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Introduction

Plasmon-polaritons in metals [START_REF] Raether | Surface Plasmons[END_REF] have opened unprecedented avenues for nanoscale manipulation of light, with many exciting applications from sensing to waveguiding. [START_REF] Lal | Nano-optics from sensing to waveguiding[END_REF] Most of research have dealed with the linear optical properties of plasmonic systems, but during the very last years the nonlinear response exhibited by plasmonic nanostructures have received an increasing attention (see the fresh review by Kauranen and Zayats 3 and references therein). Exploitation of the giant optical nonlinearity exhibited by metallic media combined with the unique linear optical features (localization, field-enhancement, etc.) of the plasmon-polariton resonances can disclose a novel frontier for plasmonics. Dynamic plasmonic devices have been proposed and experimentally demonstrated, showing the feasibility of ultra-fast all-optical switching [START_REF] Macdonald | Ultrafast Active Plasmonics[END_REF] as well as novel approaches for nanosensing based on plasmonic nonlinearity. [START_REF] Stockman | Ultrafast nanoplasmonics under coherent control[END_REF] Strong efforts are now being carried on in different directions to improve the efficiency of the nonlinear process in plasmonic structures. One research line is aimed to optimizing the linear part of the phenomenon, that is plasmonic resonances, by seeking for the best nanostructure geometry capable of full exploitation of the nonlinearity in noble metals by increasing the optical absorption or by narrowing the plasmonic resonances (e.g. in arrays of gold nanopillars [START_REF] Wurtz | Designed ultrafast optical nonlinearity in a plasmonic nanorod metamaterial enhanced by nonlocality[END_REF] ). Another important issue is to provide an accurate modelling of the plasmon dynamics at the level of a single noble-metal nanostructure, [START_REF] Baida | Ultrafast Nonlinear Optical Response of a Single Gold Nanorod near Its Surface Plasmon Resonance[END_REF] and to reframe metal nonlinearity within a formal non-instantaneous incoherent susceptibility (a dispersed complex χ (3) ) [START_REF] Conforti | Derivation of third-order nonlinear susceptibility of thin metal films as a delayed optical response[END_REF] to be exploited for the analysis and engineering of nonlinear propagation of plasmonic pulses. [START_REF] Marini | Thermo-modulational interband susceptibility and ultrafast temporal dynamics in nonlinear gold-based plasmonic devices[END_REF] A different approach has been recently started by working on the intimate physics underlying material nonlinearity, thus opening a material route to nonlinear plasmonics. Aside with gold and silver, a novel class of artificial plasmonic media based on heavily-doped semiconductors has been recently reported. [START_REF] Dorfs | Reversible Tunability of the Near-Infrared Valence Band Plasmon Resonance in Cu 2-x Se Nanocrystals[END_REF][START_REF] Luther | Localized surface plasmon resonances arising from free carriers in doped quantum dots[END_REF][START_REF] Garcia | Dynamically Modulating the Surface Plasmon Resonance of Doped Semiconductor Nanocrystals[END_REF][START_REF] Manthiram | Tunable Localized Surface Plasmon Resonances in Tungsten Oxide Nanocrystals[END_REF] These materials exhibit a metallic behaviour with a free-carrier density that can be chemically controlled by acting on fabrication parameters, causing the plasma frequency and thus the plasmonic resonance to be tuned in a broad wavelength range. Most importantly, since the nonlinearity exhibited by metallic systems is governed by the dynamics of the free carriers optically excited, these materials offer the unique capability to enhance the nonlinear response of the plasmonic resonance by controlling the free carriers density. Cu 2-x Se is one of these novel plasmonic materials, [START_REF] Dorfs | Reversible Tunability of the Near-Infrared Valence Band Plasmon Resonance in Cu 2-x Se Nanocrystals[END_REF] where the free carriers are holes in the valence band generated by copper vacancies (self-doping mechanism) responsible to the sub-stoichiometry of the compound, with x ranging between 0.1 and 0.3. In a recent paper we have demonstrated that intense laser beams can strongly perturb the energy distribution of the holes inducing a modulation of the absorption crosssection of Cu 2-x Se nanoparticles that is ten times larger than that obtained in gold nanoparticles under the same optical fluence. [START_REF] Scotognella | Plasmon Dynamics in Colloidal Cu 2-x Se Nanocrystals[END_REF] We showed that this magnification of the optical nonlinearity is due to the lower density of the free carriers as compared to gold, and a phenomenological model mimicking the simple two-temperature model commonly exploited for gold nanostructures turned out to provide a good explanation of the experimental results. The material route to nonlinear plasmonics is currently at a pioneering level and, similarly to what happened for noble-metals, a better understanding of the intimate nature of the material nonlinearity in concomitance with the plasmonic resonance is mostly envisaged for future developments in the field, and full exploitation of these novel materials as nonlinear plasmonic media.

In the present paper we report an a detailed experimental investigation of the ultra-fast nonlinear response exhibited by Cu 2-x Se nanoparticles in the red and near-infrared under excitation with fs laser beams. The onset of the plasmon dynamics is spectrally resolved by ultra-fast pumpprobe spectroscopy with broad-band probe pulses. The whole temporal dynamics of carrier-lattice interaction is temporally resolved with 100 fs resolution, allowing for an optical mapping of the plasmonic nonlinear response of Cu 2-x Se nanoparticles with unprecedented temporal and spectral resolution. Also, we have theoretically developed the preliminary proposal that the dynamical features of localized plasmon resonances in Cu 2-x Se can be interpreted according to a theoretical approach mimicking the one exploited for noble-metal plasmonic systems, and in particular we considered here an extended version of the two-temperature model (ETTM) that is reminiscent of the one originally proposed for gold by Sun and coworkers. [START_REF] Sun | Femtosecond-tunable measurement of electron thermalization in gold[END_REF] The combination of broad-band pump-probe measurements and the ETTM allowed us to access the temporal dynamics of nonthermalized carries taking place on the sub-ps time scale, that has been disregarded in all previous studies on non-metallic plasmonic nanoparticles. The contribution of these out-of equilibrium carriers to the optical response of the system is accurately modeled in the whole spectrum of the localized plasmon resonance by semiclassical theory of optical transitions in the solid-state, and turned out to dominate the peak of the nonlinear optical response exhibited by Cu 2-x Se nanoparticles.

Experiments

It has been demonstrated that in Cu 2-x Se nanocrystals the value of x can be accurately controlled by proper oxidation during the chemical synthesis, allowing tunability of the plasma frequency ω P of the material, resulting in a tunable Drude dielectric constant and subsequent tunable localized plasmon resonance. [START_REF] Dorfs | Reversible Tunability of the Near-Infrared Valence Band Plasmon Resonance in Cu 2-x Se Nanocrystals[END_REF] In the present study we selected a sample with a high value of x, that is x 0.25, resulting in a plasmonic resonance peaked at 830 nm for Cu 1.75 Se nanocrystals in toluene dispersion (dielectric constant of the environmental medium ε m = 2.24). The size of Cu 1.75 Se nanocrystals was estimated from transmission electron microscopy and turned out to be of ∼ 6.5 nm radius.

To investigate the transient nonlinear response of the system, we performed pump-probe experiments with fs-laser pulses. The pump-probe setup [Fig. 1(a)] is based on a commercial Ti:sapphire amplified laser system delivering 100 fs pulses at 1 kHz repetition rate at a central wavelength of 800 nm. A fraction of the beam was used to pump a non-collinear parametric amplifier (NOPA) to generate pulses in the near-infrared. We tuned the NOPA to obtain pump pulses at ∼960 nm with a bandwidth of about 20 nm [Fig. 1(b)]. The probe pulses were produced by focusing the fundamental beam into a 3 mm thick sapphire plate in order to generate a stable white light supercontinuum. To generate white light in the visible range [Fig. 1(c)], a short pass filter with cut-off wavelength at 780 nm was used, while to generate white light in the near infrared range [Fig. 1(d)], a long pass filter with cut-on wavelength at 840 nm was used to filter out the residual fundamental and the visible components of the probe pulses. The pump and probe beams were focused onto the Differential transmission measurements were attained at 150 µJ/cm 2 incident pump fluence. Since we pumped 130 nm detuned from the peak of the plasmon resonance, the measured pump absorption turned out to be as low as 8%, which is markedly lower as compared to the previous study on Cu 1.85 Se nanocrystals [START_REF] Scotognella | Plasmon Dynamics in Colloidal Cu 2-x Se Nanocrystals[END_REF] where the pump wavelength was at the peak of the plasmonic resonance.

Experimental ∆T /T map is reported in Fig. 2(a). Note that the transient spectral response is composed of three different lobes, a stronger and broader positive lobe in the central region of the spectrum, and two weaker negative side-lobes (below 650 nm and above 900 nm respectively). A maximum value of about 3.5% is observed at around 770 nm, whereas minimum values of -1% and -0.5% are attained in the negative lobes at around 560 nm and 1010 nm respectively. These previous results of single wavelength probing. [START_REF] Scotognella | Plasmon Dynamics in Colloidal Cu 2-x Se Nanocrystals[END_REF] The following dynamics is much slower, with an almost exponential decay within few hundred ps (not shown here) as already reported in. [START_REF] Scotognella | Plasmon Dynamics in Colloidal Cu 2-x Se Nanocrystals[END_REF] 

Theoretical analysis and numerical modelling

For nanoparticles with radius R << 2πc/ω (with ω the optical frequency), optical extinction is dominated by absorption, with absorption cross-sections σ A given by the quasi-static formula [START_REF] Bohren | Absorption and Scattering of Light by Small Particles[END_REF] σ A = 4πkR [START_REF] Kauranen | Nonlinear plasmonics[END_REF] Im

ε(ω) -ε m ε(ω) + 2ε m (1) 
where

ε(ω) = ε ∞ -ω 2 P /[ω(ω + iΓ 0 )] is the Cu 1.
75 Se dielectric function, with Γ 0 the Drude damping at the room temperature T 0 and ε ∞ a constant accounting for interband transitions at higher optical frequencies. Similarly to previous studies, the values of ω P , Γ 0 , and ε ∞ , have been estimated from continuous-wave extinction measurements of the sample, [START_REF] Scotognella | Plasmon Dynamics in Colloidal Cu 2-x Se Nanocrystals[END_REF] and turned out to be ω P = 8.58 × 10 15 rad/s, Γ 0 = 10.1 × 10 14 rad/s, and ε ∞ = 10. The transmittance of the system can thus be computed as T = exp[-σ A N p L], with N p = 12.9 × 10 13 cm -3 being the estimated particle concentration and L = 0.5 mm the thickness of the sample which is hold in a quartz cuvette.

Excitation with intense (pump) laser pulses gives rise to a transient modification of the absorption cross-section of the nanocrystals ∆σ A (t), resulting in a transient modulation of the transmittance of the sample given by

∆T (t) = T exp[-∆σ A (t)N p L] -1 . (2) 
To provide a consistent spectral modelling of the measured differential transmission retrieved by pump-probe experiments, a model for the transient variation of absorption cross-section resulting from the variation of material dielectric function caused by pump absorption ought to be provided.

In noble metal nanoparticles the variation of metal dielectric function is ascribed to the dynamics of energy exchange between free carriers (electrons) and lattice, that is detailed by the so-called twotemperature model (TTM). To account for non-thermalized carriers we adopted an extended version of the TTM (ETTM) that has been proposed and successfully exploited for thin-gold films [START_REF] Sun | Femtosecond-tunable measurement of electron thermalization in gold[END_REF] and nanoparticles (see e.g. pioneering pump-probe experiments on gold nanoshells [START_REF] Averitt | Ultrafast electron dynamics in gold nanoshells[END_REF] ). The ETTM reads as follows:

γT C dT C dt = -G(T C -T L ) + aN (3) 
C L dT L dt = G(T C -T L ) -G L (T L -T 0 ) + bN (4) 
dN dt = -(a + b)N + P a (t) (5) 
where T C is the temperature of thermalized free carriers (i.e. holes in Cu 1.75 Se), T L is the lattice temperature, N is the total energy per unit volume of non-thermalized carriers, γT C and C L are the free carrier and lattice heat capacities, respectively (being γ the so-called carrier heat capacity constant), G is the carrier-phonon coupling constant, G L is the phonon-phonon coupling constant, a and b are the carrier and lattice heating rates respectively, and P a (t) is the pump pulse power absorbed in the unit volume of the metal. Parameters for the ETTM were taken from previous estimation [START_REF] Scotognella | Plasmon Dynamics in Colloidal Cu 2-x Se Nanocrystals[END_REF] on Cu 1.85 Se as

C L = 2.72•10 6 J m -3 K -1 , G = 1.2•10 16 W m -3 K -1 , and G L = 2.0•10 16 W m -3 K -1 .
The heat capacity constant of the carriers was estimated as γ = rγ Au = 5.1 J m -3 K -2 , with γ Au = 63 J m -3 K -2 the heat capacity constant of the free electrons in gold and r the ratio between Cu 1.75 Se carrier density N C and gold carrier density (5.9 × 10 22 cm -3 ). We estimated

N C = ω P ε 0 m h /e 2 = 4
.78 × 10 21 cm -3 , taking the hole effective mass m h = 0.20m 0 (being m 0 the free electron mass) as reported in the pioneering paper on Cu 2-x Se by Gorbachev and Putilin. [START_REF] Gorbachev | Some Parameters of Band Structure in Copper Selenide and Telluride[END_REF] Within the present study, a is considered as a fitting parameter of the model, and we assumed b 0

similarly to what reported in noble metals where b << a.

It is worth saying that the ETTM is the simplest model that accounts for the carrier-carrier interaction mechanism (that is rigorously described by Boltzmann equations), by grasping the essentials of its dynamical features in terms of an effective averaged parameter (N) for the nonthermalized part of the system. The ETTM offers the advantage to keep the modeling at the level of three coupled-equations (and sometimes it is referred to as a three-temperature model, though this nomenclature is misleading since the new variable N is not a temperature) governed by very few phenomenological parameters.

The system of Eqs. ( 4)-( 5) allows one to consistently calculate the temporal evolution of T C

and N and thus the corresponding contribution to the variation of the thermalized ∆ f T and nonthermalized ∆ f NT free-carriers distributions, respectively given by: 15

∆ f T (E,t) = f 0 [E, T C (t)] -f 0 (E, T 0 ) (6) ∆ f NT (E,t) = 1/A × δ NT (E)N(t), (7) 
being f 0 the Fermi-Dirac function, E the holes energy, and

δ NT (E) = f 0 (E -E F -hν P )[1 -f 0 (E -E F )] -f 0 (E -E F )[1 -f 0 (E -E F + hν P )]. (8) 
In above Eqs. ( 7)-( 8), E F is the (holes) Fermi Energy, hν P is the pump photon energy, and A is a normalization factor determined according to energy conservation for the intra-band pump absorption, that is

A = E 2 E 1 δ NT (E)DOS(E)EdE, (9) 
with DOS(E) the energy density of states in the valence band under isotropic parabolic band approximation. Integration extrema are taken to be E 1 the energy at the edge of the valence band and E 2 the energy of hole states with k-vector at half the maximum k in the first Brillouin zone (as an upper limit for the application of parabolic band approximation).

Note that Eq. ( 8) provides for non-thermalized holes generated by intra-band pump absorption a double steplike distribution (see, e.g., Ref. [START_REF] Sun | Femtosecond-tunable measurement of electron thermalization in gold[END_REF] ) extending from -hν P to +hν P around Fermi energy.

The total variation of the electron energy distribution due to thermal and non-thermal holes results in a reduction (increase) of the occupation probability of the hole states below (above) the Fermi energy. Since according to Al-Mamun et al., [START_REF] Mamun | electrical and optical properties of copper selenide thin films deposited by chemical bath deposition technique[END_REF] the Cu 2-x Se system is a direct band-gap material, the pump-induced variation of occupation probability of energy states close to E F is expected to result in a modulation of the inter-band optical transition, with increased (decreased) absorption for transitions involving final hole states below (above) E F . In the constant matrix element approximation, the variation of the imaginary part of the inter-band dielectric function at the probe wavelength λ due to the pump-induced perturbation of thermal (T) and non-thermal (NT) hole energy distributions can be computed as follows: [START_REF] Rosei | Temperature modulation of the optical transitions involving the Fermi surface in Ag: Theory[END_REF] ∆ε

T (NT ) (λ ,t) = e 2 λ 2 3m 2 0 c 2 |M| 2 ∆J T (NT ) (λ ,t), ( 10 
)
where M is the electric-dipole matrix element, that we consider as a fitting parameter in our model, and ∆J T (NT ) is the pump-induced variation of the Joint Density of States (JDOS) of the considered transition:

∆J T (NT ) (λ ,t) = - 2 4π 2 2m r h2 3/2 hc λ -E 0 × ∆ f T (NT ) (E λ ,t). (11) 
In above Eq. ( 11), E λ = m r /m h (hc/λ -E 0 ) -E F according to energy conservation, with m r = m h m e /(m h + m e ) the reduced effective mass of the system, and m e the electron effective mass in the conduction band, here assumed as a fitting parameter of the model. The energy constants are taken from our previous study 14 as E 0 = 1.55 eV for the energy gap between valence and conduction bands and E F = 0.6 eV for the Fermi energy measured from the top of valence band [cf. Fig. 3(a) in Ref. [START_REF] Scotognella | Plasmon Dynamics in Colloidal Cu 2-x Se Nanocrystals[END_REF] ].

With ∆ε T (NT ) (λ ,t) at hand, the variation of the real part of the inter-band dielectric function ∆ε T (NT ) (λ ,t) is determined by Kramers-Krönig analysis.

An additional contribution to the change in the dielectric constant, given by intra-band transitions of free carriers that depend on lattice temperature (i.e. the Drude contribution), is accounted for by the following expression:

∆ε DS (λ ,t) = iω 2 P ∆Γ(t) ω(ω + iΓ 0 )[ω + iΓ 0 + i∆Γ(t)] ω=2πc/λ , (12) 
where ∆Γ(t) = β [T L (t) -T 0 ] is the variation of the Drude damping induced by lattice temperature variation, being β = 1.8 × 10 12 rad/s K -1 as estimated in our previous study. [START_REF] Scotognella | Plasmon Dynamics in Colloidal Cu 2-x Se Nanocrystals[END_REF] From the timedependent complex dielectric function of Cu 1.75 Se provided by Eqs. ( 10)-( 12), we theoretically computed the time-dependent variation ∆σ A (λ ,t) attained by the absorption cross section according to standard quasi-static formula of Eq. ( 1). Then, the differential transmission of the sample is retrieved from Eq. ( 2).

Results of the numerical simulations with best fitting value of the parameters are reported in 

Discussion

The numerical solution of the ETTM system of Eqs. ( 4)-( 5) is reported in Fig. 3(a). The maximum of energy density of non-thermalized holes turned out to be N max 1.1 J/cm 3 , and it is achieved at around 80 fs time delay, whereas the maximum increase in the temperature of the thermalized holes is about 150 K (i.e. lower than the room temperature, meaning that we are in the perturbative regime for pump absorption), and it is achieved at around 250 fs. The increase in the lattice temperature is as low as 0.5 K, in light of the much higher heat capacity of the lattice as compared to the holes, and is achieved after about 3 ps. Note that the very initial steps of the dynamics are dominated by non-thermalized carriers. On the contrary the lattice plays no role until the dynamics of non-thermalized holes is almost exhausted. In the intermediate regime comprised between 0.5 ps to 3 ps, the dynamics is dominated by thermalized carriers. The sub-ps time scale is where the hole-hole scattering regime takes place and the optical response of the system is determined by the interplay between non-thermalized and thermalized holes with a complex spectral behaviour governed by Eqs. ( 10)- (12). To elucidate the role played by non-thermalized carriers, we show in At 860 nm, that is above the peak of the plasmonic resonance, both thermalized and nonthermalized holes provide a positive contribution to ∆T /T , resulting in a large positive peak of the total ∆T /T [Fig. 3(b)]. A similar dynamics (not detailed here) is attained below the peak of the plasmonic resonance remaining in the positive lobe of the ∆T /T map (in agreement with our previous study [START_REF] Scotognella | Plasmon Dynamics in Colloidal Cu 2-x Se Nanocrystals[END_REF] ), but a very distinct behaviour is observed in the lower negative lobe of the map. As example, at 580 nm the thermalized carriers again provide a positive signal, but nonthermalized ones give rise to a large negative contribution, resulting in a negative peak of the total ∆T /T [Fig. 3(c)]. The role of non-thermalized carriers is thus not just quantitative, by providing a correction to the dynamics within the initial few hundred fs, but it's crucial in determining wheather the pump-induced modulation of probe transmission is positive or negative at a given optical wavelength.

Figure 4: Spectral cross-section of the ∆T /T experimental map (solid black) and theoretical map (dashed green) at peak time delay t 150 fs. Dotted red line shows the theoretical prediction neglecting the contribution from non-thermalized carriers.

The importance of including non-thermalized carriers for a correct determination of the spectral response of the system is even more evident if one inspects the ∆T /T spectrum at the time delay of the peak, attended at around 150 fs [see vertical black dot-dashed line in Fig. 2(a) and (c)]. Note that the theoretical ∆T /T (green dashed line in Fig. 3) well reproduces the experimental data (black solid line in Fig. 3) in the whole range of the plasmonic resonance, with only some deviations in the tails of the spectrum. On the contrary, neglecting the contribution from non-thermalized carriers results in a theoretical prediction (red dotted line in Fig. 3) with dramatic deviations from the experimental results at almost any wavelength.

It is worth saying that the main limitations of the present model arise from the isotropic parabolic band and constant matrix element approximations exploited to compute the modulation of interband optical transition. This prevented to retrieve a quantitative agreement in the red and visible (not shown here). For further developments, a detailed knowledge of Cu 1.75 Se band structure is mandatory. A theoretical investigation of the electronic properties of non-stoichiometric Cu 2 Se would also give access to a more accurate modeling of the sub-ps time-scale dynamics within Boltzmann equations formalism, as reported in several gold nano-systems. [START_REF] Sun | Femtosecond-tunable measurement of electron thermalization in gold[END_REF][START_REF] Valle | Real-time optical mapping of the dynamics of nonthermal electrons in thin gold films[END_REF][START_REF] Voisin | Ultrafast electron-electron scattering and energy exchanges in noble-metal nanoparticles[END_REF] At the level of the present modelling we just notice that the estimated value of carrier heating rate a turned out to be almost coincident with what reported in gold. [START_REF] Conforti | Derivation of third-order nonlinear susceptibility of thin metal films as a delayed optical response[END_REF][START_REF] Sun | Femtosecond-tunable measurement of electron thermalization in gold[END_REF] Since it has been demonstrated that a = 1/2τ 1 , with τ 1 being the minimum value of the electron-electron relaxation time within the population of non-thermalized carriers, [START_REF] Valle | Real-time optical mapping of the dynamics of nonthermal electrons in thin gold films[END_REF] we can estimate τ 1 200 fs.

Also, we noted some quantitative mismatch between experiments and simulations in the long timescale, indicating that the Drude contribution to the dielectric function modulation provided by Eq. ( 12) is incomplete. A possible extension would comprise the effect of lattice temperature on the plasma frequency caused by lattice deformation, especially in connection to mechanical oscillations on the ns time-scale induced by the abrupt thermal loading, as observed in noble-metal nanoparticles (see e.g. [START_REF] Hartland | Optical Studies of Dynamics in Noble Metal Nanostructures[END_REF] and references therein).

Conclusions

We investigated the ultra-fast nonlinear dynamics exhibited by localized-plasmon resonance in 

Figure 1 :

 1 Figure 1: (a) Schematic of the experimental setup. OPA: Optical Parametric Amplifier. WLG: Wight Light Generator. OMA: Optical Multichannel Analyzer. (b) Pump pulse spectrum. (c) Probe pulse spectra.

Figure 2 :

 2 Figure 2: (a) Experimental Differential Transmission map of Cu 1.75 Se nanocrystals in toluene. (b) Temporal cross-sections of the experimental map in (a) at different probe-wavelengths. (c) Numerically computed Differential Transmission map according to the ETTM. (d) Temporal crosssections of the theoretical map in (c) at different probe-wavelengths.
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 2 Fig.2(c)-(d), and show a good quantitative agreement with the experimental data of Fig.2(a)-(b)in the wide range of wavelengths spanned to inspect the whole spectrum of the plasmon resonance. Best fitting of parameters retrieved the following estimations: electrons effective mass m e 0.12 m 0 ; electric-dipole matrix element M 2M Au being M Au the electric-dipole matrix element for interband optical transitions in gold at the L-point of the Brillouin zone; 21 carrier heating rate a = 2.4 × 10 12 s -1 .

Fig. 3 (

 3 Fig. 3(b) and (c) the theoretically computed contributions to ∆T /T arising from thermalized and non-thermalized holes at two different probe wavelengths: one in the positive lobe of the ∆T /T map, at 860 nm [Fig. 3(b)], and one in the lower negative lobe of the ∆T /T map, at 580 nm [Fig. 3(c)].

Figure 3 :

 3 Figure 3: (a) Temporal dynamics of thermalized carrier temperature T C (green line), lattice temperature T L (black line), and non-thermalized electron energy density N normalized to peak value N max = 1.1 J/cm 3 (red line). Contributions to the differential transmission signal arising from thermalized and non-thermalized carriers at (b) 860 nm and (c) 580 nm probe wavelengths. The total theoretical ∆T /T (blue dotted line) and experimental ∆T /T (blue solid line) are also reported.

Cu 2 -

 2 x Se nanoparticles. Broad-band pump-probe experiments with 100 fs resolution time provided an accurate tracking of the phenomenon in two-dimensional maps spannig the whole plasmonic spectrum of the resonance on the time scale of electron-lattice interaction dynamics. An accurate modelling of the experimental results based on an extended two temperature model and semiclassical computation of the optical transitions was carried out within quasi-static approximation, in close analogy with the dynamical models employed for noble-metal nanostructures. A comparison between experiments and theoretical results revealed the crucial role played by nonthermalized carriers during the very first initial steps of the dynamics, with an overshoot to the differential transmission in a broad wavelength range that the standard two-temperature model dramatically fails to retrieve. Our results provide a detailed analysis and theoretical interpretation of the ultra-fast dynamics in an artificial plasmonic medium, and demonstrate that the theoretical models developed for noble-metal nanostructures can be fully exploited for Cu 2-x Se plasmonic nanoparticles, paving the way for further developments of this new material with potential applications to all-optical ultra-fast switching and nonlinear nanosensing.[START_REF] Kauranen | Nonlinear plasmonics[END_REF] MethodsMaterialsNumerical simulations
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