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Abstract. The transient optical response of gold nanorods is investigated
beyond the perturbative regime.  Ultrafast  pump-probe spectroscopy and
semiclassical  modeling  of  hot  electrons  reveal  a  universal  mechanism
presiding over the saturation of nonlinear plasmonic effects.

Plasmon dynamics in metal nanomaterials has been the subject of intensive research,
mostly  because  of  the  potential  applications  (from  plasmon-enhanced  photovoltaics  to
ultrafast nanophotonics) and for the beauty of the underlying physical phenomena presiding
over the observed optical features. However, most of research dealt with the perturbative
regime  of  the  transient  optical  response.  In  this  work  we  report  an  experimental  and
theoretical study of the transient optical response of plasmonic nanostructures beyond the
perturbative  regime.  Using  gold  nanorods  dispersed  in  water  as  a  model  system,  we
combine  ultrafast  pump-probe  spectroscopy and semiclassical  modeling of  hot  electron
dynamics to investigate the dependence of the plasmon transient  response on the pump
fluence.

The  pump-probe  experiments  are  performed  with  an  amplified  Ti:Sapphire  system
generating  100 fs  pulses  at  800 nm wavelength  and 1 kHz repetition rate.  The pump is
either the fundamental wavelength or the second harmonic at 400 nm generated in a BBO
crystal. The probe is obtained by passing the light through a sapphire crystal to generate a
broadband white light continuum covering a spectral range from 430 nm to 700 nm. The
differential transmission (ΔT/T) spectrum is detected with an optical multichannel analyser.
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Fig. 1. (a) Steady-state absorbance of the water dispersed GNRs sample. Inset shows a TEM image of
the synthesized GNRs, scale bar 50 nm. (b)-(c) Experimental ΔT/T map (top panels) and map cross-
sections at selected time delays (bottom panels) for (b) low and (c) high pump fluence F. (d)-(e) 
Experimental and simulated ΔT/T normalized to the higher peak at 1 ps time delay for low (red trace) 
and high (black traces) pump fluence. In the simulations of panel (e), the black solid curve refers to 
the actual model with nonlinear Fermi-smearing mechanism and the black dots refer to the linearized 
model.

The gold nanorods (GNR) samples are synthesized in colloidal solution by the seedless
synthesis  method [1]  in  the  presence  of  the  cationic  surfactant
hexadecyltrimethylammonium bromide (CTAB) and resveratrol  as a reductant.  The size
distribution  was  estimated  by  transmission  electron  microscopy  (TEM)  obtaining  an
average aspect ratio of 1.9, with 26 nm width and 50 nm length. The GNRs are centrifuged
and redispersed in deionized water for the pump-probe measurements.

The optical absorption spectrum of the aqueous solution is shown in Figure 1(a). The
two peaks correspond to the surface plasmon resonances (SPR) of the nanorods [2]: the
peak at 520 nm is the transversal SPR (TSPR), whereas the second peak at around 625 nm
is the longitudinal SPR (LSPR).

The ΔT/T map as a function of probe wavelength and pump-probe delay obtained for
interband pumping at 400 nm with 250 µJ/cm2 fluence is shown in Figure 1(b). The map is
characterized by resonant features around the absorption peaks observed in the steady-state
spectrum [cf.  Figure 1(a)].  These  are  due  to  the  modification  of  the  dielectric  function
induced by the pump pulse that in turn affects the spectral location and width of the TSPR
and LSPR seen by the probe, in agreement with a vast literature on the subject (see e.g. [3]
and references therein).  However,  when increasing the pump fluence to 1.5 mJ/cm2 the
ΔT/T not only increases and saturates but, most interestingly, modifies its spectral shape on
the ultrafast time scale of the first picoseconds, as shown in Figure 1(c). The two plasmonic
resonances thus exhibit very different saturation dynamics, as highlighted in the normalized
spectra reported in Figure 1(d) for 1 ps time delay: for low fluence [red trace in Figure 1(d)]
the  TSPR  dominates  the  transient  spectrum,  whereas  for  high  fluence  [black  trace  in
Figure 1(d)] it is the LSPR that prevails. The same behaviour was observed for intraband
pumping at 800 nm. 

To identify the mechanism underlying such nonlinear dispersive features, we modeled
the  pump-probe experiments.  The GNRs were  approximated  by  nanoellipsoids  with  an
aspect  ratio  similar  to the one measured  in  the GNR sample,  and quasi-static  formulas
where employed for their absorption and extinction cross-sections computed at an angle
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with respect to the major axis of the structure (so to enable simultaneous excitation of both
resonances). The three-temperature model [4] was employed to account for the dynamics of
non-thermalized electrons (generated by the pump pulse), hot-electrons thermalized at high
temperature (generated by electron-electron scattering) and hot lattice phonons (generated
by electron-phonon scattering). The electron (and lattice) heating then induces a transient
modification of the dielectric function, which is dominated, on the considered time scale of
the very  first  picoseconds,  by a modulation of  the interband  optical  transition of  gold,
enabled  by  a  broadening  of  the  Fermi-Dirac  distribution,  the  so-called  Fermi-smearing
mechanism (see e.g. [4,5,6] and references therein). 

The simulated transient optical spectra at 1 ps time delay for low and high pump fluence
are  shown  in  Figure 1(e).  Note  the  good  agreement  with  the  experimental  results  of
Figure 1(d). Interestingly, an attempt to simplify the model by assuming a Fermi smearing
linearized with respect  to electronic temperature [black dots in Figure 1(e)]  - that is the
hypothesis  originally  introduced  by  Rosei  for  the  perturbative  case  of  low  electronic
temperatures [7] - fails to reproduce the high fluence spectrum (cf. with black traces). This
indicates  that  the  different  saturation  dynamics  observed  for  the  different  plasmonic
resonances is mostly related to the highly dispersive nonlinearity entailed by the Fermi-
smearing. We estimated that the onset of this nonlinear mechanism takes place when the
hot-electrons  temperature  increases  to about  500 K,  which is a  non-perturbative  regime
readily achievable in noble metal nanostructures under a moderate pump fluence of several
hundred µJ/cm2.

In conclusion, we report an experimental and theoretical study on the transient optical
response  of  plasmonic  nanostructures  beyond  the  perturbative  regime.  Gold  nanorods
dispersed  in  water  have  been  investigated  by  ultrafast  pump-probe  spectroscopy.  A
quantitative comparison with numerical simulations based on a semi-classical model of hot-
electrons and quasi-static formulas for the optical response enabled us to reveal  a rather
universal mechanism presiding over the saturation dynamics of plasmonic resonances, that
is the intrinsic nonlinearity of the Fermi-smearing. quations should be centred and should
be numbered with the number on the right-hand side.
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