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Size manipulation of metal particles with laser light
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It is demonstrated that the size of small metal particles can be manipulated with laser light. Even
a considerable narrowing of a given size distribution on a surface can be achieved. This becomes
possible by a size-selective laser-ablation process. Besides measurements of the ablation rate as a
function of illumination time, laser wavelength, laser intensity, and particle size, a model is present-
ed for the variation of the size distribution. Good agreement with experiment is found.

The physics and chemistry of clusters and especially
the study of metal clusters supported on surfaces has
found increasing interest in recent years. Many experi-
ments are motivated by the prospect of possible applica-
tions and a better understanding of technological process-
es already involving clusters. Examples are heterogene-
ous catalysis, photography, or the generation of thin
films, just to name a few. On the other hand, research in
this field addresses the change of fundamental physical
and chemical properties as a function of-particle size.
One of the key issues for such measurements as well as
for technological applications is the generation of parti-
cles with well-defined size and narrow size distributions.
The present paper demonstrates that the size of small
lnetal particles can be manipulated in a well-defined way
with laser light. Even a considerable narrowing of a
given distribution on a surface can be achieved. This be-
comes possible by a laser "photon sputtering" or ablation
process which can be controlled such that particles in a
certain size range shrink selectively as a result of an
ongoing removal of atoms from their surfaces. In addi-
tion to measurements of the ablation rate as a function of
illumination time, laser wavelength, laser intensity, and
particle size, a model is presented for the variation of the
size distribution.

In our experiments metal particles are generated on a
LiF(100) single-crystal surface in ultrahigh vacuum by
deposition of sodium atoms and subsequent surface
diffusion. This gives a size distribution with a width of
typically one-third to one-half of the average particle
size. The mean particle size is determined by measuring
the decreasing rate of inelastically scattered atoms during
the deposition. The particles are illuminated with light
of an argon or krypton ion laser. As a result, individual
atoms are ejected from the surface of the particles. They
are detected with a quadrupole mass spectrometer. The
underlying nonthermal desorption process has been de-
scribed recently and is based on surface plasmon excita-
tion. It has two important features that make a specific
variation of the particle size possible. First, the surface
plasmon excitation exhibits a resonance as a function of
laser frequency. Second, the transition frequency of this
resonance depends on the particle size. As a conse-
quence, a resonant dependence of the ablation rate on the
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FIG. 1. Dependence of the normalized laser-induced ablation
signal on the mean particle radius for fixed laser wavelengths of
A, =458, 514, and 647 nm.

cluster radius occurs which is different for different laser
wavelengths. The result of such a measurement is shown
in Fig. I. If green laser light with X=514 nm is chosen,
for example, particles with mean radii of Ro =45 nm in-
teract preferably, eject atoms, and shrink under continu-
ous illumination. As a result, the size distribution
changes. The ablation naturally comes to an end if the
size of the particles has decreased so much that they are
shifted out of resonance. In general, a given distribution
on a surface can be manipulated in different ways depend-
ing on the chosen laser frequency and on the average par-
ticle size. This will be illustrated in detail below.

A model has been developed to describe this size ma-
nipulation quantitatively. For a fixed laser wavelength A,

the absorption resonance curve as a function of radius is
approximated by a Gaussian centered at R&. The as-
sumption of a symmetrical absorption profile is supported
by experimental and theoretical work on plasma reso-
nances of particles in matrices. The cluster size distribu-
tion f(R) is asymmetrical and is approximated by a su-
perposition of two half Gaussians of different widths,
which are centered at Ro. The number of desorption
sites on a cluster of radius R is written as aR where a is a
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constant that depends on the shape of the cluster. %'ith
these parameters the ablation rate dN/dt originating
from particles in the size interval [R,R+hR] at time t
can be expressed as

dX (R —Ri )
=ooIaN ,Qf'(R)R exp — bR . (1)

dt 2 2

o 0 is the cross section for absorption of light at R =R &, I
is the number of incident photons per cm s, N, the num-
ber of illuminated clusters, Q the quantum efficiency, and
P the width of the absorption profile. As a first step the
desorption rate was calculated for each size interval AR.
From this the resulting changes of the particle radii were
computed. The time dependence of the distribution f(R)
during continuous laser irradiation was obtained by in-
tegration over the actual size distribution and iterative
application of the procedure outlined above. The numer-
ical computation has been carried out for different parti-
cle sizes, excitation frequencies, and laser intensities.
Two examples will be described here. In the first one the
wavelength of the incident laser light was A, =514 nm.
An absorption resonance curve which peaks at 45 nm (see
Fig. 1) and has a full width at half maximum (FWHM) of
21 nm (Ref. 5) was used. The mean cluster radius of the
initial distribution was Ro=42 nm with a FWHM of 22
nm. Figure 2 displays the calculated ablation rates for
two laser intensities of I=100 and 15 W/cm and the
corresponding change of the size distribution as a func-
tion of irradiation time. The different traces (dashed
lines) refer to the distribution assumed initially on the
surface (0) and obtained 30 s (1), 60 s (2), 90 s (3), and 120
s (4) after starting the illumination with laser light, re-
spectively (I= 100 W/cm ). After 120 s, 72%%u~ of the total
coverage has desorbed. Included is also the assumed ab-
sorption profile (solid line) for light of A, =514 nm. Fig-
ure 3 depicts the results for the second example in which
different values for both the laser wavelength (A, =488
nm) and the mean particle size (Ro =62 nm) were chosen.

As can be seen from Figs. 2(a) and 3(a), the ablation
rate exhibits very different dependencies as a function of
illumination time. A monotonous decrease [see Fig. 2(a)],
but also an initial rise followed by a maximum and a de-
crease [see Fig. 3(a)] may take place. Also, the change of
the distribution can be very different. For Ro=42 nm
and k= 514 nm, it is shifted to smaller particle radii and
becomes narrower. Conversely, a depletion in one of the
wings takes place for an initial mean size of Ro=62 nm
and A, =488 nm [Fig. 3(b)]. Simultaneously, a second nar-
row peak at smaller particle radii grows.

In general, the dependence of the ablation rate as a
function of irradiation time and the resulting variation of
the size distribution is the interplay of two effects. First,
the number of atoms which can desorb decreases as a
function of time due to the overall decrease of the surface
coverage. Second, the ablation results in a shift of the
particle size in or out of resonance depending on the rela-
tive position of the distribution and the absorption
profile. The above examples can therefore be interpreted
as follows. For Ro =42 nm and A, =514 nm, the absorp-
tion profile [solid line in Fig. 2(b)] of the plasma reso-
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FIG. 2. Calculated change of the ablation rate (a) and the
corresponding change of the particle size distribution (b) during
laser illumination with A, =514 nm. The initial average cluster
size was Ro =42 nm with a FWHM of 22 nm. The rate was cal-
culated for two different laser intensities of I=100 W/cm and
I=15 W/cm . The different traces in (b) (dashed lines} refer to
the distribution assumed initially on the surface (0) and obtained
30 s (1), 60 s (2), 90 s (3), and 120 s (4) after starting the illumina-
tion (I=100 W/cm ), respectively. Included is also the absorp-
tion profile {solid line, lower panel) for light of A, =514 nm.

nance overlaps almost completely with the size distribu-
tion so that most of the clusters interact with the laser
light. They eject atoms, shrink, and are shifted out of
resonance. Consequently, the ablation rate decreases as a
function of time [see Fig. 2(a)]. Since there is a gradient
of the absorption cross section over the width of the par-
ticle distribution, a considerable narrowing of the size
distribution takes place. Figure 2(b) shows that this nar-
rowing is as large as a factor of 6 after 120 s. It proceeds
further if the illumination is continued and can easily
amount to a factor of 10. For RO=62 nm and A, =488
nm, on the other hand, the initial size distribution is
shifted with respect to the absorption profile [see Fig.
3(b)] and only a small fraction of the particles can under-
go ablation. Those clusters that interact with the light
become smaller and are shifted across the absorption
profile. They first interact more and more efhciently with
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FIG. 3. Calculated change of the ablation rate (a) and the
corresponding change of the particle size distribution (b) during
laser illumination with A, =488 nm and I= 100 W/cm . The ini-
tial average cluster size was R0=62 nm with a FWHM of 22
nm. The different traces in (b) (dashed lines) refer to the distri-
bution assumed initially on the surface (0) and obtained 30 s (1),
60 s (2), 90 s (3), and 120 s (4) after starting the illumination, re-
spectively. Included is also the absorption profile (solid line,
lower panel) for light of A, =488 nm.

the light and the ablation rate increases until they have
reached the maximum of the resonance [see Fig. 3(a)].
Similar to the first example discussed above, the particles
are subsequently shifted out of resonance and the rate de-
creases. As a consequence, a second maximum in the dis-
tribution develops.

As can be seen from Eq. (1), the change of the size dis-
tribution is intimately correlated to the variation of the
ablation rate as a function of illumination time. ' Indeed,
the time dependence of the rate directly reflects the varia-
tion of the size distribution. Therefore the model can be
tested and the change of the distribution verified experi-
mentally by measuring the desorption rate and its change
for different experimental conditions. Such a test is par-
ticularly meaningful since the time dependence of the ab-
lation rate exhibits pronounced differences characteristic
of the chosen conditions [see Figs. 2(a) and 3(a)]. To test
the model we have therefore recorded the ablation rates
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for a variety of laser-frequency —cluster-radius combina-
tions, particularly for the particle sizes and absorption
profiles used in the above examples. The results are
shown in Figs. 4 and 5. In Fig. 4 the average initial clus-
ter size was Ro =42 nm and the clusters were illuminated
by laser light of A, =514 nm with an intensity of I=100
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FIG. 5. Experimental ablation rate as a function of irradia-
tion time with laser light. The experimental conditions were
identical to those of Fig. 3 with A, =488 nm, an initial average
particle size of R0=62 nm, and a laser intensity of I=100
W/cm .

FIG. 4. Experimental ablation rates as a function of irradia
tion time with laser light. The experimental conditions were
identical to those of Fig. 2 with X=514 nm, an initial average
particle size of RO=42 nm, and laser intensities of I=100
W/cm' and I= 15 W/cm'.
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W/cm . In agreement with the theoretical prediction, a
decrease of the rate is observed starting at the very begin-
ning of the illumination. The slope of the decrease de-
pends upon the light intensity since the ablation proceeds
slower for low (I=15 W/cm ) as compared to high
(I= 100 W/cm ) intensities (see Fig. 4). Again, this is in
good agreement with the model calculation. Figure 5
shows the results of a measurement in which the absorp-
tion profile and the size distribution are shifted with
respect to each other. The laser wavelength was A, =488
nm and the average initial cluster size was Ra=62 nm.
The rate now exhibits an increase followed by a max-
imum and a decrease. This is also reproduced by the
theoretical result (see Fig. 3). The position of the max-
imum sensitively depends upon the light intensity. For
small intensities the signals increase slowly and have the
maximum at very large irradiation times. For high inten-
sities, on the other hand, the rate changes are very pro-
nounced and the maximum is reached in a short period of
time. An additional argument in favor of the size manip-

ulation is based on a comparison of the experimental and
theoretical desorption yield. Again, we find that the ex-
perimental value is reproduced by the theoretical model.

The excellent agreement of the theoretical predictions
with experiment for many different sets of parameters
provides convincing evidence for the validity of the
presented model and for the manipulation of the cluster
size distribution under illumination with laser light. In
general, the described size manipulation should be possi-
ble for all metal particles where the binding energy of a
surface atom is smaller than the absorbed photon energy.
Future experiments include the possibility to manipulate
the size distribution by subsequent irradiation with
different laser wavelengths to tailor clusters with very
special distributions. Furthermore, applications of such
particles for purposes like catalysis offer interesting per-
spectives. At present, experiments on silver particles in-
cluding in situ electron microscopy are under prepara-
tion in our laboratory.
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