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ABSTRACT: We study by femtosecond pump−probe microscopy the
transient plasmonic response of individual gold nanoantennas fabricated
by electron-beam lithography on a glass substrate. By exploiting the
capability of the fabrication technique to control geometrical parameters
at the nanoscale, we tuned the plasmonic resonance in a broad
wavelength range, from the visible to the infrared. Numerical simulations
based on a three-temperature model (3TM) for the electrons and lattice
dynamics, combined with full-wave numerical analysis and semiclassical
theory of optical transitions in the solid state, are compared with the
measurements on a single gold nanoantenna probed at different wavelengths. The agreement between the experiment and the
prediction of the 3TM turns out to be comparable to that achievable with the more sophisticated Boltzmann equation formalism.
We also investigate the influence of the plasmon detuning with respect to the pump and probe wavelengths on the nonlinear
optical response using different nanoantennas. Quantitative comparison of the experimental data with the theoretical model also
provides a disentanglement of the different contributions to the optical nonlinearity of gold giving rise to the complex features
observed in the transient optical response. Our study provides a complete analysis of the physical mechanisms dominating the
nonlinear plasmon dynamics of an individual nano-object taking place on a few ps time scale.
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Since more than a decade, plasmonics has emerged as a new
branch of physics with numerous applications, under way

or considered.1,2 It covers a broad range of fields such as
optoelectronics with new sources, detectors, modulators, and
waveguides,3 biology and medicine with novel biosensors4,5 and
therapies,6,7 and renewable energies with functionalized
materials for photovoltaics8 and photocatalysis,9 just to
mention a few. A very recent novel branch of plasmonics is
aimed at the investigation of the nonlinear optical phenomena
taking place in metal nanostructures.10 Noble metals are well-
known to exhibit giant optical nonlinearities,11,12 but ohmic
losses have prevented any practical exploitation of bulk metals
as optical media, and the potential of gold and silver as
nonlinear materials has been overlooked for many decades.
Contrary to bulk media, nanostructured metallic materials
displaying plasmonic resonances can become highly transparent
in certain frequency intervals and are thus good candidates for
the development of a new generation of nonlinear devices with
potential application to all-optical switching13−15 and sensing.16

To address the challenging task of designing nonlinear
nanoplasmonic devices, a quantitative understanding and

modeling of the nonlinear optical phenomena taking place in
metallic nanostructures is mandatory.
From a more fundamental point of view, surface plasmons

are elementary excitations where photons are coupled to free
electrons.17 As such, both optics at the nanoscale and solid state
physics are required to fully understand their nonlinear
properties, arising from strong-field excitation of conduction
electrons and subsequent relaxation dynamics, taking place on
the femtosecond and picosecond time scales (see, e.g., refs
18−20 and references therein). Local spectroscopy on
individual nano-objects is the most direct and effective
approach to achieve clear-cut evidence of all the phenomena
involved, without incurring inhomogeneity and averaging
effects present in ensembles, only leading to partial results
that would preclude an accurate modeling. This is especially
true when considering elongated nanostructures and, in
particular, nanoantennas21 that exhibit strong polarization-
dependent response, which would be washed out in an
ensemble of dispersed nano-objects. To study the nonlinear
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optical response of a single nano-object, one should combine
transient nonlinear spectroscopy with spatially resolved
microscopy by coupling a femtosecond pump−probe setup to
a confocal microscope. It is worth noting that, contrary to the
case of the long time scale optical response (related to acoustic
oscillations of the nanostructure), which has been extensively
investigated in many papers (see, e.g., refs 20 and 22 and
references therein), the ultrafast dynamics of a single plasmonic
nanoobject (related to electron thermalization processes) has
received much less attention. To the best of our knowledge,
there’s only a very limited number of papers reporting on such
an investigation, mostly probing the dynamics at a single
wavelength,23,24 and only one providing a broad-band
investigation but limited to a very small nanostructure (a
gold nanorod of 12 nm diameter and about 40 nm length,
having the fundamental plasmonic resonance at around 800
nm25).
We report here an extended experimental study on the

transient plasmonic response of a set of single gold antennas of
different sizes, spanning a very broad range of plasmonic
resonances, from the visible to the infrared. The fundamental
resonance of the nanoantennas is tuned thanks to the control of
the nanorod shape afforded by the Electron Beam Lithography
(EBL) nanofabrication technique. We developed an ad hoc
spatially resolved two-color pump−probe setup allowing to
tune the probe wavelength independently from that of the
pump. Different regimes of the transient response, depending
on the spectral tuning/detuning of the plasmon resonance of
the nanoantenna with respect to the pump and probe
wavelengths, were revealed. A three-temperature model
(3TM) is employed to quantitatively describe the dynamics
of the energy degrees of freedom of the nanosystem after
impulsive photoexcitation, without recurring to the Boltzmann
equations formalism. This simpler approach, combined with a
semiclassical modeling of optical transitions in gold and finite-
element-method (FEM) numerical simulations of the electro-
magnetic response of the antennas, allowed us to reproduce all
the features observed in the experiments and thus to provide a
clear-cut explanation of the different dynamics experimentally
observed at the nanoscale.

■ EXPERIMENTAL RESULTS
We first investigated the linear optical response of isolated
nanoantennas. Figure 1 shows the experimental scattering
spectra of three nanoantennas with nominal lengths L = 160,
170, and 190 nm, recorded by dark-field nanospectroscopy with
unpolarized light. The actual lengths, estimated from SEM
images (insets in Figure 1), turned out to be Le ≃ 157, 168, and
188 nm and, thus, in good agreement with the nominal values.
The peak of the spectra corresponds to the excitation of the
longitudinal plasmonic resonance of the nanoantenna, whose
spectral position is estimated to be λR1 = 850 nm, λR2 = 895 nm,
and λR3 = 925 nm, for the three nanoantennas of Figure 1. The
experimental spectra are compared with numerical simulation
of the scattering spectra based on FEM analysis (see Appendix I
for details). In the simulations we assumed, for the
naonantenna length, the nominal value L, whereas the
nanoantenna width w was a fitting parameter. A very good
agreement with the measurements, both in terms of spectral
position and width of the plasmonic peak, was achieved for
values of w a bit larger than the actual values we for all three
nanoantennas (Figure 1). This can be explained by noting that
λR basically scales linearly with L, but w also has an impact on

the plasmonic peak, shifting λR toward the blue (red) for larger
(shorter) w, similarly to the case of cylindrical nanoantennas
(see, e.g., ref 26). Since for the present antennas Le is slightly
shorter than L, in order to retrieve the actual λR, in the
simulations w ought to be larger than we. It is also worth noting
that we found a substantial improvement in the accuracy of the
numerical analysis when taking into account the 3 nm thin Cr
layer employed to increase the adhesion of the gold
nanoantennas on top of the glass substrate. The agreement
between experimental and theoretical scattering spectra
demonstrates the capability of the EBL technique to achieve
a reliable control of the geometrical parameters of the
nanoantennas and, at the same time, the capability of the
numerical modeling to retrieve a correct quantitative prediction
of their linear plasmonic response. These results will be the
basis of our systematic investigation of the role played by

Figure 1. Linear scattering spectra of single gold nanoantennas of
different size: (a) Le(L) = 157(160) nm, we(w) = 51(55) nm, (b)
Le(L) = 168(170) nm, we(w) = 48(55) nm, and (c) Le(L) = 188(190)
nm, we(w) = 62(65) nm. Le and we are the length and width estimated
from SEM images (see inset), where L and w are the values employed
in the numerical simulation to retrieve the best fit of the experimental
spectra. The unpolarized dark-field measurement (black circles) is
compared with the theoretical scattering spectrum for incident light
polarized along the major axis of the nanoantenna with (dashed green
curve) and without (blue dotted curve) modeling of the Cr adhesion
layer. The solid red curve also considers the contribution arising from
the short-axis plasmonic resonance, computed under excitation with
light polarized along the minor axis of the nanoantenna.
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plasmon detuning in the transient optical response of single
gold nanoantennas excited by ultrafast laser pulses.
The ultrafast studies were divided in two sets of experiments.

In a first set, we used a setup analogous to the one used in ref
25, but with a broadband tunability of the probe beam and an
independently tunable pump beam (so we could change the
probe wavelength keeping fixed the pump one). We selected a

nanoantenna of 170 nm length and 50 nm width (Figure 2a).
The simulated absorption, total scattering, and extinction cross-
section spectra of this nanoantenna are shown in Figure 2b,
together with the experimental normalized scattering spectrum
(black circles). The scattering peak is located at 902 nm,
whereas the absorption peak is slightly red-shifted (by about 7
nm), in agreement with what reported in previous papers on

Figure 2. (a) SEM image of a gold nanoantenna of 170 nm length and 50 nm width. (b) Theoretical absorption (red dotted curve), total scattering
(blue dashed curve), and extinction (green solid curve) cross sections for x-polarized light (cf. Appendix I for details). Black circles represent the
normalized scattering spectrum recorded by dark-field measurements with unpolarized light. (c) Experimental and (e) theoretical ΔT/T time traces
for the nanoantenna in (a) as a function of time delay and for different probe wavelengths pumped at 780 nm. Dashed curve in (e) is the pump−
probe cross-correlation assumed in our simulations [corresponding to the dynamics of Pa(t) in eq S6]. (d) Experimental and (f) theoretical ΔT/T
spectra, obtained from the dynamics in (c) and (e), respectively.

Figure 3. (a) SEM images of single gold nanoantennas of comparable width w = 50 nm and different lengths (from top to bottom): 160, 220, 280,
and 340 nm. (b) Experimental and (d) theoretical ΔR/R time traces at λ = 1080 nm and λP = 780 nm for nanoantennas of different length. Dotted
curve in (d) represents the theoretical ΔR/R for the 220 nm long nanoantenna neglecting the contribution from nonthermal electrons. Dashed curve
in (d) is the pump−probe cross-correlation assumed in our simulations [corresponding to the dynamics of Pa(t) in eq (S6)]. (c) Experimental and
(e) theoretical cross sections of the dynamics in (b) and (d), respectively, at different time delays.
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gold nanoatennas of comparable size.27 The extinction cross-
section (the sum of the two spectra) turns out to be peaked at
904 nm, that we can take as a good estimation of the
fundamental dipolar plasmonic resonance wavelength λR of the
nanoantenna. We pumped the antenna off-resonance at λP =
780 nm. To investigate the ultrafast dynamics of this plasmonic
resonance, we tuned the probe wavelength in the range 850−
1000 nm and then recorded, as a function of the pump−probe
time delay t, the differential transmission ΔT/T = (Ton − Toff)/
Toff, where Ton and Toff are the probe signals transmitted by the
excited and unperturbed nanoantenna, respectively. Results are
shown in Figure 2c for 65 μJ/cm2 incident pump fluence. Note
that both positive and negative signals are observed, depending
on the probe wavelength. All the signals display a resolution-
limited rise peaking at around 0.3 ps delay, after which a
monotonic decrease (in modulus) is observed at all wave-
lengths until a long-living plateau is established, after about 5
ps. Figure 2d shows the experimental ΔT/T spectra at different
pump−probe delays, retrieved from the wavelength-dependent
time traces. Basically, these spectra exhibit a derivative shape as
compared to the typical extinction spectra in continuous-wave
regime, which are almost Lorentzian (Figures 1 and 2b).
However, there are some features that do not correspond to a
purely derivative behavior: (i) the crossing of the zero (the so-
called isosbestic point) is located at around 910 nm, that is,
slightly red-shifted as compared to λR; (ii) the wing at shorter
wavelengths is more pronounced; (iii) as the time delay
increases, the derivative shape is more distorted and the
isosbestic point is increasingly red-shifted. Finally, it is worth
noting that in our experiment acoustic oscillations of the
nanoantenna are observed on a longer time scale, as periodic
oscillations of the ΔT/T signal with about 160 ps period. These
oscillations are ascribable to the onset of the fundamental
extensional mode of the nanoantenna and do not play a role on
the 10 ps time scale under investigation (see Appendix IV in
the SI for details).
In a second set of experiments we decided to select a probe

wavelength, corresponding to the resonance peak of a particular
antenna and to characterize single nanoantennas of different
lengths. To have a full set of measurements with the very same
experimental conditions we decided to use the reflection
geometry which is less complex and guarantees higher
reproducibility, even though being more challenging on a
single nanoobject because of the background noise due to
substrate reflection. We selected as the probe wavelength 1080
nm, corresponding to the peak resonance wavelength of the
nanoantenna with 220 nm length, and characterized six
individual nanoantennas with lengths from 160 to 340 nm
(some of which are shown in Figure 3a). These nanoantennas
have plasmonic resonances ranging from the visible to the near-
infrared, as detailed in Appendix I and Figure S1(b),(c). The
differential reflection signal that we measure is defined, similarly
to the differential transmission, as ΔR/R = (Ron − Roff)/Roff, Ron
and Roff being the probe signals reflected by the excited and
unperturbed nanoantenna, respectively. Results are shown in
Figure 3b for 63 μJ/cm2 incident pump fluence at λP = 780 nm.
Again, we observed both positive and negative signals,
depending on the nanoantenna length. Similarly to the previous
experiment, the signal displays resolution limited rise peaking at
around 0.3 ps, after which a monotonic decrease (in modulus)
is observed until a long-living plateau is established (after about
5 ps), for all the antennas except for the one that is in
resonance with the probe (i.e., the one with L = 220 nm). For

this antenna, a nonmonotonic behavior is observed, with a dip
at ∼0.1 ps, followed by a peak at ∼0.4 ps before the monotonic
decrease to the long-living plateau, which also turns out to be
particularly intense as compared to that observed for the other
antennas. Figure 3c shows the experimental ΔR/R signal as a
function of the nanoantenna length for different pump−probe
delays. Interestingly, these curves also exhibit a derivative
behavior, similar to the one observed in the ΔT/T spectra of
the previous experiment. This suggests that the detuning of the
plasmonic resonance with respect to the probe wavelength
dominates the transient plasmonic response of a nanoantenna.
To understand the origin of the complex spectro-temporal

features observed experimentally and to elucidate the role
played by the different physical processes involved in the
transient optical response of individual plasmonic nanoatennas,
we developed a quantitative model of the two experiments.
This allows us also to compare the accuracy of our model
(which is based on a three-temperature rate equations
formalism) to the more sophisticated model (based on
Boltzmann equation formalism), used in ref 25 (first set),
and to validate (for the first time, to our knowledge) a model of
the transient optical response of a single nanoobject in
reflection (second set).

■ THEORETICAL MODEL

A sketch of the model used to describe the transient
nanoplasmonic response is shown in Figure 4a. The pump
pulse initially excites free electrons in a nonthermal distribution,

Figure 4. (a) Sketch of the 3TM for energy relaxation in a
nanoantenna. (b) Drawing of gold density of states showing intraband
pump absorption (blue arrows) and interband probe optical
transitions (black arrow). (c) Normalized pump-induced variation of
the energy occupation probability of nonthermalized electrons (see
Appendix III.B in the SI for details). (d) Smearing of the Fermi−Dirac
function for increasing temperature responsible to the modulation of
occupation probability of thermalized electrons.
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with an excess energy per unit volume N that is subsequently
released, by electron−electron scattering, to the thermalized
electronic population, heating it up to a higher temperature TE.
Then electron−phonon scattering causes the electronic gas to
cool down and the lattice to increase its temperature TL, until a
long-living equilibrium temperature is achieved. A much slower
phonon−phonon scattering process causes the excess energy
originally delivered to the nano-object to flow into the
environment (placed at room temperature, T0). The weak
probe pulse interacts with all the three different degrees of
freedom of the system (nonthermal electrons, thermal electrons
and the lattice) and the effects of such an interaction depend on
the pump−probe time delay and the probe wavelength, giving
rise to the rich scenario of dynamical features observed in the
transient plasmonic response of our experiments (cf. Figures 2
and 3). To quantitatively model such a response, either in
transmission or in reflection, we followed a segregated
approach allowing one: (i) to describe the temporal evolution
of the three dynamical variables N, TE, and TL driven by the
incident pump pulse; (ii) to determine how these dynamical
variables affect the nanoantenna medium, that is, gold
permittivity, in a broad range of wavelengths; (iii) to compute
the subsequent modifications induced in the plasmonic
response of the antenna to the weak probe pulse.
Issue (i) is addressed by the so-called Three-Temperature

Model (3TM) that has been proposed and successfully
exploited for thin gold films28,29 and plasmonic nanoparticle
ensembles, from the pioneering works on gold nanoshells18 to
most recent results on heavily doped semiconductor nano-
crystals,30 (see Appendix III.A in the SI for details).
To address issue (ii), we followed an approach initiated in

the late nineties with the seminal paper by Sun and co-workers
on thin films in the visible,28 recently validated by ultrafast
pump−probe spectroscopy combining high temporal resolution
(∼15 fs) and broad spectral coverage (490−560 nm),31 and
also extended to metal-dielectric multilayers in the near-infrared
(850−1100 nm).32 Such an approach has also led to the first
formulation of the cubic nonlinearity of gold as a thermo-
modulational nonlinearity.29,33 The three variables, N, TE, and
TL, whose dynamics is calculated by the 3TM, induce different
contributions to the transient gold permittivity: the variables N
and TE affect the interband permittivity due to bound electrons,
whereas TL affects the intraband permittivity due to free
electrons in the conduction band (so-called Drude-Sommerfeld
permittivity). More precisely, the temporal variations of N and
TE translate into a temporal variation of the occupation
probability of nonthermalized (NT) and thermalized (T)
electrons, respectively, given by:28

δΔ =f E t E N t( , ) ( ) ( )NT NT (1)

Δ = −f E t f E T t f E T( , ) [ , ( )] ( , )T 0 E 0 0 (2)

with f 0 being the Fermi−Dirac function, E the electron energy
(measured from the Fermi level), and δNT(E) a typical double
steplike distribution28 (see Figure 4c,d and Appendix III.B in
the SI for further details). A variation of the electron energy
distribution due to thermal or nonthermal electrons results in a
reduction (increase) of the occupation probability of the
electronic states below (above) the Fermi energy, with
increased (decreased) absorption for transitions involving
final electronic states below (above) EF (Figure 4c,d).
Quantitatively, such variations of absorption or (equivalently)
of the imaginary part of gold dielectric function ΔϵNT(T)″ (λ,t)

can be straightforwardly determined from gold band structure
and semiclassical modeling of optical transitions in the solid
state (as detailed in Appendix III.B). Then, the variation of the
real part of the interband dielectric function ΔεNT(T)′ (λ,t) is
retrieved from ΔεNT(T)″ (λ,t) by Kramers−Kronig transforma-
tion.
As for the effect of lattice temperature TL, there are two

mechanisms to consider according to the Drude−Sommerfeld
model of the free electrons permittivity (see, e.g., refs 32 and 34
and references therein). An increase in the lattice temperature
causes both an increase of the Drude damping Γ (because of
the increased electron−phonon scattering rate with temper-
ature) and a decrease of the plasma frequency ωP (caused by
thermal expansion of the nanoantenna and subsequent decrease
of the free carrier density n, which is related to the plasma
frequency by ωP ∝ (n)1/2). These two mechanisms give rise to
two corresponding variations of gold dielectric permittivity,
ΔϵL1(2) (λ,t), whose expressions are given in Appendix III.B.
The final step [point (iii)] of the modeling, that is the

computation of plasmon dynamics induced by modulation of
gold permittivity, is addressed by resorting to FEM numerical
analysis. Actually, with the total variation of Au (complex)
permittivity ΔϵAu(λ,t) = ΔϵAu′ (λ,t) + iΔϵAu″ (λ,t) = ΔϵNT(λ,t) +
ΔϵT(λ,t) + ΔϵL1(λ,t) + ΔϵL2(λ,t) at hand, the variation of
nanoantenna cross-section Δσ(λ, t) (being it either an
absorption or a total scattering cross-section) is computed
perturbatively as

σ λ λ λ λ λΔ = Δϵ′ + Δϵ″t f t f t( , ) ( ) ( , ) ( ) ( , )1 Au 2 Au (3)

where

λ σ σ λ λ σ λ λ
=

ϵ′
≃

ϵ + Δϵ′ − ϵ
Δϵ′

f ( )
d
d

[ ; ( ) ] [ ; ( )]
1

Au Au
(4)

λ σ σ λ λ σ λ λ
=

ϵ″
≃

ϵ + Δϵ″ − ϵ
Δϵ″

f
i

( )
d
d

[ ; ( ) ] [ ; ( )]
2

Au Au

(5)

In eqs 4 and 5, the cross-section σ is determined by standard
FEM numerical simulations (see Appendix I for details) and
Δϵ′ and Δϵ″ are the real and imaginary part of the average
variation of Au permittivity induced by pump absorption in the
considered nanoantenna, estimated according to the 3TM and
the model of the cubic nonlinearity of gold above-described.
To model the first set of pump−probe experiments,

performed in transmission on the nanoantenna of 170 nm
length and for different probe wavelengths, we computed the
theoretical differential transmission as a function of the probe
wavelength and time delay, according to the formula (in
agreement with refs 24 and 25):

λ
σ λΔ = −

ΔT
T

t
t

A
( , )

( , )EXT
(6)

where σEXT is the extinction cross-section (sum of the
absorption and total scattering cross sections of the nano-
antenna, see Appendix I for details), and A = πwpr

2 , wpr being the
spot size of the probe beam. Results of the numerical
simulations are reported in Figure 2e,f for better comparison
with the experimental data of Figure 2c,d. To model the second
set of experiments, performed in reflection for a set of different
nanoantennas at a given probe wavelength λ ≃ 1080 nm, we
computed the theoretical differential reflectivity as a function of
the time delay as (see Appendix III.C for details):
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λ ξ
σ λ

σ
Δ =

Δ +R
R

t
t

( , )
( , )SCA

SUB (7)

where σSCA
+ is the backward total scattering cross-section of the

nanoantenna (see Appendix I for details) and σSUB = RSUBA,
with RSUB ≃ 0.034 the Fresnel reflectivity from the substrate
(i.e., the air−glass interface) at normal incidence and ξ the
fraction of total backscattered power that is collected by the
microscope objective under use (NA ≃ 0.75 in our experi-
ments). It is worth noting that since the scatterer is supported
on glass, the scattering is not isotropic in the plane orthogonal
to the major axis of the nanoantenna (as it would be for the
dipolar scattering of a nanorod antenna embedded in a
homogeneous environment) and becomes more directed
toward the substrate. From FEM numerical analysis, we
estimated ξ ≃ 0.35 for a typical gold nanorod antenna on
fused-silica substrate. Results of the numerical simulations are
reported in Figure 3d,e for the same excitation condition of the
experiments.

■ DISCUSSION
A comparison between Figure 2c and e indicates that our
modeling is capable of capturing the main features observed in
the experimental differential transmission measurements
performed on a single nanoantenna. Interestingly, the agree-
ment is not only qualitative, but also quantitative, and in
particular, the almost derivative behavior exhibited by the
transient plasmonic spectra of Figure 2d is well reproduced in
Figure 2f, as well as the deviations from the exact derivative
shape observed in the initial steps of the dynamics, like the
asymmetry of the spectra and the slight red-shift of the
isosbestic point with respect to λR. The derivative behavior can
be explained also according to a simplified two-temperature
model (2TM) as a result of a red-shift of the plasmonic
resonance induced by a real, positive and weakly dispersive Δϵ
ascribable to thermalized electrons. However, the 2TM
completely disregards the contribution from nonthermalized
carriers. On the contrary, our model, though being a rate
equation model like the 2TM, takes into account non-
thermalized electrons by means of the N variable (i.e., a third
effective temperature). As detailed in a recent paper,32

nonthermalized electrons, being much more dispersed in
energy as compared to thermalized ones (cf. Figure 4c,d),
contribute to the total modulation of gold permittivity in a
rather distinct way, giving rise to a complex scenario where, on
the short time scale, both real and imaginary Δϵ (and with
opposite dispersion) are present [cf., in particular, Figure 8a,b
in ref 32]. The nonzero imaginary Δϵ from nonthermalized
carriers thus causes a slight broadening of the plasmonic
resonance that, combined with the derivative effect produced
by thermalized carriers, results in the red-shift of the isosbestic
observed at the very initial steps of the dynamics, in agreement
with what already observed in ref 25. Also, note that the
agreement between experiments and modeling is achieved not
only for the onset of the signal peaks and dips, but also for the
onset of the long-living plateau. On this longer time-scale, the
lattice dynamics contributes to the transient variation of Δϵ,
giving an imaginary contribution related to the modulation of
the Drude damping (see Appendix III.B), thus, causing major
deviations to the derivative behavior in the transient spectra.
However, the shift of the isosbestic point turned out to be
larger as compared to the theoretical prediction (cf. crossing of
zero for magenta curves in Figure 2d,f). This is in agreement

with what is reported in ref 25 and can be attributed to other
effects taking place on the long time-scale, possibly related to
the modulation of the plasma frequency caused by lattice
mechanisms not taken into account here. Indeed, our model
includes the dominating mechanism of plasma frequency
modulation (in the adiabatic limit) giving rise to ΔϵL2, but
this turned out to be not enough to reproduce the shift of the
isosbestic point on the long time scale. Finally, it is worth
noting that, as compared to previous studies on the modeling of
pump−probe experiments in metal-based structures, here we
quantitatively refined the mechanism of Drude damping
modulation, thus avoiding an overestimation of the ΔϵL1.
Actually, recent papers have put in evidence how the Drude
damping Γ is dominated by surface and grain boundaries
scattering or defect scattering rather than phonon scattering
Γe‑phn, especially in nanostructures.34,35 Since it is only phonon
scattering that gives rise to significant temperature effects, a
precise estimation of this mechanism is required to achieve a
correct quantitative estimation of the transient optical response
on the long time-scale. This was provided by fitting the
Holstein expression for Γe‑phn (see, e.g., eq 1 in ref 36) with a
linear formula (eq S12 in Appendix III.B). As a final note on
our first experiment, we point out that the results of Figure 2
clearly indicate that the accuracy of the simpler 3TM is
comparable to that of the more sophisticated Boltzmann
equation model, taking into account the energy dependence of
the relaxation rate of nonthermalized electrons, exploited in ref
25 (further comparison between the 3TM and the prediction of
more accurate models based on the Boltzmann equation
formalism is reported in Appendix III.C).
A comparison between Figure 3b,d indicates that a good

quantitative agreement between the experimental data and the
model is retrieved also for the second experiment, even though
with less fidelity for the shortest nanoantennas with L = 160
and 190 nm. It is worth noting that validation of the model on
this second experiment, achieved at a fixed probe wavelength
and on different nanoantennas, is more challenging for several
reasons. First of all, the need for rearranging the focus
alignment when moving from one nanoantenna to another can
result in some deviations from the nominal excitation
conditions (i.e., incident fluence) and the probe area A (that
affects the ΔR/R, as detailed by eq 7). Also, fabrication
tolerances (i.e., deviation of fabricated parameters as compared
to nominal value) affects differently the nanoantennas, having a
higher impact on the shortest ones (i.e., with L = 160 and 190
nm). Finally, and most importantly, the detuning between the
probe and the peak plasmonic resonance Δλ = λ − λR spans a
much broader range of wavelengths and also a broad range of
pump detunings ΔλP = λP − λR is explored here. These latter
circumstance implies that the operation conditions change a lot
from one antenna to the other. This can be immediately
realized when looking at the electronic temperatures achieved
in the different nanoantennas, as estimated according to our
modeling (Figure 5a). Note that the large difference in ΔλP
translates into a large difference in terms of peak temperature
variation, from about 50 K in the antenna with L = 340 nm to
more than 350 K for the antenna with L = 160 nm, with a
monotonic trend from the longest antennas to the shortest
ones. Considering all above issues, we can state that our
modeling is quite predictive even for the second experiment, so
it allows one to disentangle the three different contributions to
the transient reflection signal arising from nonthermalized
electrons, thermalized electrons, and the lattice (as the sum of
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the two mechanisms illustrated in previous section). These are
shown in Figure 5b, c, and d, respectively. Note that since the
dynamics of nonthermalized electrons is governed by N whose
relaxation time, according to the 3TM model is of the order of
260 fs (estimated as the inverse of the electrons heating rate a
in eq S3, see also Appendix III.C for details), the dynamics in
Figure 5b are much faster than those reported in Figure 5c,
arising from thermalized electrons. However, this is not the
only difference between the two contributions to the total

signal. Actually, depending on the length of the antenna, that is,
depending on the probe detuning Δλ, the ΔR/R from
nonthermal electrons and the ΔR/R from thermal ones are
both positive (negative) for negative (positive) detuning, but
close to zero detuning they exhibit opposite signs. This happens
for the antenna with L = 220 nm, which is probed very close to
resonance, and gives rise to a positive ΔR/R for nonthermal
electrons and a negative ΔR/R from thermalized ones (cf. right
panels in Figure 5b,c for a clearer comparison). Such a behavior
can be qualitatively understood by the following argument: for
the present antenna, the contribution to the ΔR/R arising from
the real Δϵ (both from nonthermal and thermal electrons) is
expected to be minimal, since the signal modulation caused by a
shift of a resonance would be zero to the first order on the peak
of the resonance (under perturbative excitation). This makes
the contribution arising from nonthermalized electrons
prominent, in light of the fact that they are also responsible
for an imaginary Δϵ extending to the infrared because of the
broad range of electron energies involved into the creation of
the out-of-equilibrium distribution δNT (cf. Figure 4b). Such a
modulation causes a broadening of the resonance, which in
turns gives rise to a decrease of the peak reflectivity. Note that if
one neglects the contribution from nonthermalized electrons
(dotted line in Figure 3d) the (dip-peak) oscillation observed in
the initial part of the dynamics of the nanoantenna of 220 nm
length is washed out. We conclude that such a behavior is a
fingerprint of the peculiar contribution provided by non-
thermalized electrons, which cannot be explained within a two-
temperature model, but is well captured by a three-temperature
dynamics without recurring to more complicated approaches
based on the integration of Boltzmann equation for electrons
thermalization.

■ CONCLUSION
We have performed a detailed experimental and theoretical
investigation of the transient plasmonic response of individual
gold nanoantennas fabricated on a glass substrate by EBL
technique. The capability of EBL to control geometrical
parameters and orientation of the nanoantennas, together
with an ad hoc developed two-color pump−probe microscopy
setup, allowed us to study the influence of nanoantenna
tunability on the rich spectral and temporal features observed in
transient nanospectroscopy experiments. We found that the
semiclassical model developed to describe the cubic optical
nonlinearity of gold is capable of providing a quantitative
description of the transient plasmonic response of individual
gold nanoantennas on a broad range of wavelengths in the
near-infrared and for a broad range of plasmonic resonances.
This model is validated for both transmission and reflection
pump−probe experiments with 300 fs time resolution, and it is
capable of explaining the observed dynamics for both the two
different time-scales of electron−electron and of electron−
phonon relaxations. Most importantly, the accurate quantitative
comparison between experiments and modeling allowed us to
disentangle the different contributions to the transient
plasmonic response arising from nonthermal electrons, thermal
electrons and lattice dynamics. It is found that, contrary to what
observed in the visible, in the near-infrared and for in-resonance
probing of the nanoantenna nonthermalized electrons can
dominate the transient plasmonic response, giving rise to
unexpected or even counterintuitive features in the pump−
probe signal. We believe that our results can definitely ascertain
the validity of a thermal model for the cubic optical nonlinearity

Figure 5. (a) Temporal dynamics of thermal electrons temperature in
the different nanoantennas. (b−d) Disentanglement of the three
contributions to the ΔR/R for the nanoantennas of Figure 3 arising
from (b) nonthermalized electrons, (c) thermalized electrons, and (d)
lattice. Right panels in (b), (c), and (d) show the ΔR/R at the time
delay indicated by vertical dashed lines in the corresponding left
panels. Vertical arrows point out results for the nanoantenna with 220
nm length. Dotted curve is the pump−probe cross-correlation
assumed in our simulations (corresponding to the dynamics of Pa(t)
in eq S6).
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in gold and a quantitative approach to the modeling of
nonlinear plasmonics based on a simple 3TM. This is of the
highest importance in view of exploiting the capability of single
plasmonic nanostructures and meta-surfaces to enhance optical
nonlinearity of noble metals and to design novel plasmonic
devices based on such phenomena. Further developments
should consider an accurate investigation and modeling of the
very initial part of the plasmon dynamics (in the range of few
tens of fs) where it is expected that some deviations from the
semiclassical model can occur, in light of the presence of more
subtle features that cannot be disregarded on such a short time
scale, like, for example, plasmon dephasing and the energy
dependence of electron−electron scattering rate. Also, the
modeling of pump absorption ought to be refined by
implementing saturation effects in order to address non
perturbative regimes.

■ METHODS
Sample Fabrication. Samples consisting of gold nanorods

were fabricated by electron-beam lithography. Poly(methyl
methacrylate) (PMMA) resist was deposited by spin-coating on
a glass substrate. To reduce the influence on the beam
deflection of the accumulated charges in the insulating
substrate, a thin metallic layer was deposited on top of the
PMMA prior to exposure and etched away afterward, before
development. The exposure was performed using a scanning
electron microscope (SEM, S3500, Hitachi) equipped with a
Nanometre Pattern Generation System (NPGS, J.C. Nabity
Lithography Systems). After resist development, a 3 nm thick
chromium adhesion layer and different gold layer thicknesses
(in the range 30−50 nm) were deposited by electron-beam
evaporation. The subsequent lift-off procedure was carried out
in order to remove the unexposed resist.
Nanospectroscopy. The linear scattering spectra of single

nanorods have been recorded using a standard up-right
microscope. The transmitted light, coming from a halogen
lamp, is sent to a dark-field condenser (NA from 1.2 to 1.4)
connected to the glass side of the sample via immersion oil.
Note that with these illumination conditions, the nanorods are
excited by evanescent waves produced by the total internal
reflection of most visible wavelengths at the air−glass interface.
The scattered light is collected with a high NA objective (0.95)
and sent to a spectrometer (400−1000 nm of spectral range)
via a multimode fiber. The signal recorded on the glass
substrate is then subtracted from the signal recorded on top of
a nanorod and the rest is normalized by the lamp signal
recorded in bright field, without the sample.
For the ultrafast nanospectroscopy experiments we have

developed an ad hoc two-color pump−probe setup. It starts
with a mode-locked Er:fiber oscillator working at 40-MHz
repetition rate. The oscillator output is used to feed two
independent synchronized Er-doped fiber amplifiers (EDFAs),
each producing 350 mW average power, corresponding to ∼9
nJ per pulse, at a 1560 nm central wavelength. The EDFA
outputs are compressed to nearly transform-limited sub-100 fs
duration pulses by a silicon prism pair. One of the two EDFA
outputs is frequency doubled by a 2 mm thick β-barium-borate
(BBO) crystal cut for type-I phase matching (θ = 21°) to
generate few-mW, 100 fs pump pulses at 780 nm. The other
EDFA output is coupled to an highly nonlinear fiber (HNLF)
for spectral broadening. The HNLF generates a broadband
supercontinuum (SC), whose dispersive wave extends to
wavelengths as short as 820 nm. The probe pulses are obtained

by selecting a 10 nm portion of the SC by an interference filter
in the 820−1100 nm wavelength range. Pump and probe pulses
are synchronized by a computer-controlled delay line,
collinearly combined by a dichroic beamsplitter and sent to a
homemade microscope equipped with a high numerical
aperture (NA) objective (NA = 0.80). For transmission
measurements, the light is collimated by a long working
distance objective (NA = 0.75); for reflection measurements,
the light is collected by the focusing objective and separated
from the incoming beam by a broadband beam splitter. In both
cases the probe is spectrally selected by a second interference
filter and focused onto a silicon photodiode. The pump beam is
modulated acousto-optically at a 70 kHz frequency, and a lock-
in amplifier measures either the differential transmission (ΔT/
T) or differential reflectivity (ΔR/R) of the probe as a function
of pump−probe delay. Due to chromatic aberration of the
objective, pump and probe have different focal planes: we chose
to place the sample in the probe focus, so that the pump is
slightly defocused, thus guaranteeing optimum spatial overlap
and homogeneity of the excitation. Typical average power used
are 1−3 mW for the pump and 1−100 μW for the probe. The
sample is mounted on a piezo-electric stage with 1 nm
positioning accuracy and 100 μm × 100 μm scan range. A
sketch of the system showing the independent tunability of the
pump and probe pulses is reported in Appendix II in the SI.
Both pump and probe beams are linearly polarized, with the
electric field aligned to the long axis of the nanoantenna (i.e.,
the x-axis in Figure 2a). The overall spatial resolution of our
experiments, measured by imaging an isolated gold nano-
antenna, is about 1 μm fwhm, which is significantly smaller than
the particle separation. Temporal resolution, estimated as the
fwhm of the pump−probe cross-correlation, was about 300 fs.
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Numerical computation of the static absorption and scattering
cross sections of a single nanoantenna is given in Appendix I.
Further details of the data acquisition are reported in Appendix
II. Details of the modeling of the transient plasmonic response
are provided in Appendix III. Acoustic vibrations of the
nanoantennas are discussed in Appendix IV. This material is
available free of charge via the Internet at http://pubs.acs.org.
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