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The study of nonthermal electrons, generated upon photoexcitation of plasmonic nanostructures, plays a key role in a variety of con-

texts, from photocatalysis and energy conversion to photodetection and nonlinear optics. Their ultrafast relaxation and subsequent

release of energy to a low energy distribution of thermalized hot electrons has been the subject of a myriad of papers, mostly based

on femtosecond transient absorption spectroscopy (FTAS). However, the FTAS signal stems from a complex interplay of di↵erent

contributions arising from both nonthermal and thermal electrons, making the disentanglement of the two a very challenging task, so

far accomplished only in terms of numerical simulations. Here a combined approach is introduced, based on a post-processing of the

FTAS measurements guided by a reduced semiclassical model, the so-called Extended Two-Temperature Model, which has allowed

the purely nonthermal contribution to the pump-probe experimental map recorded for 2D arrays of gold nanoellipsoids to be iso-

lated. This approach displays the intimate correlation between electron energy and probe photon energy on the ultrafast time-scale

of electron thermalization. It also sheds new light on the ultrafast transient optical response of gold nanostructures, and will help the

development of optimized plasmonic configurations for nonthermal electrons generation and harvesting.

1 Introduction

The generation of excited electrons in plasmonic nanostructures has attracted a great deal of attention
in recent years mainly due to increasing interest in harvesting these electrons for purposes such as photo-
catalysis, photodetection, energy conversion and nanophotonics.[1, 2, 3, 4, 5, 6, 7] These electrons can be
transferred into the electronic states of molecules close to the surface of the plasmonic nanostructures,
and thus induce chemical reactions which would otherwise be energetically demanding.[8, 9, 10] They
can also be injected into the conduction band of a semiconductor for use in photovoltaics,[11, 12, 13]
photodetectors,[14, 15] and photoelectrochemical systems.[13, 16]
Upon excitation, energetic electrons are produced in a nonthermal distribution, i.e. the electron energies
are skewed to high energies not describable by even a high temperature Fermi-Dirac distribution. [17, 18]
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Figure 1: (a) Schematic representation of the nascent nonthermal electron distribution and of the subsequent thermal dis-

tribution produced by the electron thermalization process. The actual shape of the nascent distribution is hotly contested

in the literature and depends strongly on the metal, nanostructure shape and type of excitation (see text for details). Here

the intention is only to graphically illustrate how the nascent nonthermal distribution di↵ers significantly from a thermal

Fermi-Dirac distribution. (b) Schematic outline of the all optical pump-probe set-up (transmission mode) used to charac-

terize the hot electron generation in gold nanostructures. The schematic geometry of the 2D gold nanoparticle arrays is

also showed.

The excited electrons quickly collide and exchange their energies with many lower-energy electrons (elec-
tron thermalization) producing a thermalized electron distribution characterized by an overall increased
electron temperature [19, 20, 21].
As extensively discussed in literature, an accurate description of the optical phenomena occurring in plas-
monic nanostructures requires the electron excitation to be dealt with from di↵erent perspectives [22,
23, 24, 25], such as the quasi-classical description [26] (including the Drude model and the kinetic Boltz-
mann approach) and the quantum formalism. [27] In particular, quantum e↵ects have to be accounted
for when describing the generation of high-energy nonthermal electrons. [2, 28, 29]
Figure 1a reports a schematic representation of the nascent nonthermal electron distribution and of the
subsequent thermal distribution produced after electron-electron scattering takes place. This is a sim-
plified illustration, as the true energy distribution of the excited electrons depends on a number of fac-
tors, including the electronic band structure, [30, 31, 29, 32] dimensionality and geometric characteris-
tics [33, 25, 34] of the metal nanostructure, the type [35, 29] and the intensity [36] of the excitation. In
particular, nanostructures can display regions of electromagnetic energy accumulation, i.e. hot spots.
The role of hot spots in the e�cient production of nonthermal high-energy electrons has largely been
highlighted. [17, 37, 38]
The lifetime of the initially out-of-equilibrium electron distribution depends on the collision dynamics
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within the electronic population and can extend up to hundreds of femtoseconds. [36, 39, 40] After, and
partially during, the initial electron thermalization, electrons lose further energy by externally thermal-
izing with the lattice through electron-phonon collisions. This leads to a thermal equilibrium of the en-
tire nanostructure in several picoseconds. On a longer time scale (up to hundreds of picoseconds, even
nanoseconds depending on the size of the nanostructure), the energy within the plasmonic structure dis-
sipates to the environment through phonon-phonon scattering. [39]
The successful development of technologies which exploit hot electrons generated by plasmonic nanos-
tructures, requires a deep understanding of both the energy distribution of the excited electrons and their
fate/dynamics. The lifetime for the thermalization of photoexcited electron distributions in gold has
been evaluated using a wide range of techniques (e.g. time-resolved photoelectron spectroscopy, [41] sec-
ond harmonic generation, [42] transient absorbance [43, 44, 19, 33] and reflectivity, [45] four wave mix-
ing [46, 47]) on a wide range of targets (e.g. thin films, [48] nanoparticles, [33] nanostructures [49]) and
is generally evaluated to be between 200 and 500 fs although in some cases even shorter lifetimes [47,
50] have been observed. In this context, the observation of spectroscopic phenomena [51, 52] on short
timescales (less than one hundred femtoseconds), has been attributed to the relevant contribution from
highly energetic non thermalized electrons: their relaxation is expected to be very rapid due to the higher
scattering rate of higher energy electrons. [43, 53] The enhancement of these ultrafast behaviours in metas-
tructures and nanocrystals with complex shapes, has been correlated with the larger e�ciency of these
structures in the generation of highly energetic nonthermal electrons, due to hot spots and surface ef-
fects. [28, 50]
Here, we propose a combined experimental and theoretical approach to identify the specific dynamics
of the nonthermal electrons generated upon photoexcitation of a plasmonic nanostructure. In particu-
lar, an array of gold nanoparticles deposited on a LiF substrate will be investigated through femtosec-
ond transient absorbance spectroscopy (FTAS). The contributions of the nonthermal and thermal elec-
tron distributions to the optical response of this sample will be disentangled and relevant information
on their dynamics will be inferred by the temporal evolution of the plasmon bleaching tail in the tran-
sient absorbance (TA) spectrum. In order to account for the strong out-of-equilibrium character of the
initial electron distribution, the Extended two Temperature Model (E2TM) [48] will be used for the sim-
ulations. E2TM is an extension of the traditional Two Temperature model (TTM), [54] and provides a
more accurate description of the fast relaxation dynamics of a photoexcited nanostructure, as it consid-
ers not only the electron bath and lattice temperatures, but also the initial nonthermal electron distribu-
tion. We will show how this theoretical approach allows us to reproduce the peculiar relaxation dynam-
ics experimentally observed at di↵erent probe wavelengths, suggesting a subtle correlation between the
spectral range experimentally probed and the energy of the occupied electronic states.

2 Results and discussion

The static transmission spectrum of 2D arrays of Au nanoparticles (NPs), measured with light linearly
polarized along the main axis of the NPs, shows a pronounced dip at 595 nm ascribable to the longitudi-
nal surface plasmon resonance (SPR) of the nanoellipsoids, superimposed on a broad band due to inter-
band transitions from 5d to 6sp states of gold (Figure S1 of the Supporting Information).
Figure 2a shows the false-colour TA map of the sample, when excited by a 405 nm pump beam at 20
µJ cm�2, which corresponds mainly to interband excitation with a small plasmonic contribution (see
Figure S1). A negative signal around 600 nm, with two positive wings on both sides, can be observed.
These features can be attributed to the bleaching of the longitudinal SPR, which is due to the alter-
ations of the optical properties of the NPs upon excitation by the femtosecond pump beam: nonther-
mal electrons are generated, then thermalize with the other electrons through electron-electron scatter-
ing and relax.[39] As known, heating causes depletion and broadening of the plasmon resonance. As a
result a bleaching of the probe signal quickly appears together with two positive wings on either side of
the bleaching in the TA spectrum.[55] These features decay in the first few picoseconds due to electron-
phonon coupling, then the nanoparticle returns to its unperturbed state in tens/hundreds of picoseconds.
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Figure 2: (a) Experimental false-colour TA map of the 2D arrays of Au NPs following photoexcitation at 405 nm light

pulse with 20 µJ cm
�2

. The electric field polarization of the pump and probe beams are parallel to the major axis of the

NPs. False-colour TA maps for (b) NT and (c) T electron distributions, obtained with the procedure described in the text.

(d-f) Predicted false-colour TA maps of isolated nanoellipsoids excited with 20 µJ cm
�2

of radiation at 400 nm and sepa-

rate contributions from NT and T electron distributions, respectively. The simulations have been conducted with E2TM.

An arrow in (a) and (d) highlights the rapid change in the transient spectra.
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A fast modification of the TA spectrum is observed in the long-wavelength tail of the plasmonic feature
(see the dark arrow in the wavelength region over 650 nm in Figure 2a), that shows a shifting of the band
towards the blue, in the first hundreds of femtoseconds. Such fast dynamics on the tail of the plasmonic
resonance has already been observed in the literature (see, e.g., Refs. [56, 48]) but not investigated in de-
tail.
To shed light on this behavior, we have simulated the transient optical response of our system and the
specific contributions coming from both nonthermal (NT) and thermal (T) electrons, and lattice. Figure
2d shows the simulated TA map for 20 µJ cm�2 pump fluence at 400 nm wavelength. As can be seen,
theoretical calculations reproduce the experimental data very well, including, in particular, the ultra-
fast feature observed on the short timescale in the long wavelengths range. We observe a larger spectral
width of the bleaching band in the experimental map, possibly due to a size distribution of the nanoel-
lipsoids in the real sample. This polydispersity is not fully taken into account in the simulations (see the
Theoretical Details in the Methods section).
The transient optical response of the Au NPs array reflects the temporal evolution of its dielectric func-
tion, which in turn can be related to the time dependent changes of the electron distribution.[19, 43]
Breaking down the predicted TA map of Figure 2d into the transient optical responses due to NT and
T electrons and lattice (not shown here because of the picosecond time scale under consideration) allows
us to disentangle their separate contributions to the relaxation of the photoexcited nanostructure.
Figure 2e-f report the simulated TA maps of the NT and T electron energy distribution using the E2TM
model. As can be seen, the NT electrons show a very fast evolution in the first few hundreds of fem-
toseconds, contrary to the dynamics of T electrons which is much more limited on this time scale. In-
deed, the overall optical response (labelled Total in Figure 2a and d) is dominated by T electrons on a
time delay longer than 1 picosecond, i.e. after the disappearance of the contribution from NT electrons
which only contribute to the signal in the first few hundreds of femtoseconds. Furthermore, the NT elec-
trons TA spectra are red shifted compared to those belonging to T electrons (and lattice), with NT elec-
trons mainly contributing to the short timescale optical response in the long-wavelength tail of the plas-
mon bleaching. Thus, the rapid change of the signal in this spectral region, highlighted by dark arrows
in the maps of Figure 2a and d, appears to be due to the interplay between the contributions of NT and
T electrons.
The observation that NT and T contributions play a role in di↵erent temporal and spectral ranges sug-
gests the possibility of isolating these contributions also in the Total experimental TA map. Looking at
the simulated TA maps of Figure 2e-f, we have selected a wavelength where the intensity of the ther-
mal contribution is dominant with respect to the nonthermal contribution, i.e. 500 nm, and a time delay
when the dynamics of the NT electrons has almost expired, i.e. 2 ps. We have extracted the temporal
cut at 500 nm (intensity profile of the TA signal at 500 nm as a function of the time delay) and the TA
spectrum at 2 ps from the Total experimental map of Figure 2a. Then we have used the temporal cut to
modulate the TA spectrum (see Figure S2 for more details) obtaining a map, i.e. the TA spectrum ac-
quired at 2 ps was used as a spectral template whose time-dependent intensity was given by the profile
of the temporal cut at 500 nm.
The resulting map, with a dominant contribution from T electrons, is reported in Figure 2c as the Ther-
mal map. In principle, by subtracting this Thermal map from the Total experimental TA map, one can
obtain a TA map originating from NT electrons only. Figure 2b reports the NT map obtained by using
such a procedure, i.e. making the point-by-point di↵erence between the experimental TA maps of Figure
2a and 2c. A very good agreement can be observed with the simulations (compare Figure 2b with Figure
2e).
This procedure has been repeated using di↵erent temporal cuts in the range 530±30 nm, with no signifi-
cant change of the final result, thus demonstrating the robustness of the method.
The quality of this combined experimental and simulation approach is even more evident if we examine
the temporal cuts obtained from the TA maps of Figure 2. Figure 3 reports a comparison of the exper-
imental and simulated dynamics of the Total signal and of the NT and T contributions. As the widths
of the plasmon bleaching signals in the experimental and simulated TA spectra are slightly di↵erent, we
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Figure 3: Total, NT and T temporal cuts obtained from the (a) experimental and (b) E2TM simulated TA maps of Figure

2a-f. As discussed in the text, we have considered cuts at 680 nm for the experimental TA spectra and at 650 nm for the

simulated TA spectra.

Figure 4: Temporal cuts at di↵erent probe wavelengths of the NT contribution extracted from (a) the experimental TA

map and from the simulated TA maps obtained by (b) E2TM and (c) 3TM models. The 3TM TA map is reported in

Figure S3 of the Supporting Information.

have considered cuts at 680 nm and 650 nm, respectively.
The E2TM reproduces very well the transient shape of the nonthermal signal, which clearly a↵ects only
the first hundreds of femtoseconds of the total temporal cut. As expected, the rise time of the NT pro-
file appears to be comparable to the instrument response function (IRF), as the NT electrons are pro-
duced on the timescale of the pump pulse duration, while the delayed rise time of the T profile reflects
the build up of the thermalized electron distribution due to electron-electron (and partially electron-
phonon) scattering.[43, 57] The E2TM simulations also succeeded in reproducing (at least qualitatively)
the peculiar changes in the relaxation dynamics when observed at di↵erent probe wavelengths. Figure
4a reports some temporal cuts of the nonthermal contribution to the TA signal, extracted from the ex-
perimental map of Figure 2b at di↵erent probe wavelengths (from 600 nm to 675 nm) along the feature
of the plasmon bleaching. These cuts clearly highlight a remarkable feature of the TA signal: a faster de-
cay is observed when moving from shorter to longer probe wavelengths. A comparison with simulations
can help us to understand this behaviour.
Figure 4b shows temporal cuts of the maps of Figure 2e, representing the simulated contribution to TA
spectra arising from NT electrons according to the E2TM. For comparison, we also show, in Figure 4c,
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Figure 5: Map of SNT at 100 fs pump-probe delay, as a function of conduction band electron energy (measured from the

Fermi level), and wavelength � of the considered optical transition (see Theoretical Details in the Methods section). The

top inset shows, for a 100 fs pump-probe delay, the projection of SNT (E,�) on the (E,SNT ) plane. The right inset shows

the average energy of the electrons that are contributing to the modulation of the interband transition as a function of the

optical wavelength at 100 fs pump-probe delay.

the theoretical prediction retrieved by the more basic Three Temperature Model (3TM) (see, e.g., Refs. [43,
51]). As clearly visible, the 3TM is unable to reproduce the observed temporal profiles of Figure 4a which
are well simulated by the E2TM. Both models take into account the out-of-equilibrium character of the
nascent electron distribution, but provide a di↵erent description in terms of decay dynamics: the 3TM
considers a single NT population which relaxes with a single electron-electron scattering rate for all the
electron energies involved, while in the E2TM this rate depends upon the energy of the scattering elec-
trons. [51] Accordingly, as the NT electrons have a broad energy distribution below and above the Fermi
level, the E2TM predicts di↵erent relaxation dynamics for electrons with di↵erent energies (see Theoreti-

cal Details in the Methods section).
However, note that, a priori, there should be no correspondence between the energy of NT electrons and
the energy (or wavelength) of probe photons, and a more refined analysis ought to be given in order to
explain the origin of the observed correlation. This can be done by resorting to the E2TM, and in par-
ticular by inspecting the semiclassical calculations employed to retrieve the modulation of gold permit-
tivity (which is the optical parameter that governs any TA measurements) starting from the pump-induced
modulation of NT electrons occupation probability, �NT (E, t). This calculation is detailed in Equation
(3) of the Methods section, and shows that when looking at the optical e↵ects caused by changes in the
electrons distribution we have also to consider the precise structure of the available states in the valence
and conduction band for the given photon wavelength, which is formally taken into account by the ED-
JDOS function D(E,�) (cf. Theoretical Details in the Methods section). It is thus not just �NT (E, t)
that one should consider when interpreting the TA spectra, rather the product function SNT (E,�, t) =
D(E,�)�NT (E, t).
Figure 5 shows a cross-section map of SNT computed at t = t̄ = 100 fs time delay. The horizontal axis
is the electron energy in the conduction band measured from the Fermi level, and the vertical axis is the
probe wavelength. The map clearly shows how, for a given probe wavelength, the range of electron en-
ergies contributing to the optical response dramatically changes. The top panel inset is a projection of
SNT (E,�, t̄) on the (E,SNT ) plane, and indicates that in the considered wavelength range the dynamics
is dominated by low energy NT electrons. A more refined argument is given by estimating the average
electrons energy hEi involved in optical transitions at a given probe wavelength �, using |SNT (E,�, t̄)| as
the weighting function. The result is shown in the right panel inset of Figure 5 and points in favor of a
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negative dispersion of the � versus hEi function, i.e., when moving from shorter to longer wavelengths of
the probe, the range of electron energies involved in the transient optical response moves from higher to
lower mean values. This is consistent with the general picture according to which the transient permit-
tivity modulation from photogenerated hot electrons in gold is governed by Pauli blocking of direct in-
terband transitions. In this way, it is clear that longer probe wavelengths in the visible spectrum involve
unoccupied electron states below the Fermi level. Furthermore, the more energetically distant these states
are from the Fermi level the longer is the photon wavelength. If we now remember that the electron-
electron scattering rate increases for electrons with increasing energy distance from the Fermi level, i.e. 1/⌧ee(E) /
(E/EF )2 (see Theoretical Details in the Methods section), it is clear that the decay of the transient opti-
cal signal observed at longer wavelengths ought to be faster than that observed at shorter wavelengths,
in agreement with the experimental results of Figure 4a.

3 Conclusion

The photoexcitation of plasmonic nanostructures is well known to give rise to two populations of elec-
trons, with very di↵erent energy distributions: nonthermal electrons, characterized by a broad distribu-
tion of energies, and thermal electrons (described in terms of a Fermi-Dirac distribution at a higher tem-
perature) having an energy spectrum peaked around the Fermi level. The coupling between the two is
extremely fast, being established by electron-electron scattering, taking place in a few hundred femtosec-
onds. The study of nonthermal electron dynamics is thus typically accomplished by indirect methods,
based on Boltzmann transport equation numerical simulations. Here we demonstrate how femtosecond
transient absorption spectroscopy guided by nonlinear optics modeling based on the agile E2TM gives a
more direct access to nonthermal electron dynamics in plasmonic nanostructures. In particular, our ap-
proach has been applied to an array of gold nanoparticles deposited on a LiF substrate. The theoretical
prediction from the E2TM, according to which the transient optical response observed at di↵erent pho-
ton energies correlates with selected energies within the broad spectrum of the photogenerated nonther-
mal electrons, is confirmed by our measurements. This result provides a clearcut evidence that the relax-
ation dynamics observed in the visible and near infrared turned out to be dominated by the low energy
tail of the nonthermal electrons. The capability to spectrally separate the contributions from nonther-
mal and thermal electrons in TA measurements provides a noninvasive semiempirical tool to determine
the energy content and lifetime of highly energetic electrons in plasmonic nanostructures. Such a char-
acterization is of key relevance for the optimization of hot electrons enhanced processes in a variety of
contexts, from light harvesting to photocatalysis and nonlinear nanophotonics.

4 Methods

Experimental details :
The FTAS measurements in the pump and probe scheme were performed with a laser system consist-
ing of a chirped pulse amplifier seeded by a Ti:Sa oscillator. The pump pulses were produced by fre-
quency doubling of the 810 nm fundamental (405 nm). The white light probe (350 - 800 nm), on the
other hand, was generated in a commercial TA spectrometer (FemtoFrame II, IB Photonics) employing
a split beam configuration in which 50% of the white light passes through (transmission mode) or is re-
flected by (reflection mode) the sample, while the remainder is used as a reference to account for pulse-
to-pulse fluctuations in the white light generation. The pump pulse is loosely focused (circular spot of
diameter = 500 µm) onto the sample with an energy density of 20 µJ cm�1, which is at least an order of
magnitude below the melting threshold of the particles. [58, 59] The spot diameter of the probe pulse is
much smaller (approx. 150 µm, 10 µJ cm�1) and its time delay with respect to the pump pulse is scanned
in time by varying the length of its optical path. The IRF was measured to be 50 fs (Gaussian FWHM)
by the fastest rise time detectable in the TA spectra. All measurements were performed in air at room
temperature. Figure 1b reports a schematic outline of the pump-probe set-up in the transmission mode.
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Unless otherwise noted, the measurements reported in this work have been performed with this configu-
ration. Further details of the pump-probe set-up can be found in previous publications. [60, 61, 62]
The sample consisted of 2D arrays of AuNPs deposited onto the surface of a nanopatterned LiF(110)
single crystal (see Figure 1b). [63] The NPs were fabricated by depositing 4 nm of Au onto the self-organized
nanometric uniaxial ridge-valley pattern that develops upon high-temperature homoepitaxial growth
onto LiF(110) substrates (Crystech Gmbh).[64] Au (Mateck GmbH, 99.99% purity) was deposited at
room temperature in high vacuum by molecular beam epitaxy at 60� of incidence with respect to the
surface normal. The sample was subsequently annealed at T=670 K in order to induce the thermal dewet-
ting of the deposited metal and the formation of an array of NPs, arranged in closely-spaced linear chains,
coherently oriented all over the sample. The array pitch along (transverse to) the chains was 39±5 nm
(26±4 nm). The NPs, schematized as prolate ellipsoids lying along the substrate ripples had mean semi-
axes of 13±4 nm and 9±3 nm, along and transverse to the ripples, respectively. The electric field po-
larization of the pump and probe beams have been set parallel to the major axis of the ellipsoidal NPs,
allowing us to selectively probe the longitudinal surface plasmon resonances of the NPs (see the static
transmission spectrum in Figure S1 of the Supporting Information).

Theoretical details :
In view of the self-assembling process that governs the formation of the nanopaticles array, we modeled
the sample as a collection of non-interacting prolate nanoellipsoids with semiaxes a = 16 nm, b = c =
7 nm and particle concentration detailed by the array pitch area S, corresponding to ⇠ 103µm�2. We
adopted the e↵ective environment approximation, widely employed in nanooptics (see, e.g., Refs. [65,
66]), according to which the supported nanoobject is embedded in a homogeneous environment with an
e↵ective permittivity ✏e = (n2

1 + n
2
2)/2 = 1.466, where n1 = 1.39 and n2 = 1 are the refractive indexes of

the substrate (LiF) and of the cover (air), respectively. Plasmon hybridization and disorder along the ar-
ray, as well as surface roughness e↵ects in the nanostructures compared to bulk gold, are well known to
result into a broadening of the optical spectra compared to the ideal spectrum of the individual nanoel-
lipsoids. By following the approach reported by Wegener and coworkers [67], this broadening was mim-
icked by increasing the Drude damping parameter � of Au permittivity with respect to its bulk value
�0 ' 70 meV (we found a factor �/�0 ' 6 quite satisfactory). These assumptions enabled an accurate
quantitative modeling of the optical response of the sample by using quasi-static formulas, starting from
the nanoellipsoid polarizability tensor with in-plane components ↵x,y = V ✏0(✏m�✏e)/[Lx,y✏m+(1�Lx,y)✏e]
and out-of-plane component ↵z = ↵y (see e.g. Ref. [68]). In previous formulas, x is the direction of the
major axis of the nanoellipsoid, ✏0 is the vacuum permittivity, V is the volume and ✏m the permittivity
of the nanoellipsoid, and Lx, Ly are the so-called depolarization factors. For ✏m we assumed gold dielec-
tric function given by a Drude-Lorentz model [69], fitted on Johnson and Christy experimental data.[70]
The absorbance is finally modeled as A = �log10(T ), with T = exp(��E/S) the sample transmittance,
and �E the total extinction cross-section of the individual nanoellipsoid, retrieved (according to quasi-
static formulas [68]) from polarizability component ↵x, being the sample illuminated with x-polarized
light.
Regarding transient optical simulations, we modelled the pump-induced optical modulation of gold per-
mittivity as a function of the probe wavelength � and the pump-probe time delay t by following the same
approach already reported by one of the present authors in previous studies,[48, 49] based on a refined
version of the two-temperature model,[71] also referred to as E2TM. [48] In short, this model is capable
of capturing the ultrafast (sub picosecond) temporal dynamics of NT carriers photogenerated in gold af-
ter excitation with fs-laser pulses as well as the subsequent electron-electron and electron-phonon ther-
malization. This is accomplished by assuming that an intense optical (pump) pulse of photon energy
h⌫P is capable of promoting a free carrier from below to above the Fermi energy EF , giving rise to a
temporal modulation of the electron occupation probability according to the following expression:

�fNT (E, t) = 1/A⇥�NT (E)
Z t

�1
Pa(t

0)e�(t�t0)/⌧(E)
dt

0
, (1)
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with

⌧(E) =
⌧ep⌧ee(E)

⌧ep + ⌧ee(E)
. (2)

In the above equations, Pa is the pump power density absorbed in the Au structure, A is a normaliza-
tion constant determined from energy conservation law, ⌧ep is the electron-phonon scattering time con-
stant, E is the electron energy measured from the Fermi energy, ⌧ee(E) / (EF/E)2 is the electron-electron
scattering time, and �NT (E) is a double-steplike function, extending from �h⌫P to +h⌫P (see Ref. [48]
and references therein for further details).
The E2TM also provides the temporal evolution of the electronic temperature ⇥e(t) which is then em-
ployed to compute the corresponding modulation of thermal electrons occupation probability �fT (E, t),
according to the Fermi smearing mechanism.[48]
The variation of electrons occupation probability for nonthermal (thermal) electrons, �fNT (T )(E, t), gives
rise to a modulation of the absorption probability for d-band to conduction band transitions near the L

point in the irreducible zone of the Brillouin cell, which is accounted for in terms of a variation of the so-
called Joint Density of States (JDOS) [72]:

�JDOS(�, t) = �
Z E00(�)

E0(�)
D(E,�)�fNT (T )(E, t)dE, (3)

where D(E,�) is the Energy Distribution of the Joint Density of States (EDJDOS) of the considered
optical transition, numerically computed under the parabolic band approximation [72]. The e↵ective
masses, energy gaps, dipole matrix element and integration limits E 0 and E

00 are taken from Ref. [73].
The variation of the imaginary part of gold permittivity �✏

00(�, t) is then straightforwardly computed
under the constant matrix element approximation, being linearly proportional to �

2�JDOS(�, t), and
the corresponding real part variation �✏

0(�, t) is obtained by Kramers-Kronig transformation of �✏
00(�, t).

[74, 72]
As per the lattice heating e↵ects, we have followed the same approach detailed in Ref. [49], assuming a
linear increase of the Drude damping and a linear decrease of the plasma frequency as a function of the
lattice temperature, thus resulting in a modulation of the Drude permittivity contribution to the gold
dielectric function.
The transient absorbance was finally computed in the quasi-static limit by replacing the steady state Au
permittivity ✏m(�) with the dynamic permittivity ✏m(�) +�✏(�, t) in the nanoellipsoid polarizability and
extinction cross-section formulas, �✏(�, t) being the sum of all three contributions to Au permittivity
modulation arising from NT electrons, T electrons and lattice.
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Maier, Nat. Commun. 2017, 8 14880.

[10] C. Zhan, M. Moskovits, Z.-Q. Tian, Matter 2020, 3, 1 42.

[11] S. Linic, P. Christopher, D. B. Ingram, Nat. Mater. 2011, 10 911.

[12] M. L. Brongersma, Proc. IEEE 2016, 104, 12 2349.

[13] C. Clavero, Nat. Photonics 2014, 8 95.

[14] L. Wei, V. J. G., Nanophotonics 2017, 6 177.

[15] S. M. A. Mirzaee, O. Lebel, J.-M. Nunzi, ACS Appl. Mater. Interfaces 2018, 10, 14 11862.

[16] N. Wu, Nanoscale 2018, 10 2679.

[17] G. V. Hartland, L. V. Besteiro, P. Johns, A. O. Govorov, ACS Energy Lett. 2017, 2, 7 1641.

[18] S. Link, M. A. El-Sayed, Int. Rev. Phys. Chem. 2000, 19, 3 409.

[19] C. Voisin, N. Del Fatti, D. Christofilos, F. Vallée, J. Phys. Chem. B 2001, 105, 12 2264.

[20] S. Link, C. Burda, Z. L. Wang, A. El-Sayed, J. Chem. Phys. 1999, 111, 3 1255.

[21] J. G. Liu, H. Zhang, S. Link, P. Nordlander, ACS Photonics 2018, 5, 7 2584.

[22] J. Aizpurua, F. Baletto, J. Baumberg, P. Christopher, B. de Nijs, P. Deshpande, Y. D. Fernan-
dez, L. Fabris, S. Freakley, S. Gawinkowski, A. Govorov, N. Halas, R. Hernandez, B. Jankiewicz,
J. Khurgin, M. Kuisma, P. V. Kumar, J. Lischner, J. Liu, A. Marini, R. J. Maurer, N. S. Mueller,
M. Parente, J. Y. Park, S. Reich, Y. Sivan, G. Tagliabue, L. Torrente-Murciano, M. Thangamuthu,
X. Xiao, A. Zayats, Faraday Discussions 2019, 214 245.

[23] L. Chang, L. V. Besteiro, J. Sun, E. Y. Santiago, S. K. Gray, Z. Wang, A. O. Govorov, ACS Energy

Letters 2019, 4, 10 2552.

[24] L. V. Besteiro, P. Yu, Z. Wang, A. W. Holleitner, G. V. Hartland, G. P. Wiederrecht, A. O. Gov-
orov, Nano Today 2019, 27 120.

[25] L. V. Besteiro, X.-T. Kong, Z. Wang, G. Hartland, A. O. Govorov, ACS Photonics 2017, 4, 11
2759.

[26] D. B. Tanner, Optical E↵ects in Solids, Cambridge University Press, 2019.

[27] U. Kreibig, M. Vollmer, Optical Properties of Metal Clusters, volume 25, Springer Berlin Heidelberg,
1995.

[28] M. E. Sykes, J. W. Stewart, G. M. Akselrod, X.-T. Kong, Z. Wang, D. J. Gosztola, A. B. F. Mar-
tinson, D. Rosenmann, M. H. Mikkelsen, A. O. Govorov, G. P. Wiederrecht, Nature Communica-

tions 2017, 8, 1 986.

[29] A. M. Brown, R. Sundararaman, P. Narang, W. A. Goddard, H. A. Atwater, ACS Nano 2016, 10,
1 957.

11



REFERENCES

[30] R. Sundararaman, P. Narang, A. S. Jermyn, W. A. Goddard III, H. A. Atwater, Nat. Commun.

2014, 5 5788.
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