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Ultrafast dynamics of silver nanoparticle shape transformation studied by femtosecond
pulse-pair irradiation
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Spherical silver nanoparticles embedded in glass were irradiated by pairs of time-delayed laser pulses with
equal intensities resulting in delay-dependent nanoparticle shape transformations. The corresponding persistent
changes in the surface-plasmon extinction bands are analyzed as a function of time delay and relative polar-
ization of the pulse pairs. We find that the strongest nanoparticle shape changes, i.e., the highest aspect ratios,
are achieved when the delay between pulse pairs is less than 3 ps. After 10 ps the dichroism is strongly reduced
in the case of pulse pairs having identical polarization and vanishes using pulse pairs with orthogonal polar-
ization. Using an extended two-temperature model, the time dependence of directed and isotropic thermal
electron emissions was estimated to decay on a time scale of a few picoseconds. Our results strongly suggest
that the electron and following ion emission from the nanoparticles are finished within less than 20 ps, and the
directional memory is favorably defined by directed emission of hot electrons interacting with the laser field.
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I. INTRODUCTION

Dielectric materials containing metallic nanoparticles
(NPs) are still a subject of widespread interest owing to their
unique linear and nonlinear optical properties.'™ The reso-
nant interaction of light with metallic NPs is described by the
collective oscillation of conduction electrons, which are lo-
calized at the interface of the NP and the surrounding dielec-
tric. These charge-density oscillations, usually called
surface-plasmon (SP) resonances, are responsible for high
local fields and specific extinction bands. The spectral fea-
tures of the latter depend strongly on the size and shape of
the NP, as well as on the dielectric properties of the sur-
rounding environment.

High intensity femtosecond (fs) laser irradiation of com-
posite glass containing silver NPs was shown to cause opti-
cal dichroism by permanent NP shape modifications.>® Lin-
early polarized laser irradiation can transform initially
spherical silver NPs into elongated shapes with their symme-
try axes oriented along the polarization direction of the laser.
Due to this shape modification the original SP resonance
splits into two spectrally separated bands, caused by electron
oscillations parallel or perpendicular to the symmetry axis of
the modified NP. The spectral separation between SP reso-
nances depends strongly on the aspect ratio, which is defined
as the length of the modified NP divided by its width.

Most of the time-resolved investigations until now were
focused on the weak excitation regime (showing only tran-
sient SP changes).”® However, the physical situation of
strong excitation—leading to persistent changes—is of high
interest both for fundamental reasons and for potential de-
vice applications (allowing, e.g., tailoring of linear and non-
linear optical properties of materials). While the permanent
changes have already been studied extensively with respect
to the irradiation parameters,'!*!! there are only few investi-
gations in the strong excitation regime toward understanding
in detail the ultrafast dynamics of laser-induced NP shape
modification.'>”'* The underlying central question is how a
femtosecond laser pulse can create a directional memory
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lasting long enough to steer material transport in a way that
NP anisotropy oriented along the polarization direction of the
laser pulses is prepared.

In this work we present a different approach in investigat-
ing these ultrafast mechanisms by performing fs pulse-pair
irradiation experiments. Discussing these results, it will be
shown that the emission and trapping of electrons in the
matrix are the first and decisive processes initiating the NP
anisotropy. The next step in the cascade of processes leading
to NP reshaping—ion emission—obviously also occurs in
the first few picoseconds.

II. LASER PULSE INTERACTION
WITH NANOPARTICLES

The very strong oscillating electric field of an intense fs
laser pulse is further enhanced in the near-field region around
the NP by typically two orders of magnitude.>" In the case
of resonant interaction with the NP, this effect also enhances
the SP oscillation amplitudes with the consequence that the
initially collective charge-density oscillations are perturbed
by direct electron emissions from the NP. This is the fastest
damping mechanism of the SP oscillations occurring from
the first plasmon oscillation period onward.!-!® The electrons
that do not undergo the emission relax into a quasiequili-
brated hot electronic system via electron-electron and
electron-surface scatterings.'®!” For small NPs (diameter less
than a few tens of nanometers), this happens within less than
one hundred fs.!”

After establishing a thermal electronic system, the hot
electrons cool down by sharing their energy with the lattice
via electron-phonon (e-ph) coupling, thereby heating up the
NP. The heat gained by the lattice can be calculated from the
heat lost by the electrons using the two-temperature model
(TTM),'® where the heat flow between two subsystems (elec-
tron and lattice) is defined by two coupled heat equations.
The electron system is characterized by an electron tempera-
ture T, and the phonon system by a lattice temperature 77,
where the e-ph coupling factor G(T,) is responsible for the
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energy transfer between two subsystems. The heat equations
describing the temporal evolution of 7, and 7, are

CT)ZE == G- T) 450, (1
o= NI, ~T) - CT=Tym, ()

where C,(T,) and C; are the electronic and lattice heat ca-
pacities, respectively. S(7) in the first equation is a source
term of Gaussian shape describing the absorbed laser-pulse
energy per NP, which is given as

S(1) = I(0 g/ Vigp)exp[— 4 In 2(t/ Twinn)*].- (3)

Here I is the peak pulse intensity, o, is the absorption cross
section of a single silver NP (=3000 nm? in a dielectric
environment with a refractive index of n=1.52)," Vyp the
volume of the NP, and 7wy determines the full width at
half maximum of the temporal pulse profile. The last term of
Eq. (2) represents heat transfer from the NP to the surround-
ing glass matrix (with a cooling time constant 7,) having
initially 7T=Tj,.

The absorption of an intense fs laser pulse (having energy
fiwy) creates a strongly athermal electron distribution, which
is sketched by the arrows in the inset of Fig. 1(a). Electrons
having energies between Ep—hw; and E are excited above
the Fermi level to final energies between Ep and Ep+hw,.
By the following fast thermalization of these high energetic
electrons, a Fermi distribution with a very high electronic
temperature is achieved. This shows that the strong laser
irradiation of the NP creates huge electron-phonon nonequi-
librium conditions, where the high-energy fs pulse raises 7,
by several thousands of Kelvins while the lattice still remains
cold. As a result of such high temperatures, the thermophysi-
cal properties of the NP can be affected by the influence of
core d-band electrons, which are located ~3 eV below the
Fermi level in silver.?’ The excitation of these electrons is
expected to cause significant changes in the electron heat
capacity and electron-phonon coupling factor. Therefore, the
commonly used literature values of a linear temperature de-
pendence of the C, and a temperature independent constant
value of G are inappropriate for the description of the strong
irradiation regime. To account for this fact and to avoid an
overestimation of electron temperatures, we have considered
the nonlinear temperature dependences of C, and G factors
for silver as they are stated in Ref. 20. In contrast, for the
heat capacity of the silver lattice (C;), the room-temperature
value (3.5X10° J m=3 K™!) is a reasonable approximation
because it is known that the change in C; upon temperature
increase by 1500 K is less than 20%.!

As an illustration to this “strong irradiation” regime, Fig.
1(a) depicts the results of TTM calculations for the case of a
single silver NP excited by a 100 fs pulse with intensity of
0.3 TW/cm®> (needed for permanent NP  shape
modification!') and central wavelength of 400 nm (fw,
=3.1 eV), i.e., close to the SP resonance. It is easily seen
that, upon absorbing the laser-pulse energy, the conduction
electrons of the NP gain very high temperatures (up to
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FIG. 1. (Color online) (a) Time evolution of electronic and lat-
tice temperatures of a silver NP following the absorption of an
intense fs laser pulse. Inset of (a): changes in Fermi distribution
upon laser irradiation. (b) Probabilities of electrons that possess
energies above 2.6 eV as a function of time. PETE happens during
the pulse (rising curve) and ITE after the pulse (decaying curve).
Inset of (b): first 2 ps of PETE and ITE with shaded areas showing
the total probabilities for both processes.

10* K) within the pulse. It should be noted that these calcu-
lations do not include possible energy losses due to electron
emission processes. Reaching the maximum 7, the hot elec-
tronic system heats the cold silver lattice to a region of tem-
peratures above the melting point of (bulk) silver within a
few picoseconds.

What happens to the NPs after that time? From lumines-
cence and extinction spectra,”> we know that Ag ions are
being emitted into the glass matrix upon fs laser irradiation.
Transmission electron microscopy (TEM) pictures®!®!!
showed that this ion emission leads to partial dissolution of
the NPs, creating small Ag aggregates around the remaining
NP. So it is obvious that after a few picoseconds already
some electrons have left the NP, i.e., the nanoparticle is then
positively charged and very hot; electric potential and ther-
mal energy can overcome the binding energy of Ag ions,
which are being emitted into the surrounding glass
matrix.!213:16.22 A a result of this relaxation mechanism, the
total volume of the NP is reduced over time. In addition, part
of the energy will be taken from the NP and, via kinetic
energy of the ions, be transferred to the glass when the ions
are trapped there, which is an additional cooling mechanism
of the NP.

If these evidently occurring electron and ion emission
processes would be purely thermal, the anisotropy of the NPs
after irradiation could not be explained. Therefore, we have
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to investigate the possible electron emission processes in
more detail, in particular those happening during the pulse
interaction because the strong field of a linearly polarized
laser pulse is the only reasonable source of a directional pref-
erence. According to Mie theory,” the SP oscillations of
spherical particles are either dipolar or multipolar in charac-
ter depending on their sizes.’* For particles having sizes
much smaller than the wavelength of the exciting electro-
magnetic field (d<<\), it is sufficient to consider only the
first term of the multipolar expansion, i.e., the dipolar term.
In this case of small enough NPs, hot electrons can be in-
jected into the surrounding glass matrix along the direction
of the laser polarization during interaction with the applied
pulse. The probability of this process is clearly correlated
with the availability of electronic states of the surrounding
medium.

In the case of Ag NPs embedded in glass, the occupied
states of the NP coincide in their energy with the electronic
states of the glass.'> The valence-band maximum of the
glass lies 10.6 eV below vacuum energy (i.e., —10.6 eV) and
has no influence on the silver nanoparticle SPs. On the other
hand, the lowest conduction band of the glass occurs around
—1.7 eV. Comparing this with the Fermi level of Ag, which
lies at —4.3 eV, yields a 2.6 eV gap in between the Fermi
level of the silver NPs and the conduction band of the glass
matrix. This energy is lower than the SP resonance energy of
the Ag NPs in glass (Awgp=3 eV). This shows that it is
possible for a SP to decay by injection of a hot electron (with
E=2.6 eV) into the glass conduction band.>> Therefore, our
irradiation at 3.1 eV, which is very close to the SP resonance,
can provide considerable probability for the NP electrons to
penetrate into the glass conduction band(s) within the pulse
duration.

The case depicted in the inset of Fig. 1(a) shows the
Fermi distribution of an electronic system upon absorbing
the Aiw;=3.1 eV laser pulse. It is seen that the high-energy
tail of the Fermi distribution with 7,~10* K exceeds the
energy needed for NP electrons to penetrate into the glass
conduction band (2.6 V). It is obvious regarding this Fermi
distribution that NPs can inject hot electrons into the glass
during and after the laser-pulse interaction. This gives rise to
two different types of electron emission processes, which we
will classify as “pulse enhanced” or “purely thermal” in the
following.

Electrons being emitted during the laser-pulse interaction
will be driven by the strong oscillating electric field and
therefore generate an anisotropic distribution of emission di-
rections, obviously given by the electric field oscillations
(polarization) of the laser pulse. The anticipated 100 fs
pulses at A=400 nm correspond to 75 full oscillation cycles
with mostly very high amplitudes. A simple estimate shows
that a conduction-band electron of the NP can gain a linear
acceleration of around 10?° m/s*> upon encountering a
linear-polarized pulse of 0.3 TW/cm? intensity (correspond-
ing to an electric field amplitude of 10° V/m) within the
half plasmon period. In the absence of any damping, this
acceleration can push the electron approximately 0.1 nm
away from the NP surface. The enhanced electric field at the
particle-glass interface®!> can increase this value to approxi-
mately 10 nm. Electrons driven so far away from the NP
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have left the region of the strongest field enhancement, will
thus experience a weaker backward force due to the reversed
field of the next half plasmon period, and may finally be
trapped in the glass matrix. These numbers make plausible
that under the specified conditions there is a non-negligible
probability for emission of even “cold” electrons. This direct
field-driven electron emission has also been shown by theo-
retical works for Na clusters.'®

With increase in the absorbed energy, the remaining elec-
trons gain high temperatures and start to build up a Fermi
distribution via e-e collisions. The increasing electron tem-
perature produces a significant number of electrons at ener-
gies matching the glass conduction band. This will greatly
enhance the probability of anisotropic electron emissions
from the NP although it remains an open question if at very
high electron temperatures the simple picture of a collective
plasmon oscillation is still correct. Since, however, the de-
tails of these processes are not relevant for this work, we will
in the following comprise all field-driven directed electron
emissions from NPs occurring during interaction with a laser
pulse by the notion “pulse-enhanced thermal emission”
(PETE). When the laser pulse is terminated, the electronic
system is still very hot, and thus there are still enough elec-
trons at energies allowing them to enter the glass conduction
band just by a diffusive process. In contrast to the pulse-
enhanced processes (PETE), these purely temperature-driven
electron emissions are isotropic. We will call this comparably
long-lived process isotropic thermal emission (ITE) of elec-
trons. For all the emitted electrons there is a certain probabil-
ity that they lose their energy rapidly and are eventually
trapped at local potential minima forming color centers in the
glass.?> These trapped electrons play an important role in
reducing Ag cations at later times.

To get a better understanding of the time evolution of the
thermal emission processes, we calculated the Fermi distri-
bution as a function of 7,, and used the resulting amount of
electrons above 2.6 eV as an estimate for the relative elec-
tron emission probabilities. Figure 1(b) shows this percent-
age of electrons, referring to the situation of Fig. 1(a) as a
function of time. During the time of the laser pulse, we add
probability to the PETE process (blue solid line) while after
the end of the pulse the percentage of high-energy electrons
is assigned to add probability to the ITE process (red dotted
line). Thus, integration over the pulse duration (start and end
of pulse defined by 1/e? intensity) and the whole remaining
time interval afterward yields the total relative probabilities
(ZP) of the two processes. These integrals are shown as
shaded areas under the curves in the inset of Fig. 1(b). The
absolute probabilities are unknown but it is obvious to an-
ticipate higher probability for the PETE process to account
for the experimentally observed anisotropy.

III. EXPERIMENTAL

The samples studied here consist of a 1-mm-thick soda-
lime glass containing spherical silver NPs in a thin surface
region of 2—3 um. The average radius of the NPs is around
15 nm, at a volume filling factor of 1073, Thus interaction
between the NPs can be neglected. The NPs exhibit a sharp
SP resonance centered at around 413 nm.
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FIG. 2. (Color online) Irradiation by time-delayed pulse pairs.
BS: beam splitter; M1 and M2: high reflecting mirrors; CP: com-
pensator plate; FL: focusing lens; QWP: quarter wave plate.

The frequency-doubled linear-polarized output of a regen-
erative Ti:sapphire amplifier with 1 kHz repetition rate and
100 fs pulse duration is used as the irradiation source. The
wavelength of irradiation (A=400 nm) is very close to the
SP resonances of the NPs. The experimental setup that cre-
ates time-delayed pulse pairs is shown in Fig. 2. The input
pulse is divided by a beam splitter into two pulses of equal
energy, where one pulse is delayed with respect to the other
by help of a motorized delay stage. As a result, pulse pairs
are created with a variable Az in between. The pairs of pulses
are focused on the sample to a spot size of about 100 wm,
resulting in an energy density of 20 mJ/cm? per pulse. Mov-
ing the sample continuously on a motorized X-Y translation
stage, a separate area is irradiated (written) for each desired
delay between pulse pairs. The sample movement is arranged
such that on average 300 pulse pairs hit one spot.

In standard configuration, the polarization of the pulse
pair is linear with the polarization planes being parallel to
each other. By inserting a quarter-wave plate in one arm of
the setup, the pulse in this arm experiences a rotation of the
plane of polarization by 90°. Thus, in this configuration,
pulse pairs with linear but, with respect to each other, or-
thogonal polarization are produced.

After the pulse-pair irradiations, the samples were an-
nealed for 1 h at 200 °C in order to remove any possible
laser-induced defects in the glass matrix.”> Then the
polarization-dependent extinction bands from each irradiated
area (representing one time delay A¢) are recorded by con-
ventional transmission spectroscopy. These bands are then
analyzed by the method of moments,?® which is a statistical
method allowing an objective comparison of the spectral pa-
rameters of extinction bands. The first moment defines the
central position of a band; the second moment represents its
bandwidth. “P-pol” (“S-pol”) abbreviate in the following po-
larization of light parallel (orthogonal) to the polarization of
the second pulse of each pair interacting with the sample.

IV. RESULTS OF PULSE-PAIR IRRADIATION
EXPERIMENTS

As mentioned before the original SP band of the spherical
silver NPs is split into two polarization-dependent bands
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FIG. 3. (Color online) Time evolution of SP band centers for (a)
parallel-polarized and (b) orthogonal-polarized pulse-pair irradia-
tions. The insets of (a) and (b) are the corresponding time evolution
of SP band integrals. All lines are given as a guide to the eye.

upon irradiation with a train of parallel-polarized pulses. The
spectral gap between these polarized bands is related to the
aspect ratio of the modified NP.>?7 Using the technique of
pulse-pair irradiation, we found that the spectral gaps, and
therefore also the NP shapes, depend strongly on the time
delay between the two pulses of each pair.

The temporal evolution of the SP band centers for P-pol
and S-pol are presented in Figs. 3(a) and 3(b) for the irradia-
tion cases of parallel and orthogonal-polarized pulse pairs,
respectively. Figure 3(a) shows that the maximum amount of
dichroism (spectral band separation) is achieved for irradia-
tion with pulse pairs following each other very quickly. For
time delay larger than Ar=3 ps, the P-band position shifts
to smaller while the S-band position slightly toward longer
wavelengths. At Ar=10 ps, this decrease in the induced di-
chroism stops; for larger At the positions of the SP bands
(spectral gap) remain almost unchanged. For the band inte-
grals [inset of Fig. 3(a)], which are representing the total
absorption of the NP system, the situation is different: di-
rectly after delay time Ar=0, both band integrals start to
decrease until Ar=35 ps. At larger temporal distance of the
pulse pair, the P-pol band integral remains constant while the
S-pol band integral is slightly recovering. Over all, the total
absorption is significantly reduced when the delay between
the two pulses is increased to 5 ps or more.

Figure 3(b) presents the results of a comparable series of
experiments applying orthogonally polarized pulse pairs. The
first important feature is observed at time delay zero, where
the temporally overlapping pulses lead to a considerable red-
shift of the SP band centers with respect to the original SP
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band but without any directional preference. This behavior is
the same as was obtained by irradiation of the NPs with
circularly polarized pulses, which created a redshift of the SP
band but no dichroism within experimental accuracy.® How-
ever, already at a time delay of Az=1 ps between the two
pulses, dichroism with a considerable spectral gap of
>20 nm occurs. Strikingly, the stronger redshifted SP band
is found for polarization parallel to that of the second-hitting
pulse. That means that also the nanoparticles’ long axes are
being defined by the pulse interacting with the sample later
in time. This statement, however, is only true for a limited
range of time delay: already for Ar>3 ps the centers of both
s and p bands start to experience smaller redshift upon irra-
diation, and a smaller spectral gap is produced. These trends
continue until at A¢t=10 ps the dichroism vanishes (spectral
gap~0 nm); after this time delay the situation remains un-
changed. The band integrals [inset of Fig. 3(b)] decrease
similar to the case of Fig. 3(a), and also reach a stable situ-
ation at their minimum values around Ar=10 ps.
Comprising the above given results, we can give a first
qualitative interpretation. Obviously the first pulse initiates
ultrafast processes changing the state of the NP and its sur-
rounding strongly during the first few picoseconds. With in-
creasing time delay At, the second pulse causes a monoto-
nous decrease in the band integrals, which is most plausibly
explained by volume shrinking (partial dissolution) of NPs.
This indicates, together with the behavior of the band centers
in the case of orthogonal-polarized pulses, an isotropic
process—tentatively ion emission—which prevents the sec-
ond pulse from creating a directional memory for NP reshap-
ing. The band centers show the largest spectral gaps for time
delay Ar=3 ps; in the case of orthogonal-polarized pairs the
second pulse can redirect the directional memory within this
interval of time. Most probably, these observations can be
attributed to the directed electron emission. Therefore these
processes will be in the focus of the following discussion.

V. DISCUSSION

To account for the temporal behavior seen in the experi-
mental results, we now consider the relative probabilities of
PETE and ITE of electrons for the cases of parallel and
orthogonal-polarized pulse-pair irradiations. Starting point is
again the two-temperature model, which is now applied to
estimate the electronic temperatures for the case of pulse-pair
irradiation of a NP. The inset of Fig. 4(a) shows the resulting
time evolution of electronic and lattice temperature calcu-
lated for the case of irradiation with a pulse pair (energy
matching the experimental values) at a time delay of 5 ps. As
easily seen, the second pulse hitting the already hot NP in-
creases the electronic temperature again; however, it is not as
prominent as the first pulse effect because of the increased
electron heat capacity. It is also observed that this further
increase in 7, causes the lattice temperature to rise more
steeply. To estimate the relative contributions of PETE and
ITE processes, we applied the same procedure as described
in Sec. II, i.e., calculated the percentage of electrons at
>2.6 eV above the Fermi level as a function of time. Figure
4(a) shows as an example the result for a time delay Ar
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FIG. 4. (Color online) Inset of (a): time evolution of electronic
and lattice temperatures for pulse-pair irradiation with At=5 ps. (a)
The corresponding probabilities of electrons that possess energies
above 2.6 eV. (b) Added probabilities of ITE and PETE for selected
delay times.

=5 ps between the two pulses. Integrating over the time in-
tervals where a laser field is present yields the total relative
probability for the PETE processes during first and second
pulses [regions indicated by blue solid lines in Fig. 4(a)].
Integration over the remaining time (no laser field) gives the
total relative probability for ITE processes [regions indicated
by red dashed lines in Fig. 4(a)]. Performing this procedure
for the whole range of time delay between pulse pairs from
perfect overlapping at Ar=0 ps to a maximum delay of 20
ps, the total relative probabilities of PETE and ITE processes
are obtained as a function of the temporal sequence of the
two pulses.

Now we have to compare these calculated numbers with
the experimental results presented above. Experimentally, we
have investigated the two cases of parallel and orthogonal
polarizations of the pulse pairs, which imply a characteristic
difference: the integrated probability of ITE processes does
only depend on the current electronic temperature and thus
the total amount of absorbed energy but is not at all sensitive
to the laser-pulse polarization. In contrast, the PETE pro-
cesses were assumed to be field-driven, i.e., to produce a
directional distribution of electron emission which reflects
the actual laser polarization. With respect to this definition,
the amount of anisotropy initiated by the PETE processes in
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case of parallel polarization of the pulse pair must be related
to the sum of the PETE probabilities. For orthogonal polar-
ization of a pulse pair, one expects a relation to the difference
of PETE probabilities because directed emission of exactly
the same amount of electrons in parallel and perpendicular
directions cannot produce anisotropy of lowest (dipolar) or-
der.

According to these considerations, Fig. 4(b) shows the
integrated probability for ITE processes only once (upper
panel) while in the lower panel both sum (open triangles)
and difference (open circles) of the PETE probabilities, inte-
grated separately over first (PETEI) and second pulse
(PETE2), are plotted. It is most instructive to look at the
difference first: while at Ar=0 the two contributions cancel
each other as expected, already a few 100 fs time delay of
the pulses leads to a clear prevalence of pulse-enhanced elec-
tron emission probability due to the second pulse. This can
easily be explained by the fact that the second pulse can
interact with an already very hot-electron system. With in-
creasing At, the difference decreases down to zero at Ar
~15 ps. Over all, this behavior almost perfectly matches the
experimentally observed dichroism as a function of Ar [Fig.
3(b)], as well as the finding that the second of two energeti-
cally equal pulses defines the direction of anisotropy. It is
obvious to conclude that pulse-enhanced thermal emission of
electrons into the matrix is the key process initiating the
directional memory for the following shape transformation
of the Ag nanoparticles.

This interpretation is confirmed considering the sum
(PETE1+PETE2): first, the larger values of the total PETE
probability corresponds nicely to the larger amount of aniso-
tropy (spectral gap) observed for parallel-polarized pulse
pairs. Second, the sum decreases by more than a factor of 2
when the pulse delay increases from very small A¢ to Af
~10 ps; the experimentally observed reduction in the spec-
tral gap of the SP bands happens on the same time scale.

We can now consider which physical processes cause the
reduction or even disappearance (for orthogonal-polarized
pulse pairs) of the anisotropy within 10 ps. Clearly the purely
thermal emission of electrons (ITE) is the first candidate:
when isotropic injection of electrons into the glass has been
going on long enough, all available trapping sites close to the
NP will be occupied. Electrons emitted by a second pulse
interacting after this time can, if at all, only be trapped at
sites further away from the NP. For parallel-polarized pulse
pairs, these sites are also already occupied by PETE during
the first pulse so the electrons emitted by the second one will
diffuse back to the NP, and as a result the anisotropy is not
increased. In case of orthogonal-polarized pulse pairs, there
are free sites in the emission direction, and the anisotropy
can be cancelled. So, already this simplified scenario of satu-
ration of the trapping sites can provide a reasonable expla-
nation for the observed dependence of the dichroism on the
pulse delay time At.

There are, however, further processes which might start
within the first picoseconds after the laser-pulse interaction.
In particular, any process of electron emission (no matter if
directed or isotropic) ionizes the NP, rapidly creating repul-
sive Coulomb forces among the silver cations. Together with
strongly increased temperature, this finally leads to emission
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of ions (known as Coulomb explosion), reducing the total
volume of a NP. For small Na clusters the typical time scale
for Coulomb explosion is 0.5-1 ps.' It is reasonable to as-
sume a somewhat slower time scale for the emission of Ag
ions from our comparably large NPs embedded in a rigid
matrix. This is well compatible with the experimentally ob-
served decrease in the SP band integrals as function of the
pulse-pair delay Az. So we can conclude that also ion emis-
sion at least starts within the first few picoseconds after in-
teraction of the first pulse, and this will strongly change the
state of both the NPs and of their surroundings. For instance,
the dissipated kinetic energy of the Ag ions will lead to a fast
temperature increase in the glass matrix close to the NP,
which might remove the trapping sites for electrons. Also a
loss of the silver crystal structure could result in a strongly
modified reaction of the NP to the second laser pulse. All
those secondary processes have the potential to prevent the
preparation of an anisotropic distribution of trapped elec-
trons, and offer plausible explanations that a second pulse
coming in more than 10 ps after the first one cannot increase
the produced persistent dichroism.

Summarizing this part, we want to point out that our in-
vestigation gave evidence that field-driven emission of hot
electrons into the glass matrix is the dominating starting pro-
cess for the fs laser-induced reshaping of Ag nanoparticles.
As discussed in previous work, the whole process of shape
transformation requires several further cascaded mechanisms
on increasingly slower time scales: emitted ions can be re-
duced by previously emitted trapped electrons; owing to the
directional distribution of these electrons, this reduction hap-
pens mainly close to the poles of the NP. Due to the in-
creased temperature of the glass matrix in the vicinity of the
particle, mediated first by emitted electrons and ions, and
then by normal heat conduction, the reduced Ag atoms may
either diffuse back to and reaggregate with the original NP or
form small silver clusters in its surroundings. Irradiating sev-
eral hundred pulses, this gradually leads to the NP shape
changes and the usually observed halo of small silver
clusters.!!

We are currently performing extended series of pulse-pair
experiments for the time delay range from >20 ps to 1 ns,
and various pulse energies. Preliminary results show that
there are several further spectral changes on this longer time
scales, which should provide additional insight in the physi-
cal mechanisms of NP shape transformation. The results of
these investigations will be discussed in detail in a forthcom-
ing publication.

VI. CONCLUSION

We have studied the initial stage of the NP shape modifi-
cation dynamics by 100 fs pulse-pair irradiation experiments,
restricted to a time delay range of Ar=20 ps. Together with
two-temperature model calculations, which have been ex-
tended to be valid also for very high temperatures, it was
shown that directed electric field-driven emission of hot elec-
trons, which are then trapped in the glass matrix, is the key
process initiating the transformation of Ag nanoparticles to
nonspherical shapes. This directional memory, which is pre-
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pared only during the time of laser-pulse interaction, defines
the anisotropy of the whole much longer-lasting process
leading to ellipsoidal NPs and persistent dichroism, respec-
tively. The anisotropic pulse-enhanced electron emission is
counteracted by thermal isotropic electron emission and most
probably Ag ion emission occurring on a timescale of a few
picoseconds. This explains perfectly why the largest NP as-
pect ratios are being produced when the delay between pulse
pairs is less than =3 ps. Thinking of the technological ap-
plications of laser-induced dichroism, it can be concluded
that ultrashort pulses up to a duration of several picoseconds
are well suited to prepare large spectral gaps between the
polarized SP bands while the use of significantly longer
pulses will favorably create the isotropic changes up to par-
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ticle destruction. This conclusion is in full agreement with
previous works.?%2

Finally, the introduced technique proves to be a valuable
tool to investigate the NP shape modification dynamics or,
more generally, any ultrafast laser-induced processes which
lead to irreversible optical changes. Time-delayed pulse-pair
irradiation can provide additional information compared to
usual pump-probe spectroscopy in these cases of the metal
NPs.
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