
Photodesorption of Na atoms from rough Na surfaces
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We investigate the desorption of Na atoms from large Na clusters deposited on dielectric surfaces.
High-resolution translational energy distributions of the desorbing atoms are determined by three
independent methods, two-photon laser-induced fluorescence, as well as single-photon and
resonance-enhanced two-photon ionization techniques. Upon variation of surface temperature and
for different substrates~mica vs lithium fluoride! clear non-Maxwellian time-of-flight distributions
are observed with a cos2 u angular dependence and most probable kinetic energies below that
expected of atoms desorbing from a surface at thermal equilibrium. The half-width of the
time-of-flight distribution decreases with increasing surface temperature. A quantitative description
of the energy and angular distributions is presented in terms of a model which assumes that
following the initial surface plasmon excitation neutral atoms are scattered by surface vibrations.
Recent experiments providing time constants for the decay of the optical excitations in the clusters
support this model. The excellent agreement between experiment and theory indicates the
importance of both absorption of the laser photons via direct excitation of surface plasmons as well
as energy transfer with the substrate during the desorption process. ©1997 American Institute of
Physics.@S0021-9606~97!01119-7#
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I. INTRODUCTION

Optical excitation of sodium~Na! globules~clusters! ad-
sorbed on inert dielectric surfaces results in a collective e
tronic vibration ~surface plasmon excitation!, which re-
sembles in terms of wavelength and cluster size depend
many features of thegiant resonanceknown from neutron
physics.1 Since the transition from single to collective ele
tron excitation occurs at fairly small cluster sizes of less th
10 Å ~as deduced from experiments on gas phase cluster
Ref. 2!, the surface plasmon frequency of the clust
reaches the bulk value at radii of less than 100 Å.3 A quan-
titative comparison with predictions from a jellium mod
gave good agreement, showing that the spectra were d
nated by the dipole plasmon resonance. Gas phase ex
ments showed the evolution of shell structures with incre
ing size.4

The excitation of surface plasmons in the clusters le
to a variety of linear and nonlinear local field enhancem
effects such as strongly enhanced second harm
generation5 or four-wave mixing.6 It also facilitates nonther-
mal laser-induced desorption of Na atoms and Na polym
In the limit of very large clusters~a few hundred A˚ ngstroms
in diameter! a roughened metallic surface is formed. Hen
the mechanisms of laser-induced ablation from rough me
lic surfaces may be understood on a very fundamental b
using these model systems.

Given these motivations it is not surprising that a wea
of experimental studies have been performed in the p
Bonch–Bruevich and co-workers have investigated las
induced desorption of Na atoms from Na clusters and
films adsorbed on multicrystalline sapphire and quartz s

a!Permanent address: Department of Physics and Astronomy, Clemson
versity, Clemson, SC 29634.
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faces in high vacuum (1026 mbar).7–10 They found the de-
sorption yield to depend linearly on the intensity of the de
orbing laser at least up to irradiances of 105 W/cm2. The
yield also was strongly influenced by the wavelength of
laser, thus suggesting that the absorption of the laser ligh
due to excitation of surface plasmons in the clusters.

More systematic studies of the absorption of laser lig
in Na clusters adsorbed in ultrahigh vacuum~UHV;
10210 mbar! on lithium fluoride surfaces~100! have been
performed by Tra¨ger and co-workers.11 This group prepared
the surface by cleaving in air and subsequent annealin
vacuum and characterized the initial cluster size distribut
on the surface via extinction, inelastic scattering of Na ato
and thermal desorption measurements. They found that l
ablation changes the cluster size distribution in a system
and predictable way since the absorption cross section
function of cluster size.

From a theoretical point of view Monreal and Ape
were the first to note the obvious importance of electrom
netic field enhancement on the surface of the clusters for
desorption process.12 Their calculations assumed spheric
particles on the substrate surface and were performed on
basis of classical Mie theory.13 Measurements of desorptio
of neutrals14,15and ions16 from adsorbed metallic films using
excitation via evanescent waves demonstrated the efficie
of plasmon-enhanced desorption processes. The field
hancement idea was subsequently included into a qualita
model of the overall desorption process11 which, however,
did not allow quantitative predictions on any of the expe
mental observations. A quantitative approach to an und
standing of the surface–plasmon–ion interaction in terms
an inverse bremsstrahlung-type plasmon excitation by
ion and subsequent collision with the surface has been g
recently.17
ni-
799595/18/$10.00 © 1997 American Institute of Physics
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7996 Balzer et al.: Photodesorption of Na atoms
Both the groups of Bonch–Bruevich and the group
Träger also measured time-of-flight~TOF! distributions of
the desorbing atoms. They were not able to fit the measu
distributions by realistic theoretical curves but from t
maxima of the distributions they determined most proba
kinetic energies that varied between 450650 meV @at l
5530 nm~Ref. 7! and for a metallic film#, 600650 meV@at
l5353 nm~Ref. 8!, also for a metallic film#, 200 meV@at
l5351 nm ~Ref. 11! and for clusters#, 400650 meV @at l
5490 nm ~Ref. 11! for clusters#, and 160 meV @at l
5532 nm ~Ref. 18! for clusters# for otherwise similar de-
sorption conditions. As seen from this compilation, there i
considerable spread of values.

In the work of Bonch–Bruevich and co-workers7 a
pulsed laser~second harmonic of Nd:YAG! was used to de-
sorb the atoms. The TOF distribution of the desorbing ato
was measured via one-photon laser-induced fluorescence
vessel filled with Na. This approach results in a strong ba
ground signal from resonant laser light and from Na va
filling the vessel. In addition, upon laser desorption there w
also a high probability for detecting Na that had been
flected from the walls of the vessel. Since Na atoms w
detected along the whole length of the laser beam w
nearly equal probability the distance between desorption
detection spot is not very well defined. In view of the sh
distances between surface and detection lasers~of the order
of a few mm! this gave rise to serious uncertainties in t
values of the measured translational energies.

Träger and co-workers have applied light pulses fro
Ar1 or Kr1 lasers with lengths between 2 and 5ms and have
detected the atoms mass spectrometrically. It is well kno
that the ill-defined spatial point of ionization and the dr
region in the mass spectrometer can lead to large error
the measured TOF-distributions,19 especially if the flight
path is only of the order of a few centimeters, as in case
the experiments of Tra¨ger et al.11 The maximum of the ob-
served distribution appeared at a time-of-flight between
and 60ms,11 while the cited correction for the drift time
inside the ionizer of the mass spectrometer amounted to
ms. Given an additional uncertainty due to the length of
excitation pulse of up to 5ms one ends up with values o
kinetic energy that could be lower than 100 meV.

An accurate determination of the product translatio
energy distributions is certainly of key importance for
understanding of the desorption process. Having the ab
discussed uncertainties in mind we therefore have rece
applied a two-photon laser-induced fluorescence~TPLIF!
technique20,21 to this problem.22–24 This method involves a
pulsed laser desorption and cw laser detection within a s
tially well defined detection spot as well as additional sp
tral information about the desorbing atoms and thus allo
us to determine TOF distributions with well defined initi
parameters and superior signal to noise ratio. First results
desorption from Na clusters on mica have be
published,24,25 showing that the kinetic energies of the de
orbing atoms are surprisingly small and also that they can
be fitted by a Maxwellian distribution at the surface tempe
ture. Instead they showed an additional broadening and
J. Chem. Phys., Vol. 106
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of the peak to lower energies. A similar phenomenon h
been reported for electron-induced time-delayed desorp
from lithium fluoride26,27and ion-induced desorption of neu
tral Na atoms from room temperature NaCl~100! surfaces,28

where the loss was due to a diffusion ofF-centers through
the substrate. Such a kind of loss mechanism is highly
likely in a metal.

Taken together, our experimental observations sugge
fairly complex desorption mechanism that shows charac
istics of direct as well as substrate-mediated desorption.
apparent from recent measurements29,30 that the existence o
the supporting substrate, in addition to providing an ea
control of the clustertemperature, changes the elementar
excitation and de-excitation mechanisms compared to tha
gas phase clusters, resulting, e.g., in a stronger dampin
the surface plasmons. In addition, the shape of the clus
even for small radii of less than 10 nm is ellipsoidal, havi
a ratio of semiaxes of two, a factor which influences direc
the magnitude of the local field enhancement in the clust
In the present paper we demonstrate that the substrate
face also influences the desorption process. Clearly, the
strate is affected by the exciting laser light only via coupli
between cluster and substrate as long as the absorptivit
the surface is so small that heating of the dielectric is
process of insignificant probability. Also, since the phot
energy is below the band gap of the dielectric, substrate
carrier mediated desorption31 can be excluded.

Discussing the experimental observations with respec
the nature of the desorption process, we would list two s
natures consistent with direct desorption:~1! A linear depen-
dence of desorption yield on incident laser irradiance ove
range of four orders of magnitude, indicating an absence
surface heating effects.~2! A strong dependence of yield o
laser wavelength, due to the excitation of surface plasmo

The characteristics indicating substrate mediation a
~1! The TOF distributions are independent of laser irra
ance.~2! They are also independent of laser wavelength.~3!
As a function of surface temperature,TS the full widths at
half maximum~FWHM! of the TOF distributions decrease
~4! The total yield depends exponentially onTSwith Arrhen-
ius activation energies that are different for different su
strates.

In addition, there are characteristics that cannot be ea
explained either by direct desorption nor by mediation
the substrate that supports the clusters. Those include~1!
The kinetic energy distributions of the desorbed particles
clearly non-Maxwellian, the characteristic velocities bei
significantlyslowerand the energy width beinglarger than
what is predicted by a Maxwell–Boltzmann~MB! function
at the substrate temperature.~2! The dependence on scatte
ing angleu f is also non-Maxwellian, being fitted very well t
a cos2 uf dependence, while the peak energy of the desorb
atoms is independent ofu f . ~3! There is a very long tail in
the energy distribution at slow velocities as opposed to
short range tail predicted by a MB function.

The results of recent femtosecond time-resolved pum
probe measurements30 allow us to estimate characteristic va
ues for the decay of optical excitations in large Na cluster29
, No. 19, 15 May 1997
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7997Balzer et al.: Photodesorption of Na atoms
~see Fig. 1!. The lifetime of the plasmon excitation,tSP, is
found to vary between a few femtoseconds~fs! and ten fs,
depending on cluster size and substrate stiffness.30 Linear
extinction spectra indicate a value oftSP!10 fs . However,
much of the observed linewidth is given by inhomogeneo
broadening due to the cluster size distribution and due
chemical interface damping. The observed values of plasm
lifetime are in qualitative agreement with measurements
Ag islands.32 The subsequent inelastic electron–electr
scattering is expected to result in a time constant of at le
tee>10 fs if one applies Fermi-liquid theory33 and uses the
bulk plasmon frequency of Na. It is noted that this tim
constant might approach the picosecond regime due to
electron cascades.34,35 The generation of photoelectrons an
ions then is highly probable36 which might influence the de
sorption characteristics, e.g., via image charge attraction

The hot electron gas cools via collisions with the lattic
giving rise to an electron-phonon coupling constant of
order of two picoseconds.30 Since the clusters are bound to
substrate there exists an additional decay time channe
phonon coupling of the Na atoms to the dielectric. Fro
measured phonon energies of Na adsorbate modes on
sorbed Na clusters ('2 meV)37 we expect the correspondin
time constant to be of the order of several picoseconds.

Quantitative values of the overall desorption time co
stant have been determined recently by use of near field T
spectroscopy.38 The evanescent wave above a glass pr
surface has been used to excite the clusters via a pulsed
and the desorbing atoms were detected also in the evane
wave via cw two-photon laser-induced fluorescence as
scribed in the present paper. Hence one measures TOF
tra at virtually ‘‘zero’’ flight-time, allowing one to determine
an intrinsic decay time of several tens of nanoseconds for
total desorption process.

In the present work, the process of laser-induced des
tion of Na atoms from Na clusters is studied in great det
In addition to total desorption yields and kinetic energy m
surements as a function of laser wavelength, irradian
angle of desorption, and substrate temperature, we have
performed time-of-flight measurements up to very long flig
times and as a function of surface temperature. Although
primary detection method was TPLIF, we have also utiliz
two alternative detection methods for determination of
kinetic energy distribution of the desorbing particles. T
first alternative being cw resonance enhanced two pho
ionization. The second alternative is a fully puls
excitation–detection method~pulsed dye laser desorptio

FIG. 1. Characteristic decay time constants for surface bound Na cluste
determined from recent experiments; see the text.
J. Chem. Phys., Vol. 106
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and excimer laser ionization of the products! and provides
the same values of most probable kinetic energies, altho
with a signal to noise ratio which is less satisfactory.

We are able to interpret the features of this comp
desorption process in terms of a scattering theory mode
this context we present a detailed comparison of measu
and calculated TOF distributions and discuss the phys
meaning of a possible single fitting parameter. It is believ
that this photoinduced, substrate mediated desorption pro
is prototypical for laser induced desorption processes fr
rough metallic surfaces using visible laser light.

II. EXPERIMENTAL METHODS

A. Two-photon laser-induced fluorescence, TPLIF

A sensitive detection method for Na atoms is to exc
them with two photons first from the 3S1/2 to the 3P3/2 state
and then from the 3P3/2 to the 5S1/2 state within the overlap-
ping focal points of two counterpropagating lasers. We
tect the resulting 4P→3S UV photons with a photomulti-
plier behind an interference filter~Fig. 2!. This detection
method provides high sensitivity since it involves the N
3S1/2→3P3/2 transition with transition rate A559.1
3106 s2139 ~oscillator strength near unity!. In addition high
spatial resolution is obtained since the atoms are dete
solely inside the Gaussian spatial beam waists of the la
which are 0.5 mm diameter.

The rate for the 3P3/2 to 5S1/2 transition is 4.58
3106 s21,39 and thus even a two-photon excitation step p
vides a very sensitive means of measuring densities of
atoms as small as 1010 cm23. If the laser beams are counte
propagating the method has been shown to be especially
ful for the Doppler-free detection of Na in the gas phase
experiments of Grynberg, Bloembergen, and co-workers40,41

that have been performed more than 20 years ago. The
plication of this method to surface-based experiments21 not
only allows one to perform high resolution, Doppler-fre
spectroscopy with high sensitivity~less than 1025 of a

as

FIG. 2. Term schemes for the two-photon laser-induced fluoresce
@TPLIF, ~a!# and resonance-enhanced two-photon ionization@RETPI, ~b!#
detection methods for Na atoms. The lasershn1 andhn2 usually are coun-
terpropagating, thus allowing doppler-free detection of the desorbing ato
, No. 19, 15 May 1997
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7998 Balzer et al.: Photodesorption of Na atoms
monolayer! in the neighborhood of reflecting surfaces, but
addition the atoms can be detected at nearly all positi
inside the vacuum chamber without the usual large spa
restrictions that come with a mass spectrometer or an
detector. Note that since the UV photon is emitted at 330
no special optics, photomultipliers, or windows are need
for its detection. Finally, since the two-photon spectrosco
of Na is very well known both for the resonant as well as
nonresonant case, at low and at high laser intensities, a s
troscopic detection method offers additional analytical to
to the desorbing atoms such as the evaluation of perpend
lar velocity distributions from the measured spectral li
shapes of the desorbed atoms.42,43

We aim to use TPLIF mainly to measure the TOF d
tributions of Na atoms desorbed from the cluster surface
unit time with an optical geometry as depicted in Fig. 3.
pulsed dye laser~hnD , t520 ns! serves to desorb the atom
from the clusters and provides the zero point for the T
measurements. The desorbed atoms are detected via TP
Note that the resolution of this method depends on the fo
diameter of the detection lasers, which is 0.5 mm. Fo
mean velocity of the desorbing atoms of about 500 m/s,
results in a resolution of better than 1ms. This value is valid
even for distancesDx between surface and detection lase
of a few mm, small enough to allow a precise determinat
of the shape of the TOF curve; see, e.g., Figs. 6 and 8. S
we saturate the 3S–3P transition but not the 3P–5S tran-
sition with the cw detection lasers the TPLIF detector acts
a density detector and the signal intensityI (t) is proportional
to the change of particle density with time,n(t). A measured

FIG. 3. Blow-up of the excitation/detection region for TPLIF. The thickne
of the substrate,L, in case of mica is of the order of 400mm, the average
thickness of the cluster film,d, is between 60 and 240 nm and the distan
Dx between surface and foci of the detection lasers is varied. The pu
desorption laserhnD (l5500 nm) has an anglea530 ° with respect to the
surface plane and is mainly transmitted through the transparent subs
The Na atoms desorb with a cos2 Q distribution centered around the surfac
normal (Q50 °).
J. Chem. Phys., Vol. 106
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Maxwellian TOF distribution is then given by19

n~ t !5const3t24 exp~2mDx2/2t2kBT!, ~1!

which, for a transformation ofn(v) into a TOF distribution
n(t), takes into account the Jacobian and the fact that
measurement depends on the velocity of the particles s
we are measuring a density rather than a flux.

In order to obtain optimum detection sensitivity for th
TOF measurements we use the lasers at frequencie
16 973.35 cm21 (3S1/2–3P3/2) and 16 227.31 cm21

(3P3/2–5S1/2), which correspond to resonant transitions b
tween the electronic states of Na.

B. Ionization techniques

Two detection methods have been applied, based on
and pulsed laser ionization of the desorbing particles. T
first method, called RETPI~resonance enhanced two photo
ionization! is similar to TPLIF in that we use cw lasers t
detect the atoms@Fig. 2~b!#. However, instead of exciting the
atoms from 3P3/2 to 5S1/2 we ionize them within the extrac
tion region of a time-of-flight mass spectrometer with an U
Ar1 laser ~l5351 nm; PL5300 mW; focus diameter 0.5
mm! which is counterpropagating to the 3S–3P dye laser
@Fig. 4~a!#. Since we are exciting into the ionization con
tinuum the spectral restrictions for detectability of atoms
given for the TPLIF method are not relevant here. Thus
method is similar to resonant one-photon fluorescence de
tion but provides much better signal to noise ratio and
advantage of having a well defined crossing point of the la
foci.

The parameters of the TOF mass spectrometer, wh
were optimized by use of ion ray-tracing calculations, a
given in Fig. 4. The flight time of the atomic ions inside th
mass spectrometer is 3.1560.1ms. Since the detection em
ploys cw lasers we do not obtain mass selection. Mass se
tion becomes possible if one uses direct ionization of
desorption products with a pulsed, slightly focused ArF e
cimer laser~193 nm!. Upon ionization with the laser ligh
(PL550 mJ/cm2) within the ionization region of the mas

ed

te.

FIG. 4. Setup for pulsed ionization of desorption products. Character
voltages and distances are denoted. For RETPI a cw dye laser (hn1) and an
Ar1 laser (hn2) in a counterpropagating configuration~not shown! are used
to ionize the desorbing atoms. Alternatively an ArF excimer laserl
5193 nm) directly ionizes the atoms and TOF distributions are obtained
different masses by varying the time delay between desorption and ion
tion pulses.
, No. 19, 15 May 1997
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7999Balzer et al.: Photodesorption of Na atoms
spectrometer we obtain the mass of the ionized particles
ply from their time-of-flight through the mass spectromet
Since the desorption laser is also pulsed, the excimer l
pulse has to be delayed by an amount of the order of 100ms
to count for the flight time of the neutrals between surfa
and ionization region. On the other hand, by changing
delay between desorption and detection lasers, TOF distr
tions of the desorbing particles can be obtained.

The use of the excimer laser allows us to obtain the to
fraction of desorbing products which consist of dime
However, laser-induced fragmentation processes serio
disturb the measured values. State selected data would
come available by use of a dye laser, tuned to theX→A
electronic transition of the dimers, and ionization of the e
cited dimers with a counterpropagating cw UV Ar1

laser.44,45 This method also would avoid laser-induced fra
mentation processes. The disadvantage is that the expe
signal intensity is small due to~i! the small transition dipole
moments of the molecules compared to the atoms and~ii ! the
rovibrational state distribution of the desorbing molecules

C. Preparation of supporting surfaces and clusters

The growth mechanism of Na clusters or films on diele
tric surfaces depends strongly on preparation~i.e., defect
density! and temperature of the dielectric. Preliminary h
lium atom diffraction~HAS! measurements at surface tem
peratures of 150 K have shown that Na indeed seems to
first on the defect sites of vacuum cleaved mica,37 where it
starts forming clusters. At lower surface temperatures~50 K!
there are strong hints for statistical layer-by-layer grow
probably due to the reduced mobility of the atoms on
surface. Both the HAS and additional low energy electr
diffraction ~LEED! measurements have shown that the lo
term structural quality of the mica surface depends
whether it has been cleaved in air or in vacuum. However
a short time scale of the order of a few hours we could
detect significant differences with respect to surface qua
and thus we used in most cases air-cleaved mica sam
The typical thickness of the mica is 400mm. The deposition
of Na atoms is performed in the second, ultrahigh vacu
stage of a two-chamber apparatus, which has been desc
previously.46,47

At low surface temperatures~150 K and below! the
sticking coefficient is of the order of unity. At room temper
ture it can be as low as 1023, but depends strongly on th
prehistory of the substrate. Most notable is the observa
obtained via LEED measurements that it is not possible
recover the initial surface quality by simply heating the mic
HAS measurements on lithium fluoride surfaces sugge
similar behavior.37 In case of mica a possible explanation
the appearance of calcination processes in the course o
heating cycles. Recent more extended LEED studies, h
ever, demonstrate the possibility of using a KrF excimer
ser to microscopically clean the surface and improve the
itaxial growth of thin films while avoiding calcination.48,49

Taking all the above listed facts together we conclu
that at surface temperatures of the order of 150 K or low
J. Chem. Phys., Vol. 106
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the average size of the clusters on the surface can be
mated roughly from the defect density of the dielectric su
strate~determining the number density of the clusters! and
the flux of Na atoms reaching the surface. In order to do
one has to realize that the clusters possess a size distrib
on the surface, which is determined by the Vollmer–Web
growth mode,50 and that they are flat spheroids with the ra
of semiaxes depending on their size; e.g., for Na clus
bound to mica the axial ratio is 2:1 for small clusters, b
increases to 5:1 for average radiusr 0540 nm.22 The size
distribution of the large semiaxes, parallel to the surface
usually51 parametered in terms of two Gaussian functions

f6~r ,r 0!5C expF2
~r2r 0!

2

2b6
2 G , ~2!

where the normalization constantC is selected such that

E
0

r0
f2~r ,r 0!dr1E

r0

`

f1~r ,r 0!dr51, ~3!

and the two widths,b2 andb1 , are related by

b25&b1 , ~4!

thereby yielding an asymmetric distribution which, in th
present case, is characterized by a FWHM of 50% of
mean cluster radiusr 0 . The subscripts ‘‘1’’ and ‘‘ 2’’, re-
spectively, denote cluster semiaxes,r , satisfying the in-
equalitiesr.r 0 and r<r 0 . The dependence of the ratio o
semiaxes on the cluster size is much less well known
depends on the temperature of the substrate and the in
defects of the surface, and therefore, causes the main un
tainty to this kind of characterization.

The defect density in case of mica varies between
3108 cm22 ~Ref. 52! and 1011 cm22 ~Ref. 53! and has to be
determined for each sample surface individually via, e
HAS measurements. The absolute flux of impinging Na
oms can be determined by use of a Rhenium hot-wire de
tor ~‘‘Langmuir–Taylor-detector’’!, which relies on the gen-
eration of positive Na ions since the ionization energy of
is smaller than the work function of Rhenium. This detec
has a sensitivity close to unity.54

An alternative way of determining the average clus
size on the surface, which proves especially attractive in
course of room temperature measurements, where the s
ing coefficient is not unity, is the measurement of extincti
spectra and the comparison of the resulting spectra with
culated values using Mie theory.13,24,55Choosing the appro-
priate polarization of the incoming light~s or p polarized!,
the mean sizeand the ratio of semiaxes can be determine
Of course, the functional form of the distribution of sizes h
to be assumed again. This method has some drawback
that the supporting dielectric substrate~usually taken into
account via an effective dielectric constant! and the mutual
electrodynamic interactions of the clusters shift the M
resonances in a complicated way. However, since the di
bution has a half width of 50%, the possible error made
small. We note in passing that optical second harmonic g
, No. 19, 15 May 1997
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8000 Balzer et al.: Photodesorption of Na atoms
eration also recently has been shown to provide a useful
for in situ determination of cluster size distributions.5

For lithium fluoride as the substrate the surface is p
pared by cleaving and subsequent baking for several hou
temperatures higher than 600 K. The defect density is sim
to that of mica and is of the order of 53108 cm22.56 Again,
actual values of the average cluster radii are determined
measuring extinction spectra.

D. Heating of substrate and adsorbate by laser
irradiation

Absorption of pulsed or cw visible laser light on a d
electric can lead to significant heating of the substrate,57 the
amount of which is strongly dependent on laser and surf
conditions. We have treated this problem previously by so
ing the two-dimensional heat equation for laser irradiation
mica surfaces via extensive two-dimensional numer
simulations using a method of finite differences.53,58 After
inclusion of radiation and finite size effects the numeri
results showed quantitative agreement with measurem
using a new laser-based technique for the determinatio
surface temperatures.58

Here, we use the same theoretical method to obtain
ues of surface temperature for mica and lithium fluoride s
strates after irradiation with pulsed and cw visible lasers
different irradiances. The thermal response of the substr
is determined by the thermal conductivityK and the diffu-
sivity k. We have for mica:Kmica53.1 W/mK andkmica

51.631026 m2/s58 and for lithium fluoride: KLiF

5150 W/mK atTS577 K and kLiF56.6131024 m2/s.59,60

Obviously the thermal conductivity of LiF is significantl
larger compared to mica and the thermal diffusion leng
L5Aktc, is correspondingly larger. Hence, for given su
strate radius~5 mm! the timetc until the laser-induced hea
reaches the border of the substrate is only 40 ms in cas
LiF, but amounts to 16 s in case of mica. For pulsed la
experiments or long term cw experiments this timetc deter-
mines the maximum laser-induced temperature the subs
can reach since it is mounted such that the inner part~radius
5 mm! is free whereas the outer part is clamped to a coo
manipulator, which acts as an efficient heat sink. Hence
inner part of the substrate can loose its heat only via ra
tion, which is inefficient at low temperatures, or via condu
tion to the outer part with the above calculated time const

We have to take into account essentially three differ
experimental configurations: Irradiation with a cw laser a
irradiances up to 15 W/cm2; irradiation with a pulsed dye
laser ~20 ns pulse length!, fluences up to 30 mJ/cm2 and a
repetition rate of 20 Hz; and irradiation with a pulsed A1

laser~5 ms pulse length!, irradiances up to 200 W/cm2 and a
repetition rate of 1800 Hz.11 In the latter case only LiF ha
been used as a substrate and we calculate for the corresp
ing value oftc a rise of surface temperature of less than 1
The same insignificant temperature rise is calculated for
cases of irradiation with pulsed dye and cw lasers if LiF
used as a substrate. For mica we find for irradiation wit
pulsed dye laser an increase in temperature of less than
J. Chem. Phys., Vol. 106
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However, for 200 s cw laser irradiation with 15 W/cm2 the
temperature rise amounts toDT5140 K. Note that we have
used in all cases an absorptivity of unity, which certain
results in an overestimation of the heating effect. More re
istic values, calculated from the photospectrometrically
termined absorption coefficientsa52 cm21 ~LiF at 1064
nm! anda516 cm21 ~mica at 1064 nm!, areA50.5 for 400
mm thick mica andA50.17 for 1 mm thick LiF. Since the
maximum temperature rise scales with the absorbed l
power, reduced values ofA result in smaller temperatur
rises. From these estimates we conclude that the overall
strate heating effect under most irradiation conditions use
the present work is small except for cw irradiation. The lat
condition, however, is of concern only for Fig. 5~b! ~desorp-
tion yield as a function of irradiance! and Fig. 5~c! ~desorp-
tion yield as a function of laser wavelength! and does not
affect any of the conclusions of the present paper.

We also might calculate the maximum temperature r
per bond,DT, that results from absorption of a photon
energyEph52.41 eV ~corresponding to excitation withl
5514 nm!. The number of atoms in a cluster of radiusR
550 nm is given byN5(R/r S)

35133106. Here, we have

FIG. 5. Total desorption yield of Na atoms as a function of various para
eters.~a! Dependence on desorption angleQ with respect to the surface
normal, following irradiation with a pulsed laser. Surface temperatureTS
5300 K, laser fluencePL510 mJ/cm2, desorption laser wavelengthlD

5450 nm, mean cluster radiusr 05120 nm. The solid line corresponds to
cos2 Q dependence.~b! Dependence on irradiance by a cw laser.TS
5300 K, Q50°, lD5582 nm, r 0540 nm. The solid line denotes a linea
increase.~c! Dependence on wavelength of the cw laser.TS5300 K, Q
50°, PL52.25 W/cm2, cw laser. The solid line is the spectral dependen
of the absorption cross section, calculated for a mean cluster radius o
nm; see the text.~d! Dependence on surface temperature following irrad
tion with a pulsed laser.Q50°, lD5500 nm, PL50.5 mJ/cm2, r 0
5120 nm. The circles are measured points for mica as a substrate
triangles for lithium fluoride. The solid lines represent an exponential
pendence on substrate temperature with activation energies ofEA

569 meV for lithium fluoride andEA5153 meV for mica.
, No. 19, 15 May 1997



o

d
.8

ca
hic
o
a
-
fo
ta
lk

s
on
ed
te
u
rs
in
nt
n

n
ith
al
n
o-
e
o

ity

i-
p
te

n
e
a
lib

ti
o

e
d

s
f
o
o
-

i.e.,
has

o-
ace
ly
ces
era-
sur-
f
x-

will
ro-
the
s in
y
ugh
ore
r,
ated
and
b-
g a
oil
tum
inci-
hat

the

o

he
to
rt
ce
-
the
te.
r-
ial
en

e
f
t

8001Balzer et al.: Photodesorption of Na atoms
assumed a spherical cluster with radius determined by a p
tive jellium background, i.e., a Wigner–Seitz radius ofr S
52.12 Å. The resulting temperature rise isDT5Eph /@(3N
26)kB#'731024 eV. This value is insignificant compare
to the binding energy per atom, which is of the order of 0
eV.

III. THEORY

In the Introduction we have briefly discussed the opti
excitation process in large, surface bound Na clusters, w
results in the generation of a nonequilibrium distribution
hot electrons. We note that for low power irradiation with
CO2-laser (50 kW/cm2) of gold islands on dielectrics, ex
periment, and theory have indicated a high probability
the generation of hot electrons under steady-s
conditions61,62 as opposed to ultrafast heating of the bu
metal. The reason for this longlasting~of the order of the
laser pulse length!, highly nonequilibrium electron gas wa
assumed to be~i! a strong suppression of electron-phon
energy exchange inside the small metal islands as oppos
a bulk metal,~ii ! an efficient phonon heating of the substra
due to the good thermal contact of the islands to the s
strate, and~iii ! a high level of absorbed power in the cluste
due to a strong local field enhancement. All these po
certainly apply also to the Na clusters and we are prese
measuring directly electron-phonon relaxation time consta
in order to check this hypothesis.

However, following the end of the laser pulse the no
equilibrium electron temperature cools via interaction w
lattice vibrations of the Na clusters, and finally only a sm
fraction of 1025 Na atoms are desorbed per incide
photon.11 Since the rate limiting step of this desorption pr
cess is given by the excitation of surface plasmons a lin
dependence of desorption yield on laser power has been
served. As indicated by the small desorption probabil
most of the photon energy will be dissipated~mean energy
per bond 1024 eV! into intracluster and cluster-substrate v
brations and hence desorption can be expected to occur
dominantly on defect sites at the surface of the clus
where the binding energy is lowest~similarly to thermal de-
sorption from rough Na films on dielectrics63!. The defect
sites resemble weakly bound metastable states. As a co
quence, ‘‘subthermal’’ kinetic energy distributions of the d
sorbing atoms result, i.e., most probable velocities that
smaller than the velocities of particles desorbing in equi
rium with the cluster temperature,24 and the desorption time
constant has a large value. In the past, ‘‘subthermal’’ kine
energy distributions have been observed in photolysis
chemisorbed molecules64 and in thermal desorption of rar
gas atoms from metals or in laser-induced rapid thermal
sorption of NO molecules from LiF~100!.65 Invoking micro-
scopic reversibility, the kinetics of the desorption proce
can be explained by the analogous adsorption process o
oms impinging on the surface. For shallow potential wells
the order of a few hundred meV only the low energy part
the distribution of impinging particles will stick. Conse
quently in desorption only the trapped~low energy! mol-
J. Chem. Phys., Vol. 106
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ecules can be observed and the distribution is skewed,
shows an energy loss. The relevance of such a model
been demonstrated previously by trajectory calculations.65,66

As a result of the optical excitation–de-excitation pr
cess neutral atoms are created in the vicinity of the surf
with very little translational energy and possibly weak
bound in high-lying bound states. Under these circumstan
~high surface temperature with respect to the Debye temp
ture, large particle mass and equality of masses between
face and scattered atoms! the major mode of exchange o
energy with the surface will be through multiquantum e
change of surface phonons.

Thus the characteristics of the desorbing Na atoms
be defined by the final event in this complex chain of p
cesses, and this is the scattering of the neutral Na by
surface vibrational field. This can be regarded as a proces
which the Na is initially in a very low translational energ
state and then gains kinetic energy from the surface thro
exchange of many quanta of phonons. As we discuss in m
detail below in connection with the Debye–Waller facto
this multiphonon scattering process can be adequately tre
as classical scattering due to the large mass of Na atoms
the relatively low Debye temperature of the rough Na su
strate. However, the most convenient way of developin
classical scattering theory which correctly includes the rec
of the substrate atoms is to begin with a completely quan
mechanical model and then take the correspondence pr
pal limit to the classical regime, so this is the approach t
we will take.

The interaction between the atomic projectile and
surface can be described by a Hamiltonian of the form

H5Hp1Hc1V, ~5!

whereHp is the Hamiltonian of the free particle,Hc is the
Hamiltonian of the unperturbed crystal, andV is the interac-
tion coupling the projectile and crystal.

We write the interaction potential as the sum of tw
parts

V5V01V1, ~6!

where the partV0 contains the terms which backscatter t
projectile and prevent it from penetrating appreciably in
the bulk.V0 is composed of an attractive polarization pa
arising from the van der Waals forces in front of the surfa
and close to the surfaceV0 becomes strongly repulsive be
cause of the Pauli exchange exclusion forces arising from
overlap with the surface electronic density of the substra
The remainderV1 contains the major terms describing inte
actions with the lattice vibrations. If the interaction potent
is expanded in a Taylor series in the lattice vibrations, th

V5V~r ,$uj ,k%!uuj ,k501(
j ,k

uj ,k•¹ j ,kV~r ,$uj ,k%!uuj ,k50

1••• , ~7!

where ¹ j ,k is the gradient operator with respect to th
( j ,k) displacementuj ,k . We use a notation for the set o
indices (j ,k), in which j is a two-dimensional variable tha
, No. 19, 15 May 1997
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8002 Balzer et al.: Photodesorption of Na atoms
counts unit cells of the surface andk is three-dimensiona
and counts elements of the basis set within the unit cell
cluding those in all the layers below the surface. Usuallyk
counts the crystal atoms making up the basis set of the
cell, but we note that this does not necessarily need to be
case. The logical choice is to associateV0 with the leading
term of Eq.~7! which is now independent of the displac
ment, and letV1 be the sum of all terms linear in the cryst
displacement. Terms of higher order in the displacem
coming from higher order in the Taylor series of Eq.~7!
contribute very little to the inelastic exchange and in t
classical limit can be neglected. Following the approach
Brako and Newns67 and of Bortolani and Levi,68 the prob-
ability density of exchanging, between particle and crys
both an amountE of energy and an amount\K of parallel
momentum is given by

P~K ,E!5
1

\2 ^^~ni ,k i uS†d~Hc2Ei
c2E!

3d~K̂ c2K c1K !Suk i ,ni !&&, ~8!

where\K̂ c is the momentum operator for the crystal,Ei
c is

the initial energy of the crystal and the symbol^^ && signifies
an ensemble average over the initial crystal statesuni). The
scattering operatorS is taken in a generalized interactio
picture according to

S~R,t !5e2 i ~R•K̂c2Hct/\!Sei ~R•K̂
c2Hct/\!. ~9!

The scattering operatorS(R,t) can be represented in sever
forms, but perhaps the most convenient for the later in
duction of approximations is the time dependent ex
nential69

S~R,t !5T lim
t0→`

expF ~2 i /\!E
2t0

1t0
V~R,t;t!dtG , ~10!

whereT is the time ordering operator.
The experimentally measurable quantity in a surfa

scattering experiment is the differential reflection coefficie
which is related to Eq.~8! by a density of states

dR

dV f dEf
5\2kfkfzP~K ,E!, ~11!

where\k f is the final projectile momentum and\kfz is its
component in the direction normal to the surface. The diff
ential reflection coefficient gives the number of atoms sc
tered from the surface within a small solid angledV f and
small increment of final energydEf centered about the fina
energyEf .

Using the well-known Van Hove–Glauber tran
formation70–72 the d functions in Eq.~8! are represented in
integral form and after application of the classical trajecto
approximation the differential reflection coefficient can
cast into the form of a time and spatial integral Fourier tra
form of an exponentiated correlation function. The result i68

dR

dV fdEf
5

rkfm
2

~2p!3\5kiz
E

2`

1`

dtE dRE dR8
J. Chem. Phys., Vol. 106
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3ei @~K !•~R2R8!2Et/\#ut f i u2(
l
eiK•Rle2W~R,k!

3e2W~R8,k!e2W l ~R,R8,t !, ~12!

wherem is the particle mass, the scattering vector isk5k f
2k i5(K ,kz), andr is the density of surface unit cells. Th
scattering amplitudet f i is, in this approximation, the off-
energy-shell transition matrix for scattering by a unit cell
the elastic potentialV0.73 The most important component o
Eq. ~12! is the correlation functionW l(R,R8,t) which is a
generalized time dependent pair correlation function in
crystal displacements. In the semiclassical and classical
its it is appropriate to evaluate this correlation function in t
quick collision approximation, which assumes that the co
sion is rapid compared to the periods of the typical phon
which are exchanged. In this caseW l(R,R8,t) becomes the
displacement correlation function

2W ~R,R8,t !5^^k•u~R,0!k•u~R8,t !&&. ~13!

The Debye–Waller factorse2W(R8,k) appearing in Eq.~12!
are related to the correlation function evaluated at eq
times and positions

W~R,k!5W l~R5R8,t50!5 1
2^^uk•u~R,t !u2&&. ~14!

The Debye–Waller factor governs the temperature dep
dent attenuation of quantum mechanical features in the s
tering intensity such as diffraction peaks or single phon
peaks. However, it can be shown that the argument of
Debye–Waller function 2W has a meaning of its own, its
value is a measure of the average number of phonons tr
ferred in a given collision. Thus values of 2W,1 imply
purely quantum mechanical conditions in which sharp ela
peaks such as diffraction and single phonon transfers do
nate the scattered intensity. Classical scattering is sign
by the condition 2W@1,74 and this is the regime where th
Debye–Waller factor is very small and there is negligib
intensity in the quantum peaks. As a practical considerat
classical conditions are very well approximated when 2W
.4–6.75 In the classical regime exchange of multiple quan
dominates and there is only inelastic scattering.

A reasonable evaluation of the Debye–Waller factor c
be obtained by using a Debye model for the phonon sp
trum. Then Eq.~14! becomes, in the high temperature lim

2W~k!5
3\2k2T

MkBQD
2 , ~15!

whereQD is the Debye temperature,kB is Boltzmann’s con-
stant, andM is the substrate mass which in this case is
same as the mass of the scattered particle.

Using expression~15! it is straightforward to estimate
the expected range of values of the Debye–Waller expon
Assuming room temperature conditions, taking the Deb
temperature of Na to be approximately 150 K and using
measured value of approximately 20 meV for the most pr
able energy of the desorbed Na, one obtains a value ofW
.10 which is sufficiently large that the practical classic
, No. 19, 15 May 1997
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8003Balzer et al.: Photodesorption of Na atoms
condition 2W.6 is reasonable satisfied. This justifies t
use of the classical limit for treating the differential reflecti
coefficient of the desorbed Na.

In the classical limit of particle scattering, characteriz
by high temperatures and large energies, the collision in
action is short in time and localized in space and the surf
can be treated as a two-dimensional continuum barrier
Eq. ~12! the classical regime is characterized by the corre
tion function 2W l(R,R8,t) becoming rapidly oscillating in
both time and space. The only important contributions to
Fourier transforms of Eq.~12! are for t→0 andR'R8 and
the integrals can be carried out by the method of stee
descents. The result is a differential reflection coefficient
the following form:67,74

dR

dV fdEf
5

m2vR
2 upf u

4p3\2pizSu.c.
ut f i u2S p

E0kBT
D 3/2

3expF2
~E1E0!

212vR
2P2

4kBTE0
G , ~16!

whereE5Ef2Ei , the momentumpq5\kq of a particle in
stateq is divided into components parallel and perpendicu
to the surface just as for the wave vectorkq according to
pq5(Pq ,pqz), P is the parallel momentum exchange,vR is a
characteristic velocity of sound parallel to the surface,Su.c.
is the area of a surface unit cell, andut f i u2 is the scattering
form factor of a unit cell. Equation~16! is a Gaussian-like
function of energy and parallel momentum exchange, bu
highly skewed on the energy gain side because of the en
dependence of the semiclassical energy shiftE0 given by
E05(pf2pi)

2/2m. The functional form of Eq.~16! is iden-
tical for any realistic continuum distribution of vibrationa
modes, thus the only dependence on the phonon mod
through the characteristic velocityvR which is a weighted
average of phonon velocities parallel to the surface.67 For
perfectly ordered surfaces the value ofvR is expected to be
of the order or smaller than the Rayleigh velocity of soun
while for the roughened surfaces considered here the in
herence in phonon modes will produce considerably sma
values satisfyingmvR

2!Ef which is the condition that the
second term in the exponential of Eq.~16! is negligible.

The quantity measured in these experiments is the ti
of-flight differential reflection coefficient which is obtaine
from Eq. ~16! upon multiplication by the appropriate Jac
bianm(Dx)2/t3. As discussed above the detector is a den
detector whose efficiency is inversely proportional to t
particle velocity, thus in order to compare with the measu
TOF intensities Eq.~16! must be further multiplied byt.

The form factor in Eq.~16! is the squared amplitude fo
scattering from the surface76 and the appropriate semiclass
cal expression for these conditions is the transition ma
element

t f i52pfzpiz /m ~17!

for scattering from a smooth hard wall surface.77 Equation
~17! can be obtained from the distorted wave matrix e
ments of a surface potentialV0 which has a repulsive par
which back-reflects all incoming particles. For example,
J. Chem. Phys., Vol. 106
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matrix element of the repulsive potentialv0 exp(2bz) where
v0 is an arbitrary constant, taken with respect to its o
distorted eigenstates is the well known Jackson–Mott ma
element.77 In the hard repulsive wall limit given byb→`
the Jackson–Mott matrix elements become equal to Eq.~17!.
Sincepfz5pf cosuf it is clear from Eqs.~17! and ~16! that
this gives immediately the observed cos2 uf dependence of
the scattered intensity on the final scattering angle.

Because of the curvature near the edges of the Na c
ters, one could argue that the intrinsic angular distribut
from a corresponding flat surface might be narrower than
observed cos2 uf form. If this would be the case, in order t
obtain agreement between experiment and theory, the th
should also be capable of providing a narrower distributi
Note that this would be a higher order effect since~i! the
clusters are larger than they are tall and thus present
majority of their surface area parallel to the substrate; and~ii !
our theoretical expression for the scattering intensity is c
sical and describes scattering from a point on the surfa
which is probably of the size of the surface unit cell. Thus,
order for the cos2 uf dependence of our theory to be valid w
only need to argue that the majority of the surface unit ce
are oriented flat with respect to the surface normal. This d
indeed seem to be the case.

However, a narrower angular distribution can readily
obtained from the theory by using the Jackson–Mott ma
elements77 for a soft potential with a finite range paramet
b. On the other hand, since the surface scattering pote
for Na atoms has never been measured at the present ki
energies, estimating the softnessb of the potential would
require introduction of poorly known parameters. Also, sin
the velocity distribution is mainly determined by th
Gaussian-like exponential factor in Eq.~16!, it is hardly at all
affected by the choice of the matrix element. Hence in or
to keep the number of unknown parameters as low as p
sible, we use the hard wall matrix element.

We wish to consider the situation of very small initi
energies, in which case the Gaussian-like function in the
ferential reflection coefficient is skewed over to an expon
tial in final energy.78 In the limit Ei!Ef we have for the
energy exchange

E5Ef2Ei→Ef ~18!

and for the present case in which the substrate and proje
mass are identical the energy shift becomes

E05
~pf2pi !

2

2M
→Ef . ~19!

An average over directions of initial momenta is readily c
ried out leading to an observed~after detector correction!
differential reflection coefficient of the very simple form

dR

dV fdEf
}S 1

kBTEf
D 3/2pf2 cos2 u f expS 2

Ef

kBT
D . ~20!

In order to model the effects on the system of a small, n
directional initial energy we utilize a simple analytically e
, No. 19, 15 May 1997
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8004 Balzer et al.: Photodesorption of Na atoms
pressable approximation to averaging over initial energ
which is to add a small termDE0 to the energy shiftE0 .

dR

dV fdEf
5

m2vR
2 upf u

4p3\2pizSu.c.
ut f i u2S p

~E01DE0!kBT
D 3/2

3expF2
~E1E01DE0!

212vR
2P2

4kBT~E01DE0!
G . ~21!

When used withEi→0 Eq. ~21! becomes a theory with th
single free parameterDE0 . In the discussions below w
compare both the single parameter and the parameter
theory of Eq.~20! to the measured data.

It would certainly be possible to carry out the avera
Eq. ~16! over a small distribution of initial velocities. How
ever, this would require at least one adjustable parameter
at least a two-dimensional numerical integration, whereas
approximation of Eq.~21! has the distinct advantage that it
expressed in analytical terms which make it easy to use
interpretation of experiments. Furthermore, the approxim
tion used in Eq.~21! is on quite sound physical grounds. It
straightforward to show that averaging over a distribution
small initial momenta will have two major effects in com
parison to taking the limit asEi→0: ~i!, it will give a small
energy shift in the energy exchangeE appearing in the
Gaussian-like exponent of Eq.~16!, and ~ii ! it will slightly
increaseDE0 . A small energy shift inE has a negligible
effect on the results, but a small change in the value
DE0 appearing in the prefactor of Eq.~16! and in the width
~denominator! of the Gaussian-like exponent results in a su
stantial reduction in intensity of the low energy tail of th
distribution. Thus the important effects of averaging over
initial distribution of velocities are quite well approximate
by adding a small correction toE0 as we do with the param
eterDE0 in Eq. ~21!.

IV. RESULTS

In Fig. 5 measured total desorption yields of Na ato
from large Na clusters of mean radiusr 0 as given in the
figure caption are plotted as a function of desorption an
Q, with respect to the surface normal~a!, laser irradiance~b!,
laser wavelength~c!, and substrate temperature~d!. Figures
5~a! to 5~c! refer to Na clusters bound to mica surface
whereas in Fig. 5~d! we also plot the results for cluster
bound to a lithium fluoride substrate. The data have b
taken partially usingcw dye desorption lasers@Figs. 5~b! and
5~c!# and partially using pulsed desorption lasers@Figs. 5~a!
and 5~d!#.

We observe a cos2 Q angular dependence and a line
increase of desorption yield with increasing laser irradian
With increasing wavelength the desorption yield is decre
ing @Fig. 5~c!#. If we assume that the rate limiting step
desorption is the absorption of laser light via excitation
surface plasmons in the Na cluster film, then the wavelen
dependence should reflect directly the spectral dependen
the absorption cross section of the clusters. This depend
can be calculated straightforwardly for isolated spheri
clusters in the framework of Mie theory,13,79where we have
J. Chem. Phys., Vol. 106
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used wavelength dependent values for the index of refrac
of the sodium clusters from the bulk dielectric function
sodium.80 Since the clusters are supported on a mica s
strate with index of refraction ofnmica'1.56, an effective
index of refractionneff51.3 has to be introduced so as
account for the embedding medium.81,82 The slope of the
resulting curve depends sensitively on the mean cluster
dius. For a radius of 30 nm, a value which is supported
independent extinction measurements, the agreement
tween wavelength dependent desorption yield and absorp
cross section is satisfactory.

With decreasing surface temperature the desorption y
is strongly decreasing@Fig. 5~d!#. Note that for determining
the surface temperature dependence of desorption yie
crucial factor is theabsolutevalue of surface temperature
Due to the small thermal conductivities of both mica a
lithium fluoride we determined values of surface temperat
in a calibration experiment by glueing a Pt100 thermores
tance onto the surface. As seen from the straight line fits
the data in Fig. 5~d!, both in case of mica and lithium fluo
ride the total desorption yield follows an exponential te
perature dependence

Ytot}expS 2
EA

kBTS
D , ~22!

with activation energiesEA of 15363 meV for mica and
6965 meV for lithium fluoride.

As a possible explanation for this finding we note th
the surface Debye temperature for mica is 328 K as de
mined by helium atom scattering~HAS!,83 whereas that for
lithium fluoride is considerably larger, namely 513 K, al
determined via HAS.84 Apparently the clusters are les
strongly coupled to the more stiff substrate~lithium fluoride!
than to the more soft substrate~mica!, resulting in less loss
of excitation energy and more efficient desorption.

Figure 6 shows a measured TOF distribution us
pulsed laser excitation~repetition rate of the laser 20 Hz,l

FIG. 6. Neutral Na atom desorption intensity vs TOF, detected via TP
for Na clusters on a mica substrate at 300 K andDx511.260.5 mm. De-
sorption laser wavelength 500 nm and irradiance 0.26 mJ/cm2, r 0550 nm.
The thick solid line is a Maxwell–Boltzmann distribution atT5310 K, the
thin solid line the same distribution atT5210 K.
, No. 19, 15 May 1997
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8005Balzer et al.: Photodesorption of Na atoms
5500 nm,PL50.26 mJ/cm2, t520 ns! and detecting atoms
via TPLIF atDx511.260.5 mm that desorb along the su
face normal (Q50 °). The integration time for this spec
trum was 500 s, giving an effective irradiation time of 10ms.
The mean cluster radius was 50 nm. The thick solid line
corresponding Maxwellian TOF distribution@Eq. ~1!# at the
surface temperature of 310 K, which already includes las
heating of the substrate. Obviously, the curve peaks at va
of time which are too small, meaning that the desorbing
oms areslower than atoms desorbing in thermal equilibriu
with the surface. However, a Maxwellian distribution at
considerably reduced temperature of 210 K~thin line! which
would reproduce the peak position, still doesnot fit the ex-
perimental curve in terms of half width.

A precise knowledge of the value ofDx is important for
an accurate determination of kinetic energies. If one m
sures TOF distributions such as the one in Fig. 6 as a fu
tion of Dx and determines the most probable time of arriv
tmp, from the distribution, then a plot ofDx vs tmp should
result in a straight line, the slope of which directly provid
the most probable velocity of the desorbing atoms. Figur
shows such data for mica atTS5300 K and the same cond
tions as in Fig. 6, resulting in a most probable velocity
420620 m/s.

Figure 8 shows some examples of measured TOF di
butions taken for Na atoms desorbing from Na clust
bound to lithium fluoride@Fig. 8~a!# and mica surfaces@Fig.
8~b! and 8~c!# for different distancesDx between surface an
detection lasers. Also plotted as solid lines are the theore
curves, see below. The laser fluence was 0.26 mJ/cm2, the
wavelength was 500 nm and the average cluster radius
nm. The corresponding MB TOF distributions have maxim
that would peak always at too early flight times.

FIG. 7. Maxima of TOF distributions as a function of distanceDx for a
mica substrate.TS5300 K, PL50.5 mJ/cm2, l5500 nm, average cluste
radius 40 nm. The solid line, which traverses the zero point, gives co
dence to the measured values ofDx.
J. Chem. Phys., Vol. 106
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The observed TOF distributions for Na atoms desorb
from mica surfaces are independent of desorption wa
length, laser irradiance, desorption angle, and surface t
perature as is demonstrated in Fig. 9 by plotting the extrac
most probable kinetic energies. The actual experimental c
ditions are described in the figure captions.

Since the detection lasers are set at fixed frequencies
effective volume of atoms that can be excited is limited
the overall linewidth of the lasers~3 MHz! and their diver-
gence, i.e., the corresponding velocity distribution that is
lected from the broad velocity distribution of the desorbi
atoms. It would be desirable to check the validity of t
transformation between TOF and velocity distributions
detecting the atoms with a detector without velocity sel
tion, i.e., using a Doppler-broadened detection method. T
can be done most effectively and without loosing spa

-

FIG. 8. Summary of TOF distributions, measured via TPLIF for lithiu
fluoride ~a! and mica,~b!, ~c! for various distancesDx ~in mm! as denoted
next to the curves.TS5300 K, PL50.26 mJ/cm2, r 0550 nm. The param-
eters of the theoretical curves~solid lines! are: ~a!: 11.2 mm, DE0

52 meV, 15.0 mm,DE052 meV; ~b!: 2.2 mm,DE050.5 meV; 10.6 mm,
DE052.5 meV, ~c!: 5.7 mm,DE052 meV; 13.4 mm,DE052 meV.
, No. 19, 15 May 1997
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8006 Balzer et al.: Photodesorption of Na atoms
resolution by exchanging the 3P-5S laser with a cw UV
Ar1 laser (l5351 nm), which ionizes the excited atoms
front of an extracting plate that accelerates them onto
electron multiplier. A resulting TOF distribution, taken wit
this RETPI ~resonance enhanced two-photon ionizatio!
method forTS5300 K, Dx56064 mm is shown in Fig. 10.
The large peak at small flight times is due to ions genera

FIG. 9. Measured values of the most probable kinetic energy,Ekin , as a
function of various parameters.~a! Dependence on desorption laser wav
length.TS5300 K, PL52–8 mJ/cm2, r 0550 nm. ~b! Dependence on de
sorption laser fluence.TS5100–300 K,lD5500 nm, r 0530–80 nm.~c!
Dependence on desorption angle.TS5300 K, PL510 mJ/cm2, lD

5450 nm, r 05120 nm. ~d! Dependence on surface temperature.PL

56 mJ/cm2, lD5500 nm,r 0550 nm. All values of the kinetic energy hav
been normalized to the mean value, which is represented by horizontal

FIG. 10. Same as Fig. 6, but for RETPI detection of laser-desorbed
atoms from Na clusters on mica atTS5300 K andDx56064 mm. PL

51.2 mJ/cm2. For the detection lasers: dye laser: 50 W/cm2, Ar1 laser:
150 W/cm2. The time-of-flight has been corrected for the ion flight tim
through the mass spectrometer of 3.1560.1ms. The sharp peak at 5ms is
due to ions generated on the surface.
J. Chem. Phys., Vol. 106
n

d

by the Ar1 laser hitting the extraction plate. The TOF distr
bution has been corrected for the flight-time of the io
through the mass spectrometer, which has been determ
by use of a pulsed TOF mass spectrometer to be 3
60.1ms ~cf. Fig. 13!.

The use of a nearly background free laser based de
tion method facilitates measurement of TOF distributions
very small distancesDx from the surface or even directly o
the surface. The fulfillment of the latter condition (Dx50)
allows one to determine in a very direct manner the de
time between absorption of photons and desorption of
atoms just by measuring a TOF distribution. However, a n
essary condition is a detector with small spatial dimensio
especially in the direction of the surface normal. Such a
tector is given by the evanescent wave, which exists in
course of total internal reflection of a light wave at a pris
hypotenuse. In a recent experiment we have grown a clu
distribution on such a prism and have desorbed Na atom
well as detected them via TPLIF inside the evanesc
wave.38 A resulting TOF distribution for such a detector wit
spatial dimensions of the order of a few hundred nanome
is shown in Fig. 11. The dashed line is the theoretical T
distribution that would be expected if there would be no tim
delay between excitation of surface plasmons and desorp
of atoms, using Eq.~20! of the present paper. The solid line
which shows excellent agreement with the experimen
data, is the expected TOF distribution assuming 50 ns de
for the desorption process.

It is noted that we have used a glass prism surface w
out microscopic order, and that we have not attempted
determine the cluster size distribution on the surface. Th
in contrast to the other measurements that are shown in
present paper, we prefer to talk about a clusterfilm, which
might show somewhat different time constants compared

es.

a

FIG. 11. Measured evanescent-wave TPLIF intensity for Na atoms des
ing from Na clusters that are adsorbed on the hypotenuse of a glass p
and are excited by a pulsed laser~500 nm, 20 ns, 1 mJ/cm2! ~Ref. 38!. The
dashed line is a reference curve, calculated from Eq.~20!, and the solid line
includes a time delay of 50 ns between excitation of surface plasmons
desorption of Na atoms.
, No. 19, 15 May 1997
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8007Balzer et al.: Photodesorption of Na atoms
a distribution of clusters of finite sizes. However, the fa
that thewidth of the measured distribution agrees perfec
with the predictions of the present theory leads us to
conclusion that the desorption mechanisms are very sim

As suggested by inspection of the data in Figs. 6, 8,
10, there is a very long-range tail in the low energy part
the distribution which is clearly distinguishable from th
background noise, the extremely low level of the latter be
discernible at very small times. This persistent low ene
tail has been measured for times up to 650ms ~Fig. 12! and
is well fitted at times above 100ms with a 1/t f function
~short dashed line in Fig. 12!. The zero-parameter scatterin
theory of Eq.~20! gives a 1/t f

2 dependence~after detector
correction, shown as a solid line in Fig. 12!, somewhat
shorter ranged than the experiment but much better than
1/t f

4 prediction of the Maxwell distribution~long-dashed
line!. The long range tail might be due to delayed neutrali
tion of negative Na ions trapped in their self-image potent
with subsequent scattering of the neutrals from the surfa

The use of a TOF mass spectrometer and an ArF e
mer laser~l5193 nm,PL550 mJ/cm2! that excites the de
sorbing particles inside the ionization region of the ma
spectrometer allows one to obtain mass selected TOF s
tra. For this purpose the delay between desorption and de
tion lasers is varied, and the arrival time of the particles
the open electron multiplier is measured, which together w
a knowledge of the acceleration voltages enables one to
culate their masses.

Two scans for TS5300 K, ldesorb5500 nm, PL

55 mJ/cm2 and a cluster size distribution peaked around 1
nm are shown in Fig. 13. Since the excimer laser also g
erates ions from background gas and from the walls of
apparatus a considerable amount of integration has to be
formed and the background signal has to be subtracted.
has been done already for the scans shown in Fig.
Whereas the Na signal is clearly appearing att ion53.15

FIG. 12. Double-logarithmic plot of the TOF distribution for Na desorpti
from a mica substrate with a TPLIF detector displacementDx512
61.5 mm showing the very long tail at large times.TS5302 K, PL

51.5 mJ/cm2, r 0550 nm. The solid line is from a calculation withDx
511 mm, DE050.5 meV. The long-dashed line is the correspond
Maxwell–Boltzmann distribution. The short dashed line represents at
dependence.
J. Chem. Phys., Vol. 106
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60.1ms, there is no hint for Na2. However, due to the high
photon energy of the excimer laser~6.42 eV! we trace the
latter observation mainly back to a high fragmentation pro
ability of the desorbed dimers. This problem might be ov
come in the future by the use of KrF excimer laser light
248 nm. Recent experiments indeed have shown that
probability for desorption of dimers can be high, depend
on the irradiation conditions.18

The intensity of the peaks as a function of time delay
plotted in Fig. 14. We already have subtracted the ion fli
time in the TOF mass spectrometer of 3.15ms. The data
from the fully pulsed experiment~solid symbols! are com-
pared in Fig. 14 with the data obtained by use of the cw U
Ar1 laser~grey dots! and also with the theoretical predictio
Eq. ~21! for the given distance between surface and dete

/

FIG. 13. Detection of desorbing Na atoms via ArF excimer las
(50 mJ/cm2) ionization atDx56064 mm. TS5300 K, PL55 mJ/cm2, lD

5500 nm,r 05100 nm. Measured ion TOF for two different values of del
between desorption and ionization laser.

FIG. 14. TOF distribution, deduced from ion TOF curves such as the o
shown in Fig. 13 as a function of delay time between desorption and
ization lasers~filled circles!. The ion flight time through the mass spectrom
eter has been subtracted. The grey curve is the TOF curve obtaine
RETPI ~Fig. 10! for the same distance. The solid curve is from theory
Dx556 mm, DE058 meV.
, No. 19, 15 May 1997
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8008 Balzer et al.: Photodesorption of Na atoms
~solid line!. All the three curves agree well within error bar
giving confidence both to the experimental procedure and
theoretical modeling.

V. COMPARISON WITH THEORY

In Fig. 15 a measured TOF distribution forDx56.2
60.5 mm is compared with different theoretical curves.
Maxwellian distribution at the substrate temperature sho
as a dash–dot curve is clearly too narrow. The ze
parameter theory shown as a short dashed line predicts
correct short time behavior, the correct maximum posit
and a long range tail. The scattering theory withDE0

52 meV ~solid line! matches the experimental data well o
both sides of the peak for the first 30ms, but then become
too small. All calculations were carried out forDx
55.7 mm, which is within the measured experimental er
bars.

A more systematic comparison of experiment and the
is provided in Fig. 8, showing TOF curves for different di
tancesDx and mica as well as lithium fluoride as substrat
In all investigated cases the theoretically predicted cur
match the experimental data very well. Theory and exp
ment agree also very well both for mica@Fig. 16~a!# and
lithium fluoride @Fig. 16~b!# with respect to a change in th
half widths of the TOF distributions as a function of surfa
temperature for surface temperatures that are below 30
Note that the calculated half widths are absolute values
have not been fitted to the measured points. In case
lithium fluoride and for temperatures above 300 K the e
perimentally predicted increase in half width cannot be
produced by the theory. However, the additional increas
FWHM seen at temperatures above 300 K may be due
significant change of the cluster size distribution in t
course of thermal desorption and melting~the bulk melting
temperature for Na is 371.3 K85!.

Both versions of the theory, either Eq.~20! or Eq. ~21!
which includes a small additional energy shiftDE0 , give

FIG. 15. Comparison of a measured TOF distribution forDx56.2
60.5 mm with theoretical curves.TS5300 K, lD5500 nm, PL

51 mJ/cm2, r 0550 nm. Dash–dotted line: Maxwell–Boltzmann distrib
tion at T5300 K; short-dashed line: zero parameter multiphonon theo
solid line: multiphonon theory withDE052 meV.
J. Chem. Phys., Vol. 106
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kinetic energy distributions that are independent of fin
angleu f , in agreement with the experimental data~Fig. 9!.

Figure 17 shows theenergydistribution of desorbed Na
atoms dR/dV fdEf taken from the TOF distribution with
Dx51460.8 mm. This was obtained by applying the co
version Jacobian from time to energy coordinates accord
to

dR

dV fdEf
5

dR

dV fdt
U dtdEf

U5 dR

dV fdt

t3

mDx2
, ~23!

and the data was corrected for the velocity dependence o
detector.

It is immediately apparent that the energy distribution
Fig. 17 does not exhibit a maximum, as expected for
ample for a thermal distribution, such as the MB distributi
for the surface temperature of 300 K also shown in Fig.
This lack of a clear maximum is a manifestation of the ve
long range tail in the TOF distribution which appears here

;

FIG. 16. The FWHM of the TOF neutral atom desorption intensity as
function of substrate temperature for Na clusters on~a! a mica substrate with
Dx511 mm and~b! a LiF substrate withDx55 mm, lD5500 nm, PL

52.5 mJ/cm2, r 0550 nm. The calculated curve~solid line! has not been
fitted to the measured data~filled circles!. Error bars are single standar
deviations.

FIG. 17. The differential reflection coefficientdR/dV f dEf ~energy distri-
bution! for Na atoms desorbed from Na clusters on a mica substrate wi
TPLIF detector displacementDx513.4 mm. The data have been correct
for the velocity dependence of the detector and are shown as points
dash–dot line is a Maxwell–Boltzmann distribution, the dashed line is
zero parameter theory of Eq.~20! and the solid line is the single paramete
theory with an average initial energy of 2.0 meV.
, No. 19, 15 May 1997
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8009Balzer et al.: Photodesorption of Na atoms
small final energies. The two other theoretical curves in F
17 are the parameter free theory of Eq.~20! ~dashed line! and
the single parameter theory with a small average initial
ergy of 2.0 meV ~solid line!, each calculated withDx
513.4 mm. Both of these theoretical curves agree well w
the energy distribution of the data, although at energ
above 5 meV the single parameter theory is somewhat be
The MB ~dash–dot line! is in clear disagreement with th
data, and here the disagreement is much more evident
above in the TOF example shown in Fig. 15.

With an energy distribution which does not vanish
zero energy the question arises as to whether it is norm
able, or stated alternatively in more physical terms, whet
it describes a finite number of desorbed Na atoms gener
per laser pulse. This is simply answered by comparing
data with the zero parameter theory of Eq.~20! in Fig. 17.
The zero parameter theory, in this representation, becom
simple exponential in final energy, a function which is no
malizable. The experimental data at low energy, apart fr
apparent scatter due to experimental uncertainty, lies be
the zero parameter theory curve, and thus would also
normalizable. Some TOF data was taken for very large tim
as shown in Fig. 12 which shows the Na desorption inten
ties for a detector distanceDx51261.5 mm. This figure
shows a very long tail extending out to more than 600ms,
and the fall off of this tail is fitted well by a 1/t dependence
However, even if the TOF data has a 1/t large-time behavior
it is still normalizable. When converted to an energy dis
bution after making the density detector correction, a 1/t be-
havior in the TOF distribution becomes at smallEf a
1/AEf singularity in the energy distribution which is norma
izable.

Although the TOF distributions can vary considerably
appearance because of the broadening produced by diffe
flight path distancesDx, the energy distributions for a give
surface substrate and surface temperature should alway
identical. This is indeed the case as is shown in Fig.
which contains three energy distributions taken at three
ferent flight path distances and with two independent m
suring techniques. The grey line and the circles in Fig.
were measured using the TPLIF method forDx56.2
60.5 mm as in Fig. 15 and forDx51460.8 mm. The black
line was measured with the RETPI detector withDx560
64 mm. Obviously all three of these energy distributions
identical, giving a clear demonstration not only of the rep
ducibility of a single measuring method but also demonst
ing that the energy distributions are independent of
method of detection.

In summary we note that the present model descri
quantitatively six of the nine characteristics for the desorb
neutral flux listed above in the Introduction. Specifically, b
cause the intensity depends only on the interaction of
desorbing neutral Na with the surface phonon field, the d
orbing TOF distribution of Eq.~20! is ~1! independent of
laser irradiance@Fig. 9~b!#, ~2! independent of laser wave
length @Fig. 9~a!#, and~3! the energy distribution of the de
sorbing particles is in the thermal energy range but is n
Maxwellian because it is a scattering distribution.~The most
J. Chem. Phys., Vol. 106
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probable energy is smaller and the energy width of the d
tribution is larger than those given by a MB distribution
the substrate temperatureTs .! Furthermore,~4! the FWHM
of the TOF distribution decreases withTs ~Fig. 16!, ~5! the
dependence on scattering angleu f is dictated by the form
factor and is identical with the observed cos2 uf behavior
@Fig. 5~a!#, and~6! at large TOF times~small energies! there
is a much longer ranged tail as opposed to that which wo
be expected for a MB distribution~Fig. 12!. The remaining
three characteristics~dependence of desorption yield on irr
diance, wavelength, and surface temperature! are dictated by
the absorption process and the adsorbate–substrate cou
and are therefore outside the scope of the present m
tiphonon scattering model.

VI. DISCUSSION AND CONCLUSIONS

We have presented the results of detailed measurem
of the desorption of Na atoms from large Na clusters,
sorbed on insulating surfaces. In order to simplify the disc
sion on this complex system it seems useful to break it do
into two sub-systems:~i! the Na clusters themselves, whic
resemble rough metallic surfaces of finite size; and~ii ! the
coupled adsorbate-substrate system, where the substrate
resents a very effective heat sink. Since the relevant de
constants of electronic excitation on an insulating surface
at least an order of magnitude larger compared to the de
on a metal surface, we neglect the adsorbate–substrate
pling for the initial decay process. However, as detailed
the present work, although the initial electronic excitation
the clusters is clearly nonthermal the overall desorpt
mechanism is delayed via interaction with lattice vibratio
of the clusters, and thus a more complete theoretical mo
will eventually have to include the coupling to the substra

FIG. 18. The measured differential reflection coefficientdR/dV f dEf , not
corrected for the velocity dependence, for Na atoms desorbed from Na
ters on a mica substrate with three different detector displacements and
different detection methods showing the similarity of the energy distri
tions under different measurements. Grey line: TPLIF detector withDx
56.260.5 mm; circles: TPLIF detector withDx51460.8 mm; black line:
RETPI detector withDx56064 mm.
, No. 19, 15 May 1997
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8010 Balzer et al.: Photodesorption of Na atoms
Compared to, e.g., a continuous metallic film, the c
pling between the incoming transverse electromagnetic fi
and the longitudinal plasmon excitation is facilitated by t
inherent roughness that the clusters exert on the surface~i.e.,
their finite sizes!. The surface of the clusters probably has
large number of defect sites, i.e., sites with low coordinat
numbers, where the binding energies of the atoms to
clusters are small and desorption takes place. The absor
coupling is cluster size and laser wavelength dependent
sulting in a variation of desorption yield as a function of siz
but not in a change of kinetic energy distribution~cf. Figs. 5
and 9!. This, among other points, indicates that the init
photon absorption process is largelydecoupledfrom the final
desorption mechanism. Hence our measurements disa
with the suggestion of Ref. 12 that the local field enhan
ment in the clusters results directly in the creation of an
bonding pairs at defect sites, which lead to desorption.
stead we suggest the desorption to occur via a thermaliza
process. However, we certainly agree with the possibility
generating charged particles in the process of plasmon e
tation, which might have some~minor! effects on the desorp
tion dynamics of the neutrals; see below.

The lifetime of the plasmon excitation in adsorbed N
clusters30 and Au clusters32 has been measured to be of t
order of tens of fs. This finding agrees with other indire
experimental evidence from work function measureme
that desorption in the case of a rough sodium film occ
from long-lived ~30 fs! excited electronic states, which a
established at surface structural defects and include loca
tion of conduction electrons.10 However, this lifetime of the
electronically excited state is still short compared to the ti
scale of the nuclear motion, which is given by the vibration
frequency of the atoms in the clusters and is thus of the o
of a picosecond. Consequently, by applying the ‘‘conve
tional’’ DIET ~desorption induced by electronic transition!
picture86 one would expect to observe a MB velocity dist
bution with a ‘‘temperature’’T5ut/k87 with u the slope of
the excited state curve at the critical point~actually u
5s2tc /m with s the slope! and t the electronic relaxation
time at the critical distance. This model apparently canno
applied to the Na cluster system since we can neither
scribe the velocity distributions by a MB distribution, no
does the temperature fit to reasonable values ofu.

Instead we propose that the electronic excitation is
by vibronic coupling and the desorption occurs along
lines which have been proposed in the course of, e.g., p
tolysis of chemisorbed trimethylaluminum.64 There, too, a
linear increase of desorption yield with increasing power a
subthermal photoproduct distributions have been obser
This system shows similarities to our system also in ot
respects since there is a strong vibrational coupling of
desorbed species to the substrate~corresponding to the cou
pling of the Na atoms to the clusters!. The velocity distribu-
tions could be reproduced well with a MB distribution albe
at a temperature that is below the surface temperature.
has been explained in terms of vibrational energy loss
the substrate and similarities with the observation of subth
mal distributions in the thermal desorption of, e.g., Ar fro
J. Chem. Phys., Vol. 106
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Pt~111! ~shallow potential well of 0.1 eV! have been in-
voked. By use of microscopic reversibility the desorpti
process may be explained by the analogous adsorption
cess of atoms impinging on the surface. If the potential w
is deep enough, then all the incoming atoms will stick,
sulting in a thermal MB distribution of the desorbing atom
However, for shallow potential wellsonly molecules with
low kinetic energies will stick. Here, ‘‘shallow’’ is always
meant with respect to the surface temperature in the se
that the sticking probability deviates significantly fro
unity.88 Hence in desorption only the trapped~low energy!
molecules can be observed and the distribution will show
energy loss.

Let us discuss the coupling of the excited clusters to
insulating substrate. The influence of this coupling is de
onstrated, e.g., in the Arrhenius type dependence of des
tion yield on the substrate temperature. The increase in c
ter temperature results in a higher statistical desorption
and the coupling factor depends on the type of substrate~its
stiffness!; hence substrates with different Debye–Waller fa
tors result in Arrhenius plots of desorption yield with diffe
ent activation energies. The overall widths of the plasm
resonances of the surface bound clusters are also direct
dence for a strong coupling to the substrate. In recent exp
ments on size selected Ag clusters of radius 1 nm it has b
shown that upon adsorption of the clusters on SiO2 the width
of the plasmon resonance was strongly increasing due
chemical interface damping.89 Similar effects are expecte
for the present Na clusters. However, in spite of the stro
coupling between clusters and substrate we tend to exc
the process of ‘‘resonant heating’’90,91as a possible route to
desorption of Na atoms. In resonant heating or ‘‘vibration
predesorption’’ the initial vibrational excitation of the adso
bate is transferred to the continuum states of the adsorb
substrate potential, resulting in a heating of the subst
with subsequent desorption of the de-excited adsorbate. S
a model certainly is able to explain photodesorption yields
physisorbed systems such as CO–NaCl,92,93 but in the
present case would be applicable only to desorption of
Na clusters as a whole. Neither such a process nor signifi
heating of the substrate have been observed.

The TOF distributions measured in the present wo
were independent of cluster radius for radii between 70
100 nm. However, the size distribution had a width of 50
which certainly smears out subtle effects. It is expected t
more tightly in situ characterized and prepared size distrib
tions especially for clusters with smaller radii will reveal th
influence of cluster-specific ‘‘finite-size’’ factors on the d
sorption dynamics such as the cluster flatness and ellipti
or variations in the binding energy as a function of size a
roughness. More precisein situ characterization methods o
the cluster sizes will become available in the near fut
through new experimental methods such as helium a
scattering37 or degenerate four-wave mixing.94 A significant
influence of surface structure~poly vs single crystalline! on
the desorption dynamics has been observed, e.g., in
induced desorption of Na atoms from NaCl.28

Let us finally note that upon irradiation of the cluste
, No. 19, 15 May 1997
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8011Balzer et al.: Photodesorption of Na atoms
the generation of photoelectrons and of ions
thermionic95,96 or plasmon mediated processes is high
probable. Copious emission of both neutral metal atoms
ions occurs when the surface is irradiated with a sufficien
intense beam of photons in the eV range.14–17 Also, very
recently emission of both electrons and atoms from spher
Na91

2 clusters has been experimentally reported97 and theo-
retically investigated.98 The cloud of charges might influenc
the desorption characteristics in several ways, e.g., via im
charge attraction and reneutralization processes. Note, h
ever, that this process contributes especially strongly
small clusters where the electron-hole pair lifetime is lo
enough to allow escape before recombination of the e
trons. The probability for electron~and ion! emission should
be proportional to exp(2W/kBTelectron), where the work func-
tion of Na isW52.31 eV.10 Hence for values ofTelectron
'104 K an appreciable amount of electrons is expected.
accurate determination of the electron-phonon coupling c
stant, which is presently underway, should allow us in
near future to provide realistic values of the nonequilibriu
temperatures of the hot electron gas. For the present ca
large clusters and weak irradiation in the visible spectral
gion the role of charged particles is expected to be of mi
significance to the overall desorption process.
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