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ABSTRACT: Plasmonic nanostructures are, to date, well-known
to offer unique possibilities for the tailoring of light—matter
interactions at the nanoscale. Most recently, a new route to
ultrafast all-optical modulation has been disclosed by combining
the resonant features of plasmonic nanostructures with the giant N
third-order optical nonlinearity of noble metals regulated by highly * «ﬁ * /\
energetic (hot) carriers. In this framework, a variety of ¢
nanostructures have been designed, with special attention to b ¢ :ﬁ *

shapes featuring tips, where extreme and highly sensitive field

enhancements (hot spots) can be attained. Here, we report on a

broadband pump—probe spectroscopy analysis of an ensemble of spiky star-shaped nanoparticles, exploring both the perturbative
and nonperturbative regimes of photoexcitation. The experiments are corroborated by semiclassical numerical simulations of the
ultrafast optical response of the sample. We found that the peculiar hot spots supported by the star tips allow one to easily control
the spectral shape of the transient optical signal, upon tuning of the pump wavelength. Our results elucidate the ultrafast response of
hot electrons in star-shaped nanostructures and contribute to the understanding of the tip-mediated enhanced nonlinearities. This
work paves the way to the development of ultrafast all-optical plasmonic modulators for pump-selective spectral shaping.
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Bl INTRODUCTION spectroscopy, "~ '” biochemical sensing and applications,’
and surface chemistry.”' >

Studying the optical properties of plasmonic NPs with
complex morphologies and localized hot spots can be,
however, far from straightforward. While being highly
attractive from the application standpoint, the tunability and
sensitivity to minor shape modifications of these systems are
counterbalanced by a significant complexity of their optical
behavior. For disordered ensembles such as colloidal solutions,
the observed linear optical response depends on the nontrivial
superposition of single-object features, which differ for even
slight variations of the same NP shape. Therefore, the spectra
get congested and harder to interpret, hindering the rational
design of NPs and effective exploitation of their hot spots.

Time-resolved nonlinear optical techniques are an ideal tool
to disentangle spectral signatures in complex NP sys-
tems.'>*>*° In particular, ultrafast pump—probe spectroscopy
measures the dynamical processes taking place in photoexcited
systems,”” which is of particular relevance when dealing with

Plasmonic nanostructured materials offer a unique route for
interacting with light at the nanoscale.' > These metal
structures can indeed couple strongly to the electromagnetic
radiation and exhibit a driven oscillation of their free electrons,
known as localized surface plasmon resonance (LSPR)." The
spectral position, width, and intensity of the LSPR are highly
sensitive to the nanoparticle (NP) shape, size, material, and
surrounding environment, while the number of resonant
modes across the spectrum is mostly determined by geo-
metrical aspects (i.e., the shape, in case of isolated NPs, or the
spatial arrangement, when NPs are coupled).”® Such an
inherent property of plasmonic systems explains the develop-
ment of nano-objects with growing structural complexity,
starting from rods, dimers, and core—shell particles7_9 to
cubes, hexapods, and more exotic shapes,lo_12 which exhibit
multimodal, easy-to-tune optical responses, thanks to the
increased degrees of freedom. Special interest has been given
to geometries featuring spikes, tips, and edges such as, e.g,, bi-
pyramids, cones, or star-shaped nanoparticles (s-NPs): in the
sharpest regions, light excitation produces electromagnetic hot Received: November 1, 2023 B |
spots where radiation is highly confined and extreme field Revised:  December 21, 2023

enhancements can be attained. Because of these intense near Accepted:  January 15, 2024
fields induced at their hot spots, spiky nanostructures show Published: February 2, 2024
enhanced sensitivity to their local environment'® and, as such,

have gained great attention, e.g., in surface-enhanced Raman
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plasmonic nanostructures.”® The out-of-equilibrium, nonlinear
response of metal NPs induced by the intense pump pulse””
arises from a cascade of intertwined events, governed by the
ultrafast relaxation of nonequilibrium “hot” carriers, which
follow plasmon dephasing.’””" These photoexcited electronic
states reach, in the ultrafast regime, energies much higher than
those at thermal equilibrium, thus promoting multiple
processes otherwise unattainable.”> As such, characterizing
the ultrafast optical behavior of complex-shaped plasmonic
NPs, ideally combining experiments with a theoretical
description of the phenomena at play, provides a complete,
unambiguous picture of the system photophysics.

In this context, s-NPs represent an exemplary nanostructure
with a rich optical response that, in principle, can outperform
standard geometries. The branched shape gives rise to a
multimodal optical response with a high tunability dictated by
the star-like geometry, that theory can well explain.”* However,
the predicted features related to the NP tips are most often
broadened by the sample synthesis, up to cases where almost
only one resonant mode can be observed.”*™*® This tends to
limit the experimental investigation and exploitation of the
nanostar tips. For instance, theoretical results have shown that
s-NPs support photoinduced nonequilibrium carriers at their
hot spots, with substantial advantages for photocatalysis
compared to spheres and rods.”””® Hot electrons photo-
generated at the s-NP spikes are also expected to induce strong
nonlinearities,””*” contributing to the ultrafast optical
response. However, while ultrafast coherent lattice oscillations
(on time scales from tens to hundreds of ps) of s-NPs have
been analyzed,’® their early time behavior has not been
examined yet.

In this work, we investigate the ultrafast optical properties of
colloidal plasmonic s-NPs by combining femtosecond pump—
probe spectroscopy and semiclassical dynamical modeling.
Pump—probe experiments have been performed under two
conditions, namely, both off- and on-resonance with the
structure tips. In the former case, the response is dominated by
the s-NPs whole ensemble, providing insight into the metal
intrinsic properties. By analyzing the transient optical signals
over a broad range of wavelengths as a function of the fluence,
we observe a saturation effect, manifesting as a major distortion
in the differential transmittance spectra for increasing pump
fluence. The theoretical model explains this phenomenon as
the fingerprint of nonequilibrium electron-induced non-
linearities in Au. On the other hand, when the pump pulse is
tuned to the tip-mediated resonance, a completely different
spectral shape of the transient signals is obtained. The effect is
rationalized as a selection process of specific s-NP subsets
within the whole ensemble, is ascribed to the nanostructure
resonant tips, and indicates the possibility to directly shaping
the spectra of the optical signal by tuning the pump
wavelength. In its whole, our study aims at elucidating the
ultrafast dynamics of photoexcited plasmonic star-shaped NPs,
in view of future exploitation of short-lived hot electrons
localized at the hot spots and the development of ultrafast
nanodevices for pump-selective spectral shaping.

B MATERIALS AND METHODS

Sample Preparation. Au s-NPs were synthesized by
40,41 .

means of a one-step protocol based on the reduction, at

room temperature and in aqueous environment, of tetra-

chloroauric acid (HAuCl,) to Au’ by using ascorbic acid (AA)

as a reductive and preliminary stabilizing agent and subsequent
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addition of silver nitrate (AgNO;). The s-NP shaping is ruled
by the pH, which was set to an optimized value of 3.93, with
small deviations from this value leading to either uncontrolled
hyperbranched systems or to inhomogeneous morphologies.
Our original experimental setup consisted of a benchtop
reactor made up of a dual syringe pump (Legato 200, KD
Scientific) working at a S mL/min flow rate, connected
through a PEEK T-mixer to a PTFE tube reaction coil (ID 1
mm, length 160 mm). In a typical procedure, one syringe is
loaded with 20 mL of a solution of L-ascorbic acid 0.8 mM and
the other one is loaded with 20 mL of a solution containing
HAuCl, 0.2 mM and AgNO; 0.02 mM. The obtained NPs
were directly dropped in a solution containing 3 mg of SH-
PEGs00-OCHj; or 3 mL of sodium citrate solution (1 or 2% v/
v) in order to stabilize the colloidal solution. The resulting
metal concentration was 0.07 mg/mL.

Pump—probe Spectroscopy. Ultrafast pump—probe
spectroscopy experiments were performed using an amplified
Ti:sapphire laser (Coherent Libra), generating ~100 fs pulses
with a repetition rate of 1 kHz, centered around 800 nm. The
pump pulses at a wavelength of 400 nm were generated by
means of frequency doubling in a f-barium borate crystal
illuminated by the laser fundamental output. The fluence was
varied by almost 1 order of magnitude in order to investigate
different perturbation regimes. The pump pulses at 660 nm
were generated by means of optical parametric amplification
(OPA) in a p-barium borate crystal, amplifying the
corresponding white-light supercontinuum portion by means
of pumping the crystal with the frequency doubled
fundamental beam. The fluence of the OPA pulses was set
in order to have a transient signal amplitude comparable with
the 400 nm excitation case. White-light supercontinuum
generation in a thin sapphire plate was instead exploited to
obtain broadband probe pulses, spanning the visible (440—760
nm) spectral region. All measurements were performed with
relative perpendicular polarization between pump and probe
beams (to minimize pump scattering effects), at room
temperature in a 1 mm optical path quartz cuvette.

Numerical Modeling. To simulate the sample linear and
nonlinear response, a multistep modeling approach was
pursued, combining finite element method (FEM)-based
numerical computation with a semiclassical description of the
nonlinear photoexcitation of plasmonic structures. For the
static optical behavior of the system, a FEM electromagnetic
model was developed (using the commercial software
COMSOL Multiphysics 6.0), solving Maxwell’s equations in
the scattering formalism for a single Au s-NP embedded in a
homogeneous environment (water, refractive index 1.33).
Excitation with monochromatic linearly polarized planewave
was considered to determine the sample transmission (for a
particle concentration set at the 95% of its nominal value)."”
The s-NP numerical geometry was built as a spherical core
surrounded by eight conical spikes in the directions [£1, =1,
+1], so to obtain an isotropic structure, with dimensions
estimated from the transmission electron microscopy (TEM)
images of the sample. In particular, a core radius of ~20 nm
and an overall tip-to-tip distance of ~60 nm were considered.
Metal permittivity was described based on the experimental
data,” where an analytical Drude-like term with increased
damping factor I" was introduced following the approach
reported in ref 37, to reproduce the resonance inhomogeneous
broadening in the sample. Agreement with experiments was
obtained with an 11-fold increased I' compared to its bulk

https://doi.org/10.1021/acs.jpcc.3c07267
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value.”” To determine the dynamical response of the sample
upon ultrashort pulse excitation, a description of the
photogeneration of energetic (hot) carriers and the subsequent
relaxation processes was employed, based on the well-
established three-temperature model (3TM).** This is a rate-
equation model detailing the photoexcitation and relaxation of
plasmonic nanostructures upon illumination with ultrashort
laser pulses in terms of three energetic degrees of freedom: N,
the excess energy stored in an out-of-equilibrium nonthermal
fraction of the electronic population; ®g, the temperature of
thermalized hot carriers; and ®, the Au lattice temperature. In
light of the peculiar geometry considered, a spatially
inhomogeneous formulation of the model™ was pursued, to
account for potential effects of excitation spatial diffusion and
heat transfer on the dynamics. For a space- (across the single
NP) and time-dependent power density P,;,, absorbed by the
NP, the three variables are interlinked by the following
equations“’45

ON

— =—aN - bN + P,

a - abs (1)
00,

Ci— = -V (- kVO;) — G(Op — O;) + aN

Edt ( E E) (E L) a Q)
0, H(t)

T =K V'O, + GOy — O) + N — 3)

where the coefficients above regulate the energy relaxation
processes ensuing the photoexcitation. In particular, a and b
represent the coeflicients governing nonthermalized electrons
relaxation via either electron—electron or electron—phonon
scattering, respectively; Cp and Cp denote the thermalized
electron and lattice heat capacities; kg and & denote their
thermal conductivities; and G refers to the electron—phonon
coupling term. Finally, H(t) is the coupling term accounting
for the heat transfer from the metal lattice (V being the NP
volume) to its surrounding environment, where a standard
Fourier-like equation (not shown here) regulates the temper-
ature field evolution. Further details on our model
implementation can be found elsewhere.*>™*” The integration
of the 3TM provided us with the dynamics of the (electronic
and phononic) energetic variables of the metallic structure,
which we combined with a semiclassical model of the thermo-
modulational optical nonlinearities in Au®™® to compute the
metal permittivity variations transiently photoinduced by
pump absorption. Indeed, each of the three energetic degrees
of freedom drives broadband changes in Au permittivity,
evolving on ultrafast timescales. Both N and ®g, modifying the
electronic energy occupancy distribution, affect the metal
photoabsorption promoted by interband transitions (at the L-
point in the first Brillouin zone, in our model), a process
described as a modification of the permittivity imaginary part
(its real counterpart being given by Kramers—Kronig
relations). On the other hand, an increased lattice temperature
causes changes in the Drude-like intraband term of Au
permittivity, as a result of varied damping factor and plasma
frequency. These permittivity calculations were performed by
considering the values of the three N, ®g, and © variables
averaged over the volume of the single s-NP defined in the
FEM model, representative, to the leading order, of the degree
of excitation of the structure at each time step. Indeed, given
the relatively small size of the effective NP used to reproduce
the sample optical response, the optical perturbation is quasi-
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homogeneous. To finally determine the transient optical
response of the perturbed structure in interaction with a
broadband delayed probe pulse, a perturbative approach was
applied, computing the differential transmission signal as a
linear combination of the complex-valued permittivity
modulation.

B RESULTS AND DISCUSSION

A solution of uniform Au s-NPs was obtained following the
chemical synthesis procedure detailed in the Materials and
Methods. TEM images of the sample reported in Figure la

[ xperiment b
[ Simulation

2ouBqloSqY

400 600 800
wavelength (nm)
Figure 1. Plasmonic s-NP static optical response. (a) TEM images of
the Au s-NPs in an aqueous environment. (b) Experimental (solid)
and simulated (dash-dotted) static absorbance of the sample. Gray
dotted curves are the simulated absorbance spectra (rescaled in
intensity) of virtual s-NP subsets, assuming the absence of
inhomogeneous broadening (i.e., disregarding the shape dispersion
effects) for s-NPs with tip lengths of 50, 70, 90, 85, 100, 105, 110, and
120% (from the least to the most intense, the trend of the two
plasmon modes being also indicated by arrows) of the value
considered in the simulations of the whole sample.

confirm the typical morphology of the NPs, featuring well-
defined spikes in the three dimensions with a mean tip-to-tip
distance in the range of ~50—70 nm and estimated core
diameters of ~20—30 nm. TEM analysis of our sample also
suggested that (i) s-NPs are far apart (consistently with the
relatively low NP concentration), making it licit to consider the
system as dominated by the isolated particles’ response,
disregarding the aggregation effects; and (ii) although there
exists an overall uniformity, the solution contains partially
diversified star-like shapes (e.g., varied tip morphology), which
contribute to the averaged behavior of the ensemble.

To characterize the optical response of the sample under
static, unperturbed, conditions, its absorbance was measured as
a function of the excitation wavelength /4, that is, the quantity
A(A) = —logo[T(4)], with T(A) being its transmission. The
spectrum of A(4), shown in Figure 1b (solid line) over a broad
spectral region in the visible, exhibits a clear resonant behavior.
A main peak at ~640 nm is observed, accompanied by a
shoulder at higher energies, peaked at ~540 nm. The two
resonant features appear both relatively broad, due to size and
shape dispersion of NPs within the sample. Each NP absorbs at
slightly shifted peaks depending on its specific morphology,
causing the inhomogeneous broadening of the plasmonic
resonances in the ensemble.*’ Despite this fact, the measured
spectrum is in agreement with previous reports.37’50 Specifi-
cally, theory has rationalized the two resonant modes of highly
branched NPs in terms of the hybridization of plasmons
associated with the core and the individual tips of the s-NP.*
In this picture, we interpret the shoulder at 540 nm as a

https://doi.org/10.1021/acs.jpcc.3c07267
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quasistatic-like LSPR arising from the s-NP spherical core and
the resonant feature at 640 nm as the low-energy bonding s-
NP mode, mainly (although not exclusively**) composed of tip
plasmons. The core also serves as nanoscale antenna,
promoting large electromagnetic field enhancements and an
increased extinction of the tip plasmons.

To reproduce numerically the static optical behavior of the
whole sample, a reduced model was developed, neglecting the
size and shape dispersion of the s-NPs and describing the
solution as an ensemble of monodisperse effective s-NPs. As
mentioned in the Materials and Methods, this assumption
required to introduce an increased Drude damping factor in
the Au permittivity’’ to mimic the experimental inhomoge-
neous spectral broadening. Then, starting from the extinction
cross-section of a single isotropic s-NP computed with our
FEM-based model, the sample absorbance was simulated and
compared with measurements, achieving an accurate estima-
tion of the resonance spectral position and a good quantitative
matching (Figure 1b, dash-dotted line). By assuming instead
the absence of inhomogeneous broadening (setting the
nominal Drude damping for Au), much narrower peaks arise
(Figure 1b, gray dotted lines). Under these conditions, the
model simulates de facto the response of virtual subsets of s-
NPs, featuring varying shapes and sizes within the solution. In
line with previous reports,” simulations indicate that while the
mode promoted by the spherical core is almost independent of
the s-NP morphology, the peak regulated by the tips (at longer
wavelengths) is extremely sensitive to minor geometrical
changes: the spectra in Figure 1b refer to s-NP subsets differing
in tip length by a factor between 0.5 and 1.2 compared to the
effective s-NP mimicking the whole sample (Figure 1b, purple
dash-dotted). More generally, the tip length, aperture angle,
and number have a substantial impact on the resonance
amplitude and spectral position,”” representing some versatile
degrees of freedom to tune the low-energy LSPR even more
effectively compared to more standard geometries with
comparable response, such as, e.g, rods.”>*’

Moreover, our model allows us to provide further insights
into the sample optical response, based on the analysis of the
effective s-NP behavior. In particular, Figure 2a displays the

|[E/Eq, o3
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Figure 2. Modeling Au s-NPs. (a) Simulated absorption (green) and
scattering (black, magnified for better reading) cross sections of the
effective s-NP mimicking the sample. (b,c) Field enhancement
distribution across the s-NP surface for the wavelengths 4 = 640 nm
(b) and 4 = 540 nm (c), highlighted as vertical black lines in panel
(a). A linearly polarized plane wave along the vertical direction is
considered. (d) Spectra of the field enhancement evaluated at two
different spatial positions of the s-NP, either at a spike tip (red) or
close to the spherical core surface (blue), as sketched in the top left
inset.
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computed s-NP absorption (6,55) and scattering (65c,) cross
sections which, summed up, give the total extinction. By
comparing the resulting spectra (green and black curves,
respectively), absorption is shown to dominate the s-NP
response (note the magnification factor for oy, ), contributing
to the resonant modes more than scattering, which rather acts
as a background. Additionally, with the full-vectorial FEM
electromagnetic simulations developed, we could inspect the
spatial patterns of the near fields across the s-NP. Specifically,
Figure 2b,c reports the space distribution of the electric field
enhancement across the individual s-NP at the wavelengths
corresponding to the two LSPRs, i.e, A = 640 nm (Figure 2b)
and 4 = 540 nm (Figure 2c), confirming the expected NP
behavior. At 4 = 640 nm (Figure 2b), a strong localization of
the field is observed at the spike tips, which behave as
electromagnetic hot spots, promoting a significant field
enhancement. On the other hand, the field spatial pattern at
A = 540 nm (Figure 2c) is substantially less localized at the
spike tips, reminiscent of the typical field distribution across a
nanosphere.**

The notable dependence on the excitation wavelength of the
field enhancement can be further visualized by analyzing the
spectra of the local electric field (normalized to the incident
field E,) at the NP surface. This quantity is of particular
relevance, e.g, for photochemical applications with hot
electrons, which benefit from the intense near fields at the
NP surface. As an example, Figure 2d reports the spectral
trends of the enhancement factor evaluated either at the spike
tip (red curve) or at the spherical core pole (blue curve).
Consistently, the tip case exhibits a higher amplitude compared
to the core one over the entire spectrum, and its peak, dictated
by the low-energy spike plasmons, is red-shifted compared to
one observed at the core surface.

To characterize the nonlinear behavior of the s-NPs, we
employed pump—probe spectroscopy and modeled the Au
optical nonlinearities governed by hot carriers (details in the
Materials and Methods), examining how the static resonances
are modulated upon photoexcitation with ultrashort laser
pulses. For a comprehensive investigation of the dynamical
nonlinear processes at play, we explored two light—matter
interaction regimes by tuning the pump pulse wavelength
either off- and on-resonance with the tip LSPR. In the former
case, all the s-NPs in the solution have essentially the same
response, regardless of their specific morphology. The
observed optical behavior is therefore that of the whole
ensemble. In the latter, resonant case, the selective excitation of
the s-NP subset with a narrow absorption peak at the pump
wavelength is expected instead to dominate the observed
response.

For the nonresonant case, we set the pump wavelength at
400 nm, i.e., far enough from both of the two resonances (the
near fields do not exhibit any resonant pattern, see Figure S1)
and explored a range of excitation levels, varying the pump
pulse energy to span values of fluence over almost 1 order of
magnitude, starting from a relatively weak perturbation regime
(yet without exceeding the typical damage threshold of Au
nanostructures, see Supporting Information Section S2). Such
an approach enabled us to systematically assess the
contributions to the optical modulation arising from each of
the two LSPRs and to evaluate their relative weight as a
function of fluence.

The main results of our experiments are shown in Figure
3a—d, which report the differential transmittance AT/T maps

https://doi.org/10.1021/acs.jpcc.3c07267
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Figure 3. Transient absorption spectroscopy. Experimental (a—d) and simulated (e—h) pump—probe maps of the differential transmittance AT/T
of plasmonic s-NPs in an aqueous environment, by varying the excitation level. The pump pulse, centered at 4, = 400 nm and with temporal
duration of ~100 fs, has fluence (from left to right) F of 50 (ae), 100 (bf), 210 (c,g), and 420 uJ/cm? (dh).
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Figure 4. Transient spectra of the broadband differential transmittance signal AT/T. Experimental (a—d) and simulated (e—h) AT/T spectra at
selected pump—probe time delays of 0.3, 1, 3, and 7 ps (from darker to lighter color shades). (i—1) Same as (e—h) by employing a linearized
description of the thermalized electron photoexcitation for time delays of 0.3 and 7 ps.

as a function of the pump—probe time delay and the probe
wavelength over a broad spectral range. Four sets of
measurements are shown, corresponding to pump fluences F
of ~50, 100, 210, and 420 wJ/cm® (in Figure 3a—d,
respectively). Experiments are compared with simulations,
which are shown in Figure 3e—h for the same values of fluence.
Numerical results exhibit good agreement with the measured
AT/T apart from a slight mismatch of the signal decay time,
possibly due to the misevaluation of the thermal impedance at
the s-NP surface (we considered perfect thermal contact, i.e.,
zero interface thermal resistance), governing the heat transfer
from Au to the environment on the ps timescale,”" which
alternative, approximated,12 or more advanced®” modeling
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approaches could more accurately account for. On the other
hand, note that our inhomogeneous variant of the 3TM (see
the Materials and Methods section) allows us to account for
the actual s-NP morphology. Possible impact of the structure
geometry on the dynamical evolution of the model energetic
variables is thus accurately included, although a weak effect of
the intraparticle electronic/thermal diffusion is expected for
the specific effective s-NP we considered in the model, as
distortion of the ultrafast optical dynamics has been shown to
typically require larger nanostructures with controlled
orientation.*

As observed by comparing the trend of the optical
modulation at different fluences (cfr. panels of Figure 3 from
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left to right), the AT/T pump—probe maps exhibit an overall
similar behavior. A broadband positive lobe between 505 and
~700 nm (this value tending to red shift for increasing pump
fluence) is observed, together with two negative bands, at
shorter (below 505 nm) and longer (above 700 nm)
wavelengths, the latter being much weaker in all cases. This
spectral structure precisely matches what was previously
reported for comparable systems (in particular, colloidal
solutions of Au rods with a low aspect ratio>®), but it extends
over a particularly broad range of wavelengths. Such a
broadband modulation, although dominated by the static
inhomogeneous broadening, is in fact also influenced by the
morphology of the individual NP. For instance, we predicted
that nanospheres with the same volume as s-NPs give a
narrower modulation band, even for the same extent of
broadening under static conditions (see Supporting Informa-
tion Section S3). Moreover, we note that, for all fluences,
simulations tend to predict higher (almost doubled) values of
the differential transmittance (compare upper and lower panels
in Figure 3), a mismatch ascribed to the overestimation of the
sample static absorbance at the pump wavelength.

Although providing qualitatively similar results, both experi-
ments and simulations exhibit substantial variations in the
differential transmittance signal when fluence is increased, both
in the dynamics and spectra of the AT/T. Regarding the
temporal evolution of the transient signal, a higher fluence
results in a slower decay of the modulation, lasting up to tens
of ps for the highest fluence (Figure 3d,h, shown up to 8 ps).
This observation is in agreement with previous reports of
comparable samples,”*>* and well explained by our model (see
Supporting Information Section S4 for details on the direct
impact of increasing the pump fluence on the dynamics of the
energetic variables of the 3TM). Within the first few ps, our
AT/T is dominated by the relaxation dynamics of thermalized
hot carriers (further details in Supporting Information Section
SS), fully characterized by their out-of-equilibrium temper-
ature, ®p. When the pump pulse fluence increases, the
temporal relaxation of @y, governed by eq 2, is known®® to
scale sublinearly and tends to become linear in time, as a result
of the dependence on temperature of the electronic heat
capacity, Cp (essentially linear, in our excitation regime®’). A
higher heat capacity corresponds indeed to a larger thermal
inertia of the hot electrons, which takes therefore more time to
exchange energy and, specifically, to equilibrate with the
(colder) metal lattice. Besides changes in the signal dynamics,
a relevant difference in the AT/T maps is the spectral
distortion observed within the first ps when increasing the
pump fluence. The high-energy negative lobes and the
isosbestic points remain almost unvaried. On the contrary,
both in experiments and simulations, the broadband positive
lobe does not preserve its spectral structure. To better visualize
the changes in the AT/T spectra, Figure 4 reports spectral cuts
of the pump—probe maps at selected time delays for the four
values of fluence considered. The experimental spectra (Figure
4a—d) show that the broad positive band can be interpreted as
the superposition of two lobes, each of which arises from the
modulation (shift and broadening, most generally) of one of
the two static resonant modes (see also Figure S6). In these
terms, the spectral distortion can be understood as a fluence-
dependent variation in the relative weights of each of these two
spectrally distinct contributions. As the fluence grows, the
modulation of the s-NP tip resonance (around 630 nm)
experiences a stronger increase, dominating over the
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modulation of the s-NP core one (close to 530 nm). This
peculiar trend is accurately reproduced by our simulations
(Figure 4e—h), explaining the experiments in terms of the Au
optical nonlinearity governing the transient response, mainly
dominated by the so-called Fermi smearing mechanism.">**
The photoexcited state of the thermalized electrons can be
described by the Fermi—Dirac distribution f(E,Qg) =

[1+ e(E_EF)/kBGE]_l, with Ep being the Fermi energy and kj
being the Boltzmann constant. When the electronic temper-
ature is higher than room temperature ©, (even up to
thousands of K), f(E,®;) tends indeed to smear in energy,
modifying the occupancy probabilities above and below the
Fermi level, and, as a result, the interband absorption profile
and metal permittivity. The latter inherits a highly nonlinear
dependence on O, thus exhibiting major spectral distortions
when ©y, increases. The main effect is a permittivity reduction
(on average) near the Au interband transitions, i.e., close to the
s-NP core mode, and an increase at lower energies, where
instead the s-NP tips support the plasmon.>* This mechanism
results in the sublinear dependence of AT/T on the pump
fluence representing the saturation of the resonance modu-
lation, stronger for the high-energy one as compared to that for
the low-energy mode. To ascertain that the observed behavior
is due to the nonlinearities introduced by the Fermi smearing,
we compared our simulations with the numerical results
obtained by linearizin§ the model for the variation of the hot
electron distribution.>® In formulas, instead of considering the
change in the Fermi—Dirac energy distribution of thermalized
carriers as given, at each time instant, by the rigorous
difference Af(E,0;) = f(E,0p)—f(E,0,), we expressed it as a
linear function of A®jy, that is Af(E,0;) = [@]

E o=

AQg, with ©F being an effective room temperature for ©p,
fitted to mimic the broadening effects in Au interband
transitions.”” As such, the linearized model treats Af as if it
had an unvaried distribution in energy, modulated in time by
the dynamical evolution of the electronic temperature
throughout the photoexcitation. The spectra of the differential
transmittance obtained by following such a linearized approach
are reported in Figure 4i—1 and, as a result of considering a
time-independent energy spectrum of the electron distribution,
do not show any distortion over time. The clear mismatch with
the experimental traces evidence that a fully nonperturbative
model of the optical nonlinearities introduced by the Fermi
smearing is essential to capture the system response on
ultrafast timescales.

To complement our analysis, we repeated our pump—probe
experiments for an excitation wavelength of 660 nm, i.e., close
to the peak ascribed to the tip mode in the ensemble static
absorbance. Under these conditions, the pump pulse is
expected to excite the whole sample, yet experiencing a
stronger interaction with the subset of s-NPs which exhibit the
tip-mediated resonance precisely at 4,. This translates into a
preferential excitation of such a subset and a corresponding
favored pump photon energy absorption by those NPs.”* Note
that an equivalent behavior is not expected for a pump
excitation resonant with the core-mediated mode (i.e,, ~540
nm, Figure 2c), which is much less sensitive to slight
morphological changes of the NPs within the ensemble,
hence (similarly to the 400 nm-pump) not suitable for driving
selective processes. Figure Sa visually depicts this interaction
mechanism, where the narrow response of a virtual subset of
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Figure 5. Resonant, selective pump—probe experiments. (a)
Measured static absorbance of the sample (purple) and of the
simulated virtual subset (scaled in intensity) of s-NPs selectively
excited by the pump (gray dotted). The black line highlights the
spectral position of the pump wavelength 4, 660 nm. (b)
Experimental pump—probe map of the differential transmittance
AT/T. Pump fluence was set ~25 pJ/ cm? to have a transient signal of
the same magnitude as the off-resonant experiments with the lowest
fluence. (c) Spectral cuts of the measured AT/T at selected pump—
probe time delays of 0.3, 1, 3, and 7 ps (from darker to lighter color
shades). (d) Comparison of the AT/T spectra at a long pump—probe
delay (7 ps) for either the on-resonance (purple, pump fluence SO 4J/
cm?) or off-resonance (orange) pump excitation case.

NPs selectively interacting with the pump is taken out from the
measured, much broader absorbance of the polydisperse
sample. In the transient regime, the measured pump—probe
signal (Figure Sb) shows major changes in its spectral shape
when tuning the pump wavelength on- rather than off-
resonance with the tip mode. The overall dynamics (relaxation
within a few ps) and spectral structure (a main positive lobe
between 500 and 700 nm, accompanied by two lateral negative
lobes) is preserved.”> However, the positive lobe is more
intense around 660 nm (especially at longer delays), and the
modulation of the tip LSPR gets both larger in amplitude and
spectrally broader compared to the 400 nm-pump case, causing
a marked spectral distortion of the whole lobe. Such a trend is
further evidenced by comparing the shapes of the signal in the
AT/T cuts in Figure 5d (experiments with signals of similar
magnitude). For a full spectral side-by-side comparison, see
Supporting Information Section S6.

This effect is interpreted as the fingerprint of the s-NP
subset resonant with A, the contribution of which now
dominates the transient optical signal. Indeed, the selective
photon energy delivery to these NPs produces an inhomoge-
neously excited ensemble, featuring a transient response where
the relative weights of each subset do not follow their
population (as in the linear regime), but depend on the pump-
induced excitation level. Such pump-selective process is not
induced with a 400 nm pump wavelength, when, on the
contrary, all s-NPs absorb approximately the same amount of
pump photon energy. Their absorbance does not depend
crucially on their morphology in this spectral region, making
the 400 nm excitation mostly homogeneous within the
solution. As such, the resulting transient behavior is the
superposition of identical responses from all s-NP subsets,
weighted as in the stationary spectrum.’® Note that the
dependence on the preferential pump excitation of the
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transient spectra, also discussed for similar colloidal solutions
of nanorods,”>” is not limited to our sample. More generally,
any polydisperse sample with a multimodal response and an
optical resonance featuring high shape sensitivity could be
suitable, indicating ample versatility of the colloidal platform
proposed here for all-optical spectral shaping. Moreover,
inspecting the absorbance of the considered virtual subset
(Figure Sa, gray curve), respectively, at 400 and 660 nm
suggests that absorption is substantially larger at the latter
wavelength (almost by three times) than the former. This
corresponds, in the transient regime, to a higher internal
excitation level (in particular, a higher electronic temperature)
reached by the s-NPs pumped at 660 nm compared to the 400
nm case, hence to a more pronounced Fermi smearing.”>"* In
these terms, we interpret the distortion in the AT/T of Figure
5d as related also to the increased broadening due to the
nonlinear Fermi smearing, being stronger on- than off-
resonance.

Simulating the response of the sample upon resonant
pumping would require to account for a macroscale
inhomogeneous distribution of s-NP morphologies within the
sample, beyond the approximated approach of employing a
monodisperse effective NP ensemble. Each s-NP subset narrow
response should be considered and averaged in the transient
regime to reproduce the sample behavior. While a rigorous
description of such ensemble effects falls out of the scope of
our modeling here discussed, future works employing, e.g,
Monte Carlo approaches or targeted large-scale methods™ to
account for disorder within the NP solution could be
envisaged. This could lead to gain insight into effects beyond
the pump-selection process we observed here, for instance
related to transient photoinduced anisotropy or orientation-
dependent interactions in complex NP geometries. In parallel,
single-particle spectroscopy investiégating the ultrafast dynamics
of plasmonic nanostructures””**®" could shed light on the
nonlinear behavior of individual nano-objects with complex
shapes.

B CONCLUSIONS

In summary, in this study, we have examined the early stages of
the transient nonlinear optical response of plasmonic nano-
stars. Our sample, consisting of a polydisperse ensemble of Au
s-NPs, exhibited a bimodal static absorbance affected by the
inhomogeneous broadening of the single NP plasmon
resonances. Femtosecond pump—probe spectroscopy and a
quantitative time-resolved model of the hot carrier dynamics
were combined to study the ultrafast energy relaxation of the s-
NPs electronic population and inherent optical nonlinearities.
We considered two photoexcitation conditions, either off- or
on-resonance with the plasmonic mode regulated by hot spots,
demonstrating a pump-selective spectral shaping of the
transient optical signal.

Pumping off-resonance (/IP = 400 nm) entails a homoge-
neous excitation of the whole ensemble, thus providing insight
into the collective behavior of the sample. Under these
conditions, the transient modulations of the two LSPRs were
shown to have different relative weights. As a function of the
pump pulse fluence, we observed a saturation effect, fingerprint
of the nonlinear Fermi smearing in the metal, which is more
pronounced for the core resonance at shorter wavelengths. On
the other side, tuning the pump to match the tip-resonance (4,
= 660 nm) promotes a selective excitation of the sample.
Energy is preferentially delivered to specific s-NP subsets,
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depending on their morphology and hot spots. Major
distortions in the spectra of the differential transmittance
were observed, due to the modified relative contributions of
each subset to the transient response.

Our results resolve the ultrafast response of hot carriers in
colloidal nanostars, contributing to the understanding of the
nonlinear mechanisms mediated by plasmonic tips. This could
advance the development of nanosystems for an optimal
exploitation of electromagnetic hot spots, e.g,, in hot carrier-
based photocatalytic platforms,®”*> biological and chemical
sensors,”> or surface-enhanced Raman spectroscopy,'* out-
performing more conventional shapes. Moreover, the demon-
stration of the reshaping of transient spectra with the excitation
wavelength might lead to ultrafast all-optical plasmonic
modulators enabling to selectively manipulate light over a
broad bandwidth. High-speed optical switches or ultrafast
photodetectors could benefit from nanophotonic active
platforms reconfigured by all-optical means, with potential
interest ranging from free-space optics to optoelectronics.
Since the process is of general validity and ultimately regulated
by the photoexcitation of hot carriers, all-dielectric nanostruc-
tures could be also envisaged, featuring reduced losses
compared to that observed in plasmonic materials. Finally,
our analysis could be of relevance also beyond purely
electromagnetic phenomena. For instance, by employing
suitable materials with high electron—phonon coupling (such
as TiN®* or HfN®), an ultrafast thermal imprinting of hot
spots can be achieved. This could open routes toward the
engineering of subwavelength transient heat management,66
with potential impact in, e.g, biomedical®” or solar thermal
applications,®® where s-NPs could serve as efficient nano-
heaters with broad optical tunability.
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