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Desorption of metal atoms with laser light: Mechanistic studies
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Results on laser-induced desorption of metal atoms from small metal particles are presented. Experi-
ments have been performed on sodium, potassium, and silver particles supported on a LiF{100)single-
crystal surface under ultrahigh vacuum conditions. Measurements include the determination of the
desorption rate as a function of laser wavelength, laser intensity, average particle size, and substrate tern-

perature, the determination of the kinetic energy of the desorbed atoms, the investigation of the optical
spectra of the supported metal particles, and the study of the inhuence of adsorbate molecules on the
desorption rate. Furthermore, theoretical extinction and absorption spectra of the metal particles have
been calculated with the classical electrodynamical Mie theory as a function of average particle size and
excitation wavelength. Also, the radial electric field at the particle surface was computed. The results of
the experiments and theoretical calculations are combined to give a consistent picture of the mechanism
of metal-atom desorption by electronic excitation with laser light. A realistic surface potential from
which the atoms escape and nonlocal optical effects are taken into account. The latter introduce addi-
tional absorption channels by the formation of electron-hole pairs in the surface layer of the particle
which relax into antibonding states before desorption occurs. Finally, the mechanism is discussed in the
light of similar phenomena observed for thin metal films. Possibilities for future work are outlined.

I. INTRODUCTION

If small metal particles' are irradiated with visible,
continuous-wave laser light, desorption of metal atoms
from the surface of these particles can be observed. The
principle of such experiments is shown schematically in
Fig. 1. In the past, desorption of alkali-metal atoms has
been observed and analyzed with the main goal of study-
ing the underlying desorption mechanism. In other
work, nonthermal desorption of metal atoms has been
found to occur also from the surface of thin gold, silver,
and aluminum 61ms. " All of these experiments show
that the underlying mechanism is based directly on elec-
tronic excitation, and is nonther mal. This is quite
surprising, since it was commonly believed that desorp-
tion of metal atoms by electronic excitation is dif5cult to
accomplish, if not impossible, because the excitation is
usually quenched on such a short time scale that an atom
has no chance to escape from the surface potential. Still,
the observed laser detachment of different metal atoms
indicates that the mechanism is of a very general nature.
In view of these arguments, experimental as well as
theoretical investigations which further clarify the bond
breaking mechanism are highly interesting.

In general, desorption of metal atoms with visible light,
i.e., by absorption of photons with energies on the order
of several eV, constitutes a special case of a DIET
(desorption induced by electronic transitions, see, e.g. ,
Ref. 12) process. In the classical field of DIET, desorp-
tion involving inner-shell excitation with fast electrons or
highly energetic photons has been studied extensively.
Desorption mechanisms, such as the scenarios of Menzel
and Gomer, ' and Readhead, ' and Knoteck and Feibel-
man' have been developed. Undoubtedly, these models
can be helpful to understanding why and how metal

atoms desorb. One cannot anticipate, however, that they
can readily explain details of the mechanism of metal-
atom detachment by relatively low-energy photons.
Desorption of atoms with visible light also falls into the
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FIG. 1. Schematic representation of an experiment for the
study of metal-atom desorption from the surface of small metal
particles by electronic excitation with continuous-wave visible
laser light. Detection of the atoms is accomplished with a quad-
rupole mass spectrometer. The Xe arc lamp is used in combina-
tion with a monochromator to measure the optical transmission
spectra of the metal particles.
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category of laser-induced surface processes (see, e.g. ,
Refs. 16—18) that have been studied extensively during
the last years.

The present paper reports results of laser-induced
desorption of metal atoms from small metal particles.
Experiments have been performed on potassium and
silver in addition to a continuation of our earlier work on
sodium. Metal atoms were desorbed from metal clusters
supported on a LiF(100) single-crystal surface under ul-
trahigh vacuum conditions. Measurements include the
determination of the desorption rate as a function of the
laser wavelength and intensity, as well as of the particle
size and substrate temperature. In addition, the kinetic
energy of the desorbed atoms was measured and the opti-
cal spectra of the supported metal particles were investi-
gated. Also, different molecules were adsorbed on the
surface of the particles in order to study their inhuence
on the desorption process. Furthermore, theoretical cal-
culations of the optical spectra of the metal particles have
been performed with the classical Mie theory as a func-
tion of average particle size and excitation wavelength.
Also, the radial electric field at the particle surface was
computed. The results of the experiments and theoretical
calculations are combined in a model which gives a con-
sistent picture of the mechanism of metal-atom desorp-
tion by electronic excitation with laser light. An essential
feature of this model is the consideration of a realistic
surface potential and nonlocal optical effects. ' This con-
cept gives a more precise and physically meaningful
description of the interaction of light with the surface
layer of the metal particles, as compared to the classical
step function often used for the electron-density distribu-
tion at the surface. Furthermore, the nonlocal optical
effects give rise to new absorption channels in the surface
layer by the formation of electron-hole pairs. Quenching
of such excitations by coupling to the phonons can be
strongly suppressed at surface sites with a low coordina-
tion number, making desorption possible. The proposed
mechanism is finally discussed in the light of the above-
mentioned experiments on thin metal films.

size was determined by inelastic scattering of atoms dur-
ing the deposition, by thermal desorption, ' and by in
situ measurement of the optical transmission spectra.
The number density of the particles on the surface was
10 —10 cm for alkali clusters, and 10' cm for Ag
clusters. The average radii ranged from R =5 to 100 nm,
depending on the deposition time. Desorption was ac-
complished by the light of an Ar+ ion, Kr+ ion, or
continuous-wave tunable dye laser. The beam had a
Gaussian profile and a radius of r&&&=1.0 mm on the
sample surface, r, &z being the radius at which the intensi-
ty has dropped to half of the maximum value. Wave-
lengths ranging from A, =351 to 752 nm, and light powers
between 2 mW and 10 W were used. This corresponds to
intensities between 40 mW/cm and 200 W/cm . The
desorbed atoms were ionized by electron impact, mass
selected in a quadrupole filter, and finally detected in a
single-ion-counting mode. In several experiments, gases
like ND3 (Ref. 23) and CO were adsorbed on the particle
surface, and their inhuence on the desorption rate was
studied. In order to determine the kinetic energy of the
atoms, time-of-Aight measurements were carried out by
chopping the continuous-wave laser beam mechanically
with a rotating wheel. This gave light pulses of 2-ps
duration at a repetition rate of about 1800 Hz. In several
experiments a Nd: YAG (yttrium aluminum garnet) laser
with a pulse duration of 10 ns and a wavelength of
A, =532 mn was also applied. Pulse energies ranged from
5 pJ to 10 mJ. The optical extinction of the supported
clusters was measured as a function of wavelength with a
high-pressure Xe arc lamp combined with a grating
monochromator. The spectral resolution was chosen to
be AX=3 nm. As the last step of each experiment,
thermal desorption of the metal atoms from the surface
was recorded by heating the LiF crystal to T=700 K.
This served both for cleaning of the sample and for an ad-
ditional determination of the absolute coverage of metal
atoms.

B. Desorption rate measurements

II. EXPERIMENT

A. Setup and sample preparation

The experimental arrangement has been discussed in
detail elsewhere. Here only a short description will be
given. The experiments were performed in an ultrahigh
vacuum system with a base pressure in the low 10
mbar range. A LiF(100) single-crystal surface served as
the substrate for the metal particles. It was cleaned and
annealed by heating, and subsequently cooled to 90 K. A
collimated thermal atomic beam was directed onto the
substrate, where the impinging metal atoms were cap-
tured in the surface potential. The Aux of the atomic
beam was measured with a quartz-crystal microbalance,
and was on the order of 10' s 'cm . The metal parti-
cles were formed by surface diffusion and nucleation.
The average size of the clusters could be controlled in a
reproducible manner by exposing the surface to the atom-
ic beam for different periods of time. The mean particle

The desorption rate was measured under continuous-
wave laser irradiation as a function of light intensity,
wavelength, average particle size, and temperature. Sodi-
um, potassium, and silver particles were studied. For Na
and K, desorption can be readily detected at a rate of typ-
ically 1000 counts per second if the laser power is on the
order of 1 W [see Figs. 2(a) and 2(b)]. Taking the solid
angle under which the atoms reach the electron impact
ionizer and the detection sensitivity of the quadrupole
mass spectrometer into account, this corresponds to
about 10' desorbed atoms per second. In contrast to Na
and K, laser-induced desorption of Ag atoms exhibits a
burstlike signal [see Fig. 2(c)]. It disappears after several
seconds of irradiation time, very likely because only few
sites from which atoms can desorb exist on the particle
surface. Naturally desorption can only occur if the ab-
sorbed photon energy exceeds the binding energy of a
surface atom. For Ag, however, the value of the binding
energy (in Na and K about —,

' of the bulk cohesive energy)
of 2.95 eV is =2 eV and almost equals the absorbed pho-
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FIG. 2. (a) Desorption rate of Na atoms from the surface of small Na particles under laser irradiation for a number of laser-
on —laser-off periods. The mean particle size was 50 nm, the laser power 5 W, and the wavelength 514 nm. (b) Desorption rate of K
atoms from the surface of small K particles. The mean particle size was 58 nm, the laser power 3.5 W, and the wavelength 647 nm.
(c) Desorption rate of Ag atoms detached from the surface of small Ag particles. The mean particle size was 40 nm, the laser power
10 W, and the laser wavelength 514 nrn.

ton energy, being in the range of 2 —3.5 eV. It is there-
fore plausible that the signal disappears as soon as the
sites from which atoms with low binding energy can
desorb are depleted. Improvements, such as other
preparation conditions for the particles, or use of higher
temperatures, should make possible the larger desorption
rate needed for systematic investigations of Ag in the fu-
ture.

For all metals investigated, the desorption rate rises
immediately if the laser beam is incident on the particles,
and stops promptly if the light beam is blocked. The
temporal dependence of the desorption rate can be very
different: it can decrease as a function of time, as shown
in Fig. 2, but also exhibits an increase followed by a max-
irnum and then gradually drops off. This behavior is dis-
cussed in detail elsewhere, and results from the choice of
different particle size distributions at a given laser wave-
length. ~4

At fixed light intensity and fixed mean particle radius,
the desorption rate depends resonantly on the excitation
wavelength (see Fig. 3). Also, the desorption signal
shows a resonant dependence on the mean cluster radius
if the laser wavelength is kept constant (see Fig. 4). For
even larger particles with R & 60 nrn the desorption rate
drops off further and further until the signal finally
(R ) 1SO nm) approaches the noise level. This observa-
tion is of particular importance for the interpretation of
the desorption mechanism discussed below. For very
small particles with R &5 nm the desorption rate in-
creases with the third power, and for particles with
5(R (10 nm with the second power of the average ra-
dius (see Fig. S). As an additional example of the desorp-
tion rate measurements, Fig. 6 displays the rate of potas-
sium atoms as a function of the mean particle radius for
different excitation wavelengths of the laser light.

The rate of desorbed atoms increases linearly as a func-
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FIG. 3. Desorption rate of Na atoms detached from the sur-
face of small Na particles as a function of wavelength for
different particle sizes.

tion of light intensity over the entire available power
range, i.e., over nearly four orders of magnitude (see Fig.
7). This linear behavior is independent of wavelength. In
the case of sodium the quantum efficiency of the process
is on the order of 10 at the maximum of the resonance,
i.e., one metal atom is desorbed per 10000 absorbed pho-
tons. The desorption rate dn/dt depends exponentially
on the particle temperature (see Fig. 8). A fit of the ex-
perimental data to the exponential dependence
dn ldt —exp[ E lkT ] giv—es an activation energy of
E =0.14 eV.

Another interesting behavior of the desorption rate ap-
pears if the metal particles are covered by adsorbate rnol-
ecules such as deuterated ammonia (ND3) or carbon
monoxide (CO). The desorption rate of metal atoms de-
creases as compared to the clean particle surface, but the
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FIG. 4. Desorption rate of Na atoms detached from the sur-
face of small Na particles as a function of mean particle radius
for different excitation wavelengths.
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FIG. 7. Desorption rate of Na atoms desorbed from the sur-
face of small Na particles as a function of laser intensity. The
linear behavior of the desorption rate could be established down
to an intensity of 40 mW/cm . No threshold was observed.
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FIG. 5. Desorption rate of Na atoms detached from the sur-
face of small Na particles as a function of' average particle ra-
dius with R (10nm. The laser wavelength was X=514 nm.

time dependence of the signal remains unchanged (see
Fig. 9). The desorption rate of the adsorbed molecules,
however, shows a slow increase if the laser illuminates the
sample, and a gradual decrease after the light beam is
blocked. Furthermore, desorption also takes place dur-
ing the laser-off periods. Both are typical of a thermal
process; thermal desorption of the same sample without
laser irradiation indicates that the ND3 molecules already
desorb at a very small temperature rise. Thermal eva-
poration of the Na particles, on the other hand, does not
occur before a temperature of T=300 K has been
reached. ' Actually, desorption of molecules like ND3
provides an elegant means to estimate an upper limit for
the surface temperature rise of the metal particles as a re-
sult of the absorption of laser light. Among other obser-
vations, the immediate rise and decay of the rate of met-
al atoms as compared to the slow response of the ND3
signal indicates the nontherrnal nature of the mechanism
underlying the desorption of metal atoms.
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FIG. 6. Desorption rate of K atoms desorbed from the sur-
face of small K particles as a function of the mean particle ra-
dius for different excitation wavelengths of the laser light.

FIG. 8. Laser-induced desorption rate of Na atoms as a func-
tion of the inverse of the substrate temperature for a fixed mean
particle radius of 50 nm, laser power of 7 W, and wavelength of
514 nm.
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FIG. 9. Laser-induced desorption rate (arbitrary units) of Na
atoms and ND3 molecules from the surface of small Na parti-
cles covered with approximately one monolayer of ND3. The
ND3 rate is displayed with an offset. From the different tran-
sient behavior of the desorption rates it can be seen clearly that
the Na atoms desorb by a nonthermal mechanism, whereas the
ND3 molecules are detached by thermal desorption.

C. Kinetic-energy measurements
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FIG. 1Q. Time-of-Aight spectrum of Na atoms desorbed with
laser light of 514 nm from the surface of small Na particles.
The measured Aight times have to be corrected for the drift time
of the ions in the quadrupole mass spectrometer (18 ps).

The kinetic energy of the desorbed metal atoms was
determined by time-of-Aight measurements. Figure 10
and 11 show examples of time-of-Aight spectra for Na
and K, respectively. For a correct determination of the
kinetic energy, the time period between electron impact
ionization and ion detection by the multiplier of the mass

spectrometer was subtracted from the measured Aight
times. This average drift time of the ions in the detection
system was measured with three independent methods,
and is 18 ps for Na, and 22 ps for K. As can be seen
from Figs. 10 and 11, the time-of-Aight spectra show a

Time of Flight {ps)

FIG. 11. Time-of-Right spectrum of K atoms desorbed with
laser light of 514 nm from the surface of small K particles. The
measured Right times have to be corrected for the drift time of
the ions in the quadrupole mass spectrometer (22 ps).

steep rise, followed by a maximum and a slow decrease of
the rate as a function of time. For sodium, e.g., the Na
signal starts to increase 33+2 ps after firing the light
pulse, and a sharp maximum occurs at 42+2 ps. Even
after as much as 120 ps the signal has not yet decayed to
the noise level recorded prior to the laser pulse. It seems
that this slow decrease does not reAect desorption with
low kinetic energies but is due to atoms which do not
reach the ionization region directly, but only after
suffering collisions, with, e.g., the electrodes of the ioniz-
er. For all spectra the energy of the desorbed atoms was
derived from the position of the maximum of the time-
of-Aight distribution. It should be mentioned that these
spectra cannot be fitted to Maxwellian distributions.

Measurements have also been carried out with different
excitation wavelengths. The dependence of the Aight
time of the desorbed atoms on the laser wavelength is
displayed in Fig. 12 for Na. Small but significant varia-
tions are observed. For wavelengths close to the max-
imum of the desorption rate at X=490 nm (see Fig. 3),
i.e., at a photon energy of E~h =2.53 eV, the Aight time is
24 ps (see Fig. 12). This corresponds to a kinetic energy
of 0.4+0.05 eV. For larger as well as smaller wave-
lengths, the kinetic energy decreases. For example, a
value of 0.2 eV is obtained for E~h =3.54 eV ( A, =350
nm). For potassium no change of the Right time as a
function of photon energy was observed. The kinetic en-
ergy of the desorbed K atoms is 0. 13+0.02 eV. Measure-
ments have also been performed for different laser inten-
sities and different particle temperatures. A remarkable
observation is that the Aight time is independent of tem-
perature and laser pulse energy in the investigated ranges
of 90 & T & 300 K and 5 pJ to 10 mJ, respectively. If the
laser pulse energy is increased to values above 10 mJ, the
Aight time of the atoms decreases, probably because
thermal desorption also comes into play. Adsorption of
molecules on the surface of the metal particles does not
cause a detectable change of the time-of-Aight spectra.

The same set of measurements was made for potassi-
um. The observed dependencies on the laser power and
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FIG. 12. Dependence of the time of flight of the desorbed Na
atoms on the laser excitation wavelength measured for an aver-

age particle radius of 38 nm. The plotted values include the
drift time of the Na ions in the mass spectrometer (18 ps). The
measured values correspond to the following kinetic energies of
the desorbed atoms: 40 ps, 0.45 eV; 42.5 ps, 0.36 eV; 45 ps,
0.29 eV; 50 ps, 0.20eV; and 60 ps, 0.11 eV.

particle temperature are very similar to those of sodium.
For the reasons given above, time-of-Aight measurements
on Ag atoms will have to be performed in future experi-
ments.

The results summarized above permit us to draw
several conclusions.

(i) First, desorption obviously results from electronic
excitation of the particles. Comparison of the depen-
dence of the desorption rate on the laser wavelength with
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Optical spectra have been recorded for two purposes:
erst, such investigations are helpful in order to identify
the optical excitation preceding the rupture of the bond
of a metal atom. Second, the optical spectra constitute
an important tool to characterize the average size and
shape of the metal particles generated on the LiF surface.
For these reasons the transmission spectra of Na, K, and
Ag particles were measured for wavelengths between 250
and 950 nm. The substrate temperature was T=100 K.
Examples are displayed in Fig. 13. For sodium [see Fig.
13(a)] the mean particle radii ranged from 41 to 92 nm.
A broad maximum is observed that shifts from A, -600 to
A, -750 nm if the particles increase in size. The optical
extinction grows to as much as 65%%uo. For wavelengths
below 400 nm, small but reproducible peaks also appear
in the spectra of the clusters with R =73 and 92 nm. Fig-
ure 13(b) shows examples of the optical spectra of potas-
sium particles with mean particle radii that varied from
60 to 140 nm. The spectra have in common that an
overall increase of the extinction with increasing wave-
length takes place. For wavelengths between A, =400 and
550 nm a plateau is observed initially. For larger particle
radii two distinct maxima located at A, =425 and 495 nm
appear. The peak positions of these maxima do not shift
as a function of radius. Finally, Fig. 13(c) displays spec-
tra of Ag particles with mean radii between 16 and 40
nm. The most prominent feature of the Ag spectra is a
broad maximum that shifts from A, =375 to 510 nm.
Simultaneously, the extinction increases from 9% to as
much as 77%. At A, =365 nm a shoulder appears which
does not shift as a function of coverage. Below A, =325
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FIG. 13. Optical extinction spectra of different metal parti-
cles supported on LiF(100). The measurement were made with
a Xe arc lamp and a monochromator under normal incidence of
the light on the LiF substrate. (a) Spectra. of Na particles at
T= 100 K for average radii of 41, 58, 73, and 92 nm. (b) Spectra
of K particles at T=100 K for average radii of 60, 80, 91, and
140 nm. (c) Spectra of Ag particles at T=250 K for average ra-
dii of 16, 31, 34, 36, 38, and 40 nm.
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the optical spectra of the particles indicates that surface
plasmon excitation plays a decisive role in stimulating
desorption.

(ii) Second, rupture of the surface chemical bond of the
metal atoms takes place as a nonthermal effect, i.e., the
electronic excitation energy is not or is not completely
quenched by conversion into heat before the atoms es-
cape from the surface potential. This conclusion is sup-
ported by the high kinetic energy of the desorbed atoms,
by its independence on the laser power, and by the fast
response of the desorption rate if the light beam is
blocked or unblocked. Also, there is no threshold of the
desorption rate at low laser power. Estimates of the tern-
perature rise at the particle surface, and measurements
with adsorbate molecules (see above) further indicate that
the temperature increases by at most several tens of de-
grees under irradiation with laser powers of several W.

(iii) Third, the linear dependence of the desorption rate
on the laser power indicates that a single photon process
is responsible for the detachment of a metal atom.

These conclusions give an overall description of the
process. However, they do not explain details of the
desorption mechanism. In particular, it is not conceiv-
able why desorption should occur as a result of surface
plasmon excitation alone. Such a collective oscillation of
the conduction electrons extends over the whole surface
of the metal particles, whereas the detachment of atoms
must take place from mell-defined binding sites. There-
fore, a localized single-electron excitation must also be in-
volved which obviously eommunieates with the collective
mode. Identification of this localized electronic excita-
tion is an important step. toward an understanding of the
mechanism of metal-atom desorption. Its nature as well
as its interplay with the collective excitation will be dis-
cussed in the following sections.

A. Electronic excitation and classical electrodynamics

It is well known that the classical Mie theory de-
scribes the optical spectra of small spherical particles
very well in the size range considered here. ' There-
fore, the first step of the interpretation naturally is to
compare the dependence of the desorption rate on the
cluster radius and on the excitation wavelength with
theoretical absorption spectra calculated using the Mie
theory. Since the theoretical framework of the Mie
theory and the calculation of the spectra have been de-
scribed in detail elsewhere, only a short summary will be
given here.

Within the framework of the Mie theory the interac-
tion of spherical particles with light is treated by a mul-
tipole expansion of the electromagnetic Geld and by solv-
ing Maxwell's equations with appropriate boundary con-
ditions. Input parameters are the bulk optical function
e(co) of the particles, and the index of refraction of the
surrounding medium. Since the particles investigated
here have radii on the order of 5 —100 nm, i.e., the size is
not small as compared to the excitation wavelength of the
incident light, higher-order multipole resonances and
phase retardation must be considered. Taking these
effects into account, the cross sections for extinction o.,„„

scattering o-„„and absorption o,b, were calculated as a
function of radius and wavelength. For this purpose a
computer program based on an earlier version of Bohren
and Huffman was developed. The computation was
done first for particles of a single size, and then extended
to cluster size distributions known from electron micros-
copy work (e.g., Refs. 31, 33, and 34). As an approxima-
tion for the infIuence of the substrate, it was assumed that
the particles can be considered as embedded in a matrix
with an average index of refraction of n,„=1.15. This
value is chosen such that it lies in between the vacuum
value and the value of the LiF substrate of nL;„=1.39.
Optical functions were taken from Ref. 35 for sodium,
and from Ref. 36 for potassium. Calculation of the ex-
tinction cross sections allows comparison with the experi-
mental spectra as displayed in Fig. 13, and permits us to
estimate the mean particle size and shape. Computa-
tion of the absorption spectra, on the other hand, suggests
itself to explain the radial and spectral dependence of the
desorption rate.

Figure 14 shows the absorption cross section of Na
particles as a function of the wavelength and mean clus-
ter radius. The width of the distribution is 50% of the
mean cluster radius. For large particle radii the cross
sections increase rapidly. This behavior results from ex-
citation of quadrupole as well as modes of even higher
multipole order. In general, the absorption cross sections
of the Mie theory follow the measured desorption data
quite well. Therefore, it has been concluded earlier that
surface plasmons play an important role for stimulating
desorption. However, a detailed comparison between
theory and experiment on the basis of the data available
now reveals deviations. The most remarkable difference
between the theoretical curves and the measured data is
observed for large cluster radii. Whereas the computed
absorption cross sections continue to grow for increasing
radii, the experimental desorption rates (see Fig. 4) go
through a maximum and then continuously drop ofF.
This has been verified for radii as large as 150 nm. Also,
differences between theory and experiment appear for
short excitation wavelength independent of cluster size
(see Fig. 3). Whereas the absorption cross sections con-
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FIG. 14. Optical-absorption spectra of Na particles comput-
ed with the Mie theory as a function of wavelength and particle
size. The inhuence of the substrate is taken into account by
treating the particle as embedded in a medium with an average
index of refraction of 1.15.
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tinuously decrease for short wavelengths, the desorption
rates exhibit a minimum at approximately X=410 nm,
and increase again below A, (400 nm.

B. Electron spill-out and nonlocal optical efFects

As outlined above, the interaction of light with metal
spheres is theoretically well described by the Mie theory.
Basic assumptions of this theory are the spatial uniformi-
ty of the complex dielectric function e(co), its local char-
acter, and its steplike change at the particle surface. For
isotropic materials the classical dielectric displacement
D" in the interior of the particle is described by the local
equation with scalar e(co) of the bulk:

D'(co, r, t)=e(co)E "(co,r, t) .

The word "local" in this context means that the response
of the medium to an incident electromagnetic wave at the
point r is independent of the dielectric surrounding. For
the steplike change of the electron charge density at the
cluster surface, an electromagnetic wave gives rise to a
singularity in the induced surface charge and a discon-
tinuity in the radial electric field.

Certainly, the assumption of a sharp edge of the elec-
tron charge density at the particle surface is not justified
on a microscopic scale. In a more elaborate model a gra-
dual change of the electron density including a spill-out
has to be considered. Nevertheless, numerous experi-
ments have verified the results computed by the Mie
theory. ' The reason is that the incident light penetrates
many A into the interior of the particles. In other words,
absorption and scattering of light depend mainly on the
bulk properties of the particle making physical details of
the surface region unimportant. Furthermore, a variety
of other effects, such as deviation from spherical shape,
interaction of the particle with the substrate, or size
dependences of the optical functions, can considerably
modify the optical spectra. In short, the optical spectra
of small particles usually do not contain information on
details of the electron-density distribution in the surface
region. Such details, however, become essential if surface
specific processes are investigated. Examples are the
emission of electrons ' or the case considered here, i.e.,
desorption of surface atoms. To stimulate these reac-
tions, electronic excitation in the surface layer rather
than in the bulk of the cluster must be accomplished.
The required additional absorption of light in the surface
region, not contained in the framework of the Mie
theory, can only be understood and separated from the
bulk excitation by use of a microscopic model of the sur-
face. It takes into account the spill-out of the electron
charge mentioned above and, in addition, nonlocal opti-
cal efFects. Both will be discussed in the following.

Metal surfaces are often described by the jellium mod-
el. It assumes that the true, spatially periodic charge dis-
tribution of the ion cores can be replaced by a homogene-
ous density that has a sharp edge at the surface. The
electron-density distribution is calculated self-
consistently, and shows a spill-out beyond the edge of the
ion cores. This spil1-out is found for planar surfaces as
well as for the surface of spherical particles. ' The sur-

face charge which is induced by an external electromag-
netic field also exhibits a pronounced radial dependence,
i.e., the electron spill-out removes the singularity men-
tioned above. Also, the discontinuity of the radial elec-
tric field disappears. The length over which the surface
charge relaxes is inAuenced by the distance an electron
travels during one oscillation period of the external field,
i.e., by the Fermi wavelength being of the order of several

37

Furthermore, a microscopic theory with the goal of
describing the response of a metal cluster to an incident
electromagnetic wave must take nonlocality into account.
Nonlocal means that the dielectric displacement D(co) of
a volume element d V(r) at time t does not depend only
on the electric field E(co,r, t) of the incident wave, but
also on the excitations and fields in all other volume ele-
ments d V(r') of the cluster occurring at properly retard-
ed times t' The . polarizability a(r) of dV(r) can be
inAuenced by the polarization at the point r that is in-
duced by the same field. For example, electrons excited
in d V(r) can transfer their energy and momentum to oth-
er volume elements dV(r') located within the electron
mean free path. For metals the value is on the order of
10 nm. Nonlocal effects play a particularly pronounced
role in the surface region of a metal where the electric
field varies considerably between the bulk and vacuum
values over a distance of only a few A. Since the genera-
tion of large field variation is associated with losses, this
transition region provides new channels for the dissipa-
tion of energy in addition to the usual Joule heating: the
incident light induces electron-hole pairs in the surface
region.

Before the surface absorption that is responsible for
stimulating desorption of atoms can be calculated, we
first have to replace the local equation (I) by its nonlocal
equivalent

D( pro, t)= f dt' f d r'Ie(co, r, r', t —t')E(co, r', t')I, (2)

where e(co, r, r', t t') is the —nonlocal dielectric function.
Unfortunately, it is not known in detail for the surface of
real metals. Another complication is that the mathemati-
cal formalism for solving Eq. (2) is very complicated. For
both reasons, only approximate solutions of Eq. (2) are
described in the literature. ' '

The dielectric displacement 0 can be used to express
the total normalized power of an electromagnetic wave
that is absorbed by a small metal sphere:

a(R, co)= — Im. f d r D* E
SmIo

The difFerence between the absorption calculated with
nonlocal optics by Eq. (2), and its classical local counter-
part, then gives the surface contribution a,„, of the ab-
sorbed power. Strictly speaking this is valid only if the
absorption in the surface layer is small as compared to
the bulk. This condition is fulfilled in the present work,
the investigated clusters having sufficiently large radii.
Since the most pronounced difference of the classical and
nonlocal pictures is the variation of the radial electric
field in the surface region, a,„, can be calculated to a



DESORPTION OF METAL ATOMS WITH LASER LIGHT: 17 471

reasonable first approximation from

4 co eE„"(R,co)
a (R, co)=——R Imsur

1 —e dr

e R

wher'e Eo is the amplitude of the incident light wave, and
d„denotes the complex surface response function, defined
by

Idr r(R r)5p„—d„(co)

R jdr r'5p„

In Eq. (5) the surface part of the absorption depends only
on (i) the complex surface response function d„(co) which
accounts for all nonlocal effects; (ii) the local dielectric
function e(co) that is well known for bulk metals; and (iii)
the normalized classical electric field E," at the particle
surface which can be calculated from the Mie theory.
The quantity 5p„ in Eq. (6) is related to the induced sur-
face charge density 5p(R, co) by 5p(R, co)=5p„cos8; 8 is
the angle between the direction of the incident light and
the normal of the surface element. Since d, is related to
the induced surface charge p(R, co) its physical meaning
can be understood as follows. The real part of d„ is inter-
preted as the distance of the center of gravity of the in-
duced surface charge from the edge of the positive ion
core. The imaginary part of d„on the other hand, de-
scribes the surface absorption. It results from the single-
electron excitations mentioned above and often denoted
as electron-hole pair formation in the surface region (see,
e.g., Refs. 38 and 45). d„has been calculated as a func-
tion of excitation frequency for a free-electron gas, a
case which resembles the situation at the surface of alkali
metals.

C. Desorption rate and surface absorption

After this explanation of the physical origin of the sur-
face absorption, we now turn to a quantitative descrip-
tion of the desorption rate dX/dt as a function of excita-
tion frequency and particle size. For this purpose it is
plausible to assume that the desorption rate is related to
the absorption a,„,(R,co) within the surface layer, i.e. ,
that electron-hole pair formation in the surface region is
responsible for the rupture of the bond of surface atoms.
Furthermore, the desorption rate should depend on the
incident photon flux Iolfico, on the cluster density p,&„,

and on the irradiated surface area I'. This gives'

dX Io= A,s(R )a,„,(R,co) p„„+ .

The subscript t =0 of the desorption rate indicates that

a,„,(R,co)= — Im f d r D„*(E„E—„"), (4)
8+ID

where E„"and E, are the electric field at the surface for
the classical local and nonlocal cases, respectively. Equa-
tion (4) can be solved within the quasistatic approxima-
tion, i.e., for spheres which are small compared to the
wavelength of the incident light. Qne obtains (see, e.g.,
Refs. 19, 38, 42, and 45)

Eq. (7) is valid only for a short interval of time immedi-
ately after directing the laser beam onto the freshly
prepared clusters. The temporal dependence of the
desorption rate for t 0 is determined by the variation of
cluster size and shape during continuous detachment of
atoms, and has been discussed elsewhere in a phenomeno-
logical model.

E~ciency factor A,e

According to a concept introduced by Monreal and
Apell, ' 2,& is an efficiency factor which has the dirnen-
sion of a surface. It accounts for two effects.

(i) The number of desorption sites. The surface of each
cluster contains only a certain number of sites from
which atoms are able to desorb. It has been shown exper-
imentally that thermal desorption preferentially takes
place from sites with a low coordination number. ' These
sites can, for example, be located on top of monocrystal-
line terraces or on edges of the cluster surface where
planes with different crystallographic orientation inter-
sect. Each of these sites can be regarded as an element
that represents surface roughness, i.e., a defectlike struc-
ture, where localized electronic excitation can easily be
accomplished. Similar to thermal desorption it is as-
sumed here that nonthermal detachment of metal atoms
primarily takes place from sites with a low coordination
number and therefore low cohesive energy.

(ii) The quantum efficiency of the desorption process.
Coupling of the electronic excitation to vibrational
modes, i.e., generation of heat, constitutes a relaxation
channel that competes with desorption. Therefore, ab-
sorption of a certain number of photons is necessary in
order to desorb one surface atom. Since the metal parti-
cles considered here are relatively large in size, bulklike
electron-phonon coupling can be assumed. Consequent-
ly, the quantum efficiency of the desorption is regarded as
independent of cluster size. As mentioned above it is on
the order of 10 for excitation by frequencies within the
surface plasmon resonance.

The dependence of A,z on the cluster radius can be in-
ferred from the following consideration. For very small
particles almost all of the atoms contribute to surface
roughness, i.e., constitute defects. If they increase in size,
the ability to desorb is confined to the surface atoms.
The ratio of the number of surface atoms to the total
number of atoms N,„,&/N„, decreases only slowly from
unity with increasing size. One can assume as a first ap-
proxirnation that the number of desorption sites is pro-
portional to R for very small clusters, and to R for
medium-size particles. This is indeed observed experi-
mentally (see Fig. 5). Up to R =5 nm the desorption rate
grows with R, whereas for R ~ 5 nm a quadratic depen-
dence is observed. If the particles grow even larger, the
different crystalline facets of the surface are more extend-
ed, making desorption possible only from a limited num-
ber of surface sites such as kinks or steps on the cluster
surface. A reasonable assumption therefore is that the
number of desorption sites is proportional to R for large
clusters. This is supported by thermal desorption experi-
ments ' which indicate a linear dependence of the nurn-



17 472 W. HOHEISEL, M. VOLLMER, AND F. TRAGER

ber of desorption sites on the particle radius for R ~20
nm. In summary, A,z exhibits only a weak, monotonous
dependence on the cluster radius in the size range con-
sidered here.

2. Surface absorption a,„,(R, to)

Since the imaginary part of the surface response func-
tion ImId„J is almost independent of particle size, ' the
radial and spectral dependence of a,„,(R, co) is dominated
by the frequency and radius dependence of the field
enhancement E„(R,w ) /Eo. It can be computed with the
Mie theory. The Geld enhancement is analytically given
b 49

where a denotes the electric scattering coefficient, j the
multipole order, and h'. ' the second-order Hankel func-
tion. The near field has been calculated as a function of
R and cu. For this purpose the same parameters as in Fig.
14 were used, i.e., the average index of refraction was
n„=1.15, and the width of the cluster size distribution
was 50%%uo of the mean particle size. The result of the
computation is displayed in Fig. 15 as a function of parti-
cle radius and excitation wavelength. The diagram ex-
hibits a single maximum that originates from excitation
of the electric dipole oscillation. It is located at A, =420
nm and R =6 nm. The ratio [E„(R,w )/Eo] can amount
to as much as 1000. The values for the field enhancement
obtained here are within the range reported in several
other papers in the literature. Note that Ref. 19 quotes
values of around 3, which, however, do not contradict
our results based on Ref. 49, since the two theories define
the field enhancement in different ways. Comparison of
Fig. 15 with the optical-absorption spectra shows pro-
nounced differences. The most essential one is that
higher-order multipoles contribute only little to the field
enhancement. Particularly for large clusters this is in

sharp contrast to the optical absorption spectra (Fig. 14),
the shape of which is strongly influenced by excitation of
multipole oscillations with n 2. The difference between
the near Geld at the surface and the far field can be under-
stood as a tip effect that arises at the particle surface with
its small radius of curvature. In accordance with Fig. 15
this effect is expected to disappear for large clusters. In
summary, excitation of surface plasmons dramatically
enhances the near field at the surface of the metal parti-
cles in the size range up to approximately R =50 nm.

D. Comparison to experiment

As discussed above, the desorption rate dN/dt depends
on the efficiency factor A,z as well as on the absorption
of light a,„,(R, to) in the surface region of the metal parti-
cles. A,~ varies only weakly and monotonously with
cluster size for R ~20 nm. The dependence of the sur-
face absorption a,„,(R, co), on the other hand, is governed
by the radial and spectral dependence of the near-field
enhancement that changes resonantly by about a factor
of 1000 in the size and wavelength ranges investigated
here. Therefore, the experimental results have to be com-
pared primarily to the variation of the field enhancement.
This can best be done by using the data of the overview
Fig. 15 to plot the enhancement factor E„(R,co)/Eo as a
function of wavelength with typical cluster radii as pa-
rameters and vice versa. Such diagrams are depicted for
sodium clusters in Figs. 16 and 17 for typical radii and
wavelength used experimentally. Clearly, the field
enhancement exhibits a resonance if the particle radius is
kept constant and the wavelength changes, or vice versa.
The highest values of the Geld enhancement occur for the
Kr+-ion laser lines around A, =410 nm, and the Ar+-ion
laser line at A. =458 nm. For longer excitation wave-
lengths, the maximum of the dipole oscillation is shifted
to larger cluster radii. Due to the tip effect, small clus-
ters show the most pronounced maximum. It is located
at a wavelength of about A, =450 nm, and shifts only little
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FIG. 15. Enhancement of the radial electric near field at the
surface of Na particles as a function of particle radius and wave-
length of the incoming light. The width of the particle size dis-
tribution was 50% of the average size. The inhuence of the sub-
strate was taken into account by treating the particle as embed-
ded in a medium with an average index of refraction of 1.15.
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FIG. 16. Enhancement of the radial electric near field at the
surface of Na particles as a function of wavelength for several
fixed particle radii. Conditions are the same as in Fig. 15. A de-
tailed comparison of the theoretical data shown here with the
experimental results contained in Fig. 3 can be found in Sec.
III D.
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if the particles increase in size.
Comparison of the experimental data (see Fig. 4) with

the theoretical results of the near-field enhancement as a
function of mean cluster radius (see Fig. 17) leads to the
following conclusions. For laser wavelengths of X=458,
514, and 647 nm the experimental data follows the trend
of the field enhancement as a function of radius. As pre-
dicted by the theoretical data, the positions of the maxi-
ma of the resonance curves shift to larger particle radii if
the excitation wavelength increases. Furthermore, the
desorption rate decreases monotonously for large cluster
radii (see the right-hand side of Fig. 4), a trend that could
be verified for particles as large as 150 nm (see above).
Again, this observation is in good agreement with the
variation of the near-field enhancement. As outlined
above, however, it is in contrast to the optical absorption,
the cross section of which grows further and further for
large radii (see Fig. 14).

For excitations wavelengths of A, =350 and 410 nm the
experimental data do not follow the computed field
enhancement. [E„(R,co)/Eo] grows monotonously if
the clusters shrink in size (see Fig. 17), whereas the
desorption rate exhibits a pronounced maximum. In gen-
eral, the desorption rates for particles with R &20 nm
tend to be smaller than expected from the dependence of
the field enhancement. This is also visible in the curves
for A, =458, 514, and 647 nm (see Fig. 4). The infiuence
of this effect becomes more and more pronounced as the
wavelength decreases, and the resonance shifts to shorter
wavelength. The reason is that the dependence of the
desorption rate is not determined by the field enhance-
ment alone in this size range. For particles with R 20
nm, the efficiency factor A, ff increasingly inAuences the
change of the desorption rate (see above). Since A,s is

proportional to R rather than to R in this size regime,
the number of available desorption sites decreases rapidly
with shrinking radius. Therefore, the inhuence of A, ff

becomes more and more pronounced. As a consequence,
the product of [E„(R,co)/Eo] and A,s [see Eqs. (8) and
(7)] can exhibit a resonancelike dependence on the parti-

Mean Cluster Radius (nm)

FIG. 17. Enhancement of the radial electric near field at the
surface of Na particles as a function of particle radius for
several fixed laser wavelengths. Conditions are the same as in
Fig. 15. Section IIID of the text gives a detailed comparison
with the experimental results that are contained in Fig. 4.

cle size exactly as observed experimentally (see Fig. 4).
This effect depends on the position of the resonance: if it
is located at radii larger than R —=20 nm, the desorption
rate is already low for small radii and the size dependence
of the efficiency factor does not significantly change the
shape of the curve. However, if the desorption rate is
large for R ~ 20 nm, the strong decrease of A, ff with clus-
ter size overcompensates for the slow increase of the field
enhancement, so that a resonance for excitation with
A, =350 and 410 nrn appears. The inhuence of A,ff also
manifests itself by the very small shift of the resonance
radius measured at wavelengths below A, =458 nm. Re-
gardless of the field enhancement, the size dependence of

ff for small clusters causes an almost fixed resonance
position.

Another test of the theoretical approach outlined
above is to compare the wavelength dependencies of the
desorption rate and field enhancement. As can be seen
from Figs. 3 and 16, experiment and theory agree quite
well for wavelengths above A, =400 nm. Resonances lo-
cated between X=450 and 500 nm appear in both cases.
They shift only little with cluster size. The predicted de-
creasing maximum desorption rate with increasing parti-
cle size above 22 nm (see Fig. 16) is also well reproduced
experimentally. The curve of the field enhancement for
R =20 nm exhibits a larger maximum value as compared
to the dependence of the desorption rate on the laser
wavelength (R =22 nm). Again, this is indicative of the
rapidly decreasing value of A,ff in this size range, i.e., the
available number of desorption sites (see above). This
effect plays an even larger role if the particle radius de-
creases further to a value of R =12 nm (see Fig. 3). For
excitation with UV light at X=350 nm, the desorption
rates are larger than expected from the wavelength
dependence of the field enhancement. The most probable
reason is that the imaginary part of the surface response
function ImId„] [see Eq. (6)] increases at short wave-
lengths by such an extent that the decrease of
[E„(R,co)/Eo] is overcompensated for.

The result for potassium can be analyzed in a similar
manner. For this purpose the field enhancement was also
calculated as a function of cluster radius and excitation
wavelength. The same size distribution as for Na, and
the same average index of refraction n„was used in the
computation. The maximum enhancement occurs at
A, =605 nm and R =5 nm. The main differences as com-
pared to Na are, on the one hand, a shift of the maximum
field enhancement for a given laser wavelength toward
smaller particle radii. On the other hand, the dependence
of the enhancement on the cluster radius is much less
pronounced for radii below 30 nm. Therefore, the size
dependence of the efficiency factor A,ff as discussed
above has a much more pronounced inhuence on the
spectra for R (50 nm. In particular, the desorption rate
decreases rapidly between about 30 and 50 nm indepen-
dent of excitation wavelength (see Fig. 6). This steep de-
crease refl.ects the change of the efticiency factor rather
than the small variation of the enhancement factor with
size. Whereas A,ff began to play an essential role for
R ~ 20 nm in the case of Na, it has a strong infIuence on
the K desorption rate for R ~ 50 nm. This can be under-
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0
stood by the larger nearest-neighbor distance of 5.2 A in
potassium as compared to 4.2 A in sodium, so that A ff

starts to decrease rapidly at a larger particle radius.
Similar to Na the dependence of the desorption rate on
the wavelength for a fixed cluster radius follows the trend
of the calculated field enhancement. The only exception
is an increase of the desorption rate for short wavelengths
that was also found for Na. Again, this is attributed to
an increase of the imaginary part of the surface response
function Im Id„I.

In summary, the agreement of the experimental results
with the dependencies expected from Eq. (7) confirms the
propounded model based on nonlocal optical effects and
on a realistic electron-density distribution in the surface
region of the clusters. Particularly pronounced is the
inhuence of surface plasmon excitation on the size and
wavelength dependence of the desorption rate. It causes
a strong enhancement of the near field at the surface by
which excitation of electron-hole pairs becomes possible.
These single-electron excitations obviously are responsi-
ble for stimulating desorption of surface atoms. The un-
derlying mechanism will be discussed in more detail in
Sec. III E.

K. Desorption mechanism and discussion

As explained above, nonlocal optics provides the first
step to an understanding of the desorption process, i.e.,
the transformation of photon energy into electron excita-
tion. In a subsequent step, relaxation of the electronic ex-
citation occurs through two channels. First, coupling to
the phonon bath of the particle, i.e., generation of heat,
takes place. The small quantum efficiency of the desorp-
tion process of 10 indicates that this constitutes the
dominant process. Second, desorption of surface atoms
occurs. This requires population of an antibonding state.
It is energetically different from the one excited initially.
This can be seen from the energy balance of the process:
The absorbed photon energy E ranges from 2 to 3.5 eV;
the binding energy Eb of a surface atom, on the other
hand, is 0.7 eV for Na, and 0.6 eV for K, and the mea-
sured kinetic energy Ek of the detached atoms amounts
to several tenths of an eV. Therefore, the sum of Ek and

EI, is considerably smaller than E . Consequently,
desorption must take place from an antibonding state
into which the original electron-hole pair decays by con-
version of part of the electronic energy into heat. The en-

ergy balance shows that this state is located approximate-
ly 1.1 eV above the ground state. This energy value lies
within the gap above the conduction band, and can there-
fore be described by a localized wave function.

A remarkable observation is that the kinetic energy of
the desorbed atoms depends on the excitation wavelength
(see Fig. 12). This is quite surprising since the electron-
hole pair populated initially decays into a second state in
the course of which part of the energy is converted into
phonons. It seems that this repulsive level from which
desorption finally takes place has retained a memory of
the original excitation. The reason for this is presently
not understood. A wavelength-dependent kinetic energy
in the vicinity of the surface plasmon resonance has also

been observed in experiments on laser-stimulated desorp-
tion of metal ions.

When the particles are irradiated with light, absorption
is possible through two channels. First, collective Mie
resonances that decay by generation of heat are excited.
Second, nonlocal optical effects cause additional absorp-
tion of light in the surface region of the clusters by
single-electron excitation. The electron-hole pairs creat-
ed relax into antibonding levels. As a consequence, an
atom can gain sufficient kinetic energy to escape from the
surface potential so that desorption eventually occurs.
At different stages during the process, electron-phonon
coupling takes place and heat is released.

The number of generated electron-hole pairs is propor-
tional to the value of the radial electric near-field intensi-
ty at the surface, which in turn is enhanced by excitation
of the collective mode. One could say that the surface
plasmon acts as a catalyst that promotes excitation in the
surface region of the particles and makes desorption
detectable. The energy-level diagram of the desorption
reaction is displayed in Fig. 18. The metal atom that
eventually desorbs is treated as an adsorbate on a flat
metal surface. Rupture of the bond can take place along
the lines of the well-known Menzel-Gomer-Readhead
scenario from antibonding states designated as (M+ A )*.
M stands for the surface of the metal cluster, and A for
an atom on this surface. Desorption is assumed to occur
from a defect, i.e., from a site where the metal atoms are
not arranged in plane terraces. More generally speaking,
such a structure can be associated with surface rough-
ness. In Sec. III C this concept already has been used to
estimate the efficiency factor A,~ as a function of the par-
ticle radius. Here it is helpful to discuss the nature of the
electron-hole pair excitation and the repulsive state. As
mentioned earlier, the coordination number of an atom
on a Oat surface is particularly low, causing a small bind-
ing energy. In addition, the conduction electrons in the
vicinity of a defect are not completely delocalized as in
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FIG. 18. Schematic diagram of the desorption process.
Left-hand part: Photon absorption causes generation of
electron-hole pairs in the surface layer of the particle. The exci-
tation rate is catalytically enhanced by simultaneous excitation
of surface plasmons. Right-hand part: Aside from coupling to
the heat bath, transitions to antibonding states (M+ 3 )* result
in atom desorption.
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the bulk. The wave functions, of ground and excited
states are correlated to resonances within the band gap of
the metal. As a result of the partial'localization, coupling
to the phonon bath is reduced, although still prevalent,
and a metal atom can escape from the surface potential
with a finite probability.

Is there, however, experimental evidence for preferen-
tial desorption from defects? Direct proof can provide
the deliberate change of the number of such sites and the
measurement of the resulting variation of the desorption
rate. If the particle temperature is raised, for example,
the number of surface defects should increase since atoms
can be detached more likely from steps, edges, and kinks,
or even lifted out of the terraces. The number of the
created defects and therefore the desorption rate is ex-
pected to increase as exp[ —(E„/kT)], T being the tem-
perature, and Ez the activation energy for generation of
structural defects. Indeed, Fig. 8 shows that the desorp-
tion rate for Na varies exactly in the manner predicted as
a function of temperature. The activation energy is
Ez =0.14 eV.

This model of the desorption process also suggests it-
self quite naturally as an explanation for the detachment
of metal atoms from thin metallic films. Such films usual-
ly exhibit a certain roughness, i.e., a large number of
structural defects in the sense described above. Indeed,
nonthermal desorption of Au, Ag, and Al atoms has been
observed from thin films in which surface plasmons were
excited with pulsed laser light in an attenuated total
reAection (ATR) geometry. The measured kinetic ener-
gies are 0.9, 0.33, and 0.51 eV for Ag, Au, and Al atoms,
respectively. Whether or not desorption of metal ions
with kinetic energies as high as several eV (Refs. 10 and
51) can also be explained along the lines of the model dis-

cussed above remains to be investigated in future experi-
ments. It is likely, however, that surface plasmons also
play a decisive role in the case of ion desorption since
their kinetic energies decrease for excitation at the
plasmon frequency (see also Fig. 12).

The observation of laser desorption of a variety of met-
al atoms, i.e., Na, K, Au, Ag, and Al from clusters as
well as from thin metal films indicates the general nature
of the desorption process. As described in the present pa-
per, metal clusters have the advantage that they can serve
as model systems for the investigation of the mechanism
of metal-atom desorption in general. Their size can be
varied in a well-defined manner which changes the num-
ber of sites from which desorption occurs, and changes
the electric-field enhancement in the surface region. Un-
der such conditions, the process is understood more easi-
ly than by experiments on rough films that are difficult to
characterize. In future experiments, it will be interesting
to study how the desorption rate changes if the metal
particles increase in size and grow together, finally form-
ing a continuous film. Another interesting question is
whether desorption can also be detected for excitation
with frequencies far outside the surface plasmon reso-
nance. Since there would be no meaningful field enhance-
ment, high-power pulsed laser light is required. Such ex-
periments are currently under preparation in our labora-
tory. In further work the repulsive single-electron state
from which desorption takes place will also have to be
characterized in more detail.
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