. It has been found that
submonolayer coverages of C have little effect on the rota-
tional distribution compared to clean surface results.

The relatively large population at low J is attributed to
detection of the incident molecular beam.’ Although this
interferes with the population analysis for J < 7.5, it provides
a convenient means of normalization for the various data
sets. We assume that the predominant contribution to the
population observed at J= 0.5 comes from the incident
beam. Hence, scaling the plots so that they intersect at
J = 0.5 effectively normalizes the data to constant beam
flux.

The dashed vertical line at 690 cm ! represents the total
energy in the incident molecular beam. In the rigid surface
limit, rotational excitation beyond this energy would be
strictly forbidden.”” However, the present experiment dem-
onstrates that a considerable fraction of the scattered mole-
cules contains more rotational energy than imposed by this
limit. In fact, the amount of rotational excitation in the scat-
tered distribution increases with increasing surface tempera-
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FIG. 6. Boltzmann plot of the rotational distributions for NO scattered from Pt(111). The temperature of the surface is indicated for each set of data. The
data are normalized to the populations in J = 0.5. The dashed vertical line represents the total energy in the incident beam.

ture. This is most easily seen in the deviations of the relative
populations in the highest rotational states as recorded for
different surface temperatures.

Figure 7 shows the accompanying quadrupole align-
ment moment for the scattered molecules versus their rota-
tional quantum number J. For J < 10.5 there is no apprecia-
ble alignment. Of course, interference by the incident beam
as well as hyperfine depolarization will dilute the amount of
observable alignment in this region. Beyond J = 10.5 there is
a steady rise in the rotational alignment until it peaks around
J = 25.5. The maximum alignment observed corresponds to
a quadrupole moment of — 0.5. Recall that 4 {*’ has a limit-
ing value of — 1, which occurs when all the molecules rotate
with a cartwheel-type motion. For J> 25.5, the alignment
again decreases. The alignment measured at the highest J
values has an uncertainty of + 0.2 caused by the low signal
intensity.

For clarity, Figs. 6 and 7 include only the population
and quadrupole moment values measured for the*I1,,, (4 ")

state. Here, the 4 “ notation refers to the symmetry of one of
the two A doublets.’® In the high J limit, the unpaired elec-
tron of the A" A doublet has a higher probability of lying
along J than in the plane of rotation. We found that both A
doublets contained equal populations (within 10%), as re-
ported previously.*® The alignment measurement for the 4’
state of the I1, ,, level is difficult because of congestion in
one branch and branch mixing in the other. However, the
two A doublets of opposite symmetry in the *I1;,, state ex-
hibit similar rotational population and alignment distribu-
tions.**”

B. Trapping/desorption

The desorption channel is isolated by firing the laser 200
s after the completion of the nozzle pulse,*® thus eliminat-
ing contributions from inelastic scattering channels. The
molecular beam then serves as a reproducible pulsed doser
for the system. Because of the low signal levels in this operat-
ing regime, accurate alignment moments cannot be extract-
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FIG. 7. Quadrupole moment alignment distribution as a function of the rotational quantum number Jis plotted for the case of inelastic scattering of NO from
Pt(111). The surface temperatures at which each set of data was recorded are indicated.

ed during the course of a wavelength scan. Therefore, the
laser is tuned to a specific rotational transition and ions are
collected for 1000-10 000 laser shots at alternating laser po-
larization directions. The measured intensities are analyzed
using Eq. (2). The alignment distribution for desorption is
measured only at T, = 553 K because, within the limited
temperature range in which desorption predominates, lower
surface temperatures do not produce sufficient desorption
flux and higher surface temperatures introduce some hot-
band congestion in the high-J region of the (0,0) band.

Figure 8 shows the quadrupole moment, 4 §* (J), as
measured from two different rotational branches of the same
*11,,, A-doublet state. There is little to no rotational align-
ment for J < 12.5, while higher rotational levels show in-
creasing values of the quadrupole moment. A positive qua-
drupole moment indicates a preference for rotational motion
similar to that of a helicopter (see Fig. 4). As in the case of
direct inelastic scattering, the A-doublet states in both spin—
orbit levels exhibited similar degrees of alignment.

Rotational populations are found to match those of pre-
vious results**~2® and are, therefore, not reported here.

V. DISCUSSION

These experiments cover new ground in the field of gas—
surface dynamics. They represent the first observation of
rotational alignment in molecular desorption. Additionally,
this marks the first study of inelastic scattering in which
rotational levels up to three times more energetic than the
incident beam energy are examined for rotational alignment.
Although significant surface to rotational energy transfer is
responsible for populating states with rotational energy ex-
ceeding the beam energy, rotational alignment is created in
these states and is preserved in the final distribution. The
observation of opposite preferences for rotational alignment
in desorption and inelastic scattering further exemplifies the
interesting dynamics at work in this chemical system.
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FIG. 8. Quadrupole moment alignment distribution for NO desorption is plotted against rotational quantum number J. The Pt(111) surface temperature is

553 K.

A. Rotational populations

The Boltzmann plots of Fig. 6 show the results for in-
elastic scattering of NO on Pt(111) at surface temperatures
of 375475 K. Rotational population decreases monotoni-
cally with increasing J, and the scattering populates rota-
tional levels with energies exceeding the total incident beam
energy. Excluding the low J interference, one might like to
describe the inelastic scattering population distributions
(for 400< T, <475 K) as Boltzmann and consider the scat-
tered NO to be thermally accommodated. In fact, the scat-
tered distributions are not well described by a single line, but
instead exhibit a positive curvature. A bimodal distribution
is only associated with negative curvature, and can therefore
be excluded. In contrast, the direct inelastic scattering ex-
periments of NO’~"' and N,*>"° on Ag(111) have attribut-
ed positive curvature in the population distribution to the
occurrence of a rotational rainbow. In these cases, the rain-
bow always occurs at a rotational energy below the incident
beam energy. The NO/Pt(111) results might combine an
orientational singularity in the rotational excitation proba-
bility (operative in classical rotational rainbows) with a sur-
face vibrational energy transfer mechanism (leading to a
positive net transfer of energy from the surface to the mole-
cule). NO has a large adsorption energy on Pt(111) which

serves to accelerate the molecule into the surface and intensi-
fy the impulsive part of the scattering collision. Additional-
ly, the polar potential of NO on Pt(111), favoring bonding
through the nitrogen atom, contributes to the large degree of
rotational excitation.

We have observed that a significant fraction of the ine-
lastically scattered molecules acquires more rotational ener-
gy than the molecules initially had available as total energy
in the incident beam. Such a phenomenon was also observed
in the direct inelastic scattering of NO from Ag(111).° Be-
cause the incident beam has a narrow velocity distribution
and a cold internal state distribution, this energy gain can
only come from the surface. Calculations suggest that elec-
tron—hole pair transitions in the metal do not contribute sig-
nificantly to rotational and translational energy transfer.®!%2
Therefore, the most likely mode of energy transfer is through
surface vibrations.

We believe a proper description involves the positions
and momenta of the surface atoms which interact locally
with the molecule, rather than a delocalized phonon-mediat-
ed energy transfer mechanism. The latter is thought to be
inadequate to explain this energy transfer process because
the scattering NO molecule applies a significant perturba-
tion to the surface phonon distribution arising from (i) the
strength of the chemisorption potential, (ii) the mass of the
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NO molecule, and (iii) the localized nature of the interac-
tion. Classically, if all the energy of one vibrational mode of a
surface atom were gained by an NO molecule, it would on
average transfer k7'(~300 cm ™' under our experimental
conditions). On the other hand, Fig. 6 indicates that some
molecules gain as much as 1500 cm ' above the incident
beam energy in rotational energy alone. We believe that it is
difficult to rationalize this amount of energy transfer by a
multiphonon annihilation. The large energy transfer, there-
fore, suggests the importance of multiple bounces in the in-
elastic scattering process for those molecules excited to high
rotational levels. The latter effect is examined in greater de-
tail in the accompanying paper.®

Figure 6 also illustrates that population in any given
rotational level changes by less than a factor of 2 as the sur-
face temperature increases from 400 to 475 K. However,
there appears to be a dramatic loss in both the rotational
excitation probability and scattered intensity of NO mole-
cules striking the 375 K Pt(111) surface. Trajectory calcula-
tions of NO scattering from a clean Pt(111) surface do not
predict this pronounced behavior.® It is possible that scat-
tering occurs on a partially NO covered Pt(111) surface at
this temperature, as suggested in Fig. 2(a). This would lead
to a greater percentage of out-of-plane scattering and could
significantly decrease both the rotational excitation proba-
bility and the observed scattered intensity.

B. Rotational alignment

Both inelastic scattering and trapping/desorption re-
gimes yield little rotational alignment for the levels J < 12.5,
while higher rotational levels show a preferential alignment
in both cases. In the case of desorption the alignment distri-
bution implies a preference for helicopter motion, while the
inelastic scattering process produces an alignment distribu-
tion which is indicative of cartwheel motion. One way to
better understand these results is to analyze them in light of
the principle of detailed balance.

The principle of detailed balance is a useful guide in the
analysis of surface scattering and desorption data. This prin-
ciple states that for a system at equilibrium, the rates of all
forward reactions must exactly balance the rates of all re-
verse reactions. Thus by observing a given reaction, we are
able to invoke this principle and infer information on the
process which appears to be its inverse. In one of the earliest
applications of detailed balance as it relates to the angular
distributions of scattered particles, Clausing®® has shown
that for the case of a gas interacting with a surface at thermal
equilibrium, the angular distribution of particles which de-
part from the surface must follow a cosine flux distribution
when summed over all channels. Any deviations from this
behavior are in violation of the second law of thermodynam-
ics. This problem has been treated more recently by Wen-
aas®® who has proved the same conclusion by invoking the
closely related principle of reciprocity.®® A rigorous proof of
whether these relations hold for a system far from equilibri-
um, such as the case of a supersonic jet interacting with a
surface of arbitrary temperature, is not available. However,
experimental results®”®® have shown that deviations from

the predictions of detailed balance are small.

The case of rotational alignment has not been specifical-
ly treated insofar as its relation to detailed balance. How-
ever, an extension of the arguments of Wenaas leads to the
conclusion that rotational population and alignment distri-
butions should demonstrate reciprocity, i.e., follow detailed
balance. Therefore, we can state that for a system at equilib-
rium we would expect an isotropic flux distribution of angu-
lar momenta for those particles departing from the surface
when summed over all channels. We can state nothing, how-
ever, about the distributions of the individual channels,
a priori, on the basis of detailed balance. As is the common
practice, detailed balance is applied not only to the total dis-
tribution, but to the direct inelastic scattering channel and
the trapping/desorption channel separately.®®

Consequently, a deeper understanding of the alignment
behavior for these two scattering regimes requires a more
thorough analysis of how these two processes occur. For this
purpose, we have developed a simplified classical trajectory
model and applied it to this system. The details and results of
the model are reported in the accompanying paper.** Inter-
pretation of the experimental data reported here is greatly
enhanced by comparison with the predictions of the model.
The results of this comparison will be discussed at length in
the accompanying paper.®* However, it is useful at this point
to comment on some aspects of the data.

The quadrupole moment, measured for the case of in-
elastic scattering, shows the expected preference toward
cartwheel motion as seen for NO/Ag(111)°!" and N,/
Ag(111).>*° The preference for cartwheel motion in in-
elastic scattering arises from molecule—surface forces which
lie normal to the surface. The observed quadrupole moment
exhibits approximately the same J-dependence for all five
surface temperatures and peaks at a value of — 0.5.

There are four possible reasons why the quadrupole mo-
ment might not reach its limiting value of — 1. First, corru-
gation in the surface potential introduces tangential forces
that are not present on a flat surface. Hence, on a corrugated
surface the molecule can receive torques which induce rota-
tional motion in a plane other than the pure cartwheel limit
predicted for a flat surface. Second, multiple bounces on the
surface will tend to scramble alignment, as demonstrated by
the trajectory model presented in the accompanying paper.®
This effect potentially differentiates direct inelastic scatter-
ing from indirect inelastic scattering. Third, the low popula-
tions in the highest rotational levels are susceptible to a weak
but nonnegligible contribution from trapping/desorption.
This contribution would most likely have the opposite sense
of alignment (as seen in the desorption results reported
here), and thus affect the observed alignment more dramati-
cally. Fourth, breaking cylindrical symmetry in the system
introduces new nonvanishing moments to the measured
alignment distribution. The consequence of this effect is that
measurement is made of the ‘“‘apparent” quadrupole mo-
ment rather than the true quadrupole moment.

The apparent quadrupole moment is composed of the
AP AP AR AP AT AL and A5 Momente™
We believe the breaking of cylindrical symmetry is mini-
mized for this system because (i) the molecular beam is at
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normal incidence, (ii) the detection is over a large solid an-
gle, centered at normal incidence, and (iii) the residual mag-
netic field in the ionization region should enforce cylindrical
symmetry by causing precession of the angular momentum
vectors around the magnetic field direction (the cylindrical
symmetry axis).

The quadrupole moment distribution measured for the
case of molecular desorption is quite surprising. For rota-
tional states with J> 12.5 a positive quadrupole moment is
observed. The maximum measured quadrupole moment
( 4 0.15) implies that 1.2-1.5°! times as many molecules
desorb with their plane of rotation resembling that of a heli-
copter (in-plane rotation) as those resembling a cartwheel
motion (out-of-plane rotation). Our detection scheme is a
measure of number density, not flux. The two quantities are
related simply by the velocity of the molecules as they pass
through the laser beam. Therefore, any observed alignment
may be attributed to an alignment-dependent desorption
rate, an alignment-dependent velocity distribution, or a
combination thereof. We argue that a molecule’s velocity
should be relatively independent of the molecule’s rotational
alignment for the following reasons. The degree of transla-
tional accommodation measured for the NO/Pt(111) sys-
tem at 550 K is unity.?® In addition, experiments of NO
desorbing from Ge® and graphite'’ demonstrated that the
translational energy distribution appears to be independent
of the final rotational level. In order for the alignment-de-
pendent velocity effect to completely account for the ob-
served alignment distribution, the translational temperature
for molecules desorbing with a cartwheel motion would have
to be 50% higher than that for molecules desorbing with a
helicopter motion. We therefore assume that the effect is
associated predominantly with an alignment-dependent de-
sorption rate.

The observed alignment cannot be reconciled with the
simple picture of a direct transition from the known low-
temperature equilibrium position (NO bound normal to the
surface through the nitrogen) to the gas phase free rotor
without the existence of an intermediate state, occupied im-
mediately prior to desorption. This intermediate state could
be a true precursor state or could reflect the anisotropic na-
ture of the top of the (single-minimum) chemisorption well.

Our measurements are most sensitive to the last few in-
teractions the molecule experiences with the surface before
desorbing. Calculations by Brenig®® have found that fast
transitions from the bottom of a deep well to the continuum
are highly improbable. Hence, we are sensitive to the nature
of the molecule-surface potential near the transition state.
This idea is corroborated by the following argument.

The dominant mechanism for surface to adsorbate ener-
gy transfer is surface vibrational to molecular energy trans-
fer. A surface vibration, however, cannot exert a torque on a
molecule adsorbed in an upright configuration which will
make it rotate in-plane. Were desorption a direct, impulsive
process, we would expect that the desorbed molecules would
be aligned to favor cartwheel motion regardiess of J. 1f, how-
ever, desorption is slow on the time scale of vibrations and
requires many surface-molecule collisions during its course,
the degrees of freedom of the molecule will be thermally

populated as the molecule climbs the chemisorption well.
The last surface-molecule interaction releases the molecule
from a weakly bound, nearly freely rotating state near the
top of the chemisorption well. The result is an isotropic dis-
tribution of rotational states. This is what we observe at low
to moderate J; indeed, it is what we observe for the majority
of the population.

Among the desorbing molecule’s degrees of freedom are
in-plane and out-of-plane hindered rotations. Since the out-
of-plane rotation forces the repulsive O end of NO closer to
the surface than the attractive N end, the out-of-plane rota-
tion is more hindered than the in-plane rotation. This could
lead to a greater density of states for the in-plane rotation
and, therefore, to a net alignment in favor of in-plane rotors.

The following is a plausible explanation of the observed
increase in alignment as Jincreases. This picture draws upon
ideas put forth by Bowman and Gossage,’* and Muhlhau-
sen, Williams, and Tully,”® which incorporate rotational-to-
translational internal conversion, and by Gadzuk et al.,*
which treat a transition from a hindered rotor adsorbed state
to the continuum. A second contribution to the energy dis-
tribution of desorbing molecules is out-of-plane rotational to
translational energy internal conversion. By forcing the re-
pulsive O end of NO toward the surface, an out-of-plane
rotation is able to transfer some of its energy into translation.
This mechanism becomes progressively more efficient at
causing desorption as J increases because more initial out-of-
plane rotational energy is available for transfer to transla-
tion. An in-plane rotation is ineffective in such a transfer of
energy and, thus, will never lose any of its energy to transla-
tion. The effect of out-of-plane rotational to translational
coupling is to deplete the high end of the rotational distribu-
tion through desorption faster than it can be populated by
energy transfer from the surface. This mechanism of aniso-
tropic rotational cooling is analogous to that proposed by
Tully to describe translational cooling.*’” Furthermore,
Muhlhausen, Williams, and Tully®® predicted a preference
for in-plane rotational alignment, though they did not make
any predictions for its J dependence.

The observed rotational alignment distribution for mo-
lecular desorption is not inconsistent with the NO/Pt(111)
measurements of Ertl, Walther, and co-workers** and Man-
tell, Cavanagh, and King.** The first group measured no
detectable change in the populations extracted from Q
branch excitations relative to those of P and R branches.?
This is a relatively insensitive measure of rotational align-
ment and the magnitude of their error bars preclude a quan-
titative determination of the quadrupole moment. Addition-
ally, the maximum rotational quantum state which they
were able to observe was J = 23.5. The latter study of Man-
tell et al. imposed the following limit on the quadrupole mo-
ment: 4 §*'(J) < |0.1| forJ = 4.5 and J = 12.5.*> This agrees
well with our reported value of 4 §*’(J) = 0.0 + 0.04 for
these two quantum levels. Additionally, the experiments of
Mantell et al.** were performed at a much higher coverage
and lower temperature than those reported here. At higher
coverages, lateral interactions become important and these
may inhibit rotational motion in the plane parallel to the
surface.
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Rotational state-specific measurements in both inelastic
scattering and trapping/desorption regimes have provided
us with new insight into the basic mechanisms and dynamics
of energy transfer processes at surfaces. In past work, the
measurement of rotational populations has led to a general
sense of energy accommodation on surfaces. In the present
work, we have found evidence for an alignment-dependent
desorption rate. This leads to a net alignment of desorbed
molecules which favors helicopter motion at high ( > 14.5)
J. Rotational alignment measurements are, thus, sensitive to
the orientational anisotropies in the molecule-surface po-
tential. The trajectory calculations of the accompanying
paper®® bring this to light.
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