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 substrate@mica vs lithium fluoride clear non-Maxwellian time-of-flight distributions

are observed with a cd# 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 proces$99® American Institute of
Physics[S0021-96007)01119-7

I. INTRODUCTION faces in high vacuum (10 mbar)./~1° They found the de-
) o ) sorption yield to depend linearly on the intensity of the des-
Optical excitation of sodiuniNa) globules(clusters ad-  orhing laser at least up to irradiances off M/cr?. The
sorbed on inert dielectric surfaces results in a collective elecg,ie|d also was strongly influenced by the wavelength of the

tronic vibration (surface plasmon excitatign which re-  |aqer thus suggesting that the absorption of the laser light is
sembles in terms of wavelength and cluster size dependen%e to excitation of surface plasmons in the clusters

many fﬁa“.’res of thgian_t_ resonanc_eknown from heutron More systematic studies of the absorption of laser light
physics. Since the transition from single to collective elec- in Na clusters adsorbed in ultrahigh vacuutHV:
tron excitation occurs at fairly small cluster sizes of less tharhfo,lo mbaj on lithium fluoride surfaces100) have beén
10 A (as deduced from experiments on gas phase clusters, ¢ arformed by Trger and co-worker&: This group prepared
Ref. 2, the surface plasmon frequency of the clustersp )

eaches e bl vale a o less an 100 Acen- 1 SUTEEE % g 1 o o susenert eeeing
titative comparison with predictions from a jellium model

gave good agreement, showing that the spectra were dom" the surface via extinction, inelastic scattering of Na atoms

nated by the dipole plasmon resonance. Gas phase expeﬁr-]d thermal desorption measurements. They found that laser
ments showed the evolution of shell structures with increas‘:"blation changes the cluster size distribution in a systematic
ing size* and predictable way since the absorption cross section is a

The excitation of surface plasmons in the clusters lead&Inction of cluster size. _
to a variety of linear and nonlinear local field enhancement ~ From a theoretical point of view Monreal and Apell
effects such as strongly enhanced second harmoni¢ere the first to note the obvious importance of electromag-
generatiof or four-wave mixing® It also facilitates nonther- netic field enhancement on the surface of the clusters for the
mal laser-induced desorption of Na atoms and Na polymerglesorption process. Their calculations assumed spherical
In the limit of very large clusteréa few hundred Agstroms  particles on the substrate surface and were performed on the
in diametey a roughened metallic surface is formed. Hencebasis of classical Mie theory. Measurements of desorption
the mechanisms of laser-induced ablation from rough metalof neutrals***and ions® from adsorbed metallic films using
lic surfaces may be understood on a very fundamental basBxcitation via evanescent waves demonstrated the efficiency
using these model systems. of plasmon-enhanced desorption processes. The field en-

Given these motivations it is not surprising that a wealthhancement idea was subsequently included into a qualitative
of experimental studies have been performed in the pasmodel of the overall desorption proc&ssvhich, however,
Bonch—Bruevich and co-workers have investigated laserdid not allow quantitative predictions on any of the experi-
induced desorption of Na atoms from Na clusters and Namental observations. A quantitative approach to an under-
films adsorbed on multicrystalline sapphire and quartz surstanding of the surface—plasmon—ion interaction in terms of
an inverse bremsstrahlung-type plasmon excitation by the
dpermanent address: Department of Physics and Astronomy, Clemson urion and subsequent collision with the surface has been given

versity, Clemson, SC 29634. recently?’
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Both the groups of Bonch—Bruevich and the group ofof the peak to lower energies. A similar phenomenon has
Trager also measured time-of-fligiiTOF) distributions of  been reported for electron-induced time-delayed desorption
the desorbing atoms. They were not able to fit the measurefdom lithium fluoride?®?” and ion-induced desorption of neu-
distributions by realistic theoretical curves but from thetral Na atoms from room temperature N&ITIO) surfaces®
maxima of the distributions they determined most probablevhere the loss was due to a diffusion efcenters through
kinetic energies that varied between 4580 meV [at A the substrate. Such a kind of loss mechanism is highly un-
=530 nm(Ref. 9 and for a metallic film, 600+50 meV[at likely in a metal.

A =353 nm(Ref. 8, also for a metallic filnj 200 meV[at Taken together, our experimental observations suggest a
A=351 nm(Ref. 11 and for clusterk 400+=50 meV [at \ fairly complex desorption mechanism that shows character-
=490 nm (Ref. 11 for cluster§, and 160 meV[at A istics of direct as well as substrate-mediated desorption. It is
=532 nm (Ref. 18 for clusterg for otherwise similar de- apparent from recent measureméhtSthat the existence of
sorption conditions. As seen from this compilation, there is ahe supporting substrate, in addition to providing an easy
considerable spread of values. control of the clustetemperature changes the elementary

In the work of Bonch—Bruevich and co-workér&  excitation and de-excitation mechanisms compared to that of
pulsed lasefsecond harmonic of Nd:YAGwas used to de- gas phase clusters, resulting, e.g., in a stronger damping of
sorb the atoms. The TOF distribution of the desorbing atoms¢he surface plasmons. In addition, the shape of the clusters
was measured via one-photon laser-induced fluorescence ire@en for small radii of less than 10 nm is ellipsoidal, having
vessel filled with Na. This approach results in a strong backa ratio of semiaxes of two, a factor which influences directly
ground signal from resonant laser light and from Na vaporthe magnitude of the local field enhancement in the clusters.
filling the vessel. In addition, upon laser desorption there wasn the present paper we demonstrate that the substrate sur-
also a high probability for detecting Na that had been reface also influences the desorption process. Clearly, the sub-
flected from the walls of the vessel. Since Na atoms wereatrate is affected by the exciting laser light only via coupling
detected along the whole length of the laser beam wittbetween cluster and substrate as long as the absorptivity of
nearly equal probability the distance between desorption anthe surface is so small that heating of the dielectric is a
detection spot is not very well defined. In view of the shortprocess of insignificant probability. Also, since the photon
distances between surface and detection lagdrthe order  energy is below the band gap of the dielectric, substrate hot
of a few mn) this gave rise to serious uncertainties in thecarrier mediated desorptidhcan be excluded.
values of the measured translational energies. Discussing the experimental observations with respect to

Trager and co-workers have applied light pulses fromthe nature of the desorption process, we would list two sig-
Ar* or Kr* lasers with lengths between 2 andi§ and have natures consistent with direct desorpti¢h) A linear depen-
detected the atoms mass spectrometrically. It is well knowrence of desorption yield on incident laser irradiance over a
that the ill-defined spatial point of ionization and the drift range of four orders of magnitude, indicating an absence of
region in the mass spectrometer can lead to large errors isurface heating effect$2) A strong dependence of yield on
the measured TOF-distribution$,especially if the flight laser wavelength, due to the excitation of surface plasmons.
path is only of the order of a few centimeters, as in case of The characteristics indicating substrate mediation are:
the experiments of Tger et all! The maximum of the ob- (1) The TOF distributions are independent of laser irradi-
served distribution appeared at a time-of-flight between 4@nce.(2) They are also independent of laser wavelen(gh.
and 60 us!!* while the cited correction for the drift time As a function of surface temperaturgg the full widths at
inside the ionizer of the mass spectrometer amounted to 2Ralf maximum(FWHM) of the TOF distributions decrease.
us. Given an additional uncertainty due to the length of the(4) The total yield depends exponentially ®g with Arrhen-
excitation pulse of up to us one ends up with values of ius activation energies that are different for different sub-
kinetic energy that could be lower than 100 meV. strates.

An accurate determination of the product translational In addition, there are characteristics that cannot be easily
energy distributions is certainly of key importance for anexplained either by direct desorption nor by mediation via
understanding of the desorption process. Having the abovihe substrate that supports the clusters. Those incl(dde:
discussed uncertainties in mind we therefore have recentlyhe kinetic energy distributions of the desorbed particles are
applied a two-photon laser-induced fluoresce€®LIF) clearly non-Maxwellian, the characteristic velocities being
techniqué®?! to this problen??=2* This method involves a significantly slowerand the energy width beinigrger than
pulsed laser desorption and cw laser detection within a spawhat is predicted by a Maxwell-Boltzmar(ivB) function
tially well defined detection spot as well as additional spec-at the substrate temperatuf@) The dependence on scatter-
tral information about the desorbing atoms and thus allowsng angleé; is also non-Maxwellian, being fitted very well to
us to determine TOF distributions with well defined initial a cog 6; dependence, while the peak energy of the desorbing
parameters and superior signal to noise ratio. First results fatoms is independent af; . (3) There is a very long tail in
desorption from Na clusters on mica have beenthe energy distribution at slow velocities as opposed to a
published?*?® showing that the kinetic energies of the des-short range tail predicted by a MB function.
orbing atoms are surprisingly small and also that they cannot  The results of recent femtosecond time-resolved pump—
be fitted by a Maxwellian distribution at the surface temperaprobe measuremenrifallow us to estimate characteristic val-
ture. Instead they showed an additional broadening and shiftes for the decay of optical excitations in large Na cluéfers
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determined from recent experiments; see the text.

hv,

(see Fig. L The lifetime of the plasmon excitationgp, is
found to vary between a few femtosecor{#® and ten fs,
depent_jing on clus_ter_ size and substrate stiffiédsnear TPLIF RETPI

extinction spectra indicate a value efx<10 fs. However,

much of the observed linewidth is given by inhomogeneousIG. 2. Term schemes for the two-photon laser-induced fluorescence

broadening due to the cluster size distribution and due t&'PLIF. (@] and resonance-enhanced two-photon ionizalRETPI, (b)]
detection methods for Na atoms. The lasers andhwv, usually are coun-

ghe.mlcal mtgrface Qamplng. The obseryed values of p|asm01@rpropagating, thus allowing doppler-free detection of the desorbing atoms.
lifetime are in qualitative agreement with measurements on

Ag islands® The subsequent inelastic electron—electron
scattering is expected to result in a time constant of at leastnd excimer laser ionization of the prodycend provides
Toc=10 fs if one applies Fermi-liquid theotyand uses the the same values of most probable kinetic energies, although
bulk plasmon frequency of Na. It is noted that this timewith a signal to noise ratio which is less satisfactory.
constant might approach the picosecond regime due to hot We are able to interpret the features of this complex
electron cascadéd° The generation of photoelectrons and desorption process in terms of a scattering theory model. In
ions then is highly probabt which might influence the de- this context we present a detailed comparison of measured
sorption characteristics, e.g., via image charge attraction. and calculated TOF distributions and discuss the physical
The hot electron gas cools via collisions with the lattice,meaning of a possible single fitting parameter. It is believed
giving rise to an electron-phonon coupling constant of thethat this photoinduced, substrate mediated desorption process
order of two picosecond®.Since the clusters are bound to a is prototypical for laser induced desorption processes from
substrate there exists an additional decay time channel vieough metallic surfaces using visible laser light.
phonon coupling of the Na atoms to the dielectric. From
measured phonon energies of Na adsorbate modes on ag-EXPERIMENTAL METHODS
sorbed Na clusters<2 meV)*’ we expect the corresponding
time constant to be of the order of several picoseconds.
Quantitative values of the overall desorption time con- A sensitive detection method for Na atoms is to excite
stant have been determined recently by use of near field TOfhem with two photons first from theS3,, to the 35, state
spectroscopy® The evanescent wave above a glass prismand then from the By, to the 55,, state within the overlap-
surface has been used to excite the clusters via a pulsed lasping focal points of two counterpropagating lasers. We de-
and the desorbing atoms were detected also in the evanescéatt the resulting B—3S UV photons with a photomulti-
wave via cw two-photon laser-induced fluorescence as deplier behind an interference filtefFig. 2). This detection
scribed in the present paper. Hence one measures TOF spenethod provides high sensitivity since it involves the Na
tra at virtually “zero” flight-time, allowing one to determine 3S,,,—3P5, transition with transition rate A=59.1
an intrinsic decay time of several tens of nanoseconds for the&x 10° s7*° (oscillator strength near unityln addition high
total desorption process. spatial resolution is obtained since the atoms are detected
In the present work, the process of laser-induced desorfsolely inside the Gaussian spatial beam waists of the lasers
tion of Na atoms from Na clusters is studied in great detailwhich are 0.5 mm diameter.
In addition to total desorption yields and kinetic energy mea- The rate for the B3, to 5S;, transition is 4.58
surements as a function of laser wavelength, irradiancex 10° s7%,*° and thus even a two-photon excitation step pro-
angle of desorption, and substrate temperature, we have als@es a very sensitive means of measuring densities of Na
performed time-of-flight measurements up to very long flightatoms as small as 1bcm™3. If the laser beams are counter-
times and as a function of surface temperature. Although thpropagating the method has been shown to be especially use-
primary detection method was TPLIF, we have also utilizedful for the Doppler-free detection of Na in the gas phase in
two alternative detection methods for determination of theexperiments of Grynberg, Bloembergen, and co-wofRéfs
kinetic energy distribution of the desorbing particles. Thethat have been performed more than 20 years ago. The ap-
first alternative being cw resonance enhanced two photoplication of this method to surface-based experinféntst
ionization. The second alternative is a fully pulsedonly allows one to perform high resolution, Doppler-free
excitation—detection methodpulsed dye laser desorption spectroscopy with high sensitivityless than 10° of a

35,

A. Two-photon laser-induced fluorescence, TPLIF
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3
Ar™ laser iv,) in a counterpropagating configuratiGmot shown are used
<> Ouartz Lens to ionize the desorbing atoms. Alternatively an ArF excimer laser (

=193 nm) directly ionizes the atoms and TOF distributions are obtained for
| | different masses by varying the time delay between desorption and ioniza-
tion pulses.

Photomultiplier

. _ _ _ Maxwellian TOF distribution is then given by
FIG. 3. Blow-up of the excitation/detection region for TPLIF. The thickness

of the substratel., in case of mica is of the order of 4Q@m, the average n(t)= constxt 4 exp(— mAxZ/thkBT), (1)
thickness of the cluster filnd, is between 60 and 240 nm and the distance ) . o
Ax between surface and foci of the detection lasers is varied. The pulsewhich, for a transformation ofi(v) into a TOF distribution
desorption lasehvp (A=500 nm) has an angle=30 ° with respectto the  n(t), takes into account the Jacobian and the fact that the
surface plane and is mainly transmitted through the transparent substratmeasurement depends on the velocity of the particles since
The Na atoms desorb with a @8 distribution centered around the surface . .
normal ©=0°). we are measuring a density rather than a flux.
In order to obtain optimum detection sensitivity for the
TOF measurements we use the lasers at frequencies of

. . _ . 16973.35cm!  (3S,,-3P3,) and 16 227.31 cAt

mon_qlaye} in the neighborhood of reflecting surfaces, bL.'t. n 3P3—5S,;,,), which correspond to resonant transitions be-

addition the atoms can be detected at nearly all posmon%w .

- . . tveen the electronic states of Na.

inside the vacuum chamber without the usual large spatial

restrictions that come with a mass spectrometer or an io% lonization techniques

detector. Note that since the UV photon is emitted at 330 nn1~ q

no special optics, photomultipliers, or windows are needed Two detection methods have been applied, based on cw

for its detection. Finally, since the two-photon spectroscopyand pulsed laser ionization of the desorbing particles. The

of Na is very well known both for the resonant as well as thefirst method, called RETRFresonance enhanced two photon

nonresonant case, at low and at high laser intensities, a speonization is similar to TPLIF in that we use cw lasers to

troscopic detection method offers additional analytical toolsdetect the atomig=ig. 2(b)]. However, instead of exciting the

to the desorbing atoms such as the evaluation of perpendicatoms from 35, to 5S;,, we ionize them within the extrac-

lar velocity distributions from the measured spectral linetion region of a time-of-flight mass spectrometer with an UV

shapes of the desorbed atoffé? Ar* laser (\=351 nm; P, =300 mW; focus diameter 0.5
We aim to use TPLIF mainly to measure the TOF dis-mm) which is counterpropagating to theS33P dye laser

tributions of Na atoms desorbed from the cluster surface pdiFig. 4a)]. Since we are exciting into the ionization con-

unit time with an optical geometry as depicted in Fig. 3. Atinuum the spectral restrictions for detectability of atoms as

pulsed dye lasethvy, 7=20 n9 serves to desorb the atoms given for the TPLIF method are not relevant here. Thus the

from the clusters and provides the zero point for the TOFmethod is similar to resonant one-photon fluorescence detec-

measurements. The desorbed atoms are detected via TPLIon but provides much better signal to noise ratio and the

Note that the resolution of this method depends on the focakdvantage of having a well defined crossing point of the laser

diameter of the detection lasers, which is 0.5 mm. For doci.

mean velocity of the desorbing atoms of about 500 m/s, this The parameters of the TOF mass spectrometer, which

results in a resolution of better thanuk. This value is valid were optimized by use of ion ray-tracing calculations, are

even for distancedx between surface and detection lasersgiven in Fig. 4. The flight time of the atomic ions inside the

of a few mm, small enough to allow a precise determinatiormass spectrometer is 3.29.1 us. Since the detection em-

of the shape of the TOF curve; see, e.g., Figs. 6 and 8. Sinqdoys cw lasers we do not obtain mass selection. Mass selec-

we saturate the 8-3P transition but not the B—5S tran-  tion becomes possible if one uses direct ionization of the

sition with the cw detection lasers the TPLIF detector acts aslesorption products with a pulsed, slightly focused ArF ex-

a density detector and the signal intensitt) is proportional  cimer laser(193 nm. Upon ionization with the laser light

to the change of particle density with timm(t). A measured (P, =50 mJ/cnd) within the ionization region of the mass

J. Chem. Phys., Vol. 106, No. 19, 15 May 1997
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spectrometer we obtain the mass of the ionized particles sinthe average size of the clusters on the surface can be esti-
ply from their time-of-flight through the mass spectrometer.mated roughly from the defect density of the dielectric sub-
Since the desorption laser is also pulsed, the excimer lasstrate (determining the number density of the clusjeaad
pulse has to be delayed by an amount of the order of @90 the flux of Na atoms reaching the surface. In order to do so
to count for the flight time of the neutrals between surfaceone has to realize that the clusters possess a size distribution
and ionization region. On the other hand, by changing then the surface, which is determined by the Vollmer—Weber
delay between desorption and detection lasers, TOF distribigrowth mode’® and that they are flat spheroids with the ratio
tions of the desorbing particles can be obtained. of semiaxes depending on their size; e.g., for Na clusters
The use of the excimer laser allows us to obtain the totabound to mica the axial ratio is 2:1 for small clusters, but
fraction of desorbing products which consist of dimers.increases to 5:1 for average radiug=40 nm?? The size
However, laser-induced fragmentation processes serioushistribution of the large semiaxes, parallel to the surface, is
disturb the measured values. State selected data would besually’* parametered in terms of two Gaussian functions:
come available by use of a dye laser, tuned to Xhe A
electronic transition of the dimers, and ionization of the ex- (r—ro)?
cited dimers with a counterpropagating cw UV “Ar Zﬂzt
laser**® This method also would avoid laser-induced frag-
mentation processes. The disadvantage is that the expectadiere the normalization consta@tis selected such that
signal intensity is small due t¢) the small transition dipole o .
moments of the molgcqles .compared to the gtomsmhﬂhe f f_(r,ro)dr+ f fo(r,rodr=1, 3)
rovibrational state distribution of the desorbing molecules. 0 ro

, @

fo(r,rg)=C ex;{—

and the two widthsB_ and B, , are related by

. . . B-=V2B,, (4)

The growth mechanism of Na clusters or films on dielec-
tric surfaces depends strongly on preparation., defect thereby yielding an asymmetric distribution which, in the
density and temperature of the dielectric. Preliminary he-present case, is characterized by a FWHM of 50% of the
lium atom diffraction(HAS) measurements at surface tem- mean cluster radiusy. The subscripts 4" and “ =", re-
peratures of 150 K have shown that Na indeed seems to stidpectively, denote cluster semiaxas, satisfying the in-
first on the defect sites of vacuum cleaved mitayhere it  equalitiesr >r, andr<r,. The dependence of the ratio of
starts forming clusters. At lower surface temperat&sK) semiaxes on the cluster size is much less well known and
there are strong hints for statistical layer-by-layer growth,depends on the temperature of the substrate and the initial
probably due to the reduced mobility of the atoms on thedefects of the surface, and therefore, causes the main uncer-
surface. Both the HAS and additional low energy electrontainty to this kind of characterization.
diffraction (LEED) measurements have shown that the long  The defect density in case of mica varies between 5
term structural quality of the mica surface depends onx10® cm 2 (Ref. 52 and 13 cm ? (Ref. 53 and has to be
whether it has been cleaved in air or in vacuum. However, omletermined for each sample surface individually via, e.g.,
a short time scale of the order of a few hours we could noHAS measurements. The absolute flux of impinging Na at-
detect significant differences with respect to surface qualityoms can be determined by use of a Rhenium hot-wire detec-
and thus we used in most cases air-cleaved mica samplesr (“Langmuir—Taylor-detector’, which relies on the gen-
The typical thickness of the mica is 4@0n. The deposition eration of positive Na ions since the ionization energy of Na
of Na atoms is performed in the second, ultrahigh vacuunis smaller than the work function of Rhenium. This detector
stage of a two-chamber apparatus, which has been describbds a sensitivity close to unify.
previously*®47 An alternative way of determining the average cluster

At low surface temperature€l50 K and below the  size on the surface, which proves especially attractive in the
sticking coefficient is of the order of unity. At room tempera- course of room temperature measurements, where the stick-
ture it can be as low as 16, but depends strongly on the ing coefficient is not unity, is the measurement of extinction
prehistory of the substrate. Most notable is the observatiospectra and the comparison of the resulting spectra with cal-
obtained via LEED measurements that it is not possible ta@ulated values using Mie theoty?**°Choosing the appro-
recover the initial surface quality by simply heating the mica.priate polarization of the incoming lighs or p polarized,
HAS measurements on lithium fluoride surfaces suggest the mean sizend the ratio of semiaxes can be determined.
similar behavior’” In case of mica a possible explanation is Of course, the functional form of the distribution of sizes has
the appearance of calcination processes in the course of the be assumed again. This method has some drawbacks in
heating cycles. Recent more extended LEED studies, howthat the supporting dielectric substratesually taken into
ever, demonstrate the possibility of using a KrF excimer la-account via an effective dielectric constaahd the mutual
ser to microscopically clean the surface and improve the epelectrodynamic interactions of the clusters shift the Mie-
itaxial growth of thin films while avoiding calcinatiof?:* resonances in a complicated way. However, since the distri-

Taking all the above listed facts together we concludebution has a half width of 50%, the possible error made is
that at surface temperatures of the order of 150 K or lowersmall. We note in passing that optical second harmonic gen-

C. Preparation of supporting surfaces and clusters
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eration also recently has been shown to provide a useful tool
for in situ determination of cluster size distributions.

For lithium fluoride as the substrate the surface is pre-
pared by cleaving and subsequent baking for several hours at
temperatures higher than 600 K. The defect density is similar
to that of mica and is of the order of610° cm~2.%° Again,
actual values of the average cluster radii are determined by
measuring extinction spectra.

0
0
Irradiance [W/em?]

5 10 15 560 580 600 620

Wavelength [nm]

100 T T T T T 7
[ d)

D. Heating of substrate and adsorbate by laser
irradiation

Relative Desorption Yield

lithium fluoride

Absorption of pulsed or cw visible laser light on a di- B, =69 meV

electric can lead to significant heating of the substtatae
amount of which is strongly dependent on laser and surface
conditions. We have treated this problem previously by solv-
ing the two-dimensional heat equation for laser irradiation of
mica surfaces via extensive two-dimensional numerical
simulations using a method of finite differencés® After
inclusion of radiation and finite size effects the numerical
results showed quantitative agreement with measurements

using a new laser-based technique for the determination dfC-: 5- Total desorption yield of N.a atoms as.afunction of various param-
surface temperaturé%. eters.(a) Depgnde_nce on desqrptlon andlewith respect to the surface
. . normal, following irradiation with a pulsed laser. Surface temperalye
Here, we use the same theoretical method to obtain val=300 k, laser fluenceP, =10 m/crd, desorption laser wavelengthp
ues of surface temperature for mica and lithium fluoride sub=450 nm, mean cluster radiug= 120 nm. The solid line corresponds to a

strates after irradiation with pulsed and cw visible lasers ofos © dependence(b) Dependence on irradiance by a cw las@g

different irradiances. The thermal response of the substrateg>?0 X: ©=0°, A\p=582nm,ro=40 nm. The solid line denotes a linear

10 |

1/T [1000/K]

is determined by the thermal conductivi@/ and the diffu- increase.(c) Dependence on wavelength of the cw lasBg=300 K, ©
sivity x. We have for micaK,i.z=3.1 W/mK and xica
=1.6X10 ® m¥s® and for lithium fluoride: K
=150 W/mK atTs=77 K and k jz=6.61x 10 * m?/s.5%%°
Obviously the thermal conductivity of LiF is significantly

=0°, P_=2.25 W/cnt, cw laser. The solid line is the spectral dependence
of the absorption cross section, calculated for a mean cluster radius of 30
nm; see the text(d) Dependence on surface temperature following irradia-
tion with a pulsed laser®=0°, Ay=500nm, P =0.5 mJ/c, r,

=120 nm. The circles are measured points for mica as a substrate, the
triangles for lithium fluoride. The solid lines represent an exponential de-

larger compared to mica and the thermal diffusion lengthpendence on substrate temperature with activation energiesE of
L= «kt., is correspondingly larger. Hence, for given sub- =69 meV for lithium fluoride andE,=153 meV for mica.

strate radiug5 mm) the timet; until the laser-induced heat

reaches the border of the substrate is only 40 ms in case of
LiF, but amounts to 16 s in case of mica. For pulsed laseHowever, for 200 s cw laser irradiation with 15 W/€ithe

experiments or long term cw experiments this titpeleter-

temperature rise amounts 20T =140 K. Note that we have

mines the maximum laser-induced temperature the substratesed in all cases an absorptivity of unity, which certainly

can reach since it is mounted such that the inner (padius

results in an overestimation of the heating effect. More real-

5 mm) is free whereas the outer part is clamped to a cooledstic values, calculated from the photospectrometrically de-
manipulator, which acts as an efficient heat sink. Hence théermined absorption coefficients=2 cm™! (LiF at 1064
inner part of the substrate can loose its heat only via radiaam) and =16 cmi * (mica at 1064 nr) areA=0.5 for 400

tion, which is inefficient at low temperatures, or via conduc-

pm thick mica andA=0.17 for 1 mm thick LiF. Since the

tion to the outer part with the above calculated time constantmaximum temperature rise scales with the absorbed laser
We have to take into account essentially three differenpower, reduced values &k result in smaller temperature
experimental configurations: Irradiation with a cw laser andrises. From these estimates we conclude that the overall sub-

irradiances up to 15 Wi/cfn irradiation with a pulsed dye
laser (20 ns pulse length fluences up to 30 mJ/éhand a
repetition rate of 20 Hz; and irradiation with a pulsedAr
laser(5 us pulse length irradiances up to 200 W/chand a
repetition rate of 1800 HZ: In the latter case only LiF has

strate heating effect under most irradiation conditions used in
the present work is small except for cw irradiation. The latter
condition, however, is of concern only for Figitp (desorp-
tion yield as a function of irradiangeand Fig. %c) (desorp-
tion yield as a function of laser wavelengtand does not

been used as a substrate and we calculate for the corresporadfect any of the conclusions of the present paper.

ing value oft. a rise of surface temperature of less than 1 K.

We also might calculate the maximum temperature rise

The same insignificant temperature rise is calculated for theer bond,AT, that results from absorption of a photon of
cases of irradiation with pulsed dye and cw lasers if LiF isenergy E,,=2.41 eV (corresponding to excitation with
used as a substrate. For mica we find for irradiation with a=514 nnj. The number of atoms in a cluster of radiRs
pulsed dye laser an increase in temperature of less than 5 K50 nm is given byN=(R/r¢)®=13x10°. Here, we have
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assumed a spherical cluster with radius determined by a postcules can be observed and the distribution is skewed, i.e.,
tive jellium background, i.e., a Wigner—Seitz radiusrgf  shows an energy loss. The relevance of such a model has
=2.12 A. The resulting temperature riseA =E,,/[(3N  been demonstrated previously by trajectory calculatiori.
—6)kg]=7x10 * eV. This value is insignificant compared As a result of the optical excitation—de-excitation pro-
to the binding energy per atom, which is of the order of 0.8cess neutral atoms are created in the vicinity of the surface
ev. with very little translational energy and possibly weakly
bound in high-lying bound states. Under these circumstances
(high surface temperature with respect to the Debye tempera-
ture, large particle mass and equality of masses between sur-

In the Introduction we have briefly discussed the opticalface and scattered atomthe major mode of exchange of
excitation process in large, surface bound Na clusters, whicRnergy with the surface will be through multiquantum ex-
results in the generation of a nonequilibrium distribution ofchange of surface phonons.
hot electrons. We note that for low power irradiation with a ~ Thus the characteristics of the desorbing Na atoms will
CO,-laser (50 kW/crf) of gold islands on dielectrics, ex- be defined by the final event in this complex chain of pro-
periment, and theory have indicated a high probability forcesses, and this is the scattering of the neutral Na by the
the generation of hot electrons under steady-statsurface vibrational field. This can be regarded as a process in
condition§%? as opposed to ultrafast heating of the bulk Which the Na is initially in a very low translational energy
metal. The reason for this longlastirigf the order of the State and then gains kinetic energy from the surface through
laser pulse length highly nonequilibrium electron gas was €xchange of many quanta of phonons. As we discuss in more
assumed to béi) a strong suppression of electron-phonondetail below in connection with the Debye—Waller factor,
energy exchange inside the small metal islands as opposed #f#is multiphonon scattering process can be adequately treated
a bulk metal (i) an efficient phonon heating of the substrateas classical scattering due to the large mass of Na atoms and
due to the good thermal contact of the islands to the subthe relatively low Debye temperature of the rough Na sub-
strate, andiii ) a high level of absorbed power in the clustersstrate. However, the most convenient way of developing a
due to a strong local field enhancement. All these point§lassical scattering theory which correctly includes the recoil
certainly apply also to the Na clusters and we are presentl9f the substrate atoms is to begin with a completely quantum
measuring directly electron-phonon relaxation time constantglechanical model and then take the correspondence princi-
in order to check this hypothesis. pal limit to the classical regime, so this is the approach that

However, following the end of the laser pulse the non-We will take.
equilibrium electron temperature cools via interaction with ~ The interaction between the atomic projectile and the
lattice vibrations of the Na clusters, and finally only a smallsurface can be described by a Hamiltonian of the form
fraction11 of_ 10° Na at_orr_1_s are desorped per _incident H=HP+HS+V, (5)
photon:* Since the rate limiting step of this desorption pro-
cess is given by the excitation of surface plasmons a lineavhereHP is the Hamiltonian of the free particlé{® is the
dependence of desorption yield on laser power has been obtamiltonian of the unperturbed crystal, aWds the interac-
served. As indicated by the small desorption probabilitytion coupling the projectile and crystal.
most of the photon energy will be dissipatédean energy We write the interaction potential as the sum of two
per bond 104 eV) into intracluster and cluster-substrate vi- parts
brations and hence desorption can be expected to occur pre- VARV IRy ©6)
dominantly on defect sites at the surface of the clusters '
where the binding energy is loweimilarly to thermal de- where the parv® contains the terms which backscatter the
sorption from rough Na films on dielectrf®s The defect projectile and prevent it from penetrating appreciably into
sites resemble weakly bound metastable states. As a consie bulk.V° is composed of an attractive polarization part
quence, “subthermal” kinetic energy distributions of the de- arising from the van der Waals forces in front of the surface
sorbing atoms result, i.e., most probable velocities that arand close to the surfacé’ becomes strongly repulsive be-
smaller than the velocities of particles desorbing in equilib-cause of the Pauli exchange exclusion forces arising from the
rium with the cluster temperatuféand the desorption time overlap with the surface electronic density of the substrate.
constant has a large value. In the past, “subthermal” kineticThe remaindel/! contains the major terms describing inter-
energy distributions have been observed in photolysis o#ctions with the lattice vibrations. If the interaction potential
chemisorbed molecul®sand in thermal desorption of rare is expanded in a Taylor series in the lattice vibrations, then
gas atoms from metals or in laser-induced rapid thermal de-
sorpt.ion of NQ molecules.fror.n LiR00).%° Invoking micro- V=V(r{u;. Dl :0+2 Ui o Vi V{u Dle o
scopic reversibility, the kinetics of the desorption process Lo ix b
can be explained by the analogous adsorption process of at- ) @)
oms impinging on the surface. For shallow potential wells of '
the order of a few hundred meV only the low energy part ofwhere V; . is the gradient operator with respect to the
the distribution of impinging particles will stick. Conse- (j,«) displacemenu; . We use a notation for the set of
quently in desorption only the trappdtbw energy mol- indices (,«), in whichj is a two-dimensional variable that

lll. THEORY
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counts unit cells of the surface andis three-dimensional
and counts elements of the basis set within the unit cell in-
cluding those in all the layers below the surface. Usually
counts the crystal atoms making up the basis set of the unit x e~ WR" Kg27i(RR".1) (12)

cell, but we note that this does not necessarily need to be the

case. The logical choice is to associat2 with the leading Wherem is the particle mass, the scattering vectokisk;
term of Eq.(7) which is now independent of the displace- —ki=(K,k;), andp is the density of surface unit cells. The
ment, and lei/! be the sum of all terms linear in the crystal scattering amplituder; is, in this approximation, the off-
displacement. Terms of higher order in the displacemengénergy-shell transition matrix for scattering by a unit cell of
coming from higher order in the Taylor series of Hg) the elastic potentiaV/®.”® The most important component of
contribute very little to the inelastic exchange and in theEd. (12) is the correlation functio7|(R,R’,t) which is a
classical limit can be neglected. Following the approach offeneralized time dependent pair correlation function in the
Brako and Newrf€ and of Bortolani and LeVi® the prob- ~ crystal displacements. In the semiclassical and classical lim-
ability density of exchanging, between particle and crystal]ts it is appropriate to evaluate this correlation function in the
both an amounE of energy and an amouritk of parallel  quick collision approximation, which assumes that the colli-

% ei[(K)<(R7R’)7Et/ﬁ]| - |22 el K-Rig=W(RK)
[

momentum is given by sion is rapid compared to the periods of the typical phonons
1 which are exchanged. In this cag€é;(R,R’,t) becomes the
P(K,E)= = ((n; K|St S(HE— ES— E) displacement correlation function
R 27 (R,R",t)={(k-u(R,0)k- u(R’,t))). (13
X S(KC—KC+K)Slki,n))), (8)

.\ . The Debye—Waller factors™W(R"K) appearing in Eq(12)
where# K€ is the momentum operator for the crystBf is  are related to the correlation function evaluated at equal
the initial energy of the crystal and the symiol)) signifies  times and positions

an ensemble average over the initial crystal stitgs The . . )
scattering operatoB is taken in a generalized interaction W(R,k)=71(R=R",t=0)=3(|k-u(R,1)[?)). (14

picture according to The Debye—Waller factor governs the temperature depen-

S(R't):e—i(R-IZC—HCt/h)Sé'(RkC—HCt/ﬁ)_ 9 dent attenuation of quantum mechanical features in the scat-
tering intensity such as diffraction peaks or single phonon
The scattering operat®(R,t) can be represented in several peaks. However, it can be shown that the argument of the
forms, but perhaps the most convenient for the later intropebye—Waller function & has a meaning of its own, its
duction of approximations is the time dependent expovalue is a measure of the average number of phonons trans-
nentiaf® ferred in a given collision. Thus values oM2<1 imply
purely quantum mechanical conditions in which sharp elastic
, (10 peaks such as diffraction and single phonon transfers domi-
nate the scattered intensity. Classical scattering is signaled
where7” is the time ordering operator. by the condition 2>1,"* and this is the regime where the

The experimentally measurable quantity in a surfacd?€Pye—Waller factor is very small and there is negligible
scattering experiment is the differential reflection coefficient,Ntensity in the quantum peaks. As a practical consideration,

+tg
S(R,t)=7lim exp[(—i/h)f V(R,t;7)d7

tg—o

which is related to Eq(8) by a density of states classical conditions are very well approximated whef 2
>4-6°In the classical regime exchange of multiple quanta
dR dominates and there is only inelastic scattering.
dQ; dE; =hkikiP(K,E), (11) A reasonable evaluation of the Debye—Waller factor can

be obtained by using a Debye model for the phonon spec-

wherefuk; is the final projectile momentum arfiks; is it rym. Then Eq(14) becomes, in the high temperature limit
component in the direction normal to the surface. The differ-

ential reflection coefficient gives the number of atoms scat- 3h2Kk3T

tered from the surface within a small solid angl@; and 2W(k) = m' (19
small increment of final energgyE; centered about the final

energyE; . where®y, is the Debye temperaturkg is Boltzmann’s con-

Using the well-known Van Hove—Glauber trans- stant, andV is the substrate mass which in this case is the
formatior®~"?the & functions in Eq.(8) are represented in same as the mass of the scattered particle.
integral form and after application of the classical trajectory ~ Using expressior(15) it is straightforward to estimate
approximation the differential reflection coefficient can bethe expected range of values of the Debye—Waller exponent.
cast into the form of a time and spatial integral Fourier transAssuming room temperature conditions, taking the Debye
form of an exponentiated correlation function. The res(ft is temperature of Na to be approximately 150 K and using the
) measured value of approximately 20 meV for the most prob-
dR _ pk¢m f*“dtf de drR’ able energy of the desorbed Na, one obtains a valueMf 2
dQdE;  (2m)%h°ki; J = >10 which is sufficiently large that the practical classical
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condition 2V>6 is reasonable satisfied. This justifies thematrix element of the repulsive potentig) exp(—Bz) where

use of the classical limit for treating the differential reflectiony, is an arbitrary constant, taken with respect to its own

coefficient of the desorbed Na. distorted eigenstates is the well known Jackson—Mott matrix
In the classical limit of particle scattering, characterizedelement’ In the hard repulsive wall limit given by—

by high temperatures and large energies, the collision intefthe Jackson—Mott matrix elements become equal to Ef.

action is short in time and localized in space and the surfacgincep;,= p; cosé; it is clear from Eqs(17) and(16) that

can be treated as a two-dimensional continuum barrier. Ifhis gives immediately the observed €@s dependence of

Eq. (12 the classical regime is characterized by the correlathe scattered intensity on the final scattering angle.

tion function 277(R,R’,t) becoming rapidly oscillating in Because of the curvature near the edges of the Na clus-

both time and space. The only important contributions to theers, one could argue that the intrinsic angular distribution

Fourier transforms of Eq12) are fort—0 andR~R’ and  from a corresponding flat surface might be narrower than the

the integrals can be carried out by the method of steepegfpserved cdss; form. If this would be the case, in order to

descents. The result is a differential reflection coefficient ofpbtain agreement between experiment and theory, the theory

the following form®""4 should also be capable of providing a narrower distribution.

dr mzv§| Pl )3/2 Note that this would be a higher order effect singcethe

_ 12
a5~ 4n%Zp,S | (EOkBT

v

clusters are larger than they are tall and thus present the
majority of their surface area parallel to the substrate;(@nd
(E+ Eo)2+2v§P2 our theoretical gxpression fqr the scattering intensity is clas-
Xex;{— IKTE , (16 SIC<.’:1| gnd describes scat'Ferlng from a point on the surfape,
B0 which is probably of the size of the surface unit cell. Thus, in
whereE=E;—E;, the momentunp,=#Kk, of a particle in  order for the co56; dependence of our theory to be valid we
stateq is divided into components parallel and perpendicularonly need to argue that the majority of the surface unit cells
to the surface just as for the wave vectqy according to  are oriented flat with respect to the surface normal. This does
Pq=(Pq.Pq2), P is the parallel momentum exchange,is a  indeed seem to be the case.
characteristic velocity of sound parallel to the surfa8g,. However, a narrower angular distribution can readily be
is the area of a surface unit cell, ahg;|? is the scattering obtained from the theory by using the Jackson—Mott matrix
form factor of a unit cell. Equationil6) is a Gaussian-like element§’ for a soft potential with a finite range parameter
function of energy and parallel momentum exchange, but ig8. On the other hand, since the surface scattering potential
highly skewed on the energy gain side because of the enerdgr Na atoms has never been measured at the present kinetic
dependence of the semiclassical energy dBjftgiven by  energies, estimating the softnegsof the potential would
Eo=(ps—p;)%/2m. The functional form of Eq(16) is iden-  require introduction of poorly known parameters. Also, since
tical for any realistic continuum distribution of vibrational the velocity distribution is mainly determined by the
modes, thus the only dependence on the phonon model {Saussian-like exponential factor in E46), it is hardly at all
through the characteristic velocityg which is a weighted affected by the choice of the matrix element. Hence in order
average of phonon velocities parallel to the surfdcEor  to keep the number of unknown parameters as low as pos-
perfectly ordered surfaces the valuewgf is expected to be sible, we use the hard wall matrix element.
of the order or smaller than the Rayleigh velocity of sound, = We wish to consider the situation of very small initial
while for the roughened surfaces considered here the incanergies, in which case the Gaussian-like function in the dif-
herence in phonon modes will produce considerably smalleferential reflection coefficient is skewed over to an exponen-
values satisfyingnu2<E; which is the condition that the tial in final energy’® In the limit E;<E; we have for the

second term in the exponential of E4.6) is negligible. energy exchange
The quantity measured in these experiments is the time-
of-flight differential reflection coefficient which is obtained =~ E=Ei—Ei—E; (18

from Eq. (16) upon multiplication by the appropriate Jaco- . . L
bianm(Ax)2/t3. As discussed above the detector is a Olensityand for the present case in which the substrate and projectile

- - . mass are identical the energy shift becomes
detector whose efficiency is inversely proportional to the
particle velocity, thus in order to compare with the measured (ps—pi)?
TOF intensities Eq(16) must be further multiplied by. EO:T_)
The form factor in Eq(16) is the squared amplitude for
scattering from the surfat®and the appropriate semiclassi- An average over directions of initial momenta is readily car-
cal expression for these conditions is the transition matrixjeq out leading to an observe@fter detector correction

E;. (19

element differential reflection coefficient of the very simple form
Tt = 2P¢Piz /M 17 dR 1|32 E,
2
for scattering from a smooth hard wall surfdéeEquation 40 dE; “( kBTEf) pf cos 6 ex;{ - kB_T> (20)

(17) can be obtained from the distorted wave matrix ele-
ments of a surface potenti®l® which has a repulsive part In order to model the effects on the system of a small, non-
which back-reflects all incoming particles. For example, thedirectional initial energy we utilize a simple analytically ex-
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pressable approximation to averaging over initial energies 500 T , ,
which is to add a small termE, to the energy shifg,.
R mup s _ o ]
d0,dE, ~ 47 7p,S,e | | (Ep+ AEQKaT 8 a0l 210K |
>
(E+Eg+AEg)?+2v3P? X B -
X - 200 4
ex AKaT(Eg+ AE) @D g 200 310K
When used wittE;—0 Eq.(21) becomes a theory with the 100 |- . 4
single free parameteAE,. In the discussions below we
compare both the single parameter and the parameter free 0 L L
theory of Eq.(20) to the measured data. 0 20 40 60 80

It would certainly be possible to carry out the average
Eq. (16) over a small distribution of initial velocities. How-
ever, this WOUId. reqw.re at least One aﬁdJUStab_le parameter arIl—(fiG. 6. Neutral Na atom desorption intensity vs TOF, detected via TPLIF
at least a two-dimensional numerical integration, whereas thg, na clusters on a mica substrate at 300 K dnd=11.2+ 0.5 mm. De-
approximation of Eq(21) has the distinct advantage that it is sorption laser wavelength 500 nm and irradiance 0.26 n&)/cga-50 nm.
expressed in analytical terms which make it easy to use fofhe thick solid line is a Maxwell-Boltzmann distribution Bt 310 K, the
interpretation of experiments. Furthermore, the approximathin solid line the same distribution at=210 K.
tion used in Eq(21) is on quite sound physical grounds. It is
straightforward to show that averaging over a distribution of
small initial momenta will have two major effects in com- used wavelength dependent values for the index of refraction
parison to taking the limit ag;—0: (i), it will give a small  of the sodium clusters from the bulk dielectric function of
energy shift in the energy exchange appearing in the sodium®® Since the clusters are supported on a mica sub-
Gaussian-like exponent of E¢L6), and (i) it will slightly strate with index of refraction of,.;~1.56, an effective
increaseAE,. A small energy shift inE has a negligible index of refractionn,=1.3 has to be introduced so as to
effect on the results, but a small change in the value oficcount for the embedding medidtn®® The slope of the
AE, appearing in the prefactor of EGL6) and in the width  resulting curve depends sensitively on the mean cluster ra-
(denominator of the Gaussian-like exponent results in a sub-dius. For a radius of 30 nm, a value which is supported by
stantial reduction in intensity of the low energy tail of the independent extinction measurements, the agreement be-
distribution. Thus the important effects of averaging over artween wavelength dependent desorption yield and absorption
initial distribution of velocities are quite well approximated cross section is satisfactory.
by adding a small correction 6, as we do with the param- With decreasing surface temperature the desorption yield
eterAE, in Eq. (22). is strongly decreasinffFig. 5(d)]. Note that for determining
the surface temperature dependence of desorption yield a
crucial factor is theabsolutevalue of surface temperature.
Due to the small thermal conductivities of both mica and

In Fig. 5 measured total desorption yields of Na atomdithium fluoride we determined values of surface temperature
from large Na clusters of mean radiug as given in the in a calibration experiment by glueing a Pt100 thermoresis-
figure caption are plotted as a function of desorption angletance onto the surface. As seen from the straight line fits to

Time-of-Flight [us]

IV. RESULTS

0, with respect to the surface nornia), laser irradiancéb),
laser wavelengtlic), and substrate temperatui@d. Figures

the data in Fig. &), both in case of mica and lithium fluo-
ride the total desorption yield follows an exponential tem-

5(a) to 5(c) refer to Na clusters bound to mica surfaces,perature dependence

whereas in Fig. &) we also plot the results for clusters

bound to a lithium fluoride substrate. The data have been

taken partially usingw dye desorption lasef&igs. 5b) and
5(c)] and partially using pulsed desorption lasgfggs. 5a)
and d)].

We observe a c89 angular dependence and a linear

Ea
Yiot“€Xp — KeTs)’

with activation energie€, of 153+3 meV for mica and
69+ 5 meV for lithium fluoride.
As a possible explanation for this finding we note that

(22

increase of desorption yield with increasing laser irradiancethe surface Debye temperature for mica is 328 K as deter-
With increasing wavelength the desorption yield is decreasmined by helium atom scatteringlAS),2® whereas that for
ing [Fig. 5c)]. If we assume that the rate limiting step of lithium fluoride is considerably larger, namely 513 K, also
desorption is the absorption of laser light via excitation ofdetermined via HAS? Apparently the clusters are less
surface plasmons in the Na cluster film, then the wavelengtistrongly coupled to the more stiff substraliehium fluoride)
dependence should reflect directly the spectral dependence tbfan to the more soft substrafaica), resulting in less loss
the absorption cross section of the clusters. This dependencé excitation energy and more efficient desorption.

can be calculated straightforwardly for isolated spherical

clusters in the framework of Mie theoly,’ where we have

J. Chem. Phys., Vol. 106,

Figure 6 shows a measured TOF distribution using
pulsed laser excitatiofrepetition rate of the laser 20 Hx,
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FIG. 7. Maxima of TOF distributions as a function of distante for a
mica substrateTs=300 K, P, =0.5 mJ/crd, \=500 nm, average cluster 00 bl | ST TWF
radius 40 nm. The solid line, which traverses the zero point, gives confi- )
dence to the measured valuesfof.
c)
=500 nm, P, =0.26 mJ/cri, 7=20 n9 and detecting atoms 3,
via TPLIF atAx=11.2+0.5 mm that desorb along the sur- 2
face normal ®=0"°). The integration time for this spec- §
trum was 500 s, giving an effective irradiation time of &8. =
The mean cluster radius was 50 nm. The thick solid line is a
corresponding Maxwellian TOF distributidEg. (1)] at the

surface temperature of 310 K, which already includes laser- .
heating of the substrate. Obviously, the curve peaks at values 0 20 40 60 80
of time which are too small, meaning that the desorbing at-
oms areslowerthan atoms desorbing in thermal equilibrium
with the surface. However, a Maxwellian distribution at ariG. 8. Ssummary of TOF distributions, measured via TPLIF for lithium
considerably reduced temperature of 210tkin line) which fluoride (a) and mica,(b), (c) for various distancedx (in mm) as denoted

would reproduce the peak position, still dosst fit the ex-  next to the curvesTs=300 K, P, =0.26 mJ/crf, ro=50 nm. The param-
perimental curve in terms of half width. eters of the theoretical curve@oh_d lineg are: (a): 11.2 Imm, AE,

. .. =2meV, 15.0 mmAE;=2 meV; (b): 2.2 mm,AE;=0.5 meV; 10.6 mm,
A precise knowledge of the value &fx is important for  \g _5 5 mev, (c): 5.7 mm,AE,=2 meV; 13.4 mMAE,=2 meV.

an accurate determination of kinetic energies. If one mea-
sures TOF distributions such as the one in Fig. 6 as a func-
tion of Ax and determines the most probable time of arrival, = The observed TOF distributions for Na atoms desorbing
tmp, from the distribution, then a plot akx vs t,,, should  from mica surfaces are independent of desorption wave-
result in a straight line, the slope of which directly provideslength, laser irradiance, desorption angle, and surface tem-
the most probable velocity of the desorbing atoms. Figure Pperature as is demonstrated in Fig. 9 by plotting the extracted
shows such data for mica =300 K and the same condi- most probable kinetic energies. The actual experimental con-
tions as in Fig. 6, resulting in a most probable velocity ofditions are described in the figure captions.
420+20 m/s. Since the detection lasers are set at fixed frequencies the
Figure 8 shows some examples of measured TOF distrieffective volume of atoms that can be excited is limited by
butions taken for Na atoms desorbing from Na clusterghe overall linewidth of the laser8 MHz) and their diver-
bound to lithium fluoridgFig. 8@)] and mica surfacelg=ig. gence, i.e., the corresponding velocity distribution that is se-
8(b) and &c)] for different distanced x between surface and lected from the broad velocity distribution of the desorbing
detection lasers. Also plotted as solid lines are the theoreticatoms. It would be desirable to check the validity of the
curves, see below. The laser fluence was 0.26 nfj/the  transformation between TOF and velocity distributions by
wavelength was 500 nm and the average cluster radius Sfetecting the atoms with a detector without velocity selec-
nm. The corresponding MB TOF distributions have maximation, i.e., using a Doppler-broadened detection method. This
that would peak always at too early flight times. can be done most effectively and without loosing spatial

Time-of-Flight [us]
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050 L . . . . . . FIG. 11. Measured evanescent-wave TPLIF intensity for Na atoms desorb-
: ing from Na clusters that are adsorbed on the hypotenuse of a glass prism
0 80 60 % 0 100 200 300 and are excited by a pulsed la600 nm, 20 ns, 1 mJ/cth(Ref. 38. The
Desorption Angle © [°] Surface Temperature [K] dashed line is a reference curve, calculated from(E@), and the solid line

includes a time delay of 50 ns between excitation of surface plasmons and

FIG. 9. Measured values of the most probable kinetic enefgy,, as a desorption of Na atoms.

function of various parameteréa) Dependence on desorption laser wave-
length. Ts=300 K, P =2-8 mJ/cri, r,=50 nm. (b) Dependence on de-

sorption laser fluencels=100-300 K, \p =500 nm, r,=30-80 nm.(c) N . . o
Dependence on desorption anglds=300K, P,=10mJd/cm, A\p by the Ar" laser hitting the extraction plate. The TOF distri-

=450 nm, ro=120nm. (d) Dependence on surface temperatu®.  bution has been corrected for the flight-time of the ions
=6 mJ/cnt, \p =500 nm,ro="50 nm. All values of the kinetic energy have through the mass spectrometer, which has been determined
been normalized to the mean value, which is represented by horizontal I|ne%y use of a pulsed TOF mass spectrometer to be 3.15
+0.1 us (cf. Fig. 13.

The use of a nearly background free laser based detec-
tion method facilitates measurement of TOF distributions at
very small distanceAx from the surface or even directly on
the surface. The fulfillment of the latter conditioAX=0)
allows one to determine in a very direct manner the delay
time between absorption of photons and desorption of Na

toms just by measuring a TOF distribution. However, a nec-
stary condition is a detector with small spatial dimensions,
especially in the direction of the surface normal. Such a de-
tector is given by the evanescent wave, which exists in the
course of total internal reflection of a light wave at a prism
hypotenuse. In a recent experiment we have grown a cluster
600 1 . distribution on such a prism and have desorbed Na atoms as
well as detected them via TPLIF inside the evanescent
wave3® A resulting TOF distribution for such a detector with
spatial dimensions of the order of a few hundred nanometers
is shown in Fig. 11. The dashed line is the theoretical TOF
200 H . distribution that would be expected if there would be no time
delay between excitation of surface plasmons and desorption
of atoms, using Eq.20) of the present paper. The solid line,

resolution by exchanging theP35S laser with a cw UV
Ar* laser A =351 nm), which ionizes the excited atoms in
front of an extracting plate that accelerates them onto al
electron multiplier. A resulting TOF distribution, taken with
this RETPI (resonance enhanced two-photon ionizgtion
method forTg=300 K, Ax=60*+4 mm is shown in Fig. 10.
The large peak at small flight times is due to ions generate

400 H -

Intensity [cpc]

00 1(;0 260 360 which shows excellent agreement with the experimental
data, is the expected TOF distribution assuming 50 ns delay
Time-of-Flight [us] for the desorption process.

It is noted that we have used a glass prism surface with-
FIG. 10. Same as Fig. 6, but for RETPI detection of laser-desorbed N@ut microscopic order, and that we have not attempted to
atifgs fg‘/”%'\"": C'Usterj on T“'CT 5%:_330 Kla”dég\‘j\%ﬁ;@?- PL determine the cluster size distribution on the surface. Thus,
=12 mJjem. For the detection lasers: dye laser: FIAT 1ASET  in contrast to the other measurements that are shown in the
150 W/cnt. The time-of-flight has been corrected for the ion flight time . .
present paper, we prefer to talk about a clusien, which

through the mass spectrometer of 3tIh1 us. The sharp peak at bs is ; ) )
due to ions generated on the surface. might show somewhat different time constants compared to
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1 Na Na,
T | I I
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3 S,
o 001 >
= 2
2
£
0.001 Delay: 120 ps
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FIG. 12. Double-logarithmic plot of the TOF distribution for Na desorption lon Time-of-Flight [us]
from a mica substrate with a TPLIF detector displacemént=12
+1.5 mm showing the very long tail at large time$s=302K, P_ FIG. 13. Detection of desorbing Na atoms via ArF excimer laser

=1.5 mJ/cm, r,=50nm. The solid line is from a calculation withx (50 mJicnd) ionization atAx=60=4 mm. Ts=300 K, P =5 mJ/cnd, \p
=11 mm, AE,=0.5 meV. The long-dashed line is the corresponding =500 nm,r,=100 nm. Measured ion TOF for two different values of delay

Maxwell-Boltzmann distribution. The short dashed line representst a 1/between desorption and ionization laser.
dependence.

+0.1 us, there is no hint for Na However, due to the high

a distribution of clusters of finite sizes. However, the factphoton energy of the excimer lasé§.42 e\) we trace the

that thewidth of the measured distribution agrees perfectlyIatter observation mainly back to a high fragmentation prob-

with thg predictions of the_ present th‘?"ry leads us t_o .theability of the desorbed dimers. This problem might be over-
conclusion that the desorption mechanisms are very similar ome in the future by the use of KrF excimer laser light at
As suggested by inspection of the data in Figs. 6, 8, an 48 nm. Recent experiments indeed have shown that the

10, there is a very long-range tail in the low energy part of o : . . .
N e e probability for desorption of dimers can be high, depending
the distribution which is clearly distinguishable from the on the irradiation conditiont

background noise, the extremely low level of the latter being The intensity of the peaks as a function of time delay is

discernible at very small times. This persistent low energy ) swed in Fig. 14. We al h tracted the ion flight
tail has been measured for times up to G@E)(Fig. 12 and plotted in Fig. 14. We already have subtracted the ion flig

. ) . - . time in the TOF mass spectrometer of 3.45. The data
is well fitted at times above 10@s with a 1f; function P AS

LT . from the fully pulsed experimensolid symbol$ are com-
(short dashed line n Fig. 121;he zero-parameter scattering pared in Fig. 14 with the data obtained by use of the cw UV
theory of Eq.(20) gives a 1ff dependencéafter detector

. P Ar™ laser(grey dot$ and also with the theoretical prediction
correction, shown as a solid line in Fig. )12omewhat (grey dots b

. Eqg. (21) for the given distance between surface and detector
shorter ranged than the experiment but much better than theq @ g

1/t;1 prediction of the Maxwell distribution(long-dashed
line). The long range tail might be due to delayed neutraliza-
tion of negative Na ions trapped in their self-image potential,
with subsequent scattering of the neutrals from the surface.
The use of a TOF mass spectrometer and an ArF exci- 600
mer laser(\ =193 nm, P, =50 mJ/crd) that excites the de-
sorbing particles inside the ionization region of the mass
spectrometer allows one to obtain mass selected TOF spec-
tra. For this purpose the delay between desorption and detec-
tion lasers is varied, and the arrival time of the particles on
the open electron multiplier is measured, which together with
a knowledge of the acceleration voltages enables one to cal-
culate their masses.
Two scans for Ts=300 K, \gesors=500nm, P
=5 mJ/cnt and a cluster size distribution peaked around 100 Time-of-Flight [us]
nm are shown in Fig. 13. Since the excimer laser also gen-
erates ions from background gas and from the walls of th&IG. 14. TOF distribution, deduced from ion TOF curves such as the ones
apparatus a considerable amount of integration has to be pe}hown in Fig. 13 as a function of delay time between desorption and ion-

. ization lasergfilled circles. The ion flight time through the mass spectrom-
formed and the background signal has to be subtracted. Th‘e er has been subtracted. The grey curve is the TOF curve obtained via

has been done a|r?ady 'for the scans ShOWﬂ in Fig. 1REeTPI(Fig. 10 for the same distance. The solid curve is from theory for
Whereas the Na signal is clearly appearingtgi=3.15  Ax=56 mm, AE,=8 meV.

400

Intensity [cpc]

200 |-

0 100 200 300
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FIG. 16. The FWHM of the TOF neutral atom desorption intensity as a
Time-of-Flight [us] function of substrate temperature for Na clustergam mica substrate with
Ax=11 mm and(b) a LiF substrate withAx=5 mm, A\p=500 nm, P,
FIG. 15. Comparison of a measured TOF distribution fbk=6.2  =2.5mJ/cm, ro=50 nm. The calculated curvsolid ling) has not been

+0.5mm with theoretical curves.Ts=300K, Ap=500nm, P, fitted to the measured datéilled circles. Error bars are single standard

=1 mJlend, ro=50 nm. Dash—dotted line: Maxwell-Boltzmann distribu- deviations.
tion at T=300 K; short-dashed line: zero parameter multiphonon theory;

solid line: multiphonon theory witihEq=2 meV. o o . .
kinetic energy distributions that are independent of final

angle 8;, in agreement with the experimental daFag. 9).
(solid ling). All the three curves agree well within error bars, Figure 17 shows thenergydistribution of desorbed Na
giving confidence both to the experimental procedure and thatoms dR/dQ);dE; taken from the TOF distribution with
theoretical modeling. Ax=14+0.8 mm. This was obtained by applying the con-

version Jacobian from time to energy coordinates according

V. COMPARISON WITH THEORY to

In Fig. 15 a measured TOF distribution fdrx=6.2 dR _ dR |dt| drR ¢
+0.5 mm is compared with different theoretical curves. A dQdE; dQdt |dE;| dQdt mAx?’

Maxwellian distribution at the substrate temperature Show'}md the data was corrected for the velocity dependence of the
as a dash-dot curve is clearly too narrow. The Zer0yiactor

paramtetehr tr:etpry sgo%/vn as ?hshort da?hed I_|ne predlc_tts_ the It is immediately apparent that the energy distribution in
correct short ime benhavior, the correct maximum posi IonFig. 17 does not exhibit a maximum, as expected for ex-

inzd a \}ongl_éalhge ta'l‘ hThethscatterlr_]g thte?ré/ tWNE(I)I ample for a thermal distribution, such as the MB distribution
g thm‘?d (so]i thme) msf etsh ? etxperlnt:etntz; aba WEI ON (o the surface temperature of 300 K also shown in Fig. 17.
oth sides of the peak for the first 3(¥, but then becomes This lack of a clear maximum is a manifestation of the very

too small. A!l c_alcu_lat_lons were carried O.Ut foAx long range tail in the TOF distribution which appears here at
=5.7 mm, which is within the measured experimental error

bars.

A more systematic comparison of experiment and theory
is provided in Fig. 8, showing TOF curves for different dis-
tancesAx and mica as well as lithium fluoride as substrates.
In all investigated cases the theoretically predicted curves
match the experimental data very well. Theory and experi-
ment agree also very well both for mi¢&ig. 16a)] and
lithium fluoride [Fig. 16b)] with respect to a change in the
half widths of the TOF distributions as a function of surface
temperature for surface temperatures that are below 300 K.
Note that the calculated half widths are absolute values and
have not been fitted to the measured points. In case of _ i
lithium fluoride and for temperatures above 300 K the ex- 0 10 20 30 40 50 60 70 80 90 100
perimentally predicted increase in half width cannot be re-
produced by the theory. However, the additional increasing
FWHM seen at temperatures above 300 K may be due to AIG. 17. The differential reflection coefficiedtR/d(); dE; (energy distri-
significant change of the cluster size distribution in thebution for Na atoms desorbed from Na clusters on a mica substrate with a

course of thermal desorption and meltitthe bulk melting  TPLIF detector displacementx=13.4 mm. The data have been corrected

temperature for Na is 371.38','§. for the velc_)cny dependence of the detec_tor_ an(_j are shown as _pom_ts, the
. . dash—dot line is a Maxwell-Boltzmann distribution, the dashed line is the

Both versions of the theory, either EGZO) or Eq. (21) zero parameter theory of ERO) and the solid line is the single parameter

which includes a small additional energy shXE,, give theory with an average initial energy of 2.0 meV.

(23

Intensity [a.u.]

Final Energy Ef [meV]
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small final energies. The two other theoretical curves in Fig. 1.0
17 are the parameter free theory of E20) (dashed lingand

the single parameter theory with a small average initial en-
ergy of 2.0 meV (solid ling), each calculated withAx
=13.4 mm. Both of these theoretical curves agree well with
the energy distribution of the data, although at energies
above 5 meV the single parameter theory is somewhat better.
The MB (dash—dot lingis in clear disagreement with the
data, and here the disagreement is much more evident than
above in the TOF example shown in Fig. 15.

With an energy distribution which does not vanish at
zero energy the question arises as to whether it is normaliz-
able, or stated alternatively in more physical terms, whether 0.0
it describes a finite number of desorbed Na atoms generated 0 1020 30 40 50
per laser pulse. This is simply answered by comparing the Final Energy Ef [meV]
data with the zero parameter theory of E0) in Fig. 17.

The zero parameter theory, in this representation, becomesrss. 18. The measured differential reflection coefficie®d(); dE;, not
simple exponential in final energy, a function which is nor- corrected for the velocity dependence, for Na atoms desorbed from Na clus-

; : ers on a mica substrate with three different detector displacements and two
malizable. The eXpe”memal data at low energy, apart fl’Onltliiﬁ‘erent detection methods showing the similarity of the energy distribu-

apparent scatter due to experimental uncertainty, lies belO\f\bns under different measurements. Grey line: TPLIF detector wWith
the zero parameter theory curve, and thus would also be6.2+0.5 mm; circles: TPLIF detector withx=14=0.8 mm; black line:
normalizable. Some TOF data was taken for very large timeBETPI detector withAx=60+4 mm.
as shown in Fig. 12 which shows the Na desorption intensi-
ties for a detector distancAx=12+1.5 mm. This figure
shows a very long tail extending out to more than Gaf)  probable energy is smaller and the energy width of the dis-
and the fall off of this tail is fitted well by a 1dependence. tribution is larger than those given by a MB distribution at
However, even if the TOF data has a [Hrge-time behavior the substrate temperatulg.) Furthermore (4) the FWHM
it is still normalizable. When converted to an energy distri-of the TOF distribution decreases willy (Fig. 16, (5) the
bution after making the density detector correction,tab®  dependence on scattering anglgis dictated by the form
havior in the TOF distribution becomes at sm&l} a factor and is identical with the observed €@s behavior
1/\JE; singularity in the energy distribution which is normal- [Fig. 5@], and(6) at large TOF timegsmall energiesthere
izable. is @ much longer ranged tail as opposed to that which would
Although the TOF distributions can vary considerably in be expected for a MB distributiofFig. 12. The remaining
appearance because of the broadening produced by differeififee characteristioc@lependence of desorption yield on irra-
flight path distanced x, the energy distributions for a given diance, wavelength, and surface temperatare dictated by
surface substrate and surface temperature should always B absorption process and the adsorbate—substrate coupling,
identical. This is indeed the case as is shown in Fig. 1&@nd are therefore outside the scope of the present mul-
which contains three energy distributions taken at three diftiphonon scattering model.
ferent flight path distances and with two independent mea-
suring techniques. The grey line and the circles in Fig. 1
were measured using the TPLIF method fdrx=6.2 %/I' PISCUSSION AND CONCLUSIONS
+0.5 mm as in Fig. 15 and faxx= 14+ 0.8 mm. The black We have presented the results of detailed measurements
line was measured with the RETPI detector witk=60  of the desorption of Na atoms from large Na clusters, ad-
+4 mm. Obviously all three of these energy distributions aresorbed on insulating surfaces. In order to simplify the discus-
identical, giving a clear demonstration not only of the repro-sion on this complex system it seems useful to break it down
ducibility of a single measuring method but also demonstratinto two sub-systems(i) the Na clusters themselves, which
ing that the energy distributions are independent of the@esemble rough metallic surfaces of finite size; #inpthe
method of detection. coupled adsorbate-substrate system, where the substrate rep-
In summary we note that the present model describegesents a very effective heat sink. Since the relevant decay
quantitatively six of the nine characteristics for the desorbedonstants of electronic excitation on an insulating surface are
neutral flux listed above in the Introduction. Specifically, be-at least an order of magnitude larger compared to the decay
cause the intensity depends only on the interaction of then a metal surface, we neglect the adsorbate—substrate cou-
desorbing neutral Na with the surface phonon field, the despling for the initial decay process. However, as detailed in
orbing TOF distribution of Eq(20) is (1) independent of the present work, although the initial electronic excitation of
laser irradiancdFig. 9b)], (2) independent of laser wave- the clusters is clearly nonthermal the overall desorption
length[Fig. %a)], and(3) the energy distribution of the de- mechanism is delayed via interaction with lattice vibrations
sorbing particles is in the thermal energy range but is nonef the clusters, and thus a more complete theoretical model
Maxwellian because it is a scattering distributiéfihe most  will eventually have to include the coupling to the substrate.

0.8

0.6

04

Intensity [a.u.]

0.2
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Compared to, e.g., a continuous metallic film, the couPt(111) (shallow potential well of 0.1 e¥ have been in-
pling between the incoming transverse electromagnetic fiel#oked. By use of microscopic reversibility the desorption
and the longitudinal plasmon excitation is facilitated by theprocess may be explained by the analogous adsorption pro-
inherent roughness that the clusters exert on the suti@ce cess of atoms impinging on the surface. If the potential well
their finite sizeg The surface of the clusters probably has ais deep enough, then all the incoming atoms will stick, re-
large number of defect sites, i.e., sites with low coordinatiorsulting in a thermal MB distribution of the desorbing atoms.
numbers, where the binding energies of the atoms to thelowever, for shallow potential wellsnly molecules with
clusters are small and desorption takes place. The absorptidow kinetic energies will stick. Here, “shallow” is always
coupling is cluster size and laser wavelength dependent, reneant with respect to the surface temperature in the sense
sulting in a variation of desorption yield as a function of size,that the sticking probability deviates significantly from
but not in a change of kinetic energy distributitei. Figs. 5  unity.88 Hence in desorption only the trappéidw energy
and 9. This, among other points, indicates that the initial molecules can be observed and the distribution will show an
photon absorption process is largelgcoupledrom the final  energy loss.
desorption mechanism. Hence our measurements disagree Let us discuss the coupling of the excited clusters to the
with the suggestion of Ref. 12 that the local field enhanceinsulating substrate. The influence of this coupling is dem-
ment in the clusters results directly in the creation of anti-onstrated, e.g., in the Arrhenius type dependence of desorp-
bonding pairs at defect sites, which lead to desorption. Intion yield on the substrate temperature. The increase in clus-
stead we suggest the desorption to occur via a thermalizaticler temperature results in a higher statistical desorption rate
process. However, we certainly agree with the possibility ofand the coupling factor depends on the type of substitste
generating charged particles in the process of plasmon excsgtiffness; hence substrates with different Debye—Waller fac-
tation, which might have someninor) effects on the desorp- tors result in Arrhenius plots of desorption yield with differ-
tion dynamics of the neutrals; see below. ent activation energies. The overall widths of the plasmon

The lifetime of the plasmon excitation in adsorbed Naresonances of the surface bound clusters are also direct evi-
clusters® and Au cluster¥ has been measured to be of the dence for a strong coupling to the substrate. In recent experi-
order of tens of fs. This finding agrees with other indirectments on size selected Ag clusters of radius 1 nm it has been
experimental evidence from work function measurementshown that upon adsorption of the clusters on_Si@ width
that desorption in the case of a rough sodium film occurf the plasmon resonance was strongly increasing due to
from long-lived (30 f9) excited electronic states, which are chemical interface dampirf. Similar effects are expected
established at surface structural defects and include localizdéer the present Na clusters. However, in spite of the strong
tion of conduction electron¥. However, this lifetime of the coupling between clusters and substrate we tend to exclude
electronically excited state is still short compared to the timethe process of “resonant heating®°*as a possible route to
scale of the nuclear motion, which is given by the vibrationaldesorption of Na atoms. In resonant heating or “vibrational
frequency of the atoms in the clusters and is thus of the ordgsredesorption” the initial vibrational excitation of the adsor-
of a picosecond. Consequently, by applying the “conven-bate is transferred to the continuum states of the adsorbate—
tional” DIET (desorption induced by electronic transitipns substrate potential, resulting in a heating of the substrate
picturé® one would expect to observe a MB velocity distri- with subsequent desorption of the de-excited adsorbate. Such
bution with a “temperature’T=u/k® with u the slope of a model certainly is able to explain photodesorption yields of
the excited state curve at the critical poitdctually u physisorbed systems such as CO-N¥CP but in the
=s%t./m with s the slop& and 7 the electronic relaxation present case would be applicable only to desorption of the
time at the critical distance. This model apparently cannot b&la clusters as a whole. Neither such a process nor significant
applied to the Na cluster system since we can neither deheating of the substrate have been observed.
scribe the velocity distributions by a MB distribution, nor The TOF distributions measured in the present work
does the temperature fit to reasonable values. of were independent of cluster radius for radii between 70 and

Instead we propose that the electronic excitation is losi00 nm. However, the size distribution had a width of 50%,
by vibronic coupling and the desorption occurs along thewhich certainly smears out subtle effects. It is expected that
lines which have been proposed in the course of, e.g., phanore tightlyin situ characterized and prepared size distribu-
tolysis of chemisorbed trimethylaluminuffi.There, too, a tions especially for clusters with smaller radii will reveal the
linear increase of desorption yield with increasing power andnfluence of cluster-specific “finite-size” factors on the de-
subthermal photoproduct distributions have been observedorption dynamics such as the cluster flatness and ellipticity
This system shows similarities to our system also in otheor variations in the binding energy as a function of size and
respects since there is a strong vibrational coupling of theoughness. More precide situ characterization methods of
desorbed species to the substra@®rresponding to the cou- the cluster sizes will become available in the near future
pling of the Na atoms to the clustgr§ he velocity distribu- through new experimental methods such as helium atom
tions could be reproduced well with a MB distribution albeit scattering’ or degenerate four-wave mixifig.A significant
at a temperature that is below the surface temperature. Thiafluence of surface structur@oly vs single crystallineon
has been explained in terms of vibrational energy loss intdhe desorption dynamics has been observed, e.g., in ion-
the substrate and similarities with the observation of subtherinduced desorption of Na atoms from N&€l.
mal distributions in the thermal desorption of, e.g., Ar from Let us finally note that upon irradiation of the clusters
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the generation of
thermionic¢®>%®

photoelectrons and of
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