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ABSTRACT

The ultrafast nonlinear optical response of a single metal nanoparticle is investigated by combining a high-sensitivity femtosecond pump -
probe setup with a spatial modulation microscope. Experiments are performed on 20 and 30 nm silver nanospheres, in situ characterized via

their optical linear extinction spectrum. The measured transient response permits investigation of the electron —phonon energy transfer time
in a single nanoparticle. Its dependence on the electronic temperature is quantitatively interpreted using the two-temperature model.

Time-resolved femtosecond spectroscopy has been extennanorodst! As, for small nanoparticles, absorption dominates
sively used to investigate the ultrafast nonlinear optical over scattering, transient absorption has to be monitored to
response and the correlated electronic and vibrational kineticsaddress smaller particles (the ratio of the absorption to
of nanoparticles and nanomaterials. In particular, it consti- scattering cross sections scales as the particle volume). We
tutes a powerful tool for analyzing electron interaction report here on the first femtosecond investigation of the
processes and their modification by size reduction in metal transient absorption of a single small metal nanoparticle (size
nanoparticled-* Most of these experiments were performed gmaller than 50 nm), coupling our recently demonstrated far-
on large ensembles of particles dispersed in a liquid or solid fig|g spatial modulation spectroscopy techniueith a high

mhatrix, with the c.:oncomiti?t difficplty of narr:oparticlefsize, sensitivity pump-probe setup. This approach permits both
shape, and environment fluctuations. In the case o nano-y. identify the studied particle via its linear extinction

spheres, this has been circumvented by using high'qua"wspectrum and to detect its ultrafast response, yielding

samples with weak size and shape dispersions and performinanormation on the electronlattice energy exchange in a
experiments in environment independent conditions (i.e., for _. . .
single nanoparticle down to 20 nm size.

weak excitation of the particle8f. However, precise inves-
tigation of the impact of the particle shape and environment Experiments were performed in single silver nanospheres
on the electron response requires the development ofdeposited on a cover glass. The samples were prepared by
femtosecond spectroscopy of single identified nanoparticles.spin coating a colloidal solution in the presence of a polymer
Time-resolved investigations of single metal nanoparticles (poly(vinyl alcohol)). Two solutions with a mean diameter
of nanostructured metal surfaces rely on combining a specific of 20 or 30 nm and a size dispersion-86 nm were used.
optical detection scheme with a femtosecond spectroscopyWith proper choice of the deposition conditions, very diluted
setup’~'2 In the case of nanoparticles, near field optical samples were obtained, with less than one particle.pér
microscopy has been recently extended to the femtosecondrhe single particle under study was first identified by
investigation of large gold nanorods (18030 nm); using measuring its extinction spectrum using the spatial modula-
an approach similar to that developed for semiconductor tjon spectroscopy techniqd@®This is based on periodically
nanostructure¥'4 The inherent difficulty of these experi- modulating the position of a nanoparticle in the focal spot
ments is making development of far field techniques qf 5 |aser beam of wavelengihtightly focused by a 109
particularly interesting. Though their spatial resolution is microscope objective. The resulting modulation of the
smaller, single nanoparticlgs can also b? addressgd USinQransmitted power is detected by a lock-in amplifier. Its
dilute S?‘mp'es- Transient single nanop_artlcle scattering andamplitude is imposed by the nanoparticle extinction cross
absorption have thus been detected in large nanospheregection’Oext(/l), whose absolute value can thus be precisely

(diameter farger than 50 nm) with picosecond resolution. determined. This setup permits detection of an absorbing

Scattering-based methods have recently been extended to the . . . .
S . nanoobject with an absorption cross section down to a few
femtosecond domain in 80 nm gold nanosph€rasd in

nn?, yielding a detection limit of 2 nm for silver nano-
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nanoparticle of volum¥. The observed displacement of the
surface plasmon resonance wavelenfgtfrom the solution
to a deposited nanopatrticle is consistent with the change of
the particle environment (increaseefin eq 1)’ For small
particles in the dipolar approximatiofy is independent of
the particle size for a fixedn,. This is consistent with the
observed close position of the peak extinction for the two
selected particles of Figure 1 (however, for these particles a
more precise description requires inclusion of multipolar
terms, see below). The much larger width of the surface
plasmon resonance in ensemble measurements is ascribed
to inhomogeneous broadening due to environment fluctua-
350 400 450 500 550 tions from particle to particle.
As the absolute value of the extinction cross section is
Wavelength  (nm) measured, comparison of the computed and measured spectra

Figure 1. Measured extinction cross section of two single Ag permits preci;e Char'acterization Of.the. StUdie.d single nano-
nanoparticles (circles and triangles) deposited on a glass substrat@article and, in particular, determination of its voluffie.
in the presence of a polymer (poly(vinyl alcohol)). The solid and Actually, already forD ~ 20 nm silver nanoparticles, the
dashed lines are the spectra of a spherical particle of diameter retardation effect influences the spectrum and has to be taken
21 nm (triangles) and 30 nm (circles) computed using the Mie into account. It corresponds to including multipolar terms

theory in the multipolar approximation. The dastotted line is . . .
the normalized ensemble absorption spectrum of the Ag colloidal in the Mie theory (up to the 11th order in the present study).

solution with average sizBDO= 20 nm. The large displacement ~FOr the two particles of Figure 1 we obtdih= 21 and 30
of the extinction peak is due do the change of the refractive index Nm, using the bulke values measured by Johnson and
of the nanoparticle embedding medium (see text). Christy!® corrected for surface effett.For these particles,
absorption dominates over scattering, the cross-section ratio
In the present experiments, the extinction spectrum and Jand0sca @t Ar being about 10 for the former and 3 for the
femtosecond transient absorption of a single nanoparticle latter. For a given set of dielectric constant very precise
were measured using the same homemade Ti:sapphiredetermination ofD is obtained with a+0.2 nm error.
oscillator as light source. It delivers 100 fs pulses, tunable Actually the main uncertainty is due to the deviation of the
in the 800-900 nm spectral range at 76 MHz. The pulse ¢ values measured by different authors. For instance, very
train was separated into two parts, one of which being similar fitting can be performed with thedata reported by
frequency doubled in a BBO crystal. For spectrum measure- Palik,* yielding D = 21 and 31 nm. Including this systematic
ments, only the latter part was used providing a light source error, the overall precision on tl2 value can be estimated
tunable in the 408450 nm range, close to the silver particle to be smaller than 1 nm.
surface plasmon resonance. For time-resolved experiments, Femtosecond pumprobe experiments were performed
both parts were used, as the pump and probe beamspn these identified single nanoparticles using the same setup.
respectively (see below). The two femtosecond near-infrared and blue beams were now
Single absorption spectra of two silver nanoparticles are injected in the spatial modulation microscope. The individual
shown Figure 1 and compared to the ensemble spectrum ofhanoparticle is excited by absorption of the femtosecond
the colloidal aqueous solution with average diaméer= near-infrared pulsestés = 850 nm). The induced transmis-
20 nm. Individual spectra show red shiftetk & 430 nm)  sion changeAT/T is probed close to the surface plasmon
and narrowed surface plasmon resonances, as compared t@esonance with the frequency doubled part of the pulse train
the ensemble measurements performed in the colloidalat Apgr = 425 nm. The use of this same beam in spectral and
solution @r &~ 400 nm). The peakex(ir) values of the  temporal measurements also permits precise alignment of
studied single particles at the surface plasmon resonancehe setup and control of any evolution of the studied particle
wavelength are about & 10* nn? and 3.7x 10° nm?. through monitoring of its extinction spectrum. Both pump
Assuming spherical nanoparticles and an isotropic embed-and probe beams were tightly focused on the single nano-
ding medium of dielectric constaat, the measured spectra  particle with Gaussian spots of full width at half-maximum
can be reproduced using the Mie thedhjt the lowest order 570 and 290 nm, respectively. ThAT/T signal was
(dipolar approximation) valid for a nanosphere of diameter monitored as a function of the pumprobe delay using a
D, much smaller than the optical wavelength, the extinction classical pumpprobe setup. It uses mechanical chopping

Cross sectiowey is given by of the pump beam at 2 kHz and lock-in detection of the
transmitted probe beam. Because of the excellent laser
18”\/6:::2 (A) stability, high sensitivity is achieved with a noise level in
OexlA) = 7 )+ 2 F Q) the 10 range forAT/T measurements.
m

When a single nanoparticle is illuminated by a beam
focused over an equivalent spot sifg (top hat spatial
wheree = €1 + €; is the dielectric function of the metal profile of same energy), the sample transmission is given
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Figure 2. Temporal evolution of the transmission chan§&T
measured in one single = 30 nm Ag nanoparticle for different
incident pump power®,: 180 W (dotted line), 28QuW (solid

line), and 48QuW (dashed line). The pump and probe wavelengths
arelpp= 850 nm andlpr = 425 nm, respectively. The inset shows
the measured linear dependence of the maximum signal amplitude ]
on the pump power. o+

(norm.)

AT/T

by T~ Tl — 0ex{Arr)/Ser) WhereTs is the transmission
when no particle is under the focal spot. The pump-induced
transmission change can thus be written

r

AT/T x1D°
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ATIT~ _(Aaexll oexr) (Oexll SDR) (2) 0 1

Time Delay (ps)
The first term is the relative modification of the extinction
cross section induced by the pump pulse. It can be estimated-igure 3. Time dependence of the transmission chany&sr
from classical pumpprobe experiments on nanoparticle measured on singld = 30 nm (a) and 21 nm (b) silver

e :-nanoparticles, on a logarithmic scale. The pulse durations at the
tehnserrbltes. It depen(éijs on_the famoun;[) oflil;-gggy IthECted Insample position are about (a) 140 fs and (b) 200 fs. The dashed
€ electron gas and varies irom abou r strong straight lines correspond to exponential decays withréa), = 1

excitation to typically 10°—107* in the low perturbation ps (dotted line dataP, ~ 180 uW), 1.05 ps (solid line data, 280
regime (see below). The second term, proportional to the W), and 1.3 ps (upper dashed line data, 480) and (b)te_pnh =

linear extinction of one nanoparticle, is the overall time- 35? fssé%i\\s/\f/l)eqr Ene data, 15d‘W) %ﬂdfe»ph |= 1-{;5] ps (S?li)déisng g
H H : H H H ata, . € pump ana probe wavelengtns are (a, an
'(iomQIln signal rEdut(.:tllon f.ac,:ﬁr d,;goto probing aslnglioﬁjem' 425 nm and (b) 835 and 417 nm, respectively. The inset in (b)
orsilver nanopar'lc €sinthe g nm.range, itis of the shows the transmission changd/T on a linear scale.
order of 10?2, leading to aAT/T signal in the 1010

range, detectable by our apparatus. the duration of the pulses. Its decay reflects the losses of
The time evolution of the transmission changd/T the electron gas energy to the lattice that can thus be analyzed

measured in th® = 30 nm silver nanoparticle is shown in a single particle.

Figure 2 for three different pump powers. Th&T/T For the different pump powers used here, almost expo-

amplitude is consistent with the estimated one and its nential decays oAT/T are observed (Figure 3). Even for
maximum value is proportional to the pump excitation the lower excitation, the decay is followed over more than
(Figure 2, inset), showing that two-photon absorption is 1 decade yielding a time constant ,, ~ 900 fs for theD
negligible. The good signal over noise ratio of the data = 30 nm particle (Figure 4). For higher pump energies,
permits precise analysis of ti€T/T time behavior and thus  longer AT/T decay times are observed with ,n ~ 1.3 ps

the electron kinetics it reflects.In these experiments, for the largest energy. Similar results were obtained for the
absorption of an infrared pump pulse creates a strongly D = 21 nm nanoparticle, with a comparable energy transfer
athermal conduction electron distribution that thermalizes by time 7.—pn 0f 950 fs at low excitation that strongly increases
electron-electron scattering and cools down by electron  with pump power (Figure 3b). The low-energy n values
lattice coupling. In silver, for a probe pulse in the vicinity are consistent with the intrinsic electrofattice energy

of the surface plasmon resonance, the ultrafast nonlineartransfer time,rg_ph ~ 850 fs, measured in a large ensemble
response essentially reflects the time-dependent exces®f matrix embedded ~ 25 nm nanoparticles (about 30
energyAu, of the electron gas, as previously reported and in the weak electron perturbation regife.

modeled for ensemble measureméfit€onsequently, the The dependence of the energy transfer time on the pump
ATIT signal rise follows energy injection and is limited by power and its different behavior in the 21 and 30 nm particles
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Figure 4. (a) Electror-phonon energy transfer timege pn

measured for two single Ag nanoparticle® & 21 nm, open
squares, an® = 30 nm, closed circles) for different pump powers
Pp. The dashed line is the electrephonon energy transfer time,
79, ~ 850 fs, measured in an ensemble of silver nanoparticles
WitPI mean diameter 25 nm in the low perturbation regfib)
Measured decay time.p, normalized tor?rph as a function of the
initial temperature increas&T"®X The dashed and full lines are
the timerr,, andr,, normalized torg_ph, for ATe andAu, to decay

by 1/e, computed using eqs 4 and 5. The error bars for the 21 nm

particle are not shown for clarity.

are ascribed to the electron excitation dependence of the
electron-lattice energy transfer kinetics. After establishment .
of an electron temperature, i.e., a few hundred femtoseconds

— To, Where Ty is the initial temperature. In the weak
perturbation regime, i.e., AT,"* is small as compared to

To, the change of the electron heat capacity can be neglected.
The electron temperature ris&T(t) thus decays exponen-
tially with the time constantg_ph ~ Co(To)/G (eq 3). This is

also the case for the electron excess energy

_%

Au, 5

(T2 = T5) (4)

In contrast, for a strong excitation, tig dependence df.
leads to a slower and excitation dependent deca¥Taft).
The above rate equation system can be analytically séhvéd,
yielding for moderate metal heatind( T, < 100 Tp)

Text — Te(t) _
Tf

N T — Ty

exc

_ G

ol

(%)

whereT; is the final temperature of the thermalized electron
lattice system that, because of the large lattice heat capacity
(CLIC(Tg) ~ 100 in silver), is close tol,. Though the
predicted AT, decay is not exponenti&t,it can still be
approximated by an exponential AT,"2* does not exceed

too muchT,.2® To compare the experimental and theoretical
results, using egs 4 and 5, we can define characteristic decay
timeszr, andz,, corresponding to the time faxT. andAue,
respectively, to decay by 1/e (Figure 4).

This model can be generalized to metal nanoparticles down
to a few nanometers in size for which quantum confinement
effects weakly modify the electron properties. The key
parameter in analyzing the observed electron energy kinetics
is the excitation temperatuiie,. This is difficult to precisely
define in ensemble measurements, because of the pump beam
intensity profile at the focal spot and of the fluctuations of
the absorption cross section of the nanoparticles due to their
size, shape, and environment dispersion. This can be done
in a single nanoparticle provided that, as here, it is in situ
optically characterized. The amount of energy absorbed by
the studied particle,pscan be estimated using the absorption
cross section at the pump wavelength. As this is too weak
in the near-infrared region to be directly measured, it is

the electronlattice energy exchanges have been described calculated from the extinction spectra measured around the

in bulk metals using the two-temperature mdétel

aT,
CTI55= -6~ T)
3)
G(T,

L
Comgr = G(Te — T)

whereT, and T, are the electron and lattice temperatures,
C. and C_ are their specific heat capacities, a@dis the
electror-phonon coupling constant. The electronic heat
capacity is proportional to the electron temperat@g£T.)

= CoTe With ¢o = 65 J/(n? K?) in silver. The electron

surface plasmon resonance using its fitting by the Mie theory
(Figure 1). Taking into account electron energy losses to the
lattice during the duration of the pump pulse, the effective
maximum heating for theD = 30 nm nanoparticle is
estimated to be in the 130 K range (Figure 4b). It
depends on the set of bukkvalues, with the Johnson and
Christy data yielding a larger electron temperature Aigg"®
than the Palik data. This uncertainty is mostly responsible
for the large error bars for th&eT,"®value (Figure 4b). For
the D = 21 nm particle, excitation is larger for the same
pump power, and\T"# is estimated to vary from 220 to
380 K.

The decay times measured for a given electron temperature

excitation can be characterized by the maximum electron rise in the two studied particles are found to be in very good

temperature rise induced by the pump puSE™X = Tgyc
D

agreement with the predictions of the two temperature model
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for the Aue kinetics (Figure 4b). This is consistent with the  (5) Voisin, C.; Christofilos, D.; Del Fatti, N.; Vale F.; Pfeel, B.;

fact that for our probing conditions, the measured signal is Cottancin, E.; Lerred.; Pellarin, M.; Broyer, MPhys. Re. Lett.
K | P h gl h i 9 200Q 85, 2200. Voisin, C.; Christofilos, D.; Loukakos, P. A.; Del
proportional toAue. The electror-phonon coupling constant, Fatti, N.; Vallee, F.; LernieJ.; Gaudry, M.; Cottancin, E.; Pellarin,

G (or equivalentlyrg_ph) measured in the bulk material has M.; Broyer, M. Phys. Re. B 2004 69, 195416.
been used’ Confirming that |t iS Weakiy modified by Size (6) Arbouet, A.; Voisin, C.; Christofilos, D.; Langot, P.; Del Fatti, N.;
. . p Vallée, F.; LermieJ.; Celep, G.; Cottancin, E.; Gaudry, M.; Pellarin,
reduction for.partlcle_s in the fevy tens of na.nomet'er réfhge. M.: Broyer, M.: Maillard, M.: Pileni, M. P.- Treguer, MPhys. Re.
In conclusion, using a spatial modulation microscope Lett. 2003 90, 177401.
coupled with a high sensitivity two-color femtosecond  (7) Imura, K.; Nagahara, T.; Okamoto, Bl. Phys. Chem. B004 108
pump—probe setup, we have measured the ultrafast nonlinear ~__ 16344. _
dth lated elect Kineti f sinal I (8) Matsuo, Y.; Sasaki, KJpn. J. Appl. Phys2001, 40, 6143.
rgsponse an . e corr_e a_e electron Kinetics or single sma (9) van Dijk, M. A.; Lippitz, M.; Orrit, M.; cond-mat/0506401.
silver nanoparticles with sizes of 21 and of 30 nm. The use (10) Itoh, T.; Asahi, T.; Masuhara, Hppl. Phys. Lett2001, 79, 1667.
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ments pgrmns in situ optical identification of the st_ud|ed (12) Kubo. A Onda, K.. Petek, H.: Sun. Z.: Jung, Y. S.: Kim, H. K.
nanoparticle. The electrerphonon energy transfer times Nano Lett.2005 5, 1123.
deduced from the single particle time response can thus be (13) Nechay, B. A.; Siegner, U.; Morier-Genoud, F.; Schertel, A.; Keller,
quantitatively compared and are found in good agreement 1) lé Apﬁ']- Ph¥5- Eet-t|-1999\34’ F%- I c g .
. [T uentner, 1., emiiani, V.; Intont, F.; Lienau, C.; saesser, |.]
Wlth_the predictions of the two temperature model. The;e Notzel, R Pioog, K. HAppl. Phys. Lett1999 75, 3500,
diameter in the 10 nm range, for which size-dependent energy J.-R.; Araud, L.; Billaud, P.; Broyer, MPhys. Re. Lett. 2004 93,
exchange kinetics has been demonstrated in ensemble 127401 , )
s . S (16) Muskens, O.; Del Fatti, N.; Vake F. SPIE Proc.2005, 5927,
measurementsThis first femtosecond investigation of the 502707
transient absorption of a single metal nanoparticle opens up (17) Kreibig, U.; Vollmer, M. Optical Properties of Metal Clusters
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