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Ultrafast light-induced dichroism in silver nanoparticles
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Ultrafast light-induced dichroism in silver nanoparticles is studied. Two differently prepared colloids are
examined: one sample has a broad distribution of sizes and shapes of silver nanoparticles, while the second
sample, which is processed by laser ablation, presents a more uniform size and shape disfgleadien
fraction of spherical particlgs The experiments are performed with a femtosecond laser in a two-color,
polarization-resolved, pump-probe setup. For the pristine colloid the signal amplitudes for the parallel and
perpendicular polarizations present different behaviors as a function of the probe photon energy, which is not
observed for the laser ablated samples. The temporal response of the samples is also different, with the laser
ablated samples presenting faster electronic cooling rates. A model describing the induced dichroism that takes
into account the shape of the colloid particles is presented. The effects of the size distribution are also
discussed.
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Large interest has been directed to the optical response @j-switched Nd:YAG lasefA=532 nm, 10-Hz repetition rate
metallic nanoparticlegNP) hosted in a dielectric medium. and 8-ns pulse duratigrfor 1 h, where it was also stirred.
The reason for this is the enhancement of nonlinear opticarhe laser ablated colloid presents a more uniform distribu-
properties of these materials due to local-field effects, inition in both size and shape, with a large fractiof70%) of
tially studied in metallic surface's> On the other hand, ul- spherical NP. In the pristine colloid, the shapes and sizes of
trafast optical studies of metals using femtosecond techthe NP are significantly nonuniform, and this is reflected in
niques have proven to be very effective in the understandinghe results of the transient transmission measurements re-
of the electron-electron and electron-phonon interactions iported here.
bulk,3-® allowing to describe in detail the temporal evolution A femtosecond Ti:sapphire laser generating pulses of
of a nonequilibrium photoexcited electronic distribution in =100 fs, repetition rate of 82 MHz, and operating around
the noble metals. Due to their technological importance, foi =800 nm, was used in the time and polarization-resolved
cus has also been given to the time response of nanostrutransient transmission measurements. The fundamental
tured metallic systems, such as NP dispersed in a transparentivelength was used as the pump pulse with photon energy
host mediunf~12 As an example, it has been demonstratediw~ 1.5 eV, while the second harmonic was used as a probe
that the electronic properties can be modified, even thougpulse with photon energy#v=~3 eV (ratio of probe to
strictly quantum confinement effects may not be presentpump power greater than 50 his scheme has the advantage
Some of the reported observations are the dependence of tbé pumping below both the threshold for one-photon inter-
electron-electron and electron-phonon interactions with parband transition and th8PR fw <#Q g, Qgpr A combina-
ticle size!® For this class of materials attention must betion of a photoelastic modulator and polarizer are used to
given to the fact that elementary excitations that are nomodulate the pump beam at a frequency of 100 kHz, and
present, or are not optically accessible, in bulk may introducevith this detection scheme we are able to detect fractional
additional difficulties. This is the case of surface-plasmontransmission changedT/T, of the order of 10°. The probe
excitations in noble-metal NP, which have been studied byulse polarization is set to an angle of 45°, respective to that
many groups. of the pump beam, and after the sample a polarizing beam

In this communication we concentrate on an aspect thagplitter sends the parallel and perpendicular components to
has not been previously addressed, which is the interactiotwo detectors. The two signals are processed by a lock-in
of ultrashort pulses with a distribution of nonspherical silveramplifier and separately recorded. In the time-resolved mea-
NP in a colloid. Silver particles are interesting, because thgurements the average pump powers at the sample were kept
threshold for the interband transitiéf,;g =4 eV) is far from  at =200 mW, corresponding to a fluences0.27 mJ/cri.
the surface-plasmon resonan@&PR (Qspr=3 €V), which  Tests with thin films of silver and gold reveal no difference
facilitates the interpretation of the experimental data. We usbetween the two orthogonal components, within our experi-
two different colloids: one that is prepared by laser ablationmental resolution. The traces for both colloidal samples were
and a pristine colloidas prepared The colloids are initially recorded for probe photon energies varying between 2.95
prepared according to the procedure described in Ref. 15: 9@nd 3.22 eV.
mg of AgNG; are diluted in 500 ml of water at 100 °C. A Figure 1 shows the linear absorption spectra (&®rthe
solution at 1% of sodium citrate 10 ml is added for reducinglaser ablated colloid an@) the pristine colloid. The fact that
Ag, and later boiled and strongly stirred for 1 h. Subse-the plasmon bandSPR of the pristine sample is broader
guently, laser ablation is performed by placing a cuvette withAQgpr=1.38 eV} than for the laser ablated sample
the pristine colloid in front of the second harmonic of a (AQgpg=0.31 eV} can be attributed to the inhomogeneity of
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FIG. 1. Linear absorption spectra close to the surface-plasmon T oslh (b) d04
resonance fora) the laser ablated colloid an@) for the pristine _;
colloid. = %09 >
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either (i) shape oni) size distribution of NP. In casg) a = )
distribution of particles of nonspherical shapes results in a S 08} . . 4-0.4
distribution of SPR frequencies, due to differences in the 25 3.0 35

depolarization factor¥ In caseii) it is known that the Ray- Energy (eV)

leigh approximation is no longer valid for particles with sizes

of about 60 nm, and the Mie theory predicts larger FIG. 3. (a) Transient transmission for the pristine colloid, vary-

widths17:18 ing the probe photon energy between 2.95 and 3.18 eV, with probe
Figure 2a) shows results of the pump-probe measure-polarization paralle{solid lineg and perpendiculaiopen circleyto

ments for probe polarization parallel and perpendicular to théhe pump.(b) Amplitudes A; obtained by fitting Eq.(1) to the

pump polarization, for the laser ablated colloid, varying thetransient transmission, vs probe photon energy for probe polariza-

probe photon energy. The peak around pump-probe delay tior] pgrallgl(trianglgs apd perpendicula(rcircle$ to the pump. The

=0 has a contribution due to four wave mixing, usually solid line is the derivative of the linear absorption spectra.

called the coherent artifact, which is not of interest here. We

focus on the electronic cooling process, which is detected for Riandt) = O (1) (A exp Vepn+ A,), (1)

pump-probe delays greater tha800 fs, after internal elec-

tron thermalization has taken place. We assume the respongéere(t) is the Heaviside functiond; andA; are the fre-

function for the transient transmission is given by quency dependent amplitudes, ang, is the electron cool-
ing time, related to the electron-phonon coupling. Fitting to
s~ @ the experimental signal is performed by convolution of the
L f7 3.18 eV response function with the normalized cross correlation of
= 4 :Ag 310 eV the pump and probe pulses. Following this procedure we
= obtain 7, ,,=730+30 fs. In Fig. ) is presented the ampli-
5 2 :_%@____’_ 3.0z eV tude A, as a function of the probe photon energy for both
T 2.95 oV polarizations. The result is roughly the same in both cases,
o and can be crudely approximated as the derivative of the
0 1 2 3 linear absorption spectra, which is also shown in Figdp).2
Delay (ps) On the other hand, the response for the pristine colloid
10 0.8 presents a different behavior both in its relaxation time and
2 (b) ] the spectral characteristics of the amplitule as shown in
S 05| 104 Fig. 3@). The relaxation time is approximately the same for
g . - both polarizations and equal t,,=900+40 fs. This result
= 0.0 00 <, is in agreement with the fact that the average size of the NP
5 T > in the pristine colloid is larger than for the laser ablated
§ 05F 1704 colloid. In Ref. 14, it has been demonstrated that the
L ; electron-phonon scattering times increase with particle size,

2.5 3.0 3.5

and from those results we estimate that the average diameters
Energy (eV)

of the NP in the pristine and laser ablated colloids are
FIG. 2. (a) Transient transmission for the laser ablated colloid, >30 "M and =8 nm, respectively. These estimates are
varying the probe photon energy between 2.95 and 3.18 eV, witllosely correlated to the average particle sizes in our
probe polarization parallefsolid lineg and perpendiculafopen sam_ples, as visualized by electron transmission micrography.
circles to the pump(b) AmplitudesA; obtained by fitting Eq(1) Figure 3b) presentsA; for both perpendicular and paral-
to the transient transmission, vs probe photon energy, for probt€l polarizations for the pristine colloid. The crossing points
polarization parallektriangleg and perpendiculatcircles to the ~ for zero amplitude in this sample differ by about 80 meV,
pump. The solid line is the derivative of the linear absorptionwith the response for the parallel polarization presenting the
spectra. lower energy crossing point. As will be discussed later, this is
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in qualitative agreement with the fact that for an ellipsoidalthe third-order susceptibility given bxi(f‘k)l(zw;zw,w,—w)
NP the SPR frequency polarized parallel to the major axisg Aajj(2w) ayg(w). Averaging over particle orientation,
€, is smaller tharf) |, the resonance frequency for the plas- must be performed to compare with experimental results. We
mon polarized perpendicular to the major ai8? notice that particle reorientational effects are negligible for
We consider that the main aspects of the problem may bghe time scales of our measurements. Bathy; (2w) and
described by modeling the NP as ellipsoids of semiaxegy,(w) may be calculated once the parameter$, andc of
a>b=c, each with its major axis oriented along an arbitrarythe ellipsoid are known. These results are related to the re-
d|rect|o_n n, and that the d|mep3|ons are.sma}ll compargd tasuits obtained by Haust al®
the optical wavelengthsRayleigh approximation The di- The physics behind the model for tlganisotropig pris-
electric constant of the host is supposed real and equal to tine colloid may be thus summarized: the pump pulse modi-
In this case, the diagonal polarizability tensor of a singlefies the dielectric constants of the NP and the induced
particle in the particle reference frame is given by changes sensed by the probe are due to the particles that have
V[e(w) - €] a larger absorption at the pump frequensy;This occurs for
(2)  the ellipsoids oriented parallel to the pump pulse polariza-
tion; the particle polarizability is greater for these particles
wheree(w) =€, +i ¢, is the dielectric constant of the met®l, (an extreme limit is the case of a one-dimensional rodlike
is the particle volume, anld is the depolarization factdf.In  particle, which only absorbs light polarized parallel to its
the case of spherical particles, for examplez1/3 for j axis). From electron micrographs of the pristine sample we
=1, 2, 3. If &, is small or depends weakly an, the plasmon observe that there is a significant fraction of the NP with
resonances can be obtained from the conditiprlL;[e();)  aspect ratios as high as-a/b=3, which would present a
-€,]=0, and the different polarizations of the incident field ratio of absorption cross sections of the ordergfo,
(relative to the particle reference frameill sense different =40, at the frequency». The probe pulse at therefore
resonance frequenci®;. For spherical particles these fre- SENses predominately the particles that present a hot-electron
guencies are degenerate and polarization independent.  distribution, which in turn modifies the plasmon resonance in
In the photoexcitation process the pump pulse has photofoth the directions parallel and perpendicular to the par-
energies that are tuned aroufid~ 1.5 eV, far from both ticles’major axis. Each presents the characteristic derivative-
the interband transition of silvet(),z~4 eV, and the plas- like curve in the spectral responsaith different crossing
mon resonanceiQspr~3 eV. Intraband transitions are re- POiNts at the zero derivative lin€or probe polarization par-
sponsible for pump pulse energy absorption. The signature GHlel to the pump field it is the parall8PR (;, for a NP
pump-probe experiments for probe energies close t&fR ~ With a hot-electron distribution which is probed, while for
resembles the derivative of the linear absorption spectra wit1€ perpendicular polarization it is the perpendicular reso-
respect to frequency, because of the shify;, and broad- Nnance, {1, that is probed, for the same hot-electron
ening, AT, of the plasmon produced by the pump pue&  distribution.

;=

= ——————————,
I e+ Ljle(w) - €]

poral behavior of optically excited silver NP follows the gen- ©f NP may influence the comparison of the linear and non-
eral lines discussed in Ref. 11 for spherical particles. linear spectra presented in Figh® To simplify the discus-

The pump pulse at frequency induces a polarization in  Sion, we assume that the colloid is composed of only big
the particle that in the laboratory reference frame is given byparticles(radiusR, and densityn,) and small particlegra-
P\(w) = a;j(w)E;(w). The probe pulse measures the variationdius Rs and densityny), all of them spherical. We assume the
of the transmission at@ which is due to the variation of the Small particles only present the dipole contribution to the
polarizability produced by the pump pulse. The variation of2PSorption coefficient, while big particles present higher-
the absorbed power of the probe pulse is therefore given bgrd~er termgs. In trlls case the-llnear absorption coefficient will

L e a5 NGRS, and @y, = n,RY, with y< 3.2

= __ & - : _ On the other hand, the saturated absorption spectrum pre-
VAPabS(Z(U) - ImAc; (20)8(20)§;(2)] sents a different dependence on the particle radius. It can be

we shown that the variation of the absorption coefficient due to

= - 2 Im[Ad(20)E! (20)E/ (2w)]. (3)  the pump pulse is given bya,xngRS, and A, n,RE” .

2 Due to these different dependences with particle radius, it is

The variation of the polarizability is given by possible to have a situation in which the linear absorption
spectra is dominated by the larger particles in the distribu-

Ag = 07ai'A J ajj tion, while the smaller particles determine the spectral re-
@ = €+ Ae,. (4) ) . o .
€1 de sponse of the nonlinear absorption spectra. This is what is

ossibly happening with the pristine colloid: the derivative

The changes of the real and imaginary parts of the dielectrig the linear absorption spectra in Fig(bg is related to

constants at the probe frequendy; andAe;,, are assumed broadSPRresonances, due to big particiésyhile the non-

to beﬁ propoitlonal to the ab.sc?rbed ?ner@fl,ZocAL.JabS linear spectra are dominated by the smaller particles, and is
«Im[P* (@) -E(w)]. Therefore, it is possible to describe the consequently sharper. Of course, the situation is more com-
induced absorption changes in terms of a third-order polarplex due to the fact that the particles are not spherical, which
ization Pi(s)OC)(i(j?l’()l(Zw:2w,w,—w)Ej(2w)Ek(w)E| (-w), with s also a source of inhomogeneous broadefing.
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In conclusion, polarization-resolved transient absorptiorferences are accounted for in a model which considers that
measurements in silver colloids have been performed. In allipsoidal particles with their major axis oriented parallel to
colloid which presents a distribution of nonspherical NP wethe pump beam are more polarizable and therefore present a
have shown that it is possible to induce differences in thénhotter-electron distribution. The parallel and perpendicular
behavior of the spectra according to the direction in whichcomponents of the pump beam sense different resonances,
the probe is polarized relative to the pump beam. These dif€); <, as seen in Fig.(®).
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