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Electron dynamics in Au nanorods are studied with femtosecond nonlinear spectroscopic techniques, by directly
exciting and probing the longitudinal surface plasmon resonance. The dispersive and absorptive parts of the
third-order signal are measured using optical heterodyne detected four-wave-mixing spectroscopy. These signals
are used to describe dynamics in Au nanorods in terms of frequency shift and broadening of the plasmon
resonance. Pump-probe experiments are performed with a series of pump intensities. The results are treated
in two ways: (1) by calculating the temperature changes of electrons and phonons in the nanorods and the
effects of these temperatures on the dielectric constant of Au; and (2) by a nonlinear least-squares fitting
using a phenomenological response function. The first model agrees with the pump-probe experimental
results for pump energies up to 2.0 nJ (2.5 GW/cm2) and for delays in the range of 150 fs to 150 ps, but does
not reproduce three additional features present in the data and the phenomenological model: (1) an
“instantaneous” response, attributed to coherent plasmon oscillation; (2) a decaying component with an intensity-
independent time constant of 170 fs, attributed to a nonthermal electron distribution or to two-photon-excited
interband transitions; and (3) oscillations with a period of 71 ps, attributed to coherent vibration of the rods.
Higher pump intensities yield substantial deviation at short delays from the lower-intensity response. Additional
plasmon damping and higher-order nonlinear mechanisms are suggested to account for these deviations.

1. Introduction

Optical excitation of appropriately shaped metal nanoparticles
can result in very large local fields that can, in turn, give rise
to substantial nonlinear optical effects.1,2 The large local fields
are the result of the surface plasmon (SP) resonance, the
collective oscillation of conduction-band electrons in the nano-
particles. The frequency and bandwidth of the SP resonance
depends on the size and shape of the nanoparticles as well as
their dielectric constant and that of the surrounding medium.3

For nanorods, the SP resonance splits into two bands: parallel
(longitudinal) and perpendicular (transverse) to the long axis
of the nanorod. As the aspect ratio of the rod increases, the
energy separation between the two SP resonance frequencies
increases, the longitudinal SP resonance being lower in energy
than the transverse SP resonance.

Electron dynamics in metal films and metallic nanoparticles
have previously been investigated by femtosecond nonlinear
spectroscopy.4-14 The electron distribution is perturbed by a
short pump pulse, and the resulting relaxation to a new
equilibrium distribution is monitored by a time-delayed probe
pulse. Several processes contribute to the dynamics, including
internal electron thermalization, electron-phonon scattering, and
phonon-phonon scattering. Electron relaxation dynamics have
been studied using near-infrared pump pulses, which perturb
the electron distribution in the conduction band, and near-UV

or visible probe pulses near the interband transition thresh-
old.4,9-11,15,16Alternatively, near-UV or visible pump pulses have
been used to excite electrons via intraband and interband
transitions, and transient-absorption spectra have been measured
around the surface-plasmon resonance by probing with a white-
light continuum.5-7,13,14,17-19

The present paper is a study of the electron dynamics in Au
nanorods by direct and selective excitation and probing of the
longitudinal SP mode. The energy of the pump photon is
resonant with the longitudinal SP, but is smaller than the energy
gap between the d-band and the Fermi level, meaning that direct
interband transitions are negligible. The SP resonance absorption
can thus be selectively excited and probed.7 Pump-probe and
optical-heterodyne-detected four-wave-mixing (OHD-FWM)
techniques are used, allowing direct measurement of both the
dispersive and absorptive parts of the third-order nonlinear
optical response. This allows a description of surface-plasmon
dynamics in terms of frequency shift and broadening. The
pump-probe measurements are performed over a range of pump
intensities to determine the dependence of the time constants
of electron relaxation in Au nanorods. Significant deviations
are observed at high pump intensities.

2. Experimental Section

2.1. Nanorod Sample.For the present measurements, Au
nanorods are synthesized by a seed-mediated method.20,21 The
aspect ratio is affected by the amount and size of seed particles,
the pH of the solution, and the concentration of surfactants.

Au seeds are always prepared in the same way and used
without any aging. First, 0.25 mL of 10 mM HAuCl4 is mixed
with 10 mL of 0.1 M CTAB (cetyltrimethylammonium bromide)
solution at room temperature. A 0.6-mL aliquot of freshly
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prepared 10 mM NaBH4 solution is then quickly injected into
the Au solution under vigorous stirring. The color of the solution
changes from yellow to orange, indicating the formation of Au
nanoparticles with diameters smaller than 4 nm. A 50 mL
growth solution of 0.1 M CTAB is prepared and kept at about
25 °C. Next, 2.5 mL of 10 mM HAuCl4 and 0.5 mL of 10 mM
AgNO3 are mixed with the growth solution, and the Au(III) is
reduced to Au(I) by injecting 0.4 mL of 0.1 M ascorbic acid.
Finally, 0.12 mL of the Au seed solution is injected into the
growth solution. The solution is kept overnight under slow
stirring. To remove excess surfactant, the prepared Au nanorod
solution is first cooled to 5°C, so that the CTAB can partly
crystallize, and is then centrifuged at 3500 rpm for 4 min.

A representative TEM image of the Au nanorods used in the
present measurements is shown in Figure 1A. The nanorods
have an aspect ratio of 3.76( 0.53 (with lengths of 53( 7
nm) and are dispersed in water. The measured absorption
spectrum of the solution is shown in Figure 1B; the two peaks
at 790 and 520 nm correspond to the longitudinal and transverse
SP modes, respectively.

2.2. Femtosecond Optical Measurements.A home-built,
cavity-dumped Ti:sapphire oscillator is used to generate 20 nJ,
∼20 fs pulses centered at a wavelength of 790 nm.22 The pulses
are amplified to 1.5µJ in a home-built cavity-dumped Ti:
sapphire amplifier containing chirped mirrors, at repetition rates
ranging from 10 to 250 kHz.23,24 The pulses are compensated
for material dispersion with a pair of BK7 prisms, resulting in
40-fs pulses at the sample position.

Pump-probe transient-transmission and OHD-FWM mea-
surements are employed to investigate the electron dynamics
in Au nanorods. The latter method, which was recently
implemented with diffractive optics,25-29 is used for separate

measurements of the real and imaginary parts of the third-order
polarization,P(3)(t). The details and performance of our OHD-
FWM setup will be reported elsewhere.30

For optical measurements, the Au nanorod sample is circu-
lated in a flow cell at a rate of 1 mL/s using a peristaltic pump.
The signal is detected with photodiodes (Thorlabs, DET210)
and processed with a lock-in amplifier referenced to a chopper
in the pump beam, operating at 2.73 kHz. No distortion of the
measured signal is observed when increasing the laser-pulse
repetition rate from 18 kHz to 124 kHz, although theS/N ratio
improves, indicating the absence of an accumulated thermal or
photochemical effect. The repetition rate is fixed at 37 kHz for
all measurements.

3. Optical-Heterodyne-Detected Four-Wave Mixing
Measurements

3.1. Direct Measurements of Dispersive and Absorptive
Nonlinearities. Previous time-resolved FWM experiments on
Au nanoparticles did not involve a local oscillator field31,32and
thus could not separately measure the dispersive and absorptive
parts of the signal. The OHD-FWM technique provides a
measurement of complex nonlinear signals, allowing a direct
determination of the complex refractive index (or complex
dielectric function) without resorting to a Kramers-Kronig
transformation.28,29,33

The complex refractive index of a system is written as the
sum of the dispersive (real) and absorptive (imaginary) parts:

The signals measured in the OHD experiments are related to
the changes in dispersion,∆n(ω), and absorption,∆K(ω), of
the system29

where L is the path length andSπ/2(t) and Sπ(t) are the
in-quadrature and in-phase parts of the signal, respectively.
Figure 2 shows the time dependence of the dispersive and
absorptive parts, measured directly by OHD-FWM method. The
dispersive part is negative in magnitude and has a slow
oscillatory component, while the absorptive part is positive in
magnitude and has the same oscillatory component, but with
smaller amplitude.

Figure 1. (A) TEM image of Au nanorods used for the ultrafast optical
measurements. The scale bar is 100 nm. (B) Absorption spectrum of
Au nanorods dispersed in water. The scaled laser spectrum is also
shown.

Figure 2. The dispersive,Sπ/2(t), and absorptive,Sπ(t), parts of the
optical-heterodyne-detected four-wave-mixing signal. The pulse ener-
gies are 0.27 nJ for the probe and 0.54 nJ for the pump.

N(ω) ) n(ω) + iK(ω) (1)

S(t) ) - [∆n(t) + i∆K(t)]L

) Sπ/2(t) + iSπ(t), (2)
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3.2. Surface Plasmon Resonance Spectral Dynamics.The
heating of the electron gas by the injected energy from the laser
pulse leads to a frequency shift and spectral broadening of the
nanoparticle SP absorption. These, in turn, result in a transient
bleach centered at the plasmon band maximum and two induced-
absorption wings at lower and higher energies.5,9,14 The time-
dependent electron distribution leads to time evolution of the
transient-absorption spectrum of the Au nanorods, corresponding
principally to changes in the center frequency,
ΩSP(t), and bandwidth,γSP(t), of the SP absorption.

In the present experiment, the excitation wavelength is away
from the interband absorption threshold in Au, which lies at
about 2.4 eV (520 nm). Thus, the interband absorption is
negligible, and the number of electrons in the conduction band
does not change upon excitation. The pump pulse excites
electrons within the conduction band, changing the distribution
of electrons near the Fermi level. The center frequency and
bandwidth of the SP absorption are sensitive to this electron
distribution and can thus be used to probe electron dynamics
in the nanorods.

The Au nanorod sample has an inhomogeneous distribution
of rod aspect ratios resulting in a broad absorption spectrum,
as shown in Figure 1. The laser spectrum is narrower than that
of the Au nanorod sample, so only a subset of nanorods is
selectively excited by the laser pulse. The spectrum of nanorods
excited by the laser pulse can be approximated as a Gaussian

whereγo ) 28.8 meV is the laser center frequency, andΩo )
1.57 eV is the laser bandwidth.KSP(ω, t < 0) represents the
time-independent SP absorption spectrum before the pump pulse
arrives. The evolution of the SP absorption spectrum after the
pump pulse is injected is described by

where the time-dependent center frequency shift and bandwidth
are

and

This formula ignores the effects of interband transitions,
meaning that our analysis is applicable only to systems for which
such transitions are negligible, such as the longitudinal SP
resonances studied here.

The absorptive and dispersive parts measured in OHD-FWM
experiments can be represented as

and

whereL is the sample path length,P(ω) denotes the laser pulse
spectrum,KSP(ω, t) represents the absorption spectrum of the
longitudinal SP, andnSP(ω, t) is obtained fromKSP(ω, t) using

the Kramers-Kronig relation.∆ΩSP(t) and∆γSP(t) are deter-
mined such that the calculated absorptive and dispersive parts
in eqs 5a and 5b reproduce the corresponding signals measured
in OHD-FWM experiments.

The resulting∆ΩSP(t) and∆γSP(t) are shown in Figure 3. It
should be noted that the offset at longer time results from a
thermal grating, which decays on a nanosecond time scale.
∆ΩSP(t) is negative and∆γSP(t) is positive; in other words, the
longitudinal SP absorption at a higher electron temperature is
red-shifted and is broader than the SP absorption at ambient
temperatureT0. On longer time scales, the coherent oscillation
of the nanorods is observed in∆ΩSP(t). The frequency of the
SP band is modulated by changes in the aspect ratio and electron
density as the nanorods contract and expand. As shown in
Figures 2 and 3, the shapes of∆ΩSP(t) and∆γSP(t) are similar
to those ofSπ/2(t) and Sπ(t), but the relative amplitudes are
different. The change in probe absorption, for the laser pulses
and resonance conditions used, is sensitive to broadening of
the SP, while the change in refractive index is sensitive to the
frequency shift of the SP.

Del Fatti et al. have previously performed femtosecond
pump-probe measurements on silver nanoparticles embedded
in a glass matrix.9,34 They measured the probe wavelength
dependence of the transmission change around the SP resonance
at a fixed time delay and extracted frequency shifts and
broadening of the resonance by fitting the transient spectra. The
values of∆ΩSP(t) and ∆γSP(t) obtained in the current OHD-
FWM measurements are of the same order of magnitude as their
results.

3.3. Vibrational Dynamics.The coherent vibrational modes
of cylindrical rods with an aspect ratio much greater than one
are separated into two fundamental modes: extensional and
breathing. The oscillation period,Text, and damping time
constant,τext, of the extensional mode depend on the size
distribution of the rods and their elastic constants14,35

where L and σL are the mean rod length and its standard
deviation, E is the Young’s modulus, andF is the material
density.

Linear prediction singular-value decomposition36 of the
oscillatory component in the dispersive signal yields an oscil-

Figure 3. The calculated time-dependent frequency shift,∆ΩSP(t), and
bandwidth change,∆γSP(t), of the longitudinal SP absorption of Au
nanorods. The inset shows the same data at early times.

KSP(ω, t < 0) ) A

x2πγo
2

exp[-(ω - Ωo)
2

2γo
2 ] (3)

KSP(ω, t g0) ) A

x2πγ2(t)
exp[-(ω - Ω(t))2

2γ2(t) ] (4a)

Ω(t) ) Ωo + ∆ΩSP(t) (4b)

γ(t) ) γo + ∆γSP(t) (4c)

Sπ/2(t) ) - L ∫ dωP(ω)[nSP(ω, t) - nSP(ω, t < 0)] (5a)

Sπ(t) ) - L ∫ dωP(ω)[KSP(ω, t) - KSP(ω, t < 0)] (5b)

Text ) 2L

xE/F
τext )

LText

x2πσL

(6)
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lation period ofText ) 71 ps and a damping time constant of
τext ) 98.5 ps. For bulk Au,E/F ) 40.4 kbar-cm3/g, giving an
oscillation period ofText ) 52 ps for the nanorods used in the
current experiment (L ) 52.6 ( 7.3 nm). The experimentally
measuredText is longer than the value predicted from the model
calculation, most likely due to differences between the real
nanorod shapes and the perfect cylinders assumed in the model.

The damping of the oscillation is mainly determined by the
inhomogeneous size distribution of the nanorods in the sample.
Since the oscillation period of the coherent extensional mode
depends linearly on the length of the nanorods, as shown in eq
6, the nanorods with different sizes oscillate with different
periods, resulting in dephasing of the signal. Using the measured
length distribution of the nanorods in the sample results in an
expected damping time constant ofτext ) 84 ps, compared to a
measured damping time ofτext ) 98.5 ps. The pump laser
excites only a subset of nanorods within the laser spectrum,
since the homogeneous linewidth is narrow.2 Therefore, the
dispersion of sizes within this subset is less than that of the
sample as a whole, accounting for the longer measured
dephasing time.

4. Pump-Probe Transient-Transmission Measurements

Femtosecond pump-probe transient-transmission measure-
ments were performed for pump pulse energies from 0.4 to 2.1
nJ, as shown in Figure 4. The center frequency of the laser pulse
was 790 nm, resonant with the longitudinal SP absorption. The
probe intensity was fixed at 0.1 nJ/pulse.

4.1. Effects of Changes in Electron and Phonon Temper-
atures. Our first analysis of the pump-probe data involves an
explicit calculation of thermally induced changes in the optical
properties of the nanorods. First, part of the energy of the
incident pump laser pulse is absorbed by the plasmons, which
are assumed to instantaneously decay, resulting in heating of
the conduction electrons in the rod. The conduction electrons

exchange heat with the Au lattice through electron-phonon
scattering, and the lattice exchanges heat with its surroundings
through phonon-phonon scattering. The heat capacity of the
surroundings is taken to be effectively infinite, so that the final
state is a return of the electrons and the phonons to room
temperature,To.

The processes described above can be modeled by treating
the electrons, the lattice, and the surroundings as three coupled
thermal reservoirs. We assume that the three heat baths are in
thermal equilibrium at all times. The temperatures of the
electrons,Te, and of the lattice,Tl, can then be described with
the following pair of differential equations:11

Here,Ce(Te) andCl are the heat capacities of the electrons and
the lattice (i.e., phonons), respectively, andGe-ph and Gph-ph

are the coupling coefficients between the electrons and the lattice
and between the lattice and surroundings, respectively. The
electron heat capacity is proportional to temperature:Ce(Te) )
γeTe, with γe ) 71.5 J m-3 K-2.37,38 The lattice heat capacity,
on the other hand, is taken to beCl ≈ 3kBn, where kB is
Boltzmann’s constant andn ) 5.9 × 1028 m-3 is the atomic
density of Au.38 We takeGe-ph ) 1.9× 1017W/m3 K, to agree
with previous measurements on Au nanoparticles.16 On the other
hand,Gph-ph depends on the details of the thermal coupling
between the rods and their surroundings, including the thermal
conductivity of the solvent and the effects of the layer of
surfactant that covers the rods. This parameter is thus left
adjustable, to match the experimental data.

With these parameters, eqs 7 and 8 can readily be solved
numerically. The initial conditions are thatTl ) To, while Te is
given by the energy absorbed from the pump laser pulse by the
nanorod. This absorbed energy is determined by the incident
pulse energy, the laser spot size, and the calculated optical
absorption cross section of the nanorod. The measured pulse
energy is scaled by a constant factor in order to take into account
systematic uncertainties in the laser spot size and optical
attenuation between the point where the energy is measured
and the area where the pump and probe interact.

The effect of the changingTe andTl is to change the dielectric
function ε(ω) of the Au that makes up the nanorods. The
dielectric function is taken to be39-41

The first term is the Drude response due to free conduction
electrons, and the second term is due to electronic transitions
between lower-lying d-band states and available conduction-
band states above the Fermi level. In the Drude term,ωp is the

bulk plasma frequency, given byωp ) x4πnq2/meff, wheren
is the electron density, taken to be equal to the atomic density;
q is the electronic charge; andmeff is the effective mass of the
conduction electrons.40 The bulk plasmon damping term,γ(Te,
Tl), is adjusted to fit the room-temperature dielectric constants
of ref 42. The dependence of the damping on the lattice
temperature is assumed to be linear, while the dependence of
the damping on electron temperature is calculated according to
the phenomenological formula given in ref 12.

Figure 4. (A) Experimentally measured pump-probe transient-
transmission data (points) and results of calculations using an explicit
theory based on the effects of elevated conduction-electron and lattice
temperatures (lines). The graph is plotted logarithmically in time. From
top to bottom, the pump intensities are 2.1, 1.6, 1.1, 0.8, and 0.6 nJ/
pulse. The probe intensity was kept fixed at 0.1 nJ/pulse. 2.1 nJ/pulse
corresponds to 2.5 GW/cm2. (B) The same data, plotted linearly in time,
over a shorter time scale.

Ce(Te)
∂Te

∂t
) -Ge-ph(Te - Tl) (7)

Cl

∂Tl

∂t
≈ Ge-ph(Te - Tl) - Gph-ph(Tl - To) (8)

ε(ω, Te, Tl) ) [1 -
ωp(Tl)

2

ω2 - iγ(Te, Tl)ω] + ε
d-c(ω, Te) (9)
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The term in the dielectric function due to interband transitions
is calculated according to the theory described in ref 39, using
parameters from refs 39-41. When considering wavelengths
near 800 nm, it is necessary to consider transitions both at the
L point and theX point in the Brillouin zone.40 The calculations
give the interband contribution to the dielectric function within
a constant proportional to the interband matrix element, which
is adjusted to give room-temperature dielectric constants that
match the data in ref 42. The effect of increasing electron
temperature,Te, is to spread out the distribution of electrons
about the Fermi energy,EF, increasing the number of available
states for interband transitions to states belowEF, and to broaden
the Drude response due to increased electron scattering.

Once the time-dependent electron and lattice temperatures
and the temperature-dependent dielectric functions have been
calculated, all that is left to determine is the optical response
of the nanorods for a particular dielectric function. The optical
response is calculated in the quasi-static limit, assuming that
the dimensions of the nanorods are small compared to the optical
wavelength.3 The rods are approximated as prolate ellipsoids.
The optical extinction of the solution of nanorods (i.e., the
attenuation that the probe pulse experiences) is the sum of the
absorption and scattering from all of the nanorods in solution,
and is integrated over the random orientation of the rods as
well as their inhomogeneous distribution in shape. For each
delay time after excitation by the pump laser pulse, the electron
and lattice temperatures are calculated, the resulting dielectric
functions are determined, and the resulting extinction spectrum
is calculated. This spectrum is then integrated over the measured
laser spectrum to give the total attenuation of the probe pulse.
This attenuation is compared to the attenuation at room
temperature to finally give the pump-probe signal as a function
of time delay.

Figure 4 shows the calculated results for a number of pulse
energies. All the data are fitted with only three free param-
eters: (1) the scaling factor between the measured pulse energy
and the energy at the interaction volume; (2) the thermal
coupling coefficient between the Au lattice and its surroundings;
and (3) an overall scaling factor for the response. Agreement is
good over the range of pulse energies considered, although some
deviation is seen at longer delays, particularly for the highest
pump powers. The degradation of the agreement may be due
to local heating of the solution surrounding the nanorods. We
note that we have also neglected the effects of lattice dilation
on interband transition energies and on electron density.

Despite the good general agreement, there are three clear
features in the experimental data that are not reproduced in the
calculation: (1) a time-resolution-limited spike at zero time
delay; (2) a decaying component at short delays, with a time
constant of approximately 170 fs; and (3) coherent oscillations
at longer delays, with a period of 71 ps, as described above.

4.2. Phenomenological Response Function.To take into
account all of the dynamics observed experimentally, we
introduce a phenomenological response function,R(t), to
describe the change in the transmission of the sample in response
to the incident pump pulse. The measured transient change in
transmission,∆S(t)/S, is a convolution of the material response
function with the instrumental response function,G0

(2)(t)

whereδ represents a zero-delay component due to the coherent
nonlinear response of the nanorods.

The response function,R(t), is constructed using the model
in the previous section as a starting point. Equations 7 and 8,
describing the coupled electron, phonon, and surrounding heat
baths, are approximated by assuming that the excitation of the
rods is relatively weak, so that the initial rise in the electron
temperature is relatively small. It is further assumed that the
time scales over which the electrons reach equilibrium with the
lattice and over which the lattice reaches equilibrium with the
surroundings are sufficiently different, so that the two processes
can be considered to be sequential. (This separation of time
scales is justified by the detailed modeling results described
above.) The initial decay in the electron temperature due to
electron-phonon coupling can then be approximated as a single
exponential, with a decay timeτe-ph. The lattice temperature
will initially rise with the same time constant, due to heat transfer
from the electrons, and then decay with the time constantτph-ph,
due to heat transfer to the surroundings.

We add an initial, quickly decaying component to this thermal
response function, to match the observed dynamics. We
tentatively ascribe this component to the effects of nonthermal
electrons. That is, the plasmons that are excited by the pump
pulse decay into an electron distribution which differs from a
thermal distribution and which takes some time to reach internal
thermal equilibrium. The validity of this assignment is discussed
further below. In this model, the electron distribution function
is written as a sum of nonthermal and thermal parts4,37

whereTe(t) is the electron temperature. We assume that the
relaxation of the nonthermal distribution into a thermal distribu-
tion is fast compared to the electron-phonon coupling. In this
case, the decay of the nonthermal electron population into a
thermal population is accounted for by a decaying exponential
with a time constantτth. However, it is also necessary to take
into account direct energy transfer from the nonthermal electron
population to the lattice, with a time constant given by 1/τNT )
1/τth + 1/τe-ph.4

The last component that needs to be included in the response
function is the oscillation due to the coherent vibration of the
lattice, as described above. This is simply done by adding an
oscillatory component with a frequencyω and a phaseφ.

Including all of the above components, the final response
function is written as

whereH(t) is the Heaviside step function.
All of the parameters in eqs 10 and 12 were determined by

nonlinear least-squares (NLLS) fitting. Figure 5 shows an
example of the NLLS fitting results, and the fitting parameters
are listed in Table 1. The time constants are plotted against the
intensity of the pump pulse in Figure 6.

A. Coherent Response.We attribute the zero-delay spike to
coherent nonlinearities associated with the SP oscillation. On
the basis of the homogeneous line width,2 the dephasing time
of the SP is shorter than the duration of the laser pulses. Any
nonlinearity in the plasmon oscillation will thus show up as a
spike with the duration of the laser pulse, due to induced changes
in the resonance as well as coupling of the wavelength-
degenerate pump pulse into the probe direction.43 We note that
the solvent nonresonant nonlinear response is negligible for the
laser energies used.

f ) fnonthermal(E, t) + fthermal[E, Te(t)] (11)

R(t) ) H(t)[ANT e-t/τNT + ATh e-t/τe-ph(1 - e-t/τth) +

Aph-ph(1 - e-t/τe-ph) e-t/τph-ph+ Aosce
-t/τosc cos(ωt + φ)] (12)

∆S(t)
S

) ∫ dτ[δG0
(2)(τ) + G0

(2)(τ)R(τ - t)] (10)
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Coherent nonlinearities in the SP response presumably reflect
anharmonic components in the SP oscillation. Deviations from
simple harmonic oscillation are likely due to confinement of
electrons by the boundaries of the rod; such confinement-
induced effects have also been invoked to explain the generation
of third-harmonic radiation by resonantly driven plasmons.44,45

This coherent response could not be observed in previous
experiments, in which the nanoparticles were excited at
wavelengths away from the SP resonances.

B. Electron Thermalization.As shown in Figure 6A, the time
constant,τth, for electron thermalization (i.e., energy exchange
among electrons) is independent of the energy of the pump pulse
and equal to 170 fs, up to pump pulse energies of about 1.6 nJ.
At pump energies of 2.1 nJ and above,τth increases dramatically.
The unusual behavior for higher pump powers will be discussed
further below.

Electron thermalization has been studied in several experi-
ments involving excitation at energies away from the plasmon
resonance. Various thermalization times have been reported:
700 fs for 30-nm Au films, using time-resolved photoemission
spectroscopy;37 and 500 fs for 20-nm films, using transient
transmission and reflectivity measurements.4 More closely
related are femtosecond transient absorption spectroscopy
measurements performed by Link et al. on Au nanoparticles
with an average diameter between 9 and 48 nm.7 They reported
that the electron thermalization occurred on a 500 fs time scale
with low power excitation, and was independent of nanoparticle
size. Voisin et al. have performed probe-wavelength-dependent
measurements for gold and silver nanoparticles with average
sizes ranging from 2 to 26 nm.46 Electron thermalization times
were measured to be 250 and 450 fs in silver and gold
nanoparticles, respectively.

These previous studies, however, involved excitation with
laser pulses whose wavelengths were far from surface plasmon
resonances. Absorption of these pulses involve promotion of
conduction electrons from below the Fermi surface to above,
resulting in a highly nonthermal nascent distribution of electron
energies.12,47In the present study, by contrast, the incident laser
pulses resonantly excite surface plasmons, which lose their
energy to conduction electrons through Landau damping,48

resulting in a different distribution of electron energies. Pho-
toemission spectroscopy experiments on Ag nanoparticles and
rough films, for example, have shown very different electron
distributions for excitation on-resonance and off-resonance with
surface plasmons:49,50 off-resonant excitation results in the
uniform promotion of a block of electrons by the photon energy,
while resonant excitation results in an approximately exponential
distribution of electron energies. This may account for the
shorter thermalization time that we measure compared to earlier
experiments.

On the other hand, the initial electron energies produced by
resonant excitation of plasmons have been measured by pho-
toemission to be close to a Fermi distribution. It is perhaps
surprising, then, to see any signal due to a nonthermal electron
population, meaning that the transient signal we observe may
have another origin. One possibility is that the incident laser
pulses excite two-photon transitions between d bands and the
conduction band. This would imply, though, a 170-fs recom-
bination time for the excited electron-hole pairs, which is
significantly longer than expected.51,52We thus tentatively assign
the signal to electron thermalization; additional experiments will
be necessary to confirm this assignment.

C. Electron-Phonon Relaxation.Following electron ther-
malization, the electrons cool by exchanging heat with the
lattice. The electron heat capacity is temperature-dependent:
Ce(Te) ) γeTe, with γe ) 71.5 J m-3 K-2. By contrast, the lattice
heat capacity,Cl, is nearly independent of temperature under
our experimental conditions. For short delays, the thermal
coupling between the rod and the surroundings can be neglected.
Equations 7 and 8, describing the evolution of the electron and

Figure 5. Nonlinear least-squares (NLLS) fit to the transient transmis-
sion signal for 0.63 nJ excitation pulses. The dynamics due to electron
thermalization, electron-phonon relaxation, and phonon-phonon
relaxation are well-separated in time. An instantaneous response is also
present at zero delay. The residual to the fit is shown offset from zero,
for clarity.

TABLE 1: Results of Nonlinear Least Square (NLLS) Fit to
the Transient-Transmission Data Shown in Figure 5

pulse energy δ ANT τth (ps) ATh τe-ph (ps) Aph-ph τph-ph (ps)

0.42 nJ 0.26 6.2 0.20 4.7 1.6 1.5 120
0.63 nJ 0.37 8.8 0.18 7.3 1.8 2.1 120
0.84 nJ 0.45 11 0.16 10 2.0 2.8 120
1.05 nJ 0.54 13 0.17 12 2.1 3.3 120
1.6 nJ 0.66 18 0.16 18 2.6 4.7 120
2.1 nJ 0.80 24 0.75 25 2.9 6.2 120

Figure 6. Pulse intensity dependence of time constants for (A) electron
thermalization, (B) electron-phonon relaxation, and (C) phonon-
phonon relaxation.
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lattice temperatures occurring on picosecond time scales, then
simplify to

whereâ ) G[1/Ce(Te) + 1/Cl(Tl)]. For a weak perturbation,
Ce(Te) can be approximated byCe(T0), leading to an exponential
decay of the electron temperature, with a time constantτe-ph

0 ≡
1/â ) γeT0/Ge-ph. For larger perturbations, the electron-phonon
relaxation is nonexponential: it is initially slow, gets faster, and
finally becomes exponential, with a final time constant of
τe-ph

0 .11

As shown in Figure 6B, the fitted value ofτe-ph increases
linearly with increasing pump pulse intensity. The intensity-
dependent decay time reflects small deviations from the
assumption of a temperature-independent electron heat capacity.
A reasonably accurate value ofτe-ph can be determined by
extrapolatingτe-ph to zero pump intensity, giving an intrinsic
electron-phonon relaxation timeτe-ph ) 0.79( 0.03 ps. This
implies an electron-phonon coupling constantGe-ph ) γeTo/
τe-ph

o ) (2.5( 0.1)‚1016 W/m3-K, in good agreement with the
results reported for Au nanoparticles6,7,16,17and bulk Au.4

D. Phonon-Phonon Relaxation.The energy exchange be-
tween the particle and the surroundings occurs by phonon-
phonon coupling. Since the lattice heat capacity,Cl, and the
heat capacity of the surroundings,Cs, are not strongly temper-
ature-dependent, the time constant for the phonon-phonon
relaxation is approximately equal to a constant value of 1/τph-ph,
assuming that the temperature changes of the solvent can be
neglected. This prediction is in excellent agreement with our
results, as shown in Figure 6C. The average time constant for
the phonon-phonon relaxation is 122( 2 ps.

4.3. Electron Dynamics at Higher Pump Intensities.Figure
7A shows the result of pump-probe transient transmission
measurements at higher pump intensities, using a similar Au
nanorod sample. The best fitted values ofτth andτe-ph for these
data are shown in Figures 7B and 7C; a marked change in
behavior is seen when the pump-pulse energy exceeds 2.0 nJ.

For high pulse energies, the SP oscillation is strongly excited,
implying a large amplitude of coherent collective electron
oscillation. It is reasonable to suppose that there will be a
corresponding increase in mechanisms that lead to damping of
the SP. At the same time, additional nonlinear mechanisms are
likely to become active. For example, photoemission experi-
ments have shown that plasmon excitation in rough Ag films
can lead to the production of highly energetic electrons.53 The
overall effect is to reduce the magnitude of the coherent
nonlinear response and to alter the short-time dynamics of the
conduction-electron distribution.

Recently, optical nonlinearities of single Au nanorods were
investigated by measuring scattering from the nanorods in the
strong perturbation regime.2 A very large, ultrafast nonlinearity
was observed, and the mechanism for the early-time dynamics
was indistinguishable from that for the longer time dynamics.
This is consistent with the supposition that, under strong
excitation, the SP dephasing and internal electron thermalization
occur very rapidly, well within the 40-fs excitation-pulse
duration employed here.

The phenomenological response function of eq 12, in which
the relaxation dynamics are described as a sum of sequential,
exponential processes, is thus valid only in the weak perturbation
regime and cannot be directly applied to the strong perturbation
regime. Under the present experimental conditions, the phe-

nomenological model is applicable for pump intensities below
2.0 nJ (2.5 GW/cm2).

5. Conclusions

Au nanorods are synthesized via a seed-mediated growth
process, and their longitudinal surface-plasmon absorption is
tuned away from the interband transition. It is therefore possible
to selectively excite and probe the longitudinal SP mode in the
Au nanorods, with negligible excitation of d-band electrons.
Changes in the response of the SP resonance thus serve as a
direct probe of the distribution of conduction electrons in the
nanorods and the dynamics of this distribution.

OHD-FWM spectroscopy provides selective measurements
of the dispersive and absorptive parts of the signal, which allows
the dynamics to be described in terms of the frequency shift
and broadening of the SP absorption upon excitation of the
longitudinal SP mode. In addition, a coherent vibrational
oscillation is observed, primarily in the dispersive part of the
signal.

Electron dynamics are systematically investigated by pump-
probe transient-transmission measurements. An explicit calcula-
tion is able to reproduce the observed signal due to heating of
conduction electrons and lattice phonons, for relatively low
pump powers. Phenomenological fitting is necessary to take into
account an instantaneous coherent signal and a decaying signal
with a time constant of 170 fs. The instantaneous signal is
attributable to anharmonic components in the SP oscillation.
The decaying signal is ascribed to electron thermalization;
however, additional studies are required to exclude two-photon-
excited interband transitions or other mechanisms.

At high pump intensities, the dynamics of electron thermal-
ization and electron-phonon coupling show significant devia-
tions from their behavior at lower pump intensities, and the

∂(Te - Tl)

∂t
≈ -â(Te - Tl) (13)

Figure 7. (A) Pump-probe transient transmission measurements for
higher pump-pulse energies. From top to bottom, the pump intensities
are 10.0, 5.0, 2.0, 1.0, 0.75, 0.50, and 0.25 nJ/pulse. The probe energy
was kept at 0.1 nJ/pulse. (B) Pulse intensity dependence of time
constants for electron thermalization. (C) Time constants for electron-
phonon relaxation.
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simple phenomenological fitting model is no longer able to
accurately describe the data.
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