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Nanoporous metals have emerged as promising functional architectures with
tunable optical and electronic properties, high surface areas, and applicability
in sensing, catalysis, and biomedicine. While their linear optical behavior and
morphological properties have been extensively studied, the electronic
properties, and in particular how they are affected by morphology, remain not
fully understood. Here we combine experimental and theoretical studies of
electronic excitation and relaxation in a nanoporous gold metamaterial.
Optical pump-probe experiments show slower electron relaxation dynamics
compared to the continuous film, consistent with a higher transient electronic
temperature and stronger smearing of the Fermi-Dirac distribution, well
reproduced by an extended two-temperature model. Furthermore, cath-
odoluminescence measurements reveal broadband localized plasmon reso-
nances, and atomistic simulations disentangle intra- and interband effects,
demonstrating that nanoscale porosity fundamentally reshapes the electronic
response. These findings support nanoporosity as a key design parameter for
controlling steady-state and ultrafast optical behavior in plasmonic materials.

Nanoporous metals are well established materials with capability to  controlling the fractal dimensions, ie. ligament and pore

enhance light-matter interactions'. They enable applications in many
areas, including nanophotonics*®, biomedicine*®, spintronics’, and
energy conversion'®. Notably, they can be considered metamaterials,
as their nanostructured surface volume can be designed on purpose to
have properties which are not found in ordinary materials". In fact, it
has been shown that nanoporous structures behave as plasmonic
metamaterials whose effective plasma frequency can be tuned by

morphology"***. Furthermore, the presence of nanoscale pore-like
structures and grain boundaries introduces additional degrees of
freedom for tuning plasmon-induced phenomena®'®, making nano-
porous metals attractive platforms for developing efficient hot-
electron generators” and optical filters'®", where controlled optical
absorption is crucial. In this context, nanoporous gold (NPG) films
have emerged as promising systems due to their tunable optical
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properties®, high surface area and interconnected nanostructures,
making them highly versatile for applications in sensing > and
catalysis®*?. Nevertheless, the processes underlying their functional-
ities are not yet fully understood, and the possibility of capturing the
inner mechanisms might allow for engineering their electronic and
optical properties with increased precision.

It is well known that gold (Au) exhibits interband transitions from
the 5d band to the conduction 6sp band? in the visible spectral range
close to 2.4eV (-520nm). In the context of plasmonics, previous
research has thus been primarily focused on how interband and
intraband transitions influence plasmonic behavior’***, and only
recently, studies have pointed out the role of interband and intraband
transitions on plasmonic excitations at ultrafast timescales® . Inter-
estingly, while interband transitions are typically regarded as loss and
passive channels in plasmonic systems*, their potential active role in
ultrafast carrier generation remains an open question® ¥, Similarly,
while it is known that nanoporous materials effectively act as better
catalysts due to the larger surface to volume ratio, a more compre-
hensive understanding of their electronic properties can support
progress in optimization of ultrafast and/or plasmon-supported cata-
Iytic processes.

Here, we perform an integrated experimental and theoretical
study unveiling the role that morphology plays on intraband and
interband transition contributions to the optical response of an NPG
metamaterial. First, we investigate the ultrafast relaxation dynamics of
thermalized hot carriers in bulk gold (BG) and NPG via nondegenerate
pump-probe spectroscopy. We observe that, in the NPG film, the
transient transmission (AT /T) signal associated with interband tran-
sitions from the 5d band to the 6sp conduction band occurs at photon
energies below 2.3 eV, significantly lower than the onset energy
observed in BG*. By modeling the transient transmission spectro-
scopy measurements with an analytical approach based on the
extended two-temperature model (e2TM), we attribute this effect to
an enhanced generation of hot carriers in NPG providing more empty
states in the 6sp conduction band, and consequently requiring lower
photon energy for interband electron excitation from the 5d band
compared to BG. Furthermore, cathodoluminescence (CL) spectro-
scopy measurements indicate the presence of localized plasmon
excitations in NPG from 2.4 eV (L-point of Au band structure) to 1.8 eV
(X-point of Au band structure). These experimental results are
underpinned by atomistic electrodynamics simulations based on the
fully atomistic frequency-dependent fluctuating charges and dipoles
(wFQFp) model, which allows us to disentangle intraband and inter-
band transitions contributions to the optical response of both BG and
NPG cases.

Our results provide physical insights on how morphology alters
the electronic dynamics in NPG. Such understanding is important for
developing engineered plasmonic platforms based on NPG where
control over carrier generation and relaxation is essential, including in
hot carrier driven processes, as for instance in light harvesting and
catalysis®**°,

Results

NPG films were synthetized on fused silica substrates using a recently
developed dry method**' (for more details see “Methods”). This
approach enables the preparation of NPG thin films completely free of
impurities from other metals, a typical limitation observed in the
standard preparation techniques based on dealloying'. As benchmark
sample, a BG film thermally evaporated on fused silica was also fabri-
cated. X-ray photoelectron spectroscopy (XPS) measurements were
performed on all samples, confirming that no oxidation occurred, in
particular in NPG (see Supplementary Note 1 and Supplementary
Fig. 1). Representative images of the NPG are reported in Supplemen-
tary Note 1 and Supplementary Fig. 2.

Transient response and numerical modeling

First, we performed pump-probe measurements (for more details, see
“Methods”, Supplementary Note 2 and Supplementary Figs. 3 and 4) to
understand the ultrafast carriers’ dynamics upon photoexcitation by a
12-fs infrared pump pulse (central wavelength 850 nm). The dynamics
were probed by a broadband pulse of (duration 11fs), covering a
spectral range from 500 to 750 nm. The ultrafast optical responses of
both NPG and BG films are presented in Fig. 1a, b, d, e. AT/T mea-
surements showing the evolution of the signal over the time delay
between pump and probe pulses and across different wavelengths are
displayed in Figs. 1a, d for BG and NPG films, respectively.

Upon pump excitation of Au, hot electrons undergo fast ther-
malization via electron-electron scattering on timescales on the order
of 10 fs*2. Electron-phonon scattering leads to heat exchange of the
electron bath with the lattice, exhibiting typical relaxation times on the
ps timescale****. Electronic density redistribution around the Fermi
level manifests in a change of the dielectric permittivity and thus of the
transmission, which is experimentally measured via the broadband
probe pulse. The NPG film shows a more intense AT /T signal char-
acterized by a broad negative dip spanning from 540 to 670 nm
(Fig. 1d). This feature is absent in the BG film at the same fluence of 3 mJ
cm?, where a negative AT/T signal is present only at wavelengths
shorter than 570 nm, consistent with the presence of interband tran-
sitions at the L-point of the Au band structure, confirming previous
studies on BG films®***,

Figure 1b shows AT /T traces of BG (purple curve) and NPG (yellow
curve) films at 540 nm, (purple and yellow dashed lines in Fig. 1a, d) up
to 10 ps (longer time traces up to 20 ps are shown in Supplementary
Fig. 5). A larger variation of the AT/T signal together with longer
relaxation dynamics can be clearly observed in the NPG film case,
consistent with reports in previous studies”*>*¢, This observation is a
result of a combination of factors. Firstly, the morphology of NPG leads
to a decrease of the difference of the effective refractive index of the
sample and surrounding air and therefore to an increased absorption
at the pump wavelength*’ (see Supplementary Note 3 and Supple-
mentary Fig. 6). Consequently, the initial electron temperature rises
higher in NPG (see inset in Fig. 1b). The maximum variation of the
electronic gas temperature in the BG (purple curve) and NPG (yellow
curve) was estimated by the e2TM (see “Methods” for more details) to
be ~800 K and ~-3200 K, respectively. Secondly, the heat capacity of Au
increases with electronic temperature*®, and higher heat capacity
slows down relaxation dynamics. Thus, the elevated initial electron
temperature in NPG compared to BG is responsible for the slower
dynamics. A single exponential fit on the pump-probe traces in Fig. 1b
quantifies this contrast as an increase of relaxation time of 3.1 ps for
NPG compared to only 1ps for BG, which seems reasonable if we
consider that the electronic temperature in NPG is roughly 3 times that
reached in BG for the same pump fluence.

We now move our focus to the spectral dependence of the AT /T
signals of BG (green curve) and NPG (pink curve) films (Fig. 1e), which
correspond to the green and pink horizontal dashed lines in the maps
in Fig. 1a, d, at a time delay of 430 fs. At this time delay the AT /T signal
is maximum in both NPG and BG cases. The BG film exhibits a negative
signal around 520 nm, indicating increased absorption due to inter-
band transitions. This result is consistent with previous reports on
ultrafast dynamics of bulk Au®***. In comparison, the NPG film displays
a broader negative signal, suggesting that transient interband transi-
tions can take place in an extended spectral region following pump
excitation. This broadening can be understood as a result of the fol-
lowing mechanism: under steady-state conditions at room tempera-
ture, the occupied electronic states follow a Fermi-Dirac distribution
around the Fermi level E¢. Both intraband transitions involving elec-
tronic states around £ and interband transitions between the occu-
pied 5d and empty states in the 6sp band can take place. After pump
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Fig. 1| Experimental transient optical response of bulk and nanoporous Au.
a Transient transmission (AT /T) of bulk gold (BG) as a function of the time delay
between pump and probe pulses (vertical axis) and wavelength of the probe pulse
(horizontal axis). b AT /T of BG (purple curve) and nanoporous gold (NPG, yellow
curve) films as a function of the time delay between pump and probe pulses at
540 nm. Inset: transient variation of the electronic temperature in BG (purple
curve) and NPG (yellow curve) calculated using the extended two-temperature
model (e2TM). ¢ Sketch of density of states (DOS) vs. energy, showing the main
mechanism behind the ultrafast response of BG, involving contributions from

DOS

Wavelength (nm)

intraband transitions (dark red arrow) and interband transitions (green arrow).

d AT /T of NPG.e AT /T of BG (green curve) and NPG (pink curve) films as a function
of the probe light wavelength at a time delay of 430 fs. Inset: SEM image of the NPG
sample (scale bar: 200 nm). f Sketch showing the main mechanism behind the
ultrafast response of NPG, involving contributions from intraband transitions (dark
red arrow) and interband transitions (yellow arrow). Compared to BG, the elevated
electron temperature leads to stronger redistribution of occupied states around
the Fermi level, thus allowing for interband transitions at lower energies.

excitation and fast electronic thermalization, a stronger redistribution
around the Fermi level frees electronic states below E, an effect that is
considerably more pronounced in NPG than in BG due to higher
electronic temperature, as sketched in Fig. 1c, f.

In BG, interband transitions typically require energies exceeding
2.3 eV (green arrow in Fig. 1c). In contrast, in NPG, the significantly
elevated electron temperature results in a greater availability of empty
states in the 6sp band below E, thus enabling increased absorption of
photons at energies below 2.3 eV (yellow arrow in Fig. 1f). Therefore,
the negative transient transmission signal measured in NPG extends
over longer photon wavelength (lower energy).

For a more detailed characterization of the mechanism sketched
in Fig. 1c, f, we employed the e2TM considering the geometry of the
NPG via the Bruggeman effective medium approximation (EMA).
Additionally, we modeled the permittivity variation as a function of the
electron and lattice temperatures, in combination with the transfer
matrix method (TMM). This model allows for the calculation of tran-
sient transmission signals as presented in Fig. 2 (for more details see
“Methods” and Supplementary Note 4). Our calculations reproduce
the experimental observations accurately, corroborating the conclu-
sion that the mechanism outlined above, which is implemented in our
model, is responsible for the transient transmission change. Thus, we
can attribute the observed transient effects in NPG to the morphology
of the nanoporous structure that is quantitatively well represented by
the filling factor, i.e., the volumetric solid fraction of Au in the nano-
porous film. It is worth mentioning here that, while the EMA

description does not account for the presence of localized plasmonic
excitations in NPG, these excitations may contribute to the enhanced
absorption*” observed experimentally (see Supplementary Note 3 and
Supplementary Fig. 6), thus providing the system with more energy
upon pump pulse excitation. Nevertheless, such an increased plas-
monic absorption does not significantly affect the physics of the
mechanism investigated with our model, which is mainly connected to
the porosity of the system***° and well described by the EMA.

For our simulations of BG and NPG films, we assume that both
systems are excited by a pulse centered at 850 nm with a fluence of
3 mJ cm?, matching the experiments reported in Fig. 1a, d. We consider
a film thickness of 30 nm in both cases, and a filling factor of 0.4 was
used in the NPG case according to the SEM images (see Supplementary
Fig.2). In Figs. 2a, c, we display the calculated AT /T signal as a function
of the pump-probe time delay (vertical axis) and the wavelength of the
probe pulse (horizontal axis) for the BG and NPG films, along with the
transient transmission data at the vertical and horizontal cuts in
Fig. 2b, d, analogous to Fig. 1. The transient transmission of the NPG
film displays a longer relaxation time compared to the BG film case,
confirming that our model captures the underlying physical mechan-
isms responsible for the spectral features observed in the experiments.
Moreover, the calculated negative AT /T response in the NPG film is
broader, also reproducing the main experimental features.

In further support of the identified mechanism, where the
deposited energy primarily determines relaxation dynamics, we per-
formed additional experiments with varying pump fluence. At higher
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Fig. 2 | Simulations of the ultrafast optical response of bulk and

nanoporous Au. Calculated transient transmission (AT /T) of bulk gold (BG) film
(a) and nanoporous gold (NPG) film (c), as a function of time delay between pump
and probe pulses (vertical axis) and wavelength of the probe light pulse (horizontal
axis) using the extended two-temperature model (e2TM), Bruggeman effective
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d AT/T of BG (green) and NPG (pink) films as a function of probe wavelength at

time delays corresponding to the signal minima (530 fs for BG, and 770 fs for NPG).

incident pump power, the electronic temperature directly following
excitation increases, leading to increased smearing of the Fermi-Dirac
distribution, which in turn raises the probability that probe light with
lower photon energy will promote interband transitions below 2.3 eV.
In NPG, this effect is expected to be stronger with respect to BG, since
its smaller geometric heat capacity drives a larger increase in electron
temperature for the same energy deposited onto the system. Conse-
quently, we expect the short wavelength negative AT /T feature to
deepen and broaden with higher fluence, especially in NPG.
Results from the fluence-dependent study on both films are presented
in Fig. 3.

In Fig. 3a, b, we show the measured AT /T signal of BG and NPG as
a function of the probe light wavelength for different pump pulse
fluences spanning from 1 to 4 mJ cm™2, with step of 0.5 mJ cm?, at fixed
pump-probe time delay of 430fs. Indeed, the magnitude of the
negative signal increases with fluence and shifts to longer wavelengths,
in particular in the case of the NPG film (see black arrow in Fig. 3b). The
experimental results match the predictions obtained from our model,
shown in Fig. 3¢, d. Notably, the model reproduces both the increase in
amplitude and the pronounced broadening of the negative AT/T
signal with increasing fluence, in particular for the NPG film case, thus
supporting our claim that the transient optical response of the NPG
film arises mainly from thermal effects, which are increased by the
morphology of the NPG film.

It is also worth mentioning here that our simulations confirm that
the negative AT /T signal is indeed due to an increase of the imaginary
part of the dielectric permittivity, which is the quantity associated with
absorption. This rules out a more trivial origin of the observed effects,
such as positive transient reflection larger than AT /T, which would not
imply that electronic transitions are promoted by the probe light (see

Supplementary Note 5 and Supplementary Fig. 7). The transient
change of the real and imaginary part of the permittivity upon pump
excitation is shown in Supplementary Fig. 7. The imaginary part is
positive for both BG and NPG, indicating that the observed effects arise
from probe light absorption and not from ground state bleaching
(which would give a negative transient absorption signal). Notably, the
absorption in NPG is much stronger also below 1.8 eV (X-point in the Au
electronic band structure) also for long time delays (>1ps).

Linear response

Furthermore, to assess whether a change in morphology affects the
band structure of the NPG system, we measured XPS valence-band
spectra of both BG and NPG (see Supplementary Note 6 and Supple-
mentary Fig. 8). Within the resolution of our instrument (0.1 eV) we do
not detect any change in the electronic structure, thus supporting our
conclusion that the observed differences between NPG and BG arise
from macroscopic effects, i.e., porous morphology, rather than chan-
ges in the electronic band structure itself.

Having shown that nanoporosity modifies the ultrafast optical
response of the sample, and that this is connected to a modified
interband transition response under femtosecond pump excitation,
we investigated whether this is a purely transient effect or whether it
also appears in steady-state conditions. We performed CL spectro-
scopy (see details in “Methods” section), and the results are reported in
Fig. 4.In the BG case, the CL map (Fig. 4b), which shows the wavelength
of maximum CL intensity, is nearly uniform. Notably, the CL spectra
(Fig. 4¢) corresponding to the colored crosses in Fig. 4a, show a clear
peak near 540 nm, the onset of the 5d to 6sp interband transition in
bulk Au (close to the L-point in Au band structure). On the other hand,
NPG exhibits a markedly different response: the CL map for NPG in
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Fig. 3 | Fluence dependence of transient transmission in bulk and nanoporous Au. Experimental (a, b) and theoretical (¢, d) pump fluence dependence of transient
transmission (AT /T) of bulk gold (BG) film (a, ¢) and nanoporous gold (NPG) film (b, d), with fluence varying from 1 to 4 mJ cm™ in steps of 0.5mJ cm™.

Fig. 4e shows a very broad variation in signal caused by the high ani-
sotropy and dispersion in size of the metallic clusters in NPG films.
Figure 4f confirms the spatially dependent emission behavior, dis-
playing the CL spectra at the positions marked by the colored crosses
in Fig. 4d, revealing a broad set of localized excitations due to the
presence of localized plasmon resonances centered around 600 nm,
except from the gap regions with emission in the blue (see blue curve
in Fig. 4f, corresponding to the CL signal coming from a region where
Auis either almost or entirely absent). Additionally, from Fig. 4d, which
is a SEM image of the NPG sample, it can be observed that the inter-
connecting wire size is comparable to the mean free path of electrons
in Au, that is around 50 nm*°. In the context of ultrafast dynamics, this
may lead to increased electron-surface scattering. However, our model
suggests that this effect is negligible compared to the impact of the
higher electron temperature in NPG following excitation (for more
details see “Methods”). It is worth mentioning here that in our linear
optical response measurements (see Supplementary Fig. 6), we collect
the signal from a much larger area, thus we probe a response averaged
over many of these localized modes, resulting in a nearly flat absorp-
tion spectrum. Interestingly, in this spectral range, localized plasmon
resonances in Au are known to have contributions from both intraband
and interband transitions™*%

Atomistic modeling

To disentangle these two contributions and understand with more
detail the effect of morphology on the optical behavior measured in
our pump-probe and CL measurements, we used the fully atomistic
frequency-dependent fluctuating charges and dipoles (wWFQFp)**=°
method. This approach has been shown to accurately reproduce the
optical response of metal nanostructures from time dependent den-
sity functional theory calculations but at much lower computational
cost, which is essential when considering large (more than hundreds
atoms) systems”. The model is based on the assignment of time-
varying charges and dipole moments to each atom, associated with
intraband and interband transitions, respectively. In the frequency

domain, the method is reformulated in terms of complex charges and
dipole moments, oscillating at a single frequency (for additional details
see “Methods”). We have summarized the simulation results in Fig. 5.
We have studied two model systems (8 x8x2nm?3) to emulate the
response of a BG film and an NPG structure (see Fig. 5a). The NPG
model structure (3590 atoms) was obtained by random atom removal
of the BG model structure (6844 atoms). The wavelength-dependent
polarizability a, is derived from the imaginary part of the total dipole
moment induced by an incident electric field £, and shown in Fig. 5b.
The simulated optical behavior agrees well with the CL measurements
above (see Fig. 4), as compared to the BG (blue) film, showing a peak
around 520 nm, the NPG model system (orange) exhibits several peaks
between 550 nm and 720 nm.

Additionally, employing this simulation method, we have intro-
duced a metric to quantify the contributions from intraband ((f,),
purple) and interband (({f,), red) effects to the optical response (see
Fig. 5¢) based on the calculated charge and dipole densities (p4, p,,)
(see “Methods” for more details). We can observe that for both BG and
NPG, the interband contributions (f,) dominate at shorter wave-
lengths up to 600 nm ((f,)>(f))- At longer wavelengths, the NPG
system retains a mixed character ((f,) = 0.54, (f) ~0.46 at 700 nm)
that clearly differentiates it from the BG case where (f)>(f ). This
result highlights a stronger interband role in the optical response of
NPG. To visually understand this contrast between the BG and NPG film
cases, we display the interband and intraband contributions to the
optical response at 700 nm in Fig. 5d. For the BG film case (left panel in
Fig. 5¢), the charge density p, due to intraband contributions is almost
identical to the total induced charge and dipole moment density, while
the interband contribution is oscillating out of phase ((f,)< 0), as
expected in d-metals nanostructured materials®®. These results show
how morphology, even when varied at the atomistic level, is affecting
the electronic behavior of the samples under investigations, thus
pointing out the crucial role of nanoporosity in shaping the relative
contributions of intraband and interband transitions to both the
transient and steady state optical behavior in NPG metamaterials.
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Fig. 4 | Cathodoluminescence spectroscopy of bulk and nanoporous Au.

a Scanning electron microscopy (SEM) image of bulk gold (BG); scale bar: 100 nm.
b Cathodoluminescence (CL) wavelength-dependent intensity map of the region in
(a), showing an almost uniform response with a peak at 540 nm. ¢ CL spectra at the
colored crosses in (a), featuring a broad peak near the conventional interband
threshold (-540 nm). d SEM of nanoporous gold (NPG); scale bar: 100 nm. e CL
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wavelength-dependent intensity map for the region in (d), revealing strong spatial
variations characteristic of localized plasmon modes. f CL spectra at the colored
crosses in (d), displaying position dependent resonances spanning the visible range
(500-700 nm), consistent with localized plasmon resonances excitation due to the
sample morphology.

Discussion

In this work we reported that the interaction of light with Au via
interband transitions can be modified by sample morphology,
namely nanoscale porosity. Firstly, we present the experimental
observation of increased transient interband transition probability
in an NPG metamaterial thin film by using ultrafast pump-probe
spectroscopy. While our benchmark BG film exhibits the char-
acteristic negative transient transmission signal at the well-known
interband transition around 540 nm (2.3 eV), the NPG film displays
a significantly broader response, suggesting that, due to porosity,
interband transitions at lower energies contribute to the optical
response, resulting in increased probe light absorption at these
wavelengths. A computational approach based on the e2TM com-
bined with the Bruggeman EMA and the TMM, which considers the
geometry of the porous material, fully reproduces the experi-
mental transient transmission spectroscopy measurements, sup-
porting the conclusion that porosity is indeed crucial in modifying
the contributions of electronic transitions to the optical response
of NPG compared to the BG case. This effect can be explained by
increased absorption per metal volume in NPG, resulting in a higher
electronic temperature in the system upon pump excitation and
thus leaving more empty states at lower energies in the 6sp band,
allowing interband transitions from the 5d band with probe pulse
photons of energy below 2.3 eV. Fluence-dependent measurements
confirm this description, as increasing pump power raises the
electronic temperature and broadens the negative spectral region
in transient transmission due to lower energy interband transitions.
Interestingly, the applied opto-thermal workflow is controlled by
morphology and can be generalized to colloidal or assembled
films, suggesting the phenomenon may occur across a broader
class of systems (see Supplementary Note 7 and Supplemen-
tary Fig. 9).

Additionally, CL measurements show that NPG displays localized
excitations spanning the visible spectral range between the L- and
X-point of the Au band structure, a behavior that is absent in BG. These
excitations, related to the presence of localized plasmon resonances,
contain contributions from both intra- and interband transitions. To
disentangle these contributions, we employed atomistic wFQFu
simulations, showing that the NPG model system supports multiple
resonances in the 550-700 nm range consistent with CL observations.
These simulations also demonstrate that, unlike the BG system, NPG
retains comparable intraband and interband contributions, associated
with charge and dipole density distributions, to the optical response at
longer wavelengths below the X-point of the Au band structure.

Overall, our results have a direct implication in hot carrier gen-
eration, as the increased availability of low-energy empty states in the
conduction band offers more interband excitation pathways in a
broader range of energies spanning the visible and near-infrared
spectral region. Furthermore, generation of hot carriers from either
intraband and interband transitions can be engineered to tailor ther-
mionic injection of charges in either molecules or semiconductors
before phonon thermalization - an “active” channel for photocatalysis
and photodetection®. In the context of NPG metamaterials, we can
control these properties by systematically varying the filling factor. In
fact, this parameter may be used to tune the interband cut-off wave-
length, as shown in Supplementary Note 8, where we calculated the
AT/T signal as a function of the probe wavelength and filling factor
(see Supplementary Fig. 10). We are now confident that morphology
plays an important role in ultrafast electronic dynamics and tuning
intra- and interband transitions, offering an additional degree of con-
trol over light-matter interactions at ultrafast timescales. These
insights open opportunities for applications of nanoporous materials
in many fields, such as plasmon-driven catalysis, ultrafast photo-
chemistry, and active nanophotonics.
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Fig. 5 | Atomistic electrodynamic modeling of bulk and nanoporous Au.
aModel structure for bulk gold (BG, left) and nanoporous gold (NPG) system (right)
exploited in wFQFp simulation. b Calculated imaginary polarizability spectra (zz-
component). The z-axis as polarization direction of the incident light field was
chosen since the response along this axis does not suffer from finite-size effects
observed along the x- and y- directions in the spectral range of interest. NPG
exhibits multiple resonances as indicated by the black dashed lines, whereas BG
shows a broader response with a single resonance at 525 nm as indicated by the red
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dashed line. ¢ Wavelength-dependent intraband and interband contributions ({f)
and (f,), respectively) to the induced charge and dipole densities for the BG (left
panel) and the NPG (right panel) systems, obtained from the wFQFu decomposi-
tion. Above 700 nm (black dashed lines) NPG retains a mixed character, while
intraband contributions dominate for the BG model system. d Intraband and
interband contributions to the total induced density in BG (left panel) and NPG
(right panel) systems at 700 nm.

Methods

Sample fabrication

NPG thin films were prepared following a dry process method intro-
duced previously in refs. 2,41. In summary, a Poly(methyl methacry-
late) (PMMA) thin layer was spin-coated on a fused silica substrate and
baked at 180 °C for 3 min. Then, a thin Au layer was deposited by
electron-beam evaporation using a tilted configuration (i.e., placing
the sample tilted at 80° with respect to the evaporation source). The
process was completed with the etching of the PMMA layer by means
of O, plasma (200 W, 10 min). A BG thin film was prepared using
standard electron-beam evaporation on a fused silica substrate. Both
the NPG and BG films have a nominal thickness of 26 nm. Due to its
morphology change during fabrication®, the NPG film has a varying
thickness around this value (+4 nm, that is a maximum of 8 nm from
dip to peak).

Pump-probe measurements

The pump-probe employs a Yb:KGW laser (model: PH2-20W-SP, Light
Conversion) to generate both pump and probe pulses. The probe
pulse was generated through a 6-mm-thick YAG crystal (undoped YAG,
orientation [100]), and compressed using custom-made dielectric
chirped mirrors (Ultrafast Innovation). These pulses have a spectrum
in the range 500-750 nm (2.5-1.3 eV) with 11 fs duration and repetition
rate of 50 kHz. The pump was generated using a commercial Visible to
Near-Infrared Optical Parametric Amplifier (VIS-NIR OPA, model:
ORPHEUS-N-2H, Light Conversion), producing a spectrum in the range
730-885nm (1.7-1.4 eV) with 12 fs duration. For more details on the
characterization of pump and probe pulses see Supplementary Note 2.
An external pulse picker was adopted to halve the repetition rate of the
pump beam to 25 kHz for differential transmission (AT /T) measure-
ments. A spectrograph (model: HSVIS camera with sensor
HA:S14290Q-1024, Stresing) was used to collect the transmitted probe

intensity that provides two-dimensional AT /T maps as a function of
pump-probe delay and probe wavelength. A tunable intensity filter
(model: NDC-25C-4-B, Thorlabs) was also added for fluence-
dependence measurements.

Cathodoluminescence measurements

NPG films were fabricated on a 100 nm thick Si;N, membrane to
minimize emission from bulky substrates during measurements, which
were performed at room temperature by using a Zeiss Merlin scanning
electron microscope equipped with a CL imaging system (model:
SPARC, Delmic). CL spectra were collected in the range 400-800 nm
with an “Andor Kimera 193i” spectrometer with a focal length of
193 mm and a grating of 300 gr mm™. The photon emission was cap-
tured by an “Andor Newton DU920P-BEX2DD” CCD camera with a
maximum quantum efficiency of 90%. The electron beam operated at
an acceleration voltage of 30 kV and an emission current of 10 nA. The
color-coded map consisted of 20 x 18 pixels (pixel size: 25 nm). The
focused electron beam was scanned across the specimen, dwelling for
10 s (integration time) on each pixel to acquire the CL spectra.

Numerical modeling of transient response

The full simulation of a pump-probe experiment was done in three
steps®®°": first by (i) calculating the steady-state pump-matter interac-
tion, followed by (ii) calculating the transient change in permittivity
induced by the pump, and lastly (iii) the probe interaction with the
excited structure. This requires steady-state calculations of reflection,
absorption and transmission, and subsequent modeling of the elec-
tron and lattice temperature change induced by the pump at different
time delays. Then, the transient permittivity change is calculated as a
function of the time delay, after which the steady-state calculations are
repeated with the altered permittivity at all time delays. Here below we
report all these steps in more detail.
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(i) Abeles TMM®? was used to calculate the steady state reflection
(R), transmission (T) and thus absorption (4=1— T — R) of NPG and
BG on a glass substrate (see dashed lines in Supplementary Fig. 6). The
geometry is a semi-infinite layer of air, followed by either the BG or the
NPG film with a finite thickness (in this case the thickness was assumed
to be 30 nm in both cases), and finally a semi-infinite layer of glass. We
considered the incident light to imping on the structure at normal
incidence from the air side. Au permittivity from a Drude-Lorentz
model®® was used in the calculations. For NPG, we utilized the Brug-
geman EMA to treat the NPG as a film with an effective
permittivity*>**°, This model is valid for samples with relatively high
filling factors (>30%) where there is no clear host material, as is the case
for NPG. The effective permittivity is determined by solving the
equation®*

n

fi =
; lEBr.p - Vi,p(si - gBr,p)

gi - gBr,p

0 @

where n is the number of different materials in the NPG (in this case
n=2, as the system is made of air and gold). The index i =1 represents
Au, while i=2 represents air. &g, , is the effective permittivity in
directions p, &, the bulk Au permittivity and v; , the depolarization
coefficient for the i-th inclusion in direction p. The depolarization
coefficients depend on the geometry of the inclusions. We assume that
the porosity is the same in all direction, thus we use v; ,=1/3 for both
Au and air, and in all directions p. Therefore, the effective
permittivity is isotropic. Equation (1) was solved numerically for each
wavelength of interest, and the physical solutions with Im(gg)>0
were selected. In Supplementary Fig. 5, the calculated and measured
steady state transmission, reflection and absorption of both samples
are shown.

(if) To model the temperature change induced by the pump, we
utilized the extended two-temperature model (€2TM), which was first
implemented by Carpene®. However, an instantaneous excitation and
a homogeneous spatial distribution of the electron and lattice heat
temperatures was assumed for simplicity, as we focused on the slower
relaxation dynamics” governed by electron-phonon coupling. This
version of the e2TM is represented by the following system of equa-
tions

Ce(Te)aaitc = _GED(Te) (Te - TI) + agtcc
au,

o7 . )
G :Gep(re) (Te =T+ %

where t is the time delay between pump and probe, T, | are the elec-
tron and lattice temperatures, C.(T.) the temperature dependent
electronic volumetric heat capacity, C; the lattice volumetric heat
capacity and G, (T,) the electron-phonon coupling factor. We refer
the readers to the original work by Carpene® for a detailed derivation
of the source terms 9,U.. and 0,U,. Under the instantaneous
excitation assumption, which in this case is reasonable being the
dynamics studied longer than 500 fs and the pump and probe pulses
are 15fs long, the source terms are calculated as

ou 1, - -
T exp(— (Teel +Te[})t> [t+Tec(1—exp(-tle))]e 2P ()

ou,
a:p = —exp (— (Tgel + Tg;) t) [Tee (1 — exp(—Teet)) |t 'TpP (4

where 7, ., represents the electron-electron and electron-phonon
scattering rates. Finally, P=AF/d, where A is the absorption of the
sample calculated in step (i) at the pump wavelength, F the fluence of
the pump, and d the thickness of the sample. Here, the absorbed
energy is assumed to be distributed equally across the thickness of the

Table 1| Values of parameters used for simulations

Parameter Value Reference
Gep Fitting 48
Ce Fitting 48
C 2.46x10° Jm2 K" 76
T 3.4fs 67
Tep 1.4x10° fs 67
Er 7.3eV 77

The table displays the values of the simulation parameters, or if the values were acquired from
fitting of data, together with references.

sample. The electron-electron scattering rate was determined as®’

2
E
Tee =T <EF> ®
pu

where 7 is a constant, £, the pump photon energy and £ the Fermi
energy of Au. Table 1 shows the values used for each parameter. Since
we treated the NPG as an effective medium that is a mixture of air and
gold, where only the gold volume fraction contributes to the heat
capacity and electron-phonon coupling, the parameters in Eq. (2) had
to be scaled to account for the sample morphology. The heat capacity
of air is negligible compared to that of Au and does not meaningfully
contribute to the effective heat capacity of NPG. Since the volumetric
heat capacities are used in Eq. (2), the effective values for the NPG are
the Au values scaled with the filling factor f, such that only the Au part
of the NPG contributes to the heat capacities. The same reasoning is
applied to the electron-phonon coupling factor. Electrons only interact
with phonons inside the Au, therefore the electron-phonon coupling
factor, which is a volumetric quantity, also scales linearly with f.
Previous studies of NPG films of smaller ligament size have indicated
an increase of the electron-phonon coupling factor compared to the
BG counterpart®®®®. However, since the electron-phonon coupling
primarily involves short-wavelength phonons™, we neglected surface-
mediated energy transfer from electrons to the lattice, which we
assume is a secondary effect in our NPG sample that has an average
ligament size of ~50 nm. The negligible contribution of this effect is
confirmed by our results in the main text (compare Fig. 1, experiment,
and Fig. 2, theory). So, to represent NPG in the e2TM, we scale the
parameters as C.; — fC, | and G, — fG,,. Mathematically, this is
equivalent to scaling the source terms with f %, which means that the
energy absorbed from the pump is distributed over less volume of Au
in the NPG case compared to the BG film. Using the temperatures from
the e2TM, we can estimate the permittivity change Ag(T,, T) induced
by the pump. The change in the imaginary part of the Au permittivity
induced by the pump was determined through semi-classical modeling
of optical transitions in Au using hyperbolic approximations of the
band structure®®®"”", This change is related to interband transitions and
changes due to Fermi smearing of the bands. The corresponding real
part was determined using Kramers-Kronig relations. Additionally, the
variation of permittivity induced by intraband changes following
pump-excitation was also estimated, see Supplementary Note 4 for
more details.

(iii) Since the NPG is represented by the Bruggeman EMA, the
procedure of simulating the probe interaction was adjusted for NPG
compared to BG. For BG, steady-state simulations using the TMM, as
described above, were performed for each time delay ¢ with Au per-
mittivity £,,(f) = €4, + Ae(T(¢), T((¢)). The permittivity variation Ae is
complex and includes both the intraband and interband contribution
described above. For NPG, we assumed that the permittivity of the air
remains unchanged after pump excitation, and thus only the Au
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permittivity change contributes to a change in the variation of the
effective permittivity. £,,(t) was therefore computed in the same way
as for BG but with temperatures change considering the scaling factor
[, and the effective permittivity £5,(¢) was determined using Eq. (1) with
the altered gold permittivity.

Atomistic modeling

We employed the atomistic frequency-dependent fluctuating charges
and dipoles (wFQFp) model®. In this model, both a complex charge g;,
associated with intraband effects, and a complex dipole moment y;,
accounting for interband transitions™, are assigned to each metal atom
i. The charge exchange between the atoms is governed by a Drude
conduction mechanism and modulated by a phenomenological
description of quantum tunneling®, which is essential for the
description of gaps, junctions, and defects, as in the case of NPG**. To
describe d-metals, the complex dipole moment is introduced, this way
taking into account the polarizability of the d-shell’**®. The charge and
dipole distributions at each atomic site for an external electric field E*
oscillating at frequency w are obtained by solving the following com-
plex coupled linear equations®

2nyT

Sl ()] o

—iwg(w)= ¢,-el> (6)

Hi=af (B +E +E]) @

where ny is the electron density, T the friction (damping) time, A; the
effective area connecting atoms i and j and [; their dlstance ¢°
denotes the electrochemical potential acting on each metal atom. It
accounts for interatomic interactions (charges and dipole moments)
and their coupling to the external electric field. The function f ({;) is a
Fermi-like function that mimics quantum tunneling. E*, and E9 are the
local fields generated by induced dipoles and by charges, respectively.
Finally, a(w) is the complex, frequency-dependent atomic polariz-
ability used to represent interband contributions, which can be
obtained from the experimental permittivity**. Solving these equations
allows to describe the optical response of noble-metal nanoparticles
with ab initio-level accuracy®, at a much reduced computational cost.
The model can also be reformulated in the time domain, enabling the
study of the time evolution of the plasmon decay under a time-
dependent excitation’. The wFQFp scaling efficiency can be exploited
to run simulations of systems containing thousands of atoms®. Here,
we build a BG structure (8x8x2nm3; lattice parameter 4.08 A)
comprising of 6844 atoms. The NPG structure is then generated by
randomly removing columns of Au atoms from the BG lattice, yielding
a structure containing 3590 atoms (see also Fig. 5a).

Owing to its formulation based on well-defined physical quan-
tities, WFQFp allows for dissecting the intra- and interband contribu-
tions, which are associated with charge and dipole terms, respectively,
to the induced total charge and dipole density, as

P(r)=py(r)+p,(r) 3

2
()
gi

2
H . r—r;
pp(r) Z 3|/2!R3 i' riexp<_| R2’>

Hi

where

Pq(N= Z

3/2 R3

and

10)

Here, pq, p, represent charge and dipole moment density after sum-
mation over all atoms i. R, and R, are the Gaussian widths of the
charges and dipoles, respectively, mimicking a diffuse quantum-like
density”. To quantify intra- and interband contributions, we introduce
the following metric, averaging respective contributions from the
complete structure:

J ofx(r)\pm} d3

qu 1)
<fX> |p(r)\d3 { }
where f(r) is defined as
0,p(r)=0
fX(r) = { px(®) p(r)¢0 = { IJ.} (12)

Note that, by definition <fq> + <fu> =1. All WFQFp calculations
were performed by using the open-source code plasmonX®, using the
Au parameters defined in ref. 54.

Data availability

The simulation and transient transmission data generated in this study
have been deposited in the figshare database under accession code
https://doi.org/10.6084/m9.figshare.30737969"*.

Code availability

The code used for the simulations is publicly available with an MIT
license on Zenodo under accession code https://doi.org/10.5281/
zenodo.181750297.
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