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The optical and nonradiative relaxation dynamics of 5 nm thick silver nanodisks with a 25 nm diameter have
been investigated in an organic solvent by continuous wave (cw) and femtosecone jpaige time-resolved
spectroscopies. Several surface plasmon absorption bands are observed due to the disk shape of these particles.
In the time-resolved experiments, the time dependence of the bleach resulting from femtosecond pulsed
excitation is studied. On the-13 ps time scale, a decay resulting from electrphonon relaxation is observed.

On a longer time scale>(20 ps), a rise rather than a further decay of the bleach intensity is observed. This

is shown to result from the formation of a thermal lens due to the induced thermal gradients produced from
heating the organic solvent by the phorgrhonon relaxation processes of the photoexcited nanodisks.

Introduction the rate of phononphonon relaxation processes that cool off

Research concerning nanomaterials is at the interface of athe nanoparticles could be limited by the heat diffusion away

. L . - . X from the surrounding medium (through the capping material
variety of scientific domains as different as materials chemistry, . : . .
. : . and immediate surrounding solvent). In this case, the long decay
quantum physics or optical physics. Shape controlled nanopar-

! g . time would be a measure of the surrounding solvent cooling,
ticle synthesis is of great interest for numerous groups because

R . ) . . . which then controls the overall rate of the nanopatrticle cooling.
it is important in understanding and controlling their particular )

physical properties. This has been carried out for a wide variety !N the present work, we present a time-resolved study of the
of particle shapes such as spheresanorod$, cubes® or thermal relaxa'glon Qynamlcs Qfdlsk-shaped sﬂvernanopgrtples
triangles® A wide variety of physical methods have been encapsglated in mlcelle_s using femtosecond pu_Ise excitation.
developed to characterize them and determine their propertiesS!Ver disk-shaped particles have been synthesized by a new
as a function of shape. In the field of time-resolved spectroscopy, chémical method that enables one to synthesize particles
the nanoparticle electronic confinement as well as eleetron  differing in their size at constant aspect raié>The disk shape
phonon coupling or thermal and acoustic relaxation have beeninduces a large modification of the_ optical properties by splitting
studied® Most of the time-resolved studies have focused on th€ plasmon resonance. By probing the bleach recovery of the
the size and shape dependence of the eleetpbonon relax- surface plasmon resonance after laser excitation, we can f_ollow
ation trying to understand how the electrgshonon coupling the'eleptrOFrphonon relaxation of an excited metal nanopgrt!qle,
changes when the size of the particles is reduced. Recently, theVich is on the order of a few picoseconds. After the initial
question of thermal energy transfer between the excited nano-Pleach recovery we observe, however, an increase in the bleach

particles and the surrounding medium was addressed in several't€nsity on @ much longer time scale 20 ps). We attribute
studies®12 Thermal equilibration between the lattice and the this effect to the creation of a thermal lens induced by the heat

surrounding medium becomes especially important for higher ransfer from the hot nanoparticles to the surrounding medium.
laser excitation powers. In the case of gold nanofddsing This gives additional information on the energy trgnsfer
higher excitation densities, a shape transformation of the gold Processes involved between the particles and the medium.
nanorods in aqueous solution into spherical particles was The thermal lens effect has widely been used to probe the
observedThe time scales involved and the efficiencies of the nonradiative relaxation of excited states in molecéfés.In
laser-induced shape transformation should be highly influenced analogy, the cooling of the excited metal nanoparticles also
by the thermal heat loss of the particles following excitation. involves nonradiative heat loss, which can be followed by
The cooling dynamics of the lattice is therefore an important thermal lens spectroscopy. Recently, imaging using the thermal
but also much less understood part of the electron dynamics inlens effect has been demonstrated as an important new method

small nanoparticles. In fact, it has been pointed out!th&t because it allows the imaging of subwavelength objects with a
far field techniqué®1°
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T T T " T " from the spheres and nanodiskg he absorption band centered

at 420 nm is mainly due to the spheres. Similar to gold nanorods
for which the surface plasmon resonance splits into two médes,
the surface plasmon resonance for silver nanodisks also strongly
- depends on the particle shape and size. The high-energy plasmon
resonance of the silver disks, located at 350 nm, corresponds
to the nanodisk transverse plasmon mode. The low-energy one,
located at 500 nm, is attributed to the nanodisk longitudinal
surface plasmon resonance.

Isooctane solutions of nanodisks are studied by femtosecond
time-resolved pumpprobe spectroscopy. The wavelength of
. the pump is 400 nm whereas the probe can be tuned between
450 and 700 nm using a white light continuum to probe the
entire spectrum of the nanodisks. For the dynamics studies, the
0.0 . . . ) wavelength of the probe was set to coincide with the longitudinal
400 600 800 1000 nanodisk surface plasmon absorption. After femtosecond laser
wavelength A (nm) excitation (-100 fs), the particle electronic temperature is
. . . . increased above that of the lattice of the particles. It has been
Figure 1. Continuous wave (cw) absorption spectrum of a solution of

silver nanodisks. The strong band at 420 nm is due to spheres whereashown for s_pherlcal sllver particfeshat the surfa}ce plasmon .
the shoulder at 350 nm and the strong band at 500 nm are due to the'€sonance is red shifted and broadened at higher electronic
transverse and longitudinal surface plasmon resonance of the nanodiskéemperatures. For this reason, if the probe wavelength is below
having a diameter of 25 nm with a thickness of 5 nm. the plasmon resonance, it can be observed as a transient bleach.
Conversely, above the plasmon resonance, it can be observed
loidal silver particles are obtained by mixing two solutidfis.  as an increase in absorption. The transient absorption spectrum
The first one is a reverse micelle solution made of 60% 0.1 M of silver nanodisks after 400 nm excitation is shown in the inset
Ag(AOT) and 40% 0.1 M Na(AQOT) solubilized in isooctane. of Figure 2A. The spectrum was recorded 850 fs after excitation
The water molar ratiow = [H2O)J/[AOT], is kept at 2. The  just before a complete temperature equilibrium between the
second one is 0.1 M Na(AOT) in isooctane, with water replaced electrons and lattice is reached. The spectrum exhibits the
by hydrazine (MH4). The overall hydrazine concentration varies expected bleach and absorption for the longitudinal surface
from 0.5 to 1.66 M and the molar ratio=y [N2H4/[AOT], is plasmon resonance at 500 nm. The main part of Figure 2A
changed from 5 to 16.6. After the hydrazine is added, the shows the absorption before and 850 fs after excitation whereas
solution is stirred for 20 min and becomes opalescent becausethe inset is the difference spectrum.
of a phase transition as the reverse micelles are no longer A thermal equilibrium between the initially excited electrons
formed. The two solutions are then mixed together and a dark 54 the lattice is reached as a result of electpinonon
color quickly appears. The solution is ther_1 diluted 100 time_sin relaxation processes in a few picoseconds for most metal
0.1 M Na(AOT) solution and ultrasonicated for 10 min.  nan6particled ® This can be measured by probing the bleach
Dodecanethiol is then added (20/mL). After 2 h the solution recovery dynamics at 480 nm as a function of delay time
is centrifuged, the supernatant solution is removed and the yatveen the pump and probe pulses and is shown in Figure
particles are dispersed in a 0.1 M Na(AOT) solution in isooctane. 3p  The pleach recovery is dominated by a fast decay
Time-Resolved ExperimentsTransient absorption studiés component ascribed to the electrguhonon coupling. This fast
were performed using an amplified Ti:Sapphire laser system component can be fitted to an exponential deca§sewhere
(Clark CPA 1000). The second harmonic of the 800 nm . '— 1 g ps corresponding to the electrophonon relaxation
fundamental was used as excitation anq a white light continuum e (see Figure 3A). This is comparable to the values observed
probe beam was generated by focusing a small part of the ¢, the sjlver and gold spheres as well as rd83 his confirms
fundamental beam into a sapphire window. The beam was splitihe previous conclusiérthat the electrorphonon relaxation

into two parts and used for signal and reference. The signal i, 4o|d and silver is shape independent for particles larger than
beam is overlapped with the pump beam after focusing and is 5554t 10 nm.

then collected behind the sample and focused onto the entrance
of a fiber optic cable connected to the monochromator/
spectrograph. The pump beam was mechanically chopped an
the differential transmission signal was recorded using a pair
of Si photodiodes (Thorlab) and a lock-in amplifier (Stanford
Research Systems). For spectral measurements a liquid nitroge
cooled CCD camera (Princeton Instruments) in combination with
a spectrograph were used.
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Thermal relaxation of the particle lattice, which transfers the
Gexcitation energy to the surrounding medium, is the final
relaxation of the hot metal nanoparticles. Often a second longer
decay component of the plasmon band bleach is observed on
I;he few hundred picosecond time sc&l&, which has been
attributed to the time it takes the heat to exchange between the
particle and the surrounding medium and the solvent to reach
thermal equilibrium. However, some studie¥ suggest that
the local energy exchange between the nanoparticles and the
solvent molecules surrounding the particles can occur on a
The synthesis of silver nanodisks described above producessimilar time scale as the electrophonon relaxation. The long
a mixture of disk-shaped particles as well as spheres asdecay component is thus mainly due to the heat transfer away
impurities. As observed by a transmission electron microscope from the medium immediately surrounding the particle surface.
(TEM), spherical particles have been estimated as 30% in In general, the amplitude of the second component increases
volume. The absorption spectrum of a solution containing disks with increasing excitation powér? In the case of the silver
and spheres is shown in Figure 1 and exhibits mainly three nanodisks in isooctane solution, however, a very different
absorption bands attributed to the surface plasmon resonancédehavior is observed at longer delay times. Figure 3B shows

Results and Discussion
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Figure 2. Examining the shape of the transient absorption of the 0.00
nanodisk at different time delays after laser excitation. (A) cw (dashed 1 . 1 . 1 . 1 . 1 . 1
line) and transient (solid line) absorption spectra of silver nanodisks at 0 20 40 60 80 100
a delay time ofAt = 0.85 ps and pump energy of 0.43 per pulse at Time Delay (ps)

400 nm. The inset shows the difference spectrum. The spectral shapeF
of the transient absorption spectrum is caused by a shift and a
broadening of the plasmon resonance due to a higher electron
temperature. (B) cw (dashed line) and transient (solid line) absorption
spectra of silver nanodisks at a time delayAaf= 100 ps. The pump
energy is 0.17J per pulse. The inset shows the difference spectrum.
In comparison to the early delay time, the spectrum reveals a constant
decrease of the absorption intensity but retains its band shape.

igure 3. (A) Transient absorption dynamics recorded as a function
of time delay between 400 nm pump and 480 nm probe pulses. The
pump energy is 0.14J. The fast decay dynamics can be fitted to a
monoexponential decay with a decay timg = 1.8 ps. This bleach
relaxation corresponds to the thermal equilibration between the electrons
and the lattice (electrenphonon relaxation). (B) Transient absorption
dynamics recorded for different excitation energigs«, = 400 nm;
Aprobe= 480 nm) and monitored for longer delay times. The pulse energy
increases for the traces shown from bottom to top (0.19, 0.26, 0.42,
the bleach recovery dynamics probed at 480 nm for different 0.68, and 1.0aJ). The increase in the bleach intensity at longer delay
exotation energies (sce figure legend). Instead of obsening a8 SULEY . ermeL s e caused by S e e
secon_d Ipnger bleach d_eca_ly compongnt,_ arse n the bleaCNNere fit to the sum of an exponential decay and a rise according to A
intensity is observed, which increases with increasing delay time  ge-vr, 4 (1 — etz) with 7, = 1.5 ps andr, = 40 ps.
as well as with excitation energy. This rise can be fitted to an
exponential growth, + e Y72 with 7, = 40 ps. The intensity of ~ that measured at short delay times. Figure 2B shows that the
the observed bleach signal can exceed the initial zero-time signaltransient absorption spectrum recorded 100 ps after excitation
(as seen in Figure 3B). At longer timex 100 ps), the signal  with 400 nm femtosecond laser pulses compares well with the
is found to keep increasing linearly, up to 500 ps, with a slow ground state spectrum of silver nanodisks. The results show that
characteristic times; = 5.9 ns. the transient absorption on this time scale does not significantly
A similar increase of the plasmon band bleach was previously change its band shape or position. The plasmon resonance
reported for spherical silvéas well as goléinanoparticles. For ~ decreases in intensity without a noticeable shift or broadening
the silver nanoparticlésit was proposed that a temperature of the plasmon band. A change of the dielectric constant alone
increase of the solvent (water) changes the dielectric constantdue to solvent heating can therefore be ruled out as a possible
of the surrounding medium, which in turn leads to a blue shift explanation of the results.
of the plasmon band according to Mie the8ryhe blue shift The increase in the bleach intensity could also be attributed
causes an increase in the bleach intensity at later delay timeso the beginning of a coherent breathing mode of the metal
as it takes time for the energy exchange with the surrounding nanopatrticles after laser heating, as has been shown for spherical
medium. To investigate if the signal in our experiment is also silver and gold nanoparticlés. However, on the basis of the
due to a shift in the plasmon band, a transient absorption size of the particles, an oscillation period of about 8 ps is
spectrum is recorded at long delay times and compared with expected. In fact, a steady increase of the bleach intensity up
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to 500 ps is observed, which would correspond to a much slowerisooctane is fourdd to be 41 times larger than in water. Hence,
oscillation frequency. this effect should be further amplified in the presence of the

Another possible explanation of the observed behavior is that AOT surfactant!
the concentration of nanoparticles in the excitation volume is  In the case of metal particles in the size range of tens of
decreased due to a volume expansion of the heated area (aftehanometers and above, the temperature gradient generated
the absorbed laser energy has been transferred to the mediumyround the particle can be large enough to be measured for
Such an expansion would cause the effective nanoparticle individual particles®9A large number of photons are absorbed
concentration to decrease, which would also mean that theper particle due to the large absorption cross-section of the
absorption intensity decreases. Taking into account that isooc-surface plasmon resonance. As the relaxation dynamics after
tane has a large thermal relaxation timg € R2/a. = 6 ns)25 laser excitation are essentially nonradiative, the absorbed photon
thermalization in the nanoparticles surrounding medium is a energy is transferred into thermal lattice energy of the particle
slow process and such a dilatation effect is unexpected at earlyon the time scale of the electrephonon coupling, giving rise
time delay in organic solvents. Furthermore, the temperatureto rapid lattice heating. The thermal equilibrium with the
and volume variation inside the focal volume can be estimated surrounding medium is then reached by a heat transfer between
as AT = E/mg, = 0.007 K andAV/V = BAT/T = 0.007 x the particle lattice and its medium. For the silver nanodisks used

1073 =7 x 1078 for a maximum pulse energy of/iJ. Hence, in this study and considering the organic solvent and the

volume expansion per pulse is very weak compared to the presence of surfactants, the heat conductivity mismatch between
measured Signa| and the Samp|e Spinning prevents any furtherthe silver partiC'eS and the medium induces a Iarge temperature
increase from the pulse repetition rate. For these reasons, if notdradient at the interface. As the medium refractive index depends

negligible, the thermal expansion likely explains the slow rise 0N the temperature aswdiT < O, each particle behaves as a
component at long time delay\{ > 100 ps). divergent lens with a similar behavior as the one described

. . : . . 8
The intermediate exponential behavior {5t < 100 ps) is ~ aPovel® , ,
attributed to a thermal lensing effect. Such an effect is often  12KiNg into account that the signal is measured on an
observed in solutions containing strongly absorbing molecules €Nsémble of particle, the role of the geometric interplay between

with low fluorescence quantum efficiencies. Thermal lensing the different lenses involved is not clear at this point. Neverthe-
spectroscop{f2L-22has in fact been used to study radiationless less, the observed effect can be related to the intense heating of
transitions in molecules. After irradiation by light, energy the nanopatrticles environment. This thermal relaxation can be

transfer to the solvent occurs by a nonradiative relaxation of described by the following thermodynamic equatighfor

the molecular excited state. Taking into account that a laser SPherical particles:
beam has a Gaussian intensity distribution, molecules are not
equally irradiated in the focal volume. Because of that, solvent T,=
heating is not spatially homogeneous and temperature gradients R
. . . . . 1
are induced in the solvent. As the medium refractive index T, —i—Z—(TZi — Ty \/r_lerf
depends on temperature, a refractive index gradient causes a r
transient divergent lens to be formed in the excitation volume.

This chromatic aberration has two opposite effects depending |erf r—R)_ ex M + ﬁzt erf r—R + ﬁ«/f
on the sample position compared to the beam focal @8ilft. 2\/out \/a_zt 2\/a_2t
the focal point is in front of the sample, the beam is further
dispersed and the signal decreases. On the other hand, if theyheres = kl\/T_]_ + kz\/f_, B = (ko — k))/Z, 7 = R¥a is the
focal point is behind the sample, the beam converges and therelaxation time,a. = k/pc, is the thermal diffusivity k is the
measured signal is increased. In our case, the sample is largghermal conductivity> T is the temperatureR is the particle
compared to the focal volume and the beam is focused insideradius, and is the distance from the particle. Subscripts 1 and
the sample. According to LamberBeer’s law, more light is 2 denote the particle and the medium, respectivBlyand Ty;
absorbed by particles in the front part of the sample than in the gre the initial temperatures in each medium.
back part. The temperature rise is therefore higher in the front  calculations have been performed for a 20 nm particle and
of the sample, and the beam should be converging while it an initial electronic temperature variati&T between 500 and
passes through the solution. Then a smaller volume with fewer gog K as a function of the time and the distance from the
nanoparticles would be sampled for the back part of the sample.nanoparticle surface. The relation between the temperature
Fewer nanoparticles exposed would lead to less absorptionyariation and the laser energy has been estimated taking into
compared to the original beam, which would explain the increase account the absorption of the silver nanodisk solution and its
of the bleach signal. Basically, due to the creation of the thermal concentration. The silver concentration is measured using
lens inside the sample caused by strong laser excitation by thel ambert-Beer’s law at 250 nm: OBy = e2sdC whereezso =
pump beam, more light will be transmitted, which is detected 16 400 L mot* cm at4 = 250 nm is the extinction coefficient,
in the pump-probe experiments. Also, as the light is then | = 0.2 cm is the optical path length and @p= 0.6 is the

collected behind the sample and focused into the entrance of agptical density in the present experiment. Hence the silver
fiber optic cable, the small entrance area of the fiber optic cable concentration is found to b8ag = 1.27 x 10°mol L-2or C

can act as a pinhole. This geometric parameter could therefore= 7 6 x 10\ particles per liter (making use of the average
contribute to a further increase in transmission for the sample. particle size). Such a calculation is possible in the case of silver
The change in the measured signal is usually found to be because the absorption in the UV range is due to interband
proportional to the index gradient in the soluti82 The transitions which do not depend on the particle size and shape.
thermal lensing effect is therefore enhanced in organic solventsAssuming a focal volume of; = 1077 L, the energy absorbed
and/or in surfactant solutions because their refractive indices per particle E;, is estimated by, = E(1 — e ©P)/CV; = 7.56
are very sensitive to temperature changje¢d As an example, x 107°E,, wherekE; is the laser energy. The temperature variation
the thermal lensing signal of excited 9-nitroanthracene in is then equal ta\T = Ey/mg, = 1262, with E; in microjoules

r-RrR _kz(\/f_l"‘\/f_z)
i
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360 , , , , particle size and shape and the role of different solvents.
Knowledge of the thermal relaxation in different solvents would

350 help to understand the laser-induced shape transformations
observed for metal nanoparticles.

340

Conclusions

Silver nanodisks have been studied by static and ultrafasttime-
resolved pumpprobe spectroscopy. The particles exhibit

Temperature (*C)
w
w
o
T

320 several surface plasmon resonances related to the particle shape.
By time-resolved spectroscopy a large increase of the bleach
310 intensity at long delay times>20 ps) after femtosecond laser
excitation has been observed. This effect is likely to be due to
300 ‘ , ‘ , a thermal lensing phenomenon induced by the fast heat transfer
0 20 40 60 80 100 from the particle to its medium and a strong temperature
Time delay {ps) dependence of the medium refractive index. This thermal lensing
Figure 4. 4. Variation of the temperature at a distance 100 nm focuses the monitoring beam resulting in a decrease in the

from a particle of diametdd = 2R = 20 nm for different initial electron absorption (i.e., increase in the bleach) intensity.
temperatures, betweexil = 500 and 900 K. An exponential fit to the

calculated temperature dependence shows that the temperature increasesAcknowledgment. We thank the support of the National
according to 1— e = with 7, = 35 ps in qualitative agreement with Science Foundation (grant No. INT-012926®NRS for an
the experimental results. . g ; ’

international cooperative grant.
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