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ABSTRACT 

The sudden absorption of light by a metal nanoparticle launches a series of relaxation processes 

(internal thermalization, acoustic vibrations and cooling) which induce a transient modification of its 

optical response. In this work, the transient optical response associated to the internal thermalization 

of a single gold nanodisk (occurring on a few picoseconds timescale) was quantitatively investigated 

by time-resolved spectroscopy experiments, and the measured signals were compared with a model 

accounting for the effects of both electron and ionic lattice heating. We show that experimental time-

resolved signals at delays posterior to nanodisk excitation and electron gas thermalization can be 

simply interpreted as a combination of electron and lattice temperature evolutions, with probe 

wavelength-dependent weights. This demonstrates the possibility to selectively probe the electronic 

or lattice dynamics, through the choice of specific probe wavelengths. Additionally, the time-

dependent spectral shape of transient extinction cross-section changes is shown to be successively 

dominated by the effect of electron and lattice heating, which present distinct spectral signatures. 
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INTRODUCTION 

The impulsive excitation of a metal nano-object induces a series of ultrafast relaxation processes, 

including internal thermalization by electron-electron and electron-phonon scattering, acoustic 

vibrations and thermal cooling. All these phenomena have generated a large interest, as they enable 

to address fundamental nanoscience questions (e.g., regarding the dependence of their associated 

kinetics on nano-object size) and allow the development of applications based for instance on the use 

of nano-objects for catalytic purposes or as generators of heat and GHz/THz acoustic waves.1–7 Optical 

pump-probe spectroscopy constitutes a powerful approach to experimentally investigate these 

processes. It is based on the excitation of nano-objects by a femtosecond “pump” pulse and the 

monitoring of their subsequent relaxation dynamics using a second time-delayed femtosecond 

“probe” pulse, and enables the investigation of the dynamic processes occurring on femtosecond to 

nanosecond timescales, provided they have an impact on the optical response of the investigated 

nano-objects. Many experimental investigations on ensembles of metal nano-objects (in most cases 

colloidal solutions or glass samples containing gold or silver nanoparticles) have been performed in the 

last 25 years. They have greatly clarified the kinetics of the phenomena mentioned above, and their 

dependences on the properties of the nanoparticles (composition, morphology, crystallinity…) and of 

their local environment.8–16 

The introduction of single metal nanoparticle optical spectroscopy techniques at the beginning of the 

21th century has represented an important breakthrough in this research field.17–22 Indeed, single-

particle experiments avoid all the spurious effects associated to dispersions of nanoparticle size, shape 

and environment affecting measurements on ensembles of nanoparticles. In particular, this approach 

allows more detailed studies of damping processes, and also enables to precisely quantify the transient 

changes of the optical cross-sections of a nanoparticle occurring after its sudden excitation, and to 

correlate them with the nanoparticle’s morphology and static optical properties. Up to now, single-

particle time-resolved spectroscopy techniques have been mostly exploited for the investigation of the 

vibrational damping of nano-objects, allowing significant progress in the understanding of this 

phenomenon.7,23–28 They were also applied – although less frequently – to studies of the internal 

thermalization21,29,30 and cooling dynamics31 of metal nanoparticles. 

The aim of the work described in this paper was to quantitatively investigate the contributions of 

electron and lattice heating to the transient optical response of a single plasmonic nanoparticle at 

short timescales preceding its internal thermalization, i.e., when its state cannot be defined by a single 

temperature (Figure 1). To do so, time-resolved experiments with pump-probe delays of up to 10 ps 

were performed on single gold nanodisks (NDs). They were analyzed in the framework of a theoretical 
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model addressing the dynamics and influence on the gold dielectric function of both electron and 

lattice heating, and constituting a refined version of that used in a previous work, performed on single 

plasmonic nanoparticles with a different shape (single gold nanorods).29 Comparison of the measured 

signals with this more complete model enables to clarify the contributions of electron and lattice 

heating to the transient optical response of the investigated NDs at all considered timescales. We show 

that, for delays posterior to the excitation and the thermalization of the electron gas, time-resolved 

signals generally reflect a combination of electron and lattice temperature evolutions (whose typical 

temporal profiles are shown in Figure 1b), with probe wavelength-dependent weights. We then 

demonstrate that these distinct dynamics can both be selectively probed through the use of specific 

probe wavelengths. 

 

EXPERIMENTAL AND THEORETICAL METHODS 

Nanodisk Fabrication and Morphological Characterization. Gold NDs were nanopatterned by a 

combination of electron beam lithography, Au thermal evaporation, and lift-off techniques on the 

optically polished surface of a 480 μm thick (0001) α-Al2O3 single-crystal sapphire substrate.27,31,32 

Atomic force and scanning electron microscopy characterizations were performed to estimate their 

thicknesses (about 20 nm) and diameters (about 100 to 150 nm for the NDs considered in this work), 

respectively.  

Spatial Modulation Microscopy/Spectroscopy. Localization and extinction spectroscopy of individual 

NDs were performed by spatial modulation spectroscopy (SMS), a far-field optical technique based on 

the periodic displacement of a single nano-object in the focal spot of a tightly focused light beam, 

which enables the extinction cross-section σext of single nano-objects to be quantitatively determined 

as a function of the illumination wavelength λ and light polarization angle θ.18,33 SMS experiments were 

performed using a tunable Ti:sapphire oscillator combined with a visible optical parametric oscillator 

and a frequency-doubling BBO crystal as a light source, enabling optical studies in the 375−1040 nm 

wavelength range. The light beam delivered by this source was focused on the sample by a 100X 

microscope objective, with the direction of its linear polarization being controlled by a wire grid 

polarizer. The size of the laser spot at the sample surface, close to the diffraction limit (about 0.7 λ full-

width at half-maximum), was precisely determined by two-dimensional fitting of the SMS images of 

small NDs obtained using an XY piezoelectric translation stage. Spatial modulation of the sample was 

performed at f=1.5 kHz frequency with 300 nm modulation amplitude in the Y direction, and lock-in 

detection at 2f. Quasicircular NDs, identified from the weak dependence of their extinction on θ,32 

were selected for the present study.  
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Time-Resolved Experiments. The transient optical response of individual gold NDs was measured using 

single-particle femtosecond pump−probe spectroscopy,21,29 an approach based on the illumination of 

the investigated nanoparticle with two spatially overlapping, tightly focused, and time-delayed 

femtosecond laser pulses, referred to as pump and probe. Time-resolved measurements on individual 

NDs were performed by combining the SMS microscope with a two-color pump−probe setup based on 

the femtosecond laser source described in the previous paragraph. The oscillator pulse train was split 

in two parts to generate the pump and probe beams. The pump beam was produced using second 

harmonic generation (yielding λpp in the 375−510 nm range), whereas the probe beam was either the 

signal from the Ti:sapphire oscillator (with λpr=750−1020 nm in this case) or the output of the optical 

parametric oscillator (λpr=500−730 nm, with here λpp=410 nm). Durations of approximately 1 ps and 

200 fs were measured for the pump and probe pulses, respectively (the relatively long duration of 

pump pulses in the blue spectral region originating from their broadening through the microscope 

objective used in this work). A mechanical chopper operating at 30 kHz was used for pump power 

modulation. The pump-induced relative changes of the probe beam transmission, ΔTr/Tr, were 

measured using synchronous detection as a function of the time interval separating the pump and 

probe pulses, controlled by a mechanical delay line. This raw measured signal is directly related to the 

transient changes of the extinction cross-section σext(λpr) of the investigated nano-object at probe 

wavelength λpr via ΔTr/Tr = −Δσext (λpr)/Spr, with Spr = πdfwhm
2 /(4 ln 2) representing the area of the probe 

spot and dfwhm its full-width at half-maximum.29 As Spr can be estimated by analysis of SMS images, 

experiments provide access to the ultrafast variations of Δσext as a function of the pump−probe delay. 

The temporal origin of the signals, defined as the instant at which the pump and probe pulses present 

a maximal overlap, was a posteriori determined for each signal by comparison with the complete 

model presented below.   

Modeling of the gold dielectric function. The dielectric function ε=ε1+iε2 of bulk gold in the 

visible/near-infrared range can be written as the sum of two frequency-dependent components, 

related to interband (ib) and intraband (Drude-like) absorption mechanisms33–35 : 

���� = ������ + �	��� − 1 = ������ − �
�
�������   (1) 

with ωP the plasma frequency (ℏωP = 9.01 eV for bulk gold) and γ the optical scattering rate of the 

conduction electrons (ℏγ ≈ 50 meV for bulk gold). In this work, ε was modeled based on Johnson and 

Christy tables of the bulk gold dielectric function εJC.36 The interband component of the bulk gold 

dielectric function at room temperature, deduced from εJC tables as  ��� = ��� + �
�
�������, was 

theoretically reproduced using the approach developed by Rosei37 and the gold band structure 
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calculated by Rangel et al.38 The imaginary part of ���, ���� (ω) was obtained by evaluating the total 

probability of a transition from an occupied state to an empty one by absorption of a photon of energy 

ħω, considering electronic transitions around the L and X points of the first Brillouin zone. The 

procedure described above, initially used to compute the interband component of the gold dielectric 

function for a Fermi-Dirac electron distribution at room temperature, can be easily reiterated for 

different electronic temperatures and non-thermal (i.e., non Fermi-Dirac) electronic distributions, thus 

allowing to predict the temporal evolution of ��� in the context of time-resolved experiments, by 

computing ∆������� and deducing ∆������� through the Kramers-Kronig relations (see below).40  

Modeling of the linear optical response of gold NDs. Modeling of the ND linear optical properties was 

performed by finite-element modeling (FEM), using the RF module of the COMSOL commercial 

software. Gold NDs were described as circular cylinders characterized by their thickness h and 

diameter D. The sapphire substrate supporting them was explicitly included in the model. Refractive 

indexes of 1.76 and 1 were used for the sapphire substrate and the medium above it, respectively. A 

perfectly matched layer was used around the simulation domain to avoid spurious finite-size effects. 

The dielectric function of gold was described using eq 1, using for �� and ��� their bulk values but 

leaving γ as a free parameter (using ℏγ values larger than the bulk gold value is often necessary to 

reproduce the SPR width measured on single nano-objects, and physically corresponds to taking into 

account additional non-radiative plasmon damping mechanisms in metal nano-objects as compared to 

the bulk metal case41–44). ND illumination by a linearly polarized plane wave was considered. 

Absorption and scattering cross-sections were deduced from the computed electric field, and summed 

to yield the extinction one σext. The D and h values used in the modeling were adjusted so as to optimize 

the agreement with the investigated experimental spectrum (Figure 2a). The ∂σext/∂ε1 and ∂σext/∂ε2 

partial derivatives (Figure 2b) were deduced from these calculations by computing σext with slightly 

modified ε1 or ε2 values and then performing discrete derivation.  

Modeling of the transient optical response of gold NDs. Complete modeling of the transient optical 

response of gold NDs following their impulsive excitation was performed along the following steps. 

-  Evolution of the energy- and time-dependent distribution function f(E, t) (where E refers to the 

energy of the electronic state) of gold quasi-free electrons in the conduction band was computed in 

the framework of a bulk-like approach by numerically solving Boltzmann equation,39,40 including the 

effects of three terms, corresponding to initial pulse excitation (leading to an initially athermal electron 

distribution), thermalization of the electron gas by electron-electron scattering (occurring on a 

timescale of a few hundred fs) and electron-to-lattice energy transfer by electron-phonon scattering 

(complete after a few ps).  

- The electron excess energy density ∆ue(t) and equivalent temperature increase ∆Te (t) are deduced 
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from ∆f(E, t) = f(E, t) – f0 (E), with f0 the initial electronic Fermi-Dirac distribution at room temperature 

(T0=295 K). The lattice excess energy density ∆uL(t) and temperature increase ∆TL (t) are also computed 

at each time-step by applying energy conservation for the {electron+lattice} system (see below for 

more details).   

- Knowledge of ∆f(E, t) and ∆TL (t) enables the transient change ∆ε(t) of the ND dielectric function  to 

be determined at each time-step, by separately computing and summing its interband and Drude-like 

components.  

- Combining Δε(t) with the ∂σext/∂ε1 and ∂σext/∂ε2 derivatives deduced from FEM simulations (see 

section Modeling of the linear optical response of gold NDs) allows to quantitatively predict the 

transient variations ∆�����λ��, �! of the gold ND extinction cross-section, the quantity measured in 

the context of time-resolved experiments.  

The average measured values of pump and probe pulse durations (about 1 ps and 200 fs) were 

considered in the modeling, for the time-dependent excitation of the electron gas and for convoluting 

the computed ∆σext(t), respectively. A 500 fs time constant was assumed for the electron gas 

thermalization by electron-electron interactions in gold,40 while the electron-to-lattice energy transfer 

time (≈1 ps in gold in the weak-excitation regime 9,45,46) was left as a free parameter, as its value for 

nanoparticles produced by electron beam lithography may be affected by the presence of crystalline 

defects.47,48 The ND thermal cooling induced by heat propagation in the substrate, investigated in detail 

in a recent study,31 was neglected here as it occurs on timescales of about 500 ps for 20 nm thick NDs, 

much longer than the <10 ps ones investigated here.  

Electronic and lattice energy densities and temperatures. In more details, the excitation process leads 

to the injection in the ND of the total excess energy density uabs, which represents the integral of the 

instantaneous absorbed power density pabs over the pump pulse duration. uabs is computed as uabs= 

σabsFpp/V, with σabs and V being the ND absorption cross-section and volume, deduced from FEM optical 

simulations, and Fpp=Ppp/(frepSpp) the fluence of the pump beam (60 µJ/cm2 average value in our 

experiments), with Ppp and Spp its average power and focal spot size, and frep the repetition rate of the 

laser source. An excitation temperature  "��# (the temperature that the electron gas would achieve at 

the end of its thermalization, in the absence of electron-phonon coupling) can be defined through the 

relation $%�& = ' (��"�� )"�*+,-*.  , yielding   "��# = / "0� + �1234% , with ce = aTe the volumetric 

electronic heat capacity (a≈65 J.K-2.m-3 for gold). Similarly, an equivalent temperature (i.e., associated 

to a Fermi-Dirac distribution with same excess energy) can be defined from ∆ue(t), the time-dependent 

excess energy density in the electron gas, as  "���� = / "0� + �∆1+���%  . The increase of the lattice 

temperature (assumed to remain well-defined throughout the experiments), ∆TL(t), is calculated by 
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considering that the energy lost by the electrons is entirely transferred to the lattice (the temperature-

dependence of the lattice volumetric heat capacity cL being neglected, due to the small ∆TL≈10 K 

maximal lattice heating in our experiments). We note ∆Teq the equilibrium temperature rise of the ND 

after its full internal thermalization.49 An example of the temporal evolutions of pabs, ∆ue, ∆uL, ∆Te and 

∆TL computed using pump pulse and nano-object parameters relevant for the experiments described 

in this paper can be found in Figure 1b. 

Transient variations of the gold dielectric function. ε (eq 1; note that the spectral dependence of ���� 

is not reminded in this paragraph for the sake of simplicity) is a function of both the electronic 

distribution f (E) and the lattice temperature TL. As ∆TL values are small in our experiments (typically 

less than 10 K), the dependence of ε on TL=T0+∆TL can be linearized as ε (f, TL) ≈ ε (f, T0) + ∆TL 
565*7(f, T0). 

Moreover, numerical investigations based on the model described in ref. 39 showed that the 
565*7 (f, T0) 

derivative does not strongly depend on the electronic distribution, and can thus be approximated by 

565*7 (f0, T0). Under this approximation, the modifications of ε induced by electron and lattice heating 

contributions can be fully separated. The transient change ∆ε(t) of the gold dielectric function can be 

decomposed as the sum of an electronic contribution, ∆εe(t), resulting from the modification of the 

electronic distribution f(t), and of a lattice one, ∆εL(t), resulting from the increase of the lattice 

temperature ∆TL(t): 

∆���� = ∆����� + ∆�8���     (2) 

with  

 
9∆����� = ��:���, "0� − ��:0, "0� = ∆������� + ∆��	���∆�8��� = 565*7 �:0, "0� ∙ ∆"8��� = ∆�8����� + ∆�8	���     (3) 

, the equalities on the right of eq 3 corresponding to the decomposition of ∆εe,L into interband and 

Drude components (eq 1). Note that, in the formulation of eq. 3, ∆εL(t) is proportional to ∆TL(t) while 

the dependence of ∆εe(t) on the electronic temperature is more complex. 

Electronic contribution to ∆ε (∆��). The ∆���� (t) term appearing in eq 3, associated to the modification 

of the probabilities of interband transitions to and from the conduction band caused by the evolution 

of the electron distribution f(E, t), was computed by reproducing the calculations discussed in the 

paragraph Modeling of the gold dielectric function with the f(E, t) distribution functions obtained at 

multiple instants t by solving the Boltzmann equation. Modification of the electronic distribution 

additionally generates a ∆��	(t) change of the Drude component of ε (eq 3), dominated by the 

modification of the electron-electron scattering rate γe−e, which contributes to the overall scattering 
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rate γ appearing in the Drude component of ε and mainly affecting its imaginary part (eq 1). The 

variation of the electron–electron scattering rate has been predicted to be quadratic with the electron 

temperature Te:39,50  

∆�+<+�+<+ = =�>?@ħ� B� �"�� − "0�!    (4) 

with γe−e ≈ 15 meV at room temperature in the visible range51 —a value however affected by a large 

uncertainty, as measurement of the individual contribution of electron-electron scattering to the 

overall scattering rate γ is challenging. In this work, eq 4 was used both in the thermal and athermal 

regimes, using the equivalent electronic temperature in the latter case.  

Lattice contribution to ∆ε (∆�8). Lattice heating induces a modification of both εib (by lattice dilation, 

∆�8�� (t) term in eq 3) and εD (by modification of the plasma frequency �� and scattering rate γ 

appearing in eq 1, respectively caused by the dilation-induced change of electron density and by the 

TL-dependence of electron-phonon scattering rate, ∆�8	 (t) term in eq 3). As in the small ∆TL regime 

considered here ∆εL can be assumed to depend linearly on ∆TL (eqs 2 and 3), the optical consequences 

of lattice heating can therefore be summarized by a single dε/dTL spectrum. In this work, we used the 

dε1,2/dTL tables derived by Stoll et al. from a theoretical model accounting for the effects mentioned 

above,39 which were shown to allow a good reproduction of the thermo-optical dynamics of single gold 

NDs in the regime of large time delays, for which their electronic and lattice temperatures coincide.31 

∆ε-induced transient changes of ND extinction cross-section. ∆σext(λpr,t) was deduced from the 

computed gold dielectric function changes ∆ε1,2 (λpr,t) and ε1,2 derivatives of ND extinction cross-

section as: 

∆�����λ��, �! = 5C+,D56E �λ��! ∆���λ��, �! + 5C+,D56� �λ��! ∆���λ��, �!    (5) 

Calculation of 
5C+,D56E  and

5C+,D56�  was discussed in the section Modeling of the linear optical response of 

gold NDs, their values being shown in Figure 2b for the ND considered throughout the paper. Eq 5 

implies that, similarly to ∆ε (eqs 2-3), ∆σext (λpr, t) can be decomposed as a sum of two terms (each 

one being the sum of interband and Drude components, as in eq 3) associated to electronic and lattice 

heating, respectively: 

∆�����λ��, �! = ∆����,��λ��, �! + ∆����,8�λ��, �!    (6) 

Simulated time-resolved signals were finally deduced from computed transient extinction changes by 

performing their time-domain convolution with the intensity profile of the probe pulse, assumed 

Gaussian.  
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RESULTS AND DISCUSSION 

Single gold NDs were investigated by SMS (yielding their absolute extinction cross-section spectrum 

σext(λ)) and time-resolved spectroscopy with different probe wavelengths λpr (yielding time- and probe 

wavelength-dependent transient extinction cross-section variations ∆σext(t, λpr)). These 

measurements and their modeling are presented in Figures 2-6 for an illustrative ND (a similar set of 

measurements on a second ND being presented in Figures S1 to S5 of the Supporting Information). The 

ND extinction spectrum is shown in Figure 2a. It presents a resonance at 860 nm central wavelength, 

corresponding to the ND in plane dipolar localized surface plasmon resonance (SPR), which is well 

reproduced by optical FEM simulations performed with D=153 nm and h=22 nm, close to the sizes 

targeted during the fabrication process and those estimated by SEM and AFM imaging.31  

A selection of time-resolved signals measured on this ND is shown in Figure 3a. As these signals were 

acquired with different pump beam parameters, leading to slightly different equilibrium temperature 

rises, they were divided by ∆Teq, which is of the order of 10 K in our experiments. It should however 

be noted that this procedure does not fully suppress the ∆Teq dependence of time-resolved signals due 

to the fluence-dependence of the electron-lattice energy transfer time out of the low-perturbation 

regime46,52,53 (as shown in Figure S6 of the Supporting Information), so that comparison of normalized 

signals is fully relevant only for low or weakly dispersed ∆Teq values (as was the case here).  

Large variations of amplitudes and signs of the transient extinction changes are observed as a function 

of the probe wavelength λpr. These signals also display very different dynamics depending on λpr, as 

more clearly evidenced by Figure 3b, where they have been normalized by their maximal absolute 

amplitudes. The majority of normalized signals show a fast rise at short pump-probe delays, followed 

by a decay leading to an approximately constant background in the t=5-8 ps range. However, the values 

of the normalized signals at t=8 ps undergo large variations with λpr, being in some cases close to 1 

(e.g., for λpr=855 nm), close to 0 (for λpr=700 nm) or slightly negative (for λpr=905 nm). Additionally, the 

signal measured with λpr=890 nm presents a very different shape, featuring a slow rise between 0 and 

5 ps, followed by a plateau.   

Time-resolved signals are plotted in Figure 3c as a function of λpr for fixed delays, corresponding to 0.7, 

2.5 and 8 ps. These transient spectra present common general features, ∆σext being positive at short 

and large wavelengths (below ≈700 nm and above ≈900 nm), and negative in-between. However, their 

amplitudes and spectral shapes evolve in time (as more easily observable on the normalized spectra 

shown in Figure 3d), with in particular a red-shift at longer delays of the ∆σext minimum around λpr≈850 

nm and of the zero crossing at λpr≈700 nm and ≈900 nm. The shape of transient extinction spectra is 

close to those of the ∂σext/∂ε1 and ∂σext/∂ε2 derivatives (Figure 2b) at short and large delays, 
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respectively.  

The measured transient extinction changes ∆σext(t, λpr) were quantitatively compared to the results of 

the numerical model described in the Methods part, which allows to compute the temporal evolutions 

of the electronic distribution f(E, t) and of the lattice temperature TL(t) occurring during the ND internal 

thermalization, as well as the induced transient changes of the gold dielectric function ∆ε =∆ε1+i∆ε2 

and of the ND extinction cross-section ∆σext. This model constitutes a refined version of that used in a 

previous work which addressed the transient optical response of single gold nanorods, in which only 

the temporal variations of the ∆���� term were quantitatively computed.29 Here, two additional 

ingredients were taken into account to estimate the time-dependent ∆ε changes, namely the 

modification of ε by lattice heating (∆�8��and ∆�8	 terms) and that of the Drude component of ε by 

electron heating (∆��	 term)  (eqs 2-3).   

Measured signals were quantitatively compared with complete calculations based on eqs 2 and 3 

performed with ∆Teq= 6.5 K, close to the experimental values for the investigated ND (Figure 4). The 

global agreement between experimental and simulated signals was found to be optimal for an 

electron-lattice energy transfer time of τe-L≈ 800 fs at weak excitation, a value slightly smaller than the 

one measured on large diameter colloidal gold nanoparticles9, possibly as a result of polycrystallinity 

effects48 (the increase of this time constant for strong excitation,49,53 illustrated in Figure S6 of the 

Supporting Information, is predicted by the numerical model). This initial analysis also showed that the 

agreement between measured and simulated time-resolved signals (in particular in terms of 

amplitudes) could be significantly improved in some cases by comparing experimental measurements 

with time-resolved signals simulated using a slightly different (within < 15 nm) λpr value. Such a fine 

tuning of λpr in the modeling is justified by the occasional observation of small evolutions of the linear 

extinction spectra of the investigated NDs during the course of time-resolved measurements.  

The overall agreement between experimental (blue dots in Figure 4) and calculated (green lines) time-

resolved signals is good, regarding both their absolute amplitudes and their kinetics, for all probe 

wavelengths investigated. Moreover, the possibility to distinguish in the computations the ∆σext 

components associated to electron and lattice heating (∆σext,e and ∆σext,L, eq 6, shown as dotted red 

and dashed black lines in Figure 4) permits to clarify the physical origins of the measured transient 

signals and to explain the particular temporal profiles of some of the signals shown in Figure 4, namely: 

- Signals decreasing to nearly zero at the end of the ND internal thermalization (such as those shown 

in Figure 4a and f, corresponding to measurements with λpr=725 nm and λpr=915 nm). They 

correspond to the exceptional case of a very small lattice heating contribution to ∆σext. Such signals 

thus reflect the successive heating and cooling of the electrons in gold.  

- The signal measured at λpr= 890 nm (Figure 4d), which presents a slow increase (in absolute value), 
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in strong contrast with the rapid rise followed by a decay seen for other experimental signals. It 

corresponds to the opposite exceptional case of a negligible impact of electron heating on the transient 

extinction signal. This signal shape, here measured on the investigated gold ND only for a specific λpr 

value, is reminiscent of those observed in the context of measurements on aluminum NDs, for which 

lattice heating was predicted to have a dominant effect in the whole 500-900 nm λpr range.47   

- A third noticeable particular case is that of signals presenting a constant ∆σext background value 

immediately after the end of the ND excitation and electron thermalization (i.e., after about 2 ps) and 

prior to full ND internal thermalization, which requires the completion of electron-lattice energy 

transfer. This case occurs when the temporal variations of ∆σext,e and ∆σext,L induced by electron-

phonon energy exchanges compensate each other, so that their sum ∆σext remains constant. A time-

resolved signal close to this situation was measured with λpr=855 nm (Figure 4c). The physical origin of 

such signal shape will be further clarified by considering the simplified model introduced below. 

 Other signals presenting less specific shapes are shown in Figure 4b and 4e. They are representative 

of the majority of the time-resolved measurements performed on NDs, for which inclusion of both 

electron and lattice time-dependent contributions is required to account for the observed kinetics. 

While previous analyses of short-timescale signals focused on the interband electronic contributions 

(∆���� term in eq 3), leading to the quasi-vanishing of calculated signals at the end of internal 

thermalization,29 the quantitative inclusion of the lattice contribution to time-resolved signals proves 

crucial in the present case. The interband electronic (Drude)  term (∆��	 term in eq 3) also added in this 

work (as compared to ref.29) has a minor effect for λpr in the visible range, but improves the agreement 

between experimental and simulated signals for λpr in the infrared range.  

For a full understanding of time-dependent transient extinction changes, it is useful to relate them to 

the ∆Te(t) and ∆TL(t) temperature rises respectively quantifying electron and lattice heating. Whereas 

the lattice heating contribution to ∆ε is simply approximated as ∆εL∝∆TL in the model used (eq 3), 

which is justified by the fact that ∆TL remains small in the context of our experiments (Figure 1), the 

electronic term ∆εe is more complex as the electronic temperature is not always defined (Te only 

representing an equivalent temperature in the athermal regime occurring during and shortly after 

excitation, in which the electron gas has to be described by its full electronic distribution) and increases 

much more than TL, the electronic heat capacity being much smaller than the lattice one (Figure 1). 

The electronic temperature becomes well-defined only at time delays exceeding the time needed for 

the restoration of a Fermi-Dirac electronic distribution after excitation, i.e. a few times the 

characteristic duration of electron gas thermalization by electron-electron energy exchanges (about 

500 fs in gold40). In the resulting two-temperature regime, the state of the gold ND is fully characterized 

by the two temperatures Te and TL, so that a quantitative modeling of the transient optical response 
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of the metal only requires determination of the temporal evolutions of Te(t) and TL(t) (which can also 

be obtained in the framework of the well-known two-temperature model54) and of the dependence of 

the gold dielectric function on these two temperatures ε(Te, TL).   

In the context of our experiments, ∆Te is typically of the order of 100 K at the beginning of the two-

temperature regime (Figure 1). For such electron heating, the non-linear dependence of ∆εe on ∆Te 

remains moderate (as shown in Figure S7 of the Supporting Information). It is therefore helpful for a 

qualitative understanding of the λpr-dependence of time-resolved signals to consider the low-

perturbation limit of the complete model used above in the two-temperature regime. In this case, ∆εe 

can be written as ∆�� = 565*+ ∆"� (such a proportionality between ∆�� and ∆"� being not assumed to 

establish eq. 3, only using ∆�8 ∝ ∆"8) and eq 5 can then be rewritten as 

∆�����λ��, �! = I��λ��! ∆"���� + I8�λ��! ∆"8���   (7) 

with  

JK
LI� = M����M"� = M����M��

M��M"� + M����M��
M��M"�

I8 = M����M"8 = M����M��
M��M"8 + M����M��

M��M"8
 

   (8) 

The ∂ε1,2/∂Te and ∂ε1,2/∂TL spectra of gold (obtained by calculation of ∆εe and ∆εL spectra for small ∆Te 

and ∆TL values using our model, followed by numerical derivation), and the Ae and AL coefficients 

obtained for the illustrative ND (using the ∂σext/∂ε1,2 derivatives shown in Figure 2b) are shown in 

Figure 5. Note that the Ae and AL coefficients of a nanoparticle introduced by eqs 7 and 8 depend on 

its intrinsic properties (morphology and composition), but are independent of excitation features 

(pump beam wavelength and fluence). While |AL| is maximal in the SPR range (where the ∂σext/∂ε1,2 

derivatives are the largest, Figure 2b), |Ae| is maximal near 500 nm (where the Te-derivatives of ε1 and 

ε2 present large values, Figure 5a), and presents different spectral features associated to the gold 

interband transitions, in addition to the one in the SPR range. |Ae| presents much smaller values than 

|AL| for most wavelengths, except close to the interband spectral region, which implies that the 

transient extinction changes ∆σext =(Ae+AL)∆T≈ AL∆T of an internally thermalized ND (∆Te=∆TL=∆T) are 

largely dominated by the ∆σext,L component.  

Eq 7 allows a simple qualitative interpretation of measured time-resolved signals in the two-

temperature regime, clarifying the origin of their highly variable amplitudes and shapes (Figure 3a-b 

and Figure 4). Indeed, according to eq 7, time-domain signals represent a linear combination of the 

electron and lattice temperature evolutions (Figure 1) with probe wavelength-dependent weights, 



13 

 

both vanishing for specific λpr values (Figure 4). The particular signals of Figure 4a and f (corresponding 

to λpr=725 nm and λpr=915 nm) discussed above, reflecting electronic heating and cooling, can be 

simply interpreted as resulting from the use of λpr values close to those for which the AL coefficient is 

predicted to vanish (λpr ≈710 and 930 nm, Figure 5d), in the narrow spectral range where |Ae| is not 

much smaller than |AL|. Similarly, the signal measured at λpr= 890 nm (Figure 4d), mainly reflecting 

the lattice heating dynamics, corresponds to a λpr value close to one of those where Ae=0 occurs 

(Figure 5b), in the narrow spectral interval where |AL|/|Ae| remains high enough to allow 

∆σext,L>>∆σext,e even at small time delays when ∆Te >> ∆TL.   

Eq 7 also states that a constant σext value occurs in the two-temperature regime (as approximately 

achieved for the signal shown in Figure 4c and discussed above) when Ae(λpr) ∆Te(t) + AL(λpr) ∆TL(t) 

remains constant, which is achieved when Ae and AL fulfill the condition Ae/AL = ce/cL (note that the 

electronic capacity ce can be considered constant in the framework of eq 7, which was obtained in the 

low-perturbation approximation). Indeed, in this case Ae ∆Te(t) + AL ∆TL(t) ∝ ∆ue(t)+ ∆uL(t) (with ∆ue 

and ∆uL the electronic and lattice excess energy densities introduced in the Methods part), meaning 

that ∆σext is then proportional to the total excess energy density in the ND, which remains 

approximately constant (and equal to uabs) on the <10 ps timescales considered here, much shorter 

than the ≈500 ps cooling characteristic times required for heat propagation from the ND to its 

supporting substrate.31  

Noteworthy, this interpretation of the measured time-resolved signals based on eq 7 presents a large 

analogy with that proposed in a previous work to explain the time-resolved signals measured on longer 

timescales on gold nanospheres in ethanol, which were shown to exhibit a large variety of temporal 

shapes and to reflect a combination of two distinct dynamics (in that case, those of the temperatures 

of the nanospheres and of their local liquid environment, determined by the heat transfer from the 

former to the latter).55  Transient extinction spectra can be similarly interpreted in the framework of 

eq 7 as linear combinations of Ae and AL spectra with time-dependent weights (the ∆Te(t) and ∆TL(t) 

temperature rises), which enables to better understand the temporal variations of their measured 

shapes (Figure 3c-d). Indeed, the relative contribution to ∆σext of lattice heating, ∆σext,L=AL∆TL (eq 6), 

is expected to be small shortly after the ND excitation (as ∆TL∼0), increasing with time as energy 

exchanges between the electrons and the lattice reduce the difference between ∆Te and ∆TL (Figure 

1), and finally dominant once ∆Te and ∆TL are close (as in general |AL|>>|Ae|, Figure 5). The shape of 

transient spectra (Figure 3c,d) is thus expected to evolve from one close to that of Ae (Figure 5b) at 

short delays (however affected by the athermal character of the electron distribution in this time 

range) to one close to AL (Figure 5d) at large delays, a trend actually observed in this work. 

Figure 6 presents the experimental and calculated transient extinction spectra of the investigated ND 
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(presented using the same modeling approach and color code as in Figure 4) at three different delays, 

belonging to the athermal (t=0.7 ps), two-temperature (t=2.5 ps) and internally thermalized  (t=8 ps) 

regimes. The agreement between the measurements and the simulations is generally good, both 

regarding the amplitudes and shapes of the transient spectra, and improves with increasing pump-

probe delay.  

Analysis of ∆σext,e and ∆σext,L components, shown as dotted red and dashed black lines in Figure 6, also 

fully validates the qualitative interpretation of the temporal evolution of transient spectra based on 

eq 7 presented above. At short delays (e.g., 0.7 ps, Figure 6a), the shape of the modeled transient 

spectra is dominated by the electronic contribution ∆σext,e, and close to that of the Ae coefficient shown 

in Figure 5b. In particular, the model correctly reproduces the sign changes experimentally observed 

close to the SPR at λpr = 680 and 900 nm, as well as the presence of negative and positive peaks on the 

blue and red sides of the SPR, respectively (the maximal extinction changes in absolute value predicted 

by the model being however lower than the experimental ones). Some discrepancies are however 

present at <700 nm wavelengths in the interband region, where the specific features predicted 

numerically at the different interband thresholds could not be experimentally observed. 

After electronic thermalization, the transient spectra correspond to a combination of electronic and 

lattice contributions (t=2.5 ps, Figure 6b), as shown by the good agreement between modeled and 

experimental signals, which coincide on the whole investigated range, only presenting slightly different 

widths in the SPR domain. Conversely, the shape of the transient spectra measured for t=8 ps (Figure 

6b, when the internal thermalization of the ND can be considered complete) is dominated by the lattice 

contribution (Figure 5d) and almost exactly corresponds to that measured at longer timescales in a 

previous work, in which a good agreement between the experimental and modeled spectra had 

already been noted.31  

Measurements and analyses performed on another ND with similar thickness but smaller diameter 

(about 100 nm) and SPR wavelength (720 nm), referred to as ND2, are shown in Figures S1 to S5 of the 

Supporting Information, whose content is analogous to that of Figures 2-6 of the main text. They 

present many common features with those performed on the ND considered throughout the main text 

of the paper. In particular, the time-resolved signals measured on ND2 similarly exhibit λpr-dependent 

shapes and amplitudes, the latter being also markedly enhanced for λpr in the ND2 SPR range (Fig S2). 

Simulations also allow a good quantitative reproduction of the experimental time-resolved signals and 

transient spectra, and demonstrate that the relative importance of electron and lattice heating 

contributions is highly dependent on probe delay and wavelength (Figures S3 and S5). Such similarity 

between the transient optical responses measured for the two distinct NDs considered in this work is 

consistent with the limited impact of ND morphology in the model. Indeed, the morphology of the NDs 
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affects their simulated transient optical response only via the ∂σext/∂ε1,2 derivatives appearing in eq 5 

and shown in Figures 2 and S1 but influences neither the kinetics of electron-lattice energy exchanges 

nor their impact on the gold dielectric function, both described using a bulk-like approach in this work 

considering >100 nm diameter NDs.  

CONCLUSIONS 

In this work, we have presented time-resolved measurements of the transient optical response of an 

individual gold nano-object on a few ps timescales (up to its full internal thermalization), which were 

quantitatively modeled by taking into account both the electronic and lattice contributions to the 

modifications of the intraband and interband components of the gold dielectric function. The analysis 

of time-resolved signals shows that their sensitivities to transient electron and lattice heating strongly 

depend on the probe wavelength. The vanishing of these sensitivities occurring for specific probe 

wavelengths offers the possibility to selectively probe these phenomena, while the total energy 

density in the nanoparticle can also be monitored using another specific probe wavelength. This work, 

together with previous ones on single plasmonic nanoparticles, shows that the transient optical 

response induced by the optical excitation, internal thermalization and cooling of metal nanoparticles 

is now well understood and can be quantitatively modeled at all relevant timescales. In future, similar 

experiments might be performed to better understand the sensitivity of time-resolved signals to 

nanoparticle vibrations, a more complex process (as each vibrational mode is associated with a 

specific, nonuniform nanoparticle deformation), which has recently been the theme of numerical 

studies.56,57 Extending  the quantitative investigations of the optical, mechanical and thermal 

properties of nano-objects produced by electron beam lithography as described in this paper and 

earlier ones27,31,32 to nano-objects produced by colloidal chemistry (which typically display less 

crystalline defects), would also be very interesting to better understand the impact of crystallinity on 

the physical response of nano-objects.28,58,59 
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Figure 1. Ultrafast dynamics and induced transient optical response of a noble metal nanoparticle 

following its sudden excitation by a pump pulse. (a) Schematics of the energy exchanges processes 

relevant on timescales of a few ps and of their impact on the metal dielectric function ε and the 

nanoparticle extinction cross-section σext. (b) Typical example of ultrafast dynamics following the 

excitation of a gold nanoparticle by a pump pulse: temporal evolutions of the power density absorbed 

by the electrons pabs (top, corresponding to a 1 ps pump pulse duration), and of the electronic and 

lattice excess energy densities (∆ue and ∆uL, middle) and temperature rises (∆Te and ∆TL, bottom). 

Calculations were done for a gold nanoparticle using the complete theoretical model described in the 

main text, with T0=295 K and Texc=750 K (the typical electron excitation temperature achieved in our 

experiments, corresponding to a ∆Teq=6.5 K equilibrium heating). Note that only an effective 

temperature (indicated by dashes) can be defined for electrons at short delays, their distribution being 

athermal (see main text).  
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Figure 2.  Linear optical properties of gold NDs supported on a sapphire substrate. (a) SMS-measured 

absolute extinction spectrum of the Au single ND considered throughout the paper (black dots). It is 

well reproduced by FEM calculations performed with D=153 nm ND diameter and h=22 nm ND 

thickness (red line). (b) ∂σext/∂ε1 (purple) and ∂σext/∂ε2 (dashed pink) derivatives numerically deduced 

from the FEM calculations. The vertical dashed line indicates the SPR central wavelength λSPR=860 nm. 
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Figure 3. Experimental time-resolved signals. (a) Time-resolved extinction cross-section changes 

measured on the investigated Au ND using different probe wavelengths (indicated in the legend), 

divided by the estimated equilibrium ND temperature rise ∆Teq. (b) Same signals as in (a), normalized 

to unitary maximal value. (c) Transient extinction spectra deduced from time-resolved signals at probe 

delays of 0.7, 2.5 and 8 ps. (d) Same spectra as in (c), normalized to -1 near 850 nm. The vertical dashed 

line in panels (c) and (d) indicates the central position of the SPR of the investigated ND (Figure 2a).  
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Figure 4. Measured and simulated time-resolved signals at specific wavelengths. The transient 

extinction changes measured on the investigated single Au ND using various probe wavelengths λpr 

(indicated on each panel) are shown by blue dots. The transient extinction changes simulated using 

the complete model described in the main text are shown by green lines (λpr values of 710, 775, 850, 

890, 915 and 925 nm were used for the simulations shown in panels a-f). These simulated signals were 

obtained by summing the contributions of electron and lattice heating, which are shown as dotted red 

and dashed black lines, respectively. 
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Figure 5. Dependence of the gold dielectric function and ND extinction cross-section on electronic 

and lattice temperatures. (a) ∂ε1/∂Te (top, purple line) and ∂ε2/∂Te (bottom, pink line) derivatives, 

computed using the model described in refs 39,40. The interband and (weak) Drude contributions to 

these derivatives are shown as dotted orange and dashed gray lines in the latter case (the Drude one 

being negligible in the former case). (b) Deduced Ae=∂σext/∂Te derivative. The contributions of ε1 and 

ε2 changes to Ae are shown as dashed purple and dotted pink lines, respectively. (c) ∂ε1/∂TL  and ∂ε2/∂TL 

derivatives. These derivatives were computed using the theoretical model described in ref. 39, allowing 

to distinguish their interband (dotted orange) and Drude (dashed gray) components. (d) Deduced AL= 

∂σext/∂TL derivative for the ND considered in this work (same color codes as in (b)). The vertical dashed 

line in panels (b) and (d) indicates the central SPR position of the investigated ND. 
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Figure 6. Measured and simulated transient extinction spectra at specific delays. The transient 

extinction spectra measured on the investigated single Au ND for pump-probe delays of (a) 0.7 ps, (b) 

2.5 ps and (c) 8.0 ps are shown by blue dots. For each case, the transient extinction spectra simulated 

using the complete model described in the main text are shown by green lines, with the contributions 

of electron and lattice heating shown as dotted red and dashed black lines, respectively. The vertical 

dashed line indicates the central position of the SPR of the investigated ND. 
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Following the pulsed excitation of a single nanometer-scale gold disk, the ultrafast internal 

relaxation dynamics are selectively studied using specific optical probe wavelengths: the 

electronic cloud and ionic lattice contributions are readily disentangled and extracted. 

 

 

 

 


