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Abstract. Single-color femtosecond pump-probe experi-
ments were performed to investigate the time dependence of
laser-induced ultrafast desorption and deformation processes
of silver nanoparticles in glass. After laser excitation at wave-
lengths close to the surface plasmon resonance, transient ex-
tinction changes were found to exhibit dynamics on quite dif-
ferent time scales ranging from sub-picoseconds to some hun-
dred ps. The slowest observed decay component is identified
as characteristic for the deformation/desorption processes.
Possible mechanisms for these processes are discussed.

PACS: 78.40Pg; 78.47+w

In the last years a variety of studies using ultrashort laser
pulses were performed on the properties of metal and semi-
conductor nanoclusters. Depending on the surroundings of
the nanoparticles, ultrafast processes have been investigated,
for example electron relaxation and the consecutive energy
thermalization in rigid matrices [1–5], two-photon photoion-
ization [6] or laser-induced fragmentation of free clusters
in vacuum and liquid matrix [7]. Applying high intensities,
also permanent optical modifications were reported [8, 9].
In particular, recently permanent color changes leading to
dichroism were observed in samples of glass containing sil-
ver nanoparticles upon irradiation with intense fs laser pulses,
where the optical axis of the produced dichroism was found to
depend on the polarization direction of the laser [10, 11]. By
help of transmission electron microscopy it could be shown
that these effects are due to deformation and partial fragmen-
tation of the silver particles within the glass matrix [11, 12].
In this letter we report first fs pump-probe experiments which
were performed in order to find the characteristic time scales
and possible mechanisms of these ultrafast desorption and de-
formation processes.

1 Experimental

The experiments were carried out on samples of commer-
cial flat glass of usual chemical composition [13] containing
spherical silver nanoparticles with a rather broad range of
sizes in a surface region of approximately 30µm thickness.

These samples were prepared by Na+/Ag+ ion exchange be-
low the glass transformation temperatureTg and subsequent
annealing in hydrogen gas (also atT < Tg). The radii of the
particles produced by this procedure range from typically
5 nm close to the glass surface up to≈ 50 nm in a depth of
30µm. The volume concentration of the particles also varies
significantly with the depth below the glass surface up to
a maximum value of≈ 10−3. These particles’ surface plas-
mon (SP) resonances lead to a strong and rather broad absorp-
tion band, which is seen as the prominent feature in the solid
curve of Fig. 1, which represents the initial spectrum of the
samples used in this work. The maximum extinction of the SP
resonance band is located atλ = 411 nm, its full width at half
maximum being approximately 45 nm; the extinction below
λ = 340 nm is due to the glass matrix.

Single-frequency fs pump-probe experiments were per-
formed on these samples using the second harmonic of a ti-
tanium:sapphire laser (pulse duration≈ 150 fs; pulse shape
sech2 in good approximation). The results discussed below
were obtained using linearly polarized pulses having wave-
lengths between 390 nm and 420 nm; in this wavelength
range preferably the smallest particles close to the surface
are affected, as could be proven studying the intensity de-
pendence of permanent optical changes [11]. The pump en-

Fig. 1. Extinction spectrum of the initial sample (solid line), and typical
spectra from the center of an irradiated spot, measured with polariza-
tion parallel (dotted curve) and perpendicular (dashed curve) to the laser
polarization
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ergy densities at the sample were varied between 0.025 and
2.5 J/cm2, while the probe fluence was below 0.01 J/cm2 in
every case. In the current setup the maximum delay between
pump and probe pulse was 1 ns. The polarization directions
of pump and probe pulses were chosen perpendicular to each
other to avoid scattering background; the results should be
comparable to the case of measuring with parallel polariza-
tion directions, because at wavelengths around 400 nm the
permanent transmission changes are not polarization depen-
dent [10]. This can also be seen looking at the dashed and dot-
ted curves in Fig. 1, which give typical sample spectra after
irradiation by a single femtosecond pulse (atλ = 400 nm)
measured in the center of an irradiated spot with light po-
larized parallel (dotted) and perpendicular (dashed) to the
laser polarization [10]. The beam diameter of the probe pulses
was adjusted to approximately half that of the pump pulses.
The reason for this choice is that the investigated processes
are known to have a significant and particularly nonlinear
intensity dependence, with the consequence that the spatial
average of transmission changes registered by the probe beam
must be expected to be an average over different dynam-
ics, too. To reduce this influence without allowing the probe
pulses to permanently modify the sample themselves, the nar-
rowed probe beam was the best compromise. As any sample
area exposed to a single focused pump pulse is irreversibly
modified, the sample has to be moved to a new position after
each laser shot. Addressing this complication, the following
experimental procedure was applied to achieve satisfactory
data quality: First, with the pump beam being blocked, the
initial energy transmissionT0 of a “fresh” sample area is
measured. Then a single pump pulse is irradiated onto the
sample, and the transient transmissionT(tDel) is registered for
the current delay timetDel between pump and probe pulse. As
third step the new stationary transmissionTstatof the modified
sample area is measured typically 1 s after the laser-induced
modification. At this time even the slowest dynamics within
the sample, i.e. thermal diffusion (on a ms time scale) is fin-
ished. Finally the sample is moved and the whole cycle is re-
peated. Each data point obtained by this procedure yields both
the transient and the stationary (long time) extinction changes
of the sample, defined by ln(T(tDel)/T0) and ln(Tstat/T0). It
should be noted that, due to this definition, bleaching (ex-
tinction decrease) is characterized by positive values. For the
data presented below, the transmission changes were aver-
aged over 15 laser shots at each delay position resulting in
an absolute experimental accuracy of the order of 0.02 for an
individual data point.

2 Results

In the following some characteristic time-resolved results
measured by the above described method will be presented.
As a first example Fig. 2 shows on four different time scales
(from Fig. 2a to 2d the shown delay range is enlarged by
roughly a factor of 10 in each step) the transient extinction
changes as a function of delay time measured atλ = 400 nm
for two different excitation energies: the full points refer to
a total energy density per pulse of approximately 2.5 J/cm2,
the open squares to 0.5 J/cm2. In Fig. 2a a pump-probe cor-
relation for the applied 150-fs pulses (calculated assuming
sech2-shape, arbitrary amplitude) is given as solid line for

Fig. 2a–d. Transient extinction changes atλpump= λprobe= 400 nm; excita-
tion energy density per pulse≈ 2.5 J/cm2 (solid circles) and≈ 0.5 J/cm2

(open squares), respectively;solid curve in a: pump-probe correlation;a to
d give the same data, only the scale of time axis is increased in each step
by roughly a factor of 10; after the axis break inb to d the observed value
of the permanent extinction change is plotted using the same symbols

comparison. Additionally in Figs. 2b–2d the average values
of the measured stationary extinction changes are given in
the right-hand part of each figure after the break of the time
axes. It is easily seen that the higher energy density (solid cir-
cles) causes a considerable permanent bleaching (extinction
decrease) of 0.37±0.01, whereas reduction of the excitation
energy by a factor of 5 already decreases this steady-state ex-
tinction change to a very low average value of 0.012±0.005.

Discussing now the transient behavior from top to bot-
tom, i.e. from shorter to longer time scales, the first important
observation that can be made for both data sets in Fig. 2a is

Table 1. Decay constants and maximum value of ln(T/T0) obtained at
λ = 400 nm as function of relative intensity (maximum corresponds to
2.5 J/cm2)

Relative intensity Time constant/ps max. ln(T/T0)

1.00 30.0± 2.5 1.80
0.43 9.6± 0.5 1.65
0.20 8.0± 0.4 1.60
0.09 7.1± 0.3 1.45
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the rather flat increase of ln(T/T0) leading to a maximum at
a delay time of approximately 200 fs. The other striking find-
ing is the very similar amplitude of the two curves despite
their significantly different excitation energy. This indicates
a significant level of saturation being present, in accordance
with the fact that already more than half of the initial ex-
tinction ln(1/T0) ≈ 3 at 400 nm is bleached in the maximum
of the time-resolved data. Taking additional data into ac-
count (measured with pump energy densities of≈ 0.22 and
1.1 J/cm2, not shown here), it can be stated that a decrease
of excitation energy by a factor of 11 results in a decrease of
maximum bleaching by only 20%. The corresponding num-
bers are given in the right-hand column of Table 1. On the
longer time scales, more prominent differences can be seen.
Looking at Fig. 2b, two components can be recognized in the
decay of the individual signals after their maximum bleach-
ing: first a quite fast decay (which is more distinct for the
higher pump intensity) is observed up to a delay time of
≈ 1.5 ps, then the decrease of ln(T/T0) is becoming consid-
erably slower, particularly in case of the higher pump energy.
The decay of ln(T/T0) of all four mentioned data sets was
analyzed fitting the curves by a sum of two exponentials in
the delay time interval from 0.5 to 20 ps. The fast component
can only be distinctly recognized for the two highest en-
ergy densities, where a common time constant of≈ 500 fs
is obtained. The slower component yields decay constants
increasing from≈ 7 ps to≈ 30 ps with increasing pump en-
ergy; these values and their estimated accuracy are collected
in Table 1. The further time evolution, as given in Figs. 2c
and 2d, depends strongly on the applied excitation energy: at
the lower value of 0.5 J/cm2 (open squares) within experi-
mental accuracy the extinction change reaches its stationary
value already at a delay time of approximately 30 ps. At
the higher pump energy (solid circles) the extinction change
drops below its long time value after roughly 50 ps, even
reaches zero after≈ 300 ps and finally begins to rise again on
a rather slow time scale of several hundred ps. Obviously this

Fig. 3. Transient extinction changes atλpump = λprobe= 420 nm (solid
squares), 400 nm (open circles), and 390 nm (triangles); dashed horizontal
lines: steady-state values of extinction change, marked by the appropri-
ate symbols on the right margin; note the two axis breaks: the first marks
the time scale change from linear to logarithmic, the second separates the
steady-state regime

increase is by no means finished at 1 ns, because the extinc-
tion change is still clearly below its stationary value, which
must of course be reached in the end.

In Fig. 3, the high-energy result of Fig. 2, which was ob-
tained at 400 nm (plotted as open circles in Fig. 3) is com-
pared with data measured at similar energy densities, but
different wavelengths: solid squares refer to pump and probe
wavelength of 420 nm, full triangles to 390 nm. Again the sta-
tionary extinction changes are given as dotted lines marked
by the appropriate symbol on the right-hand side; note the
two breaks of the time axis denoting (i) the change from lin-
ear to logarithmic scale at 12 ps, and (ii) the end of the really
measured delay time (the right part of the figure again only
presents the measured steady-state values). All three curves
show a bleaching peak around zero delay; the different am-
plitudes show the same trend as the initial extinction coeffi-
cients at the individual spectral position within the SP band;
a similar statement also holds for the stationary changes. The
further time evolution of the upper and lower curve in Fig. 3
differs significantly from that of the middle one (which was
already discussed above): at 420 nm (squares), after a first fast
decay the signal slightly increases again, and then decreases
more slowly down to its long-time value, but does not fall be-
low its final value (at least within the measured delay range).
In contrast to this, at 390 nm the extinction change drops be-
low its stationary value after 10 ps, and even takes negative
values after 40 ps. These data directly allow the quite gen-
eral conclusion that the observed “slow” dynamics (time scale
of some 100 ps) can not be explained by variation of the SP
band amplitude only. Instead at least a significant modifica-
tion of its spectral shape must be present transiently; but also
the occurrence of additional bands must be considered.

In order to find out more about the initial process of
bleaching, which seems not to follow the pulse correlation,
but to integrate over the excitation pulse, the time evolution
of the rise of the bleaching was investigated as a function of
pump energy atλ = 400 nm. Figure 4 gives four characteris-
tic examples covering an energy density range of a factor of
20. It should be noted that even at the highest value of ap-
proximately 0.5 J/cm2 hardly any permanent bleaching was
observed. The slightly smaller maximum bleaching in this

Fig. 4. Time evolution of extinction change at 400 nm for four different ex-
citation intensities; the maximum intensityImax corresponds to an energy
density of≈ 0.5 J/cm2; experimental points, calculated curves; see text for
details
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series as compared to the data of Fig. 2 indicates a slightly
different experimental situation, most probably due to dif-
ferent focal diameters. The following features can be stated
for the extinction changes plotted in Fig. 4: (i) in all cases
ln(T/T0) increases within typically 500 fs from zero to its
maximum valueAmax, and (ii) Amax increases monotonically,
but obviously not linearly with intensity. If the signal rise is
analyzed in more detail, for example, by fitting a usual step
function to the increase of the data from zero to the maximum
bleaching, in particular the point of half height (i.e. the delay
time, whereAmax/2 is reached) and the steepness of the in-
crease can be extracted. As indicated by the vertical lines in
Fig. 4, the half-height position shifts to earlier times by nearly
100 fs upon increase from lowest to highest pump energy. The
(normalized) steepness of the step remains unchanged within
experimental accuracy. The solid and dashed curves in Fig. 4
are not the result of a fit of a really adequate theory to the
data, but refer to the numerical solution of a simple three-
level rate equation scheme; these curves will be explained and
discussed below.

3 Interpretation

For an interpretation of the presented data it is helpful to re-
capitulate the state of knowledge about the ultrafast dynamics
of metallic nanoparticles dispersed in condensed matter. In
this field a variety of time-resolved experiments have been
performed, but up to now only such results were reported,
where no permanent modifications of the sample occurred.
However, no matter if the irradiation of ultrashort laser pulses
leads to permanent modifications of the sample or not, the
initial interaction is the excitation of surface plasmons of the
considered metal particles. These plasmons are known to de-
phase within less than 10 fs [14, 15]; in the next step the
electronic system thermalizes due to electron–electron inter-
action [16]. This leads to an increase of the electron tempera-
ture on a 100-fs time scale resulting in a broadening of the
SP absorption band [4]. The excess energy of the hot electron
system is then transferred to the silver lattice via electron–
phonon coupling on a time scale of several ps resulting in
a hot particle. The time constant of this decay process was
observed to increase with increasing intensity [16, 17]. Addi-
tionally in some cases volume oscillations of the nanoparticle
having oscillation periods in the order of 10 ps have been re-
ported [18–21]. As last step of the equilibration usually the
transfer of the excess energy from the particle into the matrix
is discussed, which typically requires 10 to 100 ps [16].

In principle, all these steps must also be present, when
irreversible modifications of the extinction band are made
(as in the experiments described above). These permanent
optical changes have been found to be caused by partial frag-
mentation and, depending on particle size and distribution,
deformation to non-spherical shapes [10–12]. So it is an
obvious conclusion that observed differences between time-
resolved experiments with and without permanent modifica-
tions should be characteristic for the processes of particle
reshaping (this notion will in the following be used for both
deformation and fragmentation). For the present data there
is an easy way to distinguish between these two cases: the
observation of a stationary bleaching can be taken as an in-
dicator for permanent changes of the particle shapes, because

the modification of the initially spherical particles leads to
a redshift of the absorption band and thus to a steady-state ex-
tinction decrease at any wavelength used in this work [10, 11].
If, for example, the data of Fig. 2 are considered, the curve
obtained at the lower energy density (0.5 J/cm2) shows a very
small, but still resolvable permanent bleaching. So this energy
density may be regarded as the “upper limit” of the reversible
regime, whereas the data measured at higher energy clearly
represent the irreversible case. As the most prominent differ-
ences between these two curves are found at delay times of
> 30 ps, the occurrence of the “slow” dynamics, i.e. partic-
ularly the observed variation of the extinction on a several
hundred ps time scale in the case of the higher pump energy
can be attributed to particle reshaping. Additional information
about these slow processes can be concluded from the quite
different behavior at different wavelengths as observed for
the data of Fig. 3. Obviously there is a dynamic shift and/or
broadening of the extinction band on this time scale, which
might be due to energy transfer into and heating of the glass
matrix. But also new absorption bands may arise dynamically
if, for example, the silver particles are ionized.

In the delay range of 2 to 30 ps no unambiguous distinc-
tion between reversible and irreversible processes is possible:
in principle the observed trend to slower decay with increas-
ing pump energy is in agreement with the trend reported for
electron–phonon coupling without particle modification in
the literature [16, 17]. However, it can not be decided from the
present data if the≈ 30 ps decay constant found in this delay
range for the presented 2.5 J/cm2 data set is just the contin-
uation of this trend, or can, at least partially, be attributed to
beginning particle modification.

It was already mentioned that the sub-ps decay compon-
ent observable in Fig. 2 at delay times between the maximum
bleaching and≈ 2 ps is only visible at energy densities above
1.0 J/cm2; possibly this indicates a fast process (for example
ejection of electrons) which is characteristic for the experi-
mental situation that leads to particle reshaping.

Dynamical information on the time scale of 100 fs or
faster can not be obtained directly from the presented data.
However, processes on this time scale are obviously con-
nected with the observed delayed rise of bleaching around
zero delay. This delayed increase of transmission with respect
to the pulse correlation function (compare Fig. 2a) was al-
ready observed at very low energy densities of 100µJ/cm2

and explained by SP resonance shift and broadening as a con-
sequence of alteration of the dielectric function [22]. The
important additional findings from the data presented here,
namely shift of the rise to earlier times with increasing inten-
sity (Fig. 3) and small variation of the bleaching amplitude at
high intensities (see Table 1) are rather typical for saturation
phenomena. In particular, the maximum values of ln(T/T0)
observed in Figs. 2 and 4 indicate that the initial extinction at
400 nm is bleached by more than 50% at delay times around
250 fs. Considering the integration over the beam profiles, the
maximum extinction change should even be larger, i.e. the ex-
perimental situation is not far away from total bleaching. To
check the plausibility of this idea, the situation was described
by a strongly simplified model using a three-level rate equa-
tion system. In this description, the initial situation is taken
as ground state. The upper state represents excited surface
plasmons of the silver particles, which are considered as ideal
harmonic oscillator, i.e. the extinction band is assumed to re-
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main unchanged upon SP excitation. In the model, transient
spectral changes (due to modification of the SP band) are
treated as relaxation with a decay constantτfast into a third,
intermediate level, where the system is assumed to provide
no absorption at the laser wavelength. Physically, this level
describes the situation of a thermalized electron system, but
with nearly no energy being transferred to silver lattice and
glass matrix. The latter processes are characterized by a relax-
ation step back down to the ground state with a time constant
τslow. To be able to describe saturation for a certain durationtp
of the excitation pulse, it is necessary to chooseτfast < tp and
τslow � tp. In particular, we choseτfast = tp/20, since the pro-
cess leading to extinction changes is not explicitly specified
in the model, and it should not be excluded that also transient
spectral changes on a 10-fs time scale could be involved. For
the slow processτslow = 100tp was used to be consistent with
the time scales of electron–phonon coupling and energy trans-
fer to the glass matrix. The corresponding rate equations were
solved numerically using an arbitrary absorption cross sec-
tion σ , because for saturation phenomena only the product
σI of cross section and intensityI is important [23]. The re-
sults of the model calculations were finally compared to the
data of Fig. 4 choosing an appropriate combination of relative
intensities. The amplitude of the curves was scaled by an ar-
bitrary, but common factor to meet the experimental values.
The solid curves given in Fig. 4 refer to results obtained with
tp = 200 fs and the same relative intensities as those of the
experimental data. Within experimental accuracy, measured
and calculated curves agree nicely with each other. The sat-
uration limit of extinction change obtained numerically using
the same parameters, but significantly higher energy, is given
as the dashed curve in Fig. 4. In general the described model
calculations suggest that we interpret the observed bleaching,
at least at these early delay times, to be caused by dynamic
shift and/or broadening of the SP extinction band due to heat-
ing of the electron system. It should be noted that even for
the highest energy density used in this work the absorption
is not bleached completely during the excitation pulse; so an
increase of the pump energy will in any case increase the
amount of energy deposited in the sample and thus the elec-
tron temperature which can be reached as a consequence of
the excitation. However, as in the very non-linear range of our
experiments very high electron temperatures can be present, it
is clear that the above simplified discussion serves as a model,
but is not intended to be full description of the real physical
processes.

4 Discussion

In this final section, some physical processes will be dis-
cussed which could correspond to the observed dynamics
on the different time scales and, particularly, which of those
could lead to deformation of the silver nanoparticles and for-
mation of a halo of smaller silver clusters within the glass
matrix. A further question arises considering the fact that the
orientation of deformed particles was found to depend on
the polarization of the laser pulses [11, 12]: whereas the re-
shaping process seems to happen on a time scale of several
hundred ps, an orientational preference given by the linear po-
larization of the laser light is only present for the duration of
the ultrashort pulse, i.e. typically 150 fs. Thus a very fast pro-

cess must be supposed creating a more long-lived directional
memory in the sample. So, in principle two kinds of scenario
can be imagined to be consistent with the various observa-
tions: (i) the complete deformation happens within the time
interval of interaction with the laser pulse, and any slower dy-
namics observed in our experiments is due to thermalization
of the excess energy; (ii) the fs pulse does not directly deform
the particles, but only creates a very high local energy dens-
ity on the cluster and some kind of directional memory, and
the structural modifications happen on the much slower time
scale of some tens to hundreds of ps.

The plausibility of both ideas can be checked by dis-
cussing the time needed for material transport, which is in
any case necessary for permanent modifications. In the first
case, material (silver) would have to be transported over sev-
eral nm within 150 fs. However, thermally induced ejection of
Ag atoms or ions can be excluded for this interval of time,
because heating of the silver lattice can only occur on the
time scale of electron−phonon coupling, i.e will take sev-
eral ps. A simple estimation shows that also direct emission
of silver ions by the strong electric field of the laser pulse
cannot manage the required ultrafast material transport: the
applied maximum light intensity of 2×1012 W/cm2 corres-
ponds to an electric field amplitude of≈ 4×109 V/m; even
if this would be a static electric field and the corresponding
force could act on an isolated Ag+ ion, it would take 750 fs to
move this ion over a distance of 1 nm. In reality only the, in
principle, possibleχ(2) process of optical rectification could
provide such a static field, but this field is expected to be
significantly weaker. So it can be concluded that the particle
reshaping cannot be finished within the duration of the laser
pulse. This is in accordance with the observed volume oscil-
lations of the particles with a period of several ps [18–21].

Thus, clearly scenario (ii) must be favored, because in this
case material transport is no problem due to the significantly
longer time scales. However, still the possible processes being
responsible for halo formation and particle deformation have
to be discussed. As was shown recently on the example of
small Na clusters theoretically [24] and experimentally [25],
metal clusters can be ionized at laser intensities in the range
of those applied in our study. Also, in the case of Ag clus-
ters in liquid solution the ejection of electrons as consequence
of a two-photon process was observed and discussed as the
crucial process for photo-induced fragmentation of the clus-
ters [6, 7]. The quadratic intensity dependence found there
indicates aχ(2) process; so optical rectification could play
a role, and the dc electric field provided thereby could be re-
sponsible for electron ejection in a preferred direction. After
thermalization of the electronic system, also a thermal (and
thus more or less isotropic) ejection of electrons seems pos-
sible: for bulk silver, electrons need typically 4.5 eV to leave
the surface, which corresponds to an electron temperature of
5×104 K. Such an electron temperature can well be reached
under the given conditions, because even after equilibration
with the Ag lattice formal temperatures of 104 to 105 K can be
estimated for the whole silver particle [10]. Considering these
high energy densities within the particle, which should affect
the silver lattice after typically 10–20 ps, it may be assumed
that also silver ions or small cluster fragments are then ejected
into the glass matrix.

The further evolution clearly depends on (at least) two
questions: (i) can the electrons leave the sample, are they
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trapped in the matrix (and for how long) or do they return
very quickly to the ionized clusters; (ii) is the energy density
high enough to ‘melt’ the silver particle and the surround-
ing glass, and how long does it take to cool down particle
and matrix below its ‘freezing point’ by thermal diffusion
again? Starting with question (ii), it can be stated that, accord-
ing to the above given numbers, obviously temperatures far
above the melting temperatures of glass and silver are pos-
sible. Using typical values for density, heat capacity and heat
conductivity of glass a thermal relaxation time of≈ 200 ps
is obtained for a temperature gradient having a characteristic
length of 10 nm. So it seems plausible that the silver particle
and its surroundings is in a ‘molten’ state for several hun-
dred ps, or more precisely, the mobility of atoms and ions
can be increased by several orders of magnitude in this in-
terval of time. Concerning question (i), it is well known that
even thermodynamically stable traps exist for electrons in
glasses [26, 27]; so it seems very probable that at least a part
of the ejected electrons is trapped in the glass matrix for a suf-
ficiently long time, and they only recombine with the ionized
clusters when these are frozen again.

The formation of a halo of small silver clusters is in rea-
sonable agreement with this view of the nanoscopic situation.
The deformation of the remaining particle, especially the
elongation in a common direction with respect to the laser po-
larization, would in this picture be due to the Coulomb field of
an anisotropic distribution of trapped electrons; the latter can
only be produced by the discussed directed electron emission.
On the other hand the volume oscillations observed in experi-
ments without permanent modifications [18–21] should not
be forgotten, since they should be excited in our experiments,
too. If an anisotropic mode is excited, these oscillations could
also be the beginning of particle deformation, particularly if
one recalls the strong temperature increase within several ps:
it can, for example, be imagined that at an arbitrary phase of
the oscillation the elastic force is drastically reduced due to
melting of the particle; if, in particular, the oscillation period
is increased to a value significantly above the thermal relax-
ation time, the particle could be frozen in a rather definite
shape. However, to clear this question more experimental and
theoretical work will be required. Another important question
to be worked upon in future is a possible chemical modi-
fication of the silver-glass interface, which could also con-
tribute to the observed spectral shifts [9] or modify relaxation
times [28]. From the present data no information on this prob-
lem can be deduced.

Finally, it is interesting to discuss which consequences
this view of the nanoscopic situation would have for the in-
terpretation of the observed time evolution of the extinction
changes. Generally, a spectral shift due to the ionization of the
Ag nanoparticles, and an excess absorption due to the trapped
(‘solvated’) electrons has to be regarded. It is known that
the removal of electrons from the Ag cluster leads to a red-
shift and slight broadening of the plasmon absorption [29].
On the other hand solvated electrons in a dielectric give rise
to a broad absorption band in the visible, which may have
a notable contribution at 400 nm [30]. Comparing these state-
ments with the data of Fig. 3, the quite different dynamical
behavior of transmission between 10 ps and several ns (sta-
tionary value) could be interpreted as a consequence of both
dynamic spectral shift of the particles’ SP band (due to ion-
ization) and the band of ejected electrons, which of course

must vanish again upon recombination with the silver ions.
But a distinct assignment can not be given on the basis of the
presented single-frequency data alone. More details about this
topic can be expected from similar experiments using “white”
(broad bandwidth) probe light, which are already in prepar-
ation in our laboratory.

Acknowledgements. This work was supported by the SFB 418 of the
Deutsche Forschungsgemeinschaft.

References

1. T. Tokizaki, A. Nakamura, S. Kaneko, K. Uchida, S. Omi, H. Tanji,
Y. Asahara: Appl. Phys. Lett.65, 941 (1994)

2. J.Y. Bigot, J.-C. Merle, O. Cregut, A. Daunois: Phys. Rev. Lett75,
4702 (1995)

3. T.S. Ahmadi, S.L. Logunov M.A. El-Sayed: J. Phys. Chem.100, 8053
(1996)

4. M. Perner, P. Bost, U. Lemmer, G. von Plessen, J. Feldmann, U. Becker,
M. Mennig, M. Schmitt, H. Schmidt: Phys. Rev. Lett.78, 2192 (1997);
G.V. Hartland, J.H. Hodak, I. Martini: Phys. Rev. Lett.82, 3188 (1998)

5. A. Brysch, G. Bour, R. Neuendorf, U. Kreibig: Appl. Phys. B68, 447
(1999)

6. M. Fierz, K. Siegmann, M. Scharte, M. Aeschlimann: Appl. Phys. B
68, 415 (1999)

7. P.V. Kamat, M. Flumiani, G.V. Hartland: J. Phys. Chem. B102, 3123
(1998)

8. F. Gonella, G. Mattei, P. Mazzoldi, E. Cattaruzza, G.W. Arnold,
G. Battaglin, P. Calvelli, R. Polloni, R. Bertoncello: Appl. Phys. Lett.
69, 3101 (1996)

9. D.H. Osborne Jr., R.F. Haglund Jr., F. Gonella, F. Garrido: Appl. Phys.
B 66, 517 (1998)

10. M. Kaempfe, T. Rainer, K.-J. Berg, G. Seifert, H. Graener: Appl. Phys.
Lett. 74, 1200 (1999)

11. M. Kaempfe, H. Hofmeister, S. Hopfe, G. Seifert, H. Graener: submit-
ted for publication

12. M. Kaempfe, T. Rainer, H. Hofmeister, K.-J. Berg, G. Seifert,
H. Graener: to be published

13. see for example J. Zarzycki (Ed.):Glasses and Amorphous Materials
(VCH, Weinheim 1991)

14. T. Klar, M. Perner, S. Grosse, G. von Plessen, W. Spirkl, J. Feldmann:
Phys. Rev. Lett.80, 4249 (1998)

15. B. Lamprecht, A. Leitner, F.R. Aussenegg: Appl. Phys. B68, 419
(1999)

16. J.-Y. Bigot, V. Halt́e, J.-C. Merle, A. Daunois: Chem. Phys.251, 181
(2000)

17. J.H. Hodak, I. Martini, G.V. Hartland: J. Phys. Chem. B102, 6958
(1998)

18. M. Nisoli, S. de Silvestri, A. Cavalleri, A.M. Malvezzi, A. Stella,
G. Lanzani, P. Cheyssac, A. Kofman: Phys. Rev. B55, 13424 (1997)

19. J.H. Hodak, I. Martini, G.V. Hartland: J. Chem. Phys.108, 9210 (1998)
20. S. Stagira, M. Nisoli, S. De Silvestri, A. Stella, P. Tognini, P. Cheyssac,

R. Kofman: Chem. Phys.251, 259 (2000)
21. M. Perner, J. März, G. von Plessen, J. Feldmann, T. Porstendorfer, K.-

J. Berg, G. Berg: InUltrafast Phenomena XI, ed. by T. Elsaesser,
J.G. Fujimoto, D.A. Wiersma, W. Zinth (Springer, Berlin, Heidelberg
1998)
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