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Nonlinear photoluminescence in gold thin films

A. Rodriguez Echarri,! F. Iyikanat,® S. Boroviks,>? N. Asger Mortensen,* 2:?
Joel D. Cox,*25 and F. Javier Garcia de Abajo! ¢ *

YICFO-Institut de Ciencies Fotoniques, The Barcelona Institute of
Science and Technology, 08860 Castelldefels (Barcelona), Spain

2 Center for Nano Optics, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark

3 Nanophotonics and Metrology Laboratory, Swiss Federal Institute of
Technology Lausanne (EPFL), Station 11, CH 1015, Lausanne, Switzerland
4 POLIMA-Center for Polariton-driven Light-Matter Interactions,
University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark

5 Danish Institute for Advanced Study, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark

S ICREA-Institucié Catalana de Recerca i Estudis Avancats,
Passeig Lluis Companys 23, 08010 Barcelona, Spain

Promising applications in photonics are driven by the ability to fabricate crystal-quality metal
thin films of controlled thickness down to a few nanometers. In particular, these materials exhibit a
highly nonlinear response to optical fields owing to the induced ultrafast electron dynamics, which
is however poorly understood on such mesoscopic length scales. Here, we reveal a new mechanism
that controls the nonlinear optical response of thin metallic films, dominated by ultrafast electronic
heat transport when the thickness is sufficiently small. By experimentally and theoretically studying
electronic transport in such materials, we explain the observed temporal evolution of photolumi-
nescence in pump-probe measurements that we report for crystalline gold flakes. Incorporating
a first-principles description of the electronic band structures, we model electronic transport and
find that ultrafast thermal dynamics plays a pivotal role in determining the strength and time-
dependent characteristics of the nonlinear photoluminescence signal, which is largely influenced by
the distribution of hot electrons and holes, subject to diffusion across the film as well as relaxation to
lattice modes. Our findings introduce conceptually novel elements triggering the nonlinear optical
response of nanoscale materials while suggesting additional ways to control and leverage hot carrier

distributions in metallic films.

I. INTRODUCTION

Photoluminescence (PL)—the inelastic emission of
light from metals produced upon recombination of photo-
excited charge carriers—provides a probe of the elec-
tronic structure of materials and their non-equilibrium
dynamics following optical pumping [1]. This phe-
nomenon finds practical application in labelling of biolog-
ical samples [2], mapping the near fields associated with
plasmon resonances [3, 4], and microscopy [5, 6]. In this
context, multiphoton or nonlinear PL (NPL), resulting
in the emission of photons at energies exceeding (but,
in general, not being a multiple of) that of the pump-
ing ones, provides improved spatial resolution beyond the
diffraction limit through the nonlinear dependence on the
excitation field strength, while also probing a wider range
of electronic states around the Fermi energy that reveal
a rich interplay of energetic electrons and holes [7].

Metallic thin films constitute an appealing playground
to investigate ultrafast charge dynamics, with potential
applications enabled by the modification of their elec-
tronic structure produced when the thickness goes down
to a few atomic layers [8]. In this regime, quantum
confinement effects can potentially tailor their optical
and thermal properties [9-11]. Photoluminescence con-
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stitutes a natural way of probing these effects [12], which
become increasingly important as the metal thickness ap-
proaches the ultrathin regime.

The excitation of a metal surface with intense optical
fields gives rise to nonlinear optical phenomena such as
second-harmonic generation (SHG) and two-photon ab-
sorption [13-15], the former being a coherent process,
while the latter exhibits an incoherent behavior that
manifests in the two-photon photoluminescence (TPP)
emission [16, 17]. More specifically, SHG is a second-
order instantaneous nonlinear optical process that is
spectrally concentrated around the second-harmonic fre-
quency of the excitation field, whereas TPP is associated
with a broad, weaker spectral signature imbued with fea-
tures of the electronic band structure [4, 18-20]. While
SHG relies on the breaking of inversion symmetry at the
surface of centrosymmetric noble metals, two-photon ab-
sorption is a third-order process that can occur in the
bulk of the metal [21] and involves contributions from a
wide range of electronic states and transition energies.
Both SHG and TPP are sensitive to the crystallinity of
the surface [13, 22, 23]. The nonlinear dependence on the
electric-field amplitude E of the incident light inside the
metal thus leads to an initial onset of E* TPP scaling
(quadratic in the input intensity), with larger incident
intensities triggering higher-order multiphoton processes
that scale with higher powers of E that contribute to
overall NPL [24, 25].

The mechanism responsible for TPP in gold was
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Optical excitation and electron thermalization in optically pumped gold films. (a) [llustration of a Au(111)

thin film illuminated by a femtosecond Gaussian pulse, along with the resulting TPP emission that we study in this work. (b)
Dynamics of the occupied density of electronic states upon optical excitation. From the equilibrium state at room temperature,
electrons are promoted to higher levels, and the associated holes are subsequently filled by emitting photons with different
energies (colored curves). Once the pulse is gone, after a transient time of ~ 10’s femtoseconds, the electronic states reach
thermal equilibrium at a higher temperature than initially. (¢,d) Time and depth dependence of (c) the absorbed power and
(d) the electronic temperature in a 500 nm film. (e,f) Same as (c,d), but for a 10 nm film.

first attributed to radiative recombination of holes in
the valence d-band with electrons in the conduction
band [13, 22, 26, 27]. Subsequent experiments consoli-
dated a three-step model of radiative recombination fol-
lowing two linear absorption events that promote d-band
electrons to the conduction band, although some debate
as to the nature of TPP in the infrared range of the elec-
tromagnetic spectrum persists [3]. The important role of
the electronic structure in the NPL process has stimu-
lated explorations of the mechanism in mesoscopic gold
films of 10-100 nm thickness [12], where confinement ef-
fects in the electronic spectrum lead to a NPL intensity
scaling beyond the E* rule. In this respect, it is im-
portant to note that thermal effects in non-equilibrium
systems [28, 29], which are associated with elevated elec-
tronic temperatures following thermalization on ultrafast
(tens of femtoseconds) timescales, play an important role
in the PL signatures of metallic structures, as has been
demonstrated for gold nanoparticles [30]. In particu-
lar, the connection between photothermal effects and the
light emitted from metal films can be well-understood in
the context of the Fowler-DuBridge model [31-34], which
predicts a quadratic scaling of the PL signal with tem-
perature that is found to increase for thin films as com-
pared to semi-infinite samples under the same illumina-
tion conditions. However, these previous studies ignore
electronic transport across nanometer distances, which
we find here to play a leading role in the strength and
time-dependence characteristics of NPL.

We perform experiments on crystalline gold flakes and
reveal the importance of electronic transport by devel-
opping a theoretical formalism to describe the interplay
between electronic band structure and thermal effects in

mesoscopic gold films when illuminated with a femtosec-
ond pulse (see illustration in Fig. 1a). More precisely,
we employ first-principles methods to simulate the elec-
tronic band structure of crystalline gold films, from which
we calculate electronic transition rates and the electron
contribution to the thermal heat capacity. We combine
these elements with a two-temperature model (TTM) to
incorporate thermal effects in the redistribution of elec-
trons within bands around the Fermi level following ir-
radiation with an intense optical pump pulse. The re-
sulting spectrum of NPL emitted from thin films with
increased surface-to-volume ratio is predicted to exhibit
a much higher sensitivity to thermal effects, to which we
attribute the breaking of the E* rule, while NPL from
thick films is primarily controlled by the bulk electronic
structure combined with the diffusion of thermal energy
away from the surface. Our findings complement exper-
imental efforts to understand light emission from gold
nanoparticles [22, 35-37], while elucidating the role of
the electronic temperature in recent NPL measurements
of crystalline gold films [12]. The present study provides
a solid framework in combination with experiments to
understand the TPP and thermo-optical properties of ul-
trathin metallic thin films, which constitute a key plat-
form for diverse applications in nanophotonics.

II. RESULTS AND DISCUSSION

The current interest in the optical properties of ultra-
thin metal films [38-40] is partly due to the expectation
that their modified electronic band structures give rise
to different optical properties compared to their bulk
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FIG. 2. Temperature dynamics in optically pumped thin gold films. (a) Density of states for few-atomic-thick films (see
legend). (b) Density of all states (blue curve) and density of occupied states as a function of temperature (colored curves) for
a N = 50 MLs gold film. The inset zooms into the region near the Fermi energy, where the arrows indicate the energy position
of the impinging photons (i.e., fwin = 1.55€V) as well as its second harmonic. (c) Evolution of the electronic temperature at
the surface for various film thicknesses under excitation with a pulse of 150fs and 10mJ/cm? fluence. (d) Maximum surface
electronic temperature as a function of fluence for the same pulse duration and different film thickness (same color code as in
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counterparts. Finite-size and surface effects related to
the crystalline quality of the films play a decisive role in
the optical response [10, 41]. As a motivation for the
present study, we argue that NPL provides the means to
interrogate the electron dynamics in such systems [7, 42].
Specifically, we are interested in modeling the NPL emis-
sion from free-standing gold films after being irradiated
by femtosecond light pulses (see Fig. 1a), for which the
emission profile is an integrated result depending on the
available transitions within the gold band structure. We
place special emphasis on understanding the NPL signal
when varying the thickness of the gold films.

Upon optical excitation, electrons in the metal par-
tially absorb the pump energy, thus being heated to
high temperatures, which together with direct multi-
photon optical transitions are responsible for the result-
ing PL, as observed in gold nanoparticles [22, 36, 37]
(see Fig. 1b). In gold films, we assume that the pump
beam is laterally wide enough to consider the problem to
be one-dimensional, such that we only need to analyze
the dependence on the z coordinate along the out-of-
plane direction. We simulate the depth and time depen-

dence of the electron temperature T'(z,t) produced by a
150 fs Gaussian pump pulse having a moderate fluence of
10mJ/cm? and a central wavelength \;, = 800nm (i.e.,
hwin ~ 1.55€V) with the TTM given by [43—46]
Oe(T) 8tT = az [ke(T)azT] - G(T - Tl) + S, (1)
where C, is the heat capacity, k. is the electron ther-
mal conductivity, G is the electron-phonon coupling co-
efficient, 7; is the temperature of the lattice, and S is
the absorbed power from the optical femtosecond pulse
(see the details in the Appendix). We find the absorbed
power to exhibit different characteristics for thick and
thin films, as illustrated in Figs. 1c and le for 500 nm
and 10 nm thickness, respectively. In the thicker film, the
optical pump field only penetrates a few tens of nanome-
ters (as determined by the skin depth, or equivalently,
the light propagation length 1/2kinIm{\/a} ~ 10nm
with ki, = 27/Ai,), while a peak electron temperature
Tthick ~ 1200 K is found at the top surface, partly atten-
uated by heat diffusion towards the bulk of the metal.
In contrast, the same excitation in the thinner film, the
excitation nearly uniformly permeates the entire metal
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volume because the thickness is no longer large com-
pared with the skin depth, and optical surface reflec-
tions produce a more uniform field intensity. In addition,
such reflections enhance the optical field in the metal,
which together with the marginal role played by ther-
mal diffusion, leads to a higher peak surface tempera-
ture TN ~ 4400 K. The temperatures found in thin and
thick films are both high enough to significantly affect the
PL response because kpThik ~ 0.4V, so that electron-
hole radiative recombination can occur with some proba-
bility by emitting photons of energy exceeding the pump-
ing photon energy. This additional mechanism contribut-
ing to the PL at energies beyond the pump photons has
an inelastic nature, in contrast to the few-transition pro-
cesses associated with multiphoton absorption followed
by radiative recombination (e.g., in TPP). As we shall
see, these two mechanisms compete in importance de-
pending on the thickness of the metal and the fluence of
the pump.

Interestingly, finite-size effects associated with the
thickness start to be observed below ~ 10nm, corre-
sponding to ~ 50 gold atomic monolayers (MLs) with a
(111) crystal orientation (considering an interlayer spac-
ing of ~ 0.24nm). To illustrate this effect, Fig. 2a shows
the 2D electronic density of states (DOS) p(E) obtained
for 8, 20, 30, and 50 MLs as well as for a semi-infinite
surface. These results are computed from the band struc-
ture energies &; ., summed over the band index i and
electron wave vector k (see eq (Al) in the Appendix).
When approaching 50 MLs (~ 10nm), the features in
the DOS resemble those of the bulk, supporting the idea
that band-structure phenomena become important only
for few-atomic-thick films. Therefore, from the band
structure viewpoint, gold films with thicknesses 2 10 nm
are considered to behave approximately equivalent to the
bulk. However, for the thermal behavior of such films,
as we have anticipated in Fig. 1, there exist large dif-
ferences between 10 nm and 500 nm thick films regarding
the temporal evolution and fluence dependence of the
electron temperature. Importantly, note that we connect
the TTM with the band structure of the film by comput-
ing the temperature-dependent chemical potential p(7")
from the DOS, and also the heat capacity that enters in
the TTM analysis, see the Appendix and Fig. 7 in Sup-
plementary Figures.

The electronic bands are populated according to the
Fermi-Dirac (FD) statistics, given by the electron energy
& and temperature T as

fET) = {e[*ﬂTW’“BT + 1}_1 : (2)

We also define the occupation density Q(E) =
p(E)f(E,T), which varies accordingly with temperature
(see Fig. 2b), such that a larger number of bands be-
come populated at higher temperatures. Due to heating
produced by optical absorption from the pump, the PL
signal is dominated by electron dynamics near the sur-
face, which is precisely where the temperature reaches

its larger values. As shown in Fig. 2c, the surface elec-
tron temperature increases rapidly once the pulse hits
the surface (see Fig. S2 in SI). We observe two main
effects: (1) thinner films reach higher temperatures com-
pared with semi-infinite films; and (2) thinner films retain
the temperature much longer than their bulkier counter-
parts. Thinner films boost the electric field intensities
due to multiple reflections of the pump field inside the
film (similar to a Fabry—Pérot resonator), causing them
to absorb a larger fraction of the pump energy and thus
reach higher temperatures. Additionally, the fact that
they are thinner reduces the influence of thermal diffu-
sion in the TTM, hence removing such a cooling mech-
anism, which is in contrast significant for thicker films.
The diminished role of the diffusion term implies that
for thinner films the influence of the source is effectively
instantaneous, and in the extreme case of a few atomic
layers, diffusion (driven by the temperature gradient) can
be ignored, giving rise to what we name 2D limit. There-
fore, the range of surface temperatures varies from the 2D
limit to the bulk limit, as illustrated in Fig. 2d. Films
with an intermediate thickness (e.g., between 50 nm and
200nm) present a hybrid behavior in which the temper-
ature requires hundreds of nanoseconds to reach thermal
equilibrium across the film thickness (see Fig. 2 in the
SI).

The PL emission intensity is proportional to the num-
ber of photons that undergo transitions from excited
states to lower-energy states by emitting a photon with
energy hwoyus. The spectral profile of the PL is thus given
by

tmaz
I(hwout) o8 / dt an out7 7 (3)
0

where the sum extends over the contributions of nearly
vertical transitions (i.e., the photon energy is negligible
compared to the size of the Brillouin zone) for each k-
point in the electronic band structure and

Z’Y — Di pjr(g

is defined in terms of the radiative decay rate ~;} (k)
(from band j to band i at a given k point), the occu-
pation factor p;(k) of the electronic state with energy
&ik, the linewidth of the final state I'(w) (see eq (A2)),
and the Heaviside distribution ©j; = ©(&;;) with argu-
ment &;; = &k — & k- The electronic population p; (k)
evolves with time according to the rate equation [28]

- h‘*’out)@ji (4)
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is a phenomenological damping rate, p! (k) =
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where 7T
f(&ix, T) is the thermalized population, and 7} = %(] )



'yi(;) is the excitation composed of the linear absorption

YD (t) o« E? and 73 (t)  E{ to the fourth power, es-
tablishing the E* rule characteristic of the TPP (see the
details in the Appendix). Note that all quantities depend
on temperature, which evolves in time following the TTM
given in eq (1).

A. Thickness dependence of nonlinear
photoluminescence

In Fig. 3a, we plot the NPL spectral emission profile for
a gold film of 50 nm thickness calculated from eq (3) for
a set of fluences indicated in the legend (within a range
spanning four orders of magnitude) using a pulse width
A = 150fs. We observe that, in this particular case,
the resulting PL spectrum is peaked at ~ 690 nm. When
increasing the temperature, the emission peaks fade away
to yield a broader spectrum.

To analyze the dependence of the NPL signal on thick-
ness, we define the normalized intensity as

B 1 2Win
I= / dwout I(h@)out)v (6)
Win Win
where the integration area covers the spectral region be-
tween the second-harmonic frequency 2wi, and the fun-
damental frequency wi, = 2w¢/Ain. We compute the
normalized intensity as a function of fluence in Fig. 3b
for various values of film thickness, which clearly shows
how the PL signal produced by thinner films reaches
much higher values than that of thicker ones. For flu-
ences < 0.1mJ/cm?, the PL signal displays a linear
dependence on pulse fluence, indicating that nonlinear
absorption processes are not large enough to dominate
the electronic response. However, for fluences between
~ 0.1mJ/cm? and ~ 100mJ/cm?, the dependence for
semi-infinite films is dominated by two-photon absorp-
tion following the E* rule and, therefore, being respon-
sible for the TPP (i.e., a F? scaling with fluence). In-
cidentally, for any fluence within the 0.1 — 100 mJ/cm?
range, the PL emission grows with decreasing film thick-
ness faster than the square of the fluence, suggesting that
thermal effects dominate. The gray shaded area high-
lights the region (denoted TPP) in which two-photon ab-
sorption dominates, whilst the orange area corresponds
to dominance of thermal effects (denoted thermal PL).
These regions are limited by the bulk (effectively inves-
tigated for a 500 nm thick film) and 2D-thin film limits.
We observe a gradual change in the PL intensity when
the film thickness varies from 50 nm to 10 nm. The actual
transition through the different regimes (NPL and ther-
mal PL) might vary with the excitation wavelength A,
which is directly associated with the optical penetration
depth ~ 47Im {€n (Ain) }/Ain in which optical absorption
takes place.

We identify the region in which the E* rule governs
the emission by taking the derivative of the normalized

intensity with respect to the incident fluence to com-
pute its slope (see Fig. 3c). As a guide, we show blue
dashed lines with slopes of 1, 2, and 3, respectively la-
beled (i), (ii), and (iii) in the figure. Within the grey
shaded area, TPP dominates the NPL emission, which is
overtaken by thermal PL when the electron temperature
is elevated above a few thousands of degrees. We observe
the transition from the TPP to thermal PL in Fig. 9a in
Supplementary Figures, representing a fluence-thickness
phase diagram, in which the same blue dashed curves
corresponding to slopes of 1-3 are used to limit different
regions. Additionally, Fig. 9b in Supplementary Figures
shows a phase diagram of the maximum surface electron
temperature, corroborating that thermal effects become
relevant at temperatures larger than 7 > 103 K.

B. Two-pulse correlation in nonlinear
photoluminescence

As concluded above, the resulting NPL emission in
gold films is driven by both TPP and thermal PL, de-
pending on the pump fluence and film thickness. Each of
these two mechanisms has its characteristic time scale,
which can be interrogated by two-pulse excitation: we
can study the NPL emission intensity when a copy of
the pulse impinges on the sample at a time 7 after the
original one (see the sketch in Fig. 3d). Two-pulse corre-
lation analysis is a powerful tool for studying the tempo-
ral electron dynamics, introducing a new parameter (i.e.,
the delay between the two copies of the pulse) besides
the pulse intensity. The two pulses interact optically
within a time window limited to the pulse width (i.e.,
T, = A = 150fs in our study), whereas the characteris-
tic time for thermal effects is given by 7, = Co(T)/G
according to eq (1). The latter spans a range from
Tth ~ 1ps to iy =~ 10ps for electron temperatures from
T=03x103K to T = 3 x 103K (see values of 7,(T) in
Fig. 10 in Supplementary Figures).

The normalized intensity changes as shown in Fig. 3e
for different values of the fluence in a film of 50 nm thick-
ness. For such a film thickness, fluences below 10 mJ /cm?
drive TPP, corresponding to values of 1/e decay below
the picosecond (see Fig. 3g). However, for larger fluences
(see green curve in Fig. 3e), the decay rate of the two-
pulse correlation curve increases considerably to several
picoseconds. Conversely, thermal effects dominate the
PL signal at low fluences in thinner films, as shown in
Fig. 3f for F = 1mJ/cm? and several values of the film
thickness. Corroborating this assignment, when thermal
effects dominate the response, the decay rate is of the or-
der of picoseconds and increases with increasing surface
electronic temperature (i.e., for thinner films). In con-
trast, in the NPL regime, the decay rate is of the order
of hundreds of femtoseconds and does not show signifi-
cant dependence on fluence or temperature.

These results are in agreement with those discussed
above for single pulses, in connection to Fig. 3b-c, and
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FIG. 3. Nonlinear-photoluminescence (NPL) dependence on film thickness, pulse fluence, and two-pulse corre-
lation. (a) Spectral dependence of the NPL emission intensity for a film of 50 nm thickness and a range of fluences indicated
in the color scale. The vertical dashed line signals the emission peak at ~ 690 nm wavelength. (b) Fluence dependence of
the normalized NPL emission intensity for a range of thicknesses following the color-coordinated labels. The blue dashed lines
serve as a guide for the linear (i), quadratic (ii), and cubic (iii) dependence of the NPL on fluence. In the narrow gray-shaded
area, NPL exhibits a quadratic dependence on fluence, while in the orange area it is dominated by thermal effects (thermal
PL). (c) Derivative of the curves in (b) with respect to the fluence. (d) We perform two-pulse PL correlation simulations,
assuming two identical pulses delayed by a time 7 and impinging normally on a gold film of finite thickness. (e,f) We study the
two-pulse NPL correlation traces (normalized intensity) for (e) a film of 50 nm thickness at several values of the fluence (see
labels) and (f) a fixed fluence of 1mJ/cm? with several film thicknesses. The dashed line indicates a 1/e decay of intensity.
(g) Characteristic 1/e decay time of the two-pulse correlation signal as a function of fluence for different film thicknesses. The

shaded area indicates times below 150 fs.

consistent with the fact that thinner films reach higher
surface electron temperatures under the same fluence,
and therefore, the NPL emission for thinner films extends
over a longer time scale of the order of picoseconds. As a
summary, we plot in Fig. 3g the characteristic decay time
7. as a function of fluence for various film thicknesses,
showing that the width is of the order of hundreds of
femtoseconds at fluences below a threshold value, char-
acteristic of the given film thickness.

C. Band structure effects in nonlinear
photoluminescence

The emitted NPL corresponds to the collective emis-
sion of electrons from excited to lower energy states (see
eq (4)). The electron energy levels are given in terms
of in-plane crystal momentum from the computed band
structure, which is sensitive to the crystallographic ar-
rangement of atoms in the film. Figure 4a depicts the
arrangement of atoms in a (111) crystallographic orien-
tation and the associated Brillouin zone in 2D recipro-
cal space, where we identify the high-symmetry points

T', M, and K. The band structure traversing these high-
symmetry points is obtained from ab-initio calculations
of a 10 ML Au(111) film and presented in Fig. 4b for
energies relative to the Fermi energy Ep. Interestingly,
the PL from each of these points in the band structure
directly depends on the strength of the dipole transition
matrix element p;; (see Appendix) between the involved
states. In Fig. 4c-e we present the intensity of the emit-
ted NPL for several fluences at the discretized points of
the Brillouin zone to emphasize that there are prefer-
able areas of emission in the reciprocal space. For low
values of the fluence (panel (c)), and therefore, in the
TPP regime, most of the emission correlates with the I"
and M points. Additionally, there is a contribution from
the I'=K connection that correlates with the region in
the band structure diagram in Fig. 4b, where the elec-
tronic bands cross the Fermi energy, in concordance with
previous works [4, 18-20]. These features become more
intense when the fluence is larger, as observed in panel
(d), which would correspond to a transient regime be-
tween the TPP and the thermal PL. Finally, in panel (e)
when the regime clearly enters in the thermal PL, all the
points in the band structure contribute to smear out any



© F=10"mJem? (@ F=10mJem? (&) F=10'mJcm?
(a)

max

Normalized NPL intensity
_

5
(b) min
~ ®
S § F=10"mJ cm?
> 8
5 E g F=10°mJ cm?
& Tg P——
= o — F=10"mJ cm?
% \4
sk Z ML 20 30 //;0’% mJ cm?
400 500 600 700 800
k - points Wavelength A (nm)

FIG. 4. Au(111) band structure effects in NPL. (a) Real space arrangement of the Au(111) atoms at the surface and the
associated Brillouin zone, in which the highly symmetric I', K, and M points are highlighted by orange, green, and pink areas,
respectively. (b) Electronic band dispersion of 8 ML Au(111) determined from first-principles calculations, where the three
high-symmetry points are highlighted in colors according to the right sketch in panel (a). Panels (c-e) indicate the normalized
NPL intensity corresponding to each of the points of the Brillouin zone for different values of the fluence as indicated in each
panel. (f) Normalized NPL intensity for a discrete number of MLs, from 8 to 50 MLs, as indicated by the colored code, and
for various values of the impinging fluence separated vertically.

resolvable features. D. Experimental inside and theory-experiment
comparison

Before analyzing our measurements for crystalline gold
flakes, we compare the above theory with the experiments
in ref 12, which reports NPL emission from (111) surfaces
of monocrystalline gold films with varying thickness. The
results are shown in Fig. 5, where we plot the thickness
dependence of the NPL signal as a function of film thick-
ness for various values of the pump fluence. The superim-
posed experimental data, normalized to the theory values
for a 100 nm thick film, matches reasonably well with our
theory. Furthermore, the transition from the TPP to the
thermal PL regime as thickness decreases corresponds to
the threshold for which a deviation from the E* rule is
observed in experiment [12].

Specific features in the electronic band structure that
influence NPL depend on the crystal orientation of
the material and on the number of atomic planes that
compose the thin film. The energy levels and transi-
tion dipole matrix elements vary from the quasi-two-
dimensional limit of a few MLs to the bulk regime (see
Fig. 11 in Supplementary Figures), and consequently,
the resulting NPL changes accordingly. In Fig. 4f, we
plot the normalized NPL intensity for a set of fluences
ranging four orders of magnitude and thus spanning the
TPP and thermal PL regimes in few-atom-thick films. In
the low-intensity regime, there is a well-defined peak at
A~ 690nm with an initially thickness-dependent ampli- To obtain additional insight into the NPL dynam-
tude that converges to a bulk value for a larger number ics, we perform two-pulse correlation experiments on a
of MLs. As observed in Fig. 4c—e, the distinguishable monocrystalline gold flake sample that has varying thick-
features in reciprocal space fade with increasing pulse ness (similar to the samples in ref 12). Further de-
fluence, so that a broad range of transitions spanning a tails about the sample preparation and optical charac-
larger bandwidth of emission wavelengths can contribute  terization can be found in the Appendix. The mea-

to the overall NPL. Such behavior is reminiscent of black- sured two-pulse correlation traces of the NPL signal for
body radiation. Besides the general trend regarding the gold thicknesses of approximately 22 nm, 26 nm, and
intensity of the impinging electric field, there are spec- 32 nm obtained at ~ 10 mJ/cm? fluence are shown in

tral differences depending on the number of MLs, which Fig. 6. For the fitting, we consider only the signal ob-
correlate with the band structure and are stronger in the tained for delay times significantly larger than the pulse
TPP regime. length (7 > 1 ps) to avoid capturing any optical interac-
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FIG. 5. Photoluminescence as a function of gold film
thickness. We consider different values of the fluence span-
ning four orders of magnitude (see labels) for a 150 fs incident
Gaussian pulse of 800 nm central wavelength. Shaded areas
indicate the regions where either thermal PL (orange) or TPP
(gray) dominates. The white area corresponds to the linear
absorption regime. Black dots are experimental values taken
from Fig. 3a in ref 12 for a 120fs pulse of 816 nm central
wavelength and ~ 1 mJ/cm? fluence impinging on gold films.

tion effects (full measurement range correlation curves,
including the pulse interference, are provided in Fig. 12f
in Supplementary Figures). The fitting of transient sig-
nals in Fig. 6 reveals that the characteristic decay time
T. increases for smaller thickness (from ~ 0.49 ps to
~ 0.45 ps). These extracted decay times are compa-
rable to those found in previously reported measure-
ments on thick polycrystalline gold films [47], although
they are smaller by approximately a factor of 2 in com-
parison with prior time-resolved NPL measurements on
nanostructured gold [16, 17, 26, 27, 35, 48], in which
the reported values are of the order of ~ 1 ps. Such
a discrepancy can be explained by the field enhancement
associated with localized surface-plasmon resonances in
measurements involving nanostructures or nanoantennas,
which give rise to higher electronic temperatures that
bring the PL signal to the thermal regime for smaller
fluences than for the thin films. In the aforementioned
references, the measured decay times are interpreted as
the lifetimes of electron-hole pair excitations in the three-
step model (i.e., an intermediate state in a cascaded ab-
sorption process). According to our model, the observed
decay in two-pulse NPL correlation mainly stems from
the thermal PL effects provided that the optical inter-
action time is much smaller (i.e., 7yn > 7,). However,
for the experimentally investigated range of thicknesses
and fluence, our model predicts longer characteristic de-
cay time 7. (see Fig. 3g), being in a seemingly better
accordance with the values reported for nanostructured
metals. However, the gold flake sample has a larger lat-
eral dimension (> 10 pm) and the excitation spot area is
limited to roughly 1 um?. This suggests that a lateral dif-
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FIG. 6. Two-pulse correlation measurements of PL in
thin gold films. Experimentally obtained two-pulse cor-
relation traces of the NPL signal from the (111) surface of
monocrystalline gold films with approximately 22nm (blue
solid curve), 26 nm (red), and 32 nm (yellow) thickness, along
with their fitting to oc =7/ 7.

fusion mechanism might take place in the direction par-
allel to the film surface and, therefore, effectively reduce
T. as compared to metal nanostructures with dimensions
smaller than the excitation spot. Consequently, the ex-
perimentally measured decay time can be interpreted as
a result of the interplay between the thermal (7, 2 1 ps)
and lateral diffusion (74 2 1ps) effects, which have com-
parable (and thus hardly distinguishable) characteristic
decay times, as shown in the Appendix.

III. CONCLUSIONS

We reveal the pivotal role played by electronic thermal
effects in the nonlinear optical response (specifically, the
nonlinear photoluminescence) of thin metal films depend-
ing on thickness and light intensity. We support this con-
clusion with a theoretical formalism incorporating first-
principles details of the electronic band structure, in ex-
cellent agreement with available experiments, including
our nonlinear photoluminescence measurements for crys-
talline gold films of 10-100’s nm thickness.

When the film thickness decreases, the electron tem-
perature at the surface during optical pumping increases
considerably, by up to thousands of degrees, making ther-
mal effects dominant under the right combination of in-
cident fluence and thickness. However, thick films are ca-
pable of quickly diffusing the absorbed heat into the bulk,
thus reducing the influence of thermal effects. Therefore,
in the thick-film regime and under relatively low pump
intensities (fluences of the order of 50 mJ/cm?), we con-
clude that thermal effects are negligible, and TPP domi-
nates the NPL emission with a well-defined fourth power
dependence on the amplitude of the incident electric



field (E* rule, or equivalently, the square of the fluence).
In contrast, thinner films absorb larger power densities,
yielding higher peak temperatures at the surface (i.e., the
regions that produce the bulk of the NPL emission, es-
sentially limited to the skin depth) for longer times, and
therefore making thermal PL a dominant mechanism that
is characterized by an efficiency larger than the E4 rule
characteristic of TPP.

Additionally, the TPP and thermal PL mechanisms
exhibit distinct characteristic times that we have inter-
rogated by simulating two-pulse correlation of TPP. Ex-
ploring the effect of thickness and fluence in the TPP
region, the dynamics associated with two-pulse illumina-
tion is controlled by the pulse duration, which in this
case is of the order of 150fs, whereas for thermal PL
the characteristic times are found to be of the order of
picoseconds, in agreement with available experiments.
Our explanation of such experiments is thus introducing
thermal PL as a new ingredient whose importance has
been previously overlooked. Additionally, lateral ther-
mal diffusion becomes relevant for extended films, yield-
ing smaller characteristic decay rates compared to finite
systems such as nanoparticles, where diffusion is limited.

Further analysis is still required to understand NPL
emission from few-atom-thick gold films. We expect that
the changes associated with spatial confinement in the
band structure will manifest in the TPP signal for metal
films of thickness below 10 MLs (~ 2.3nm), which is

J

a regime accessible to state-of-the-art sample prepara-
tion [8]. We envision that the use of atomically thin films
with crystalline surface quality will be crucial in the next
generation of nanoscale photonic devices, and therefore,
the understanding of their optical properties constitutes
a current challenge demanding additional explorations in
the line suggested by the present work.
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APPENDIX
Appendix A: Electronic properties of metal films

We characterize the electronic structure of a film by calculating the one-electron energies &; k as a function of wave
vector k within the Brillouin zone for each band index i (see the details in below), from which we compute the DOS
(see Fig. 7a in Supplementary Figures) according to

PP(E) = - 3 oD ~ £, (A1)
ik

where V' is the unit-cell volume, g denotes the weight of each k point (here set to )", gx = 2 to account for spin
degeneracy), and the function

L e
reE) \/ﬂhoe
introduces a phenomenological linewidth that we set to hic = 0.1€V in order to avoid artefacts associated with the
discretized k-space. The density of occupied states is then defined as Q(€) = p3P (&) f(€, T), where the FD distribution
at temperature T is computed from eq (2), which involves the chemical potential u(T) (see Fig. 7b in Supplementary
Figures). Finite temperature effects are incorporated by computing u(T) self-consistently, imposing the conservation
of electron density [49]

(A2)

wP = [ ag e ) (A3)

We also require the energy density

ur) = [ T dg € FET)E), (Ad)
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from which we obtain the specific heat (Fig. 7c in Supplementary Figures) as
ou
C.()=|=) . A5
®-(5). (5)

Appendix B: Thermo-optical response

We consider an extended thin metal film illuminated by a well-collimated ultrafast optical pulse impinging normal
to the film along the z direction, such that the electric field within the film can be approximately written as

E(z,t) = EgA(2)/G(t)e!F===wmt) L ¢ (B1)

where wy, is the pulse carrier frequency, the function A(z) accounts for the spatial profile produced by scattering at

the film surfaces, and
_ [410g(2) t—2A\>
(1) =y " E expf-aog(2) (£ ) ) (B2)

characterizes the temporal Gaussian envelope of the pulse, with a FWHM pulse duration A satisfying the normalization
condition ffooo dtG(t) = A. Incidentally, we introduce an offset of the pulse center such that the light intensity is
negligible at ¢t = 0. The power absorbed by the film is then given by

S(z,t) = IokTm{ew (W)} |A(2)* G(t), (B3)

where e, (w) is the bulk dielectric function of the metal and the peak intensity Iy = F/A = 27nc|Ey|? is specified in
terms of the pulse fluence F'. For the two-pulse calculations, we superimpose a copy of the original pulse, delayed by
a time 7, so that we make the substitution G(¢t) — G(t) + G(t — 7) in eq (B3).

Heating caused by optical pumping produces a raise in the electron temperature T and the lattice temperature 77,
which we describe with the TTM given in eq (1), in which C, is the electronic heat capacity from eq (A5), k.(T,1;) =
koT /Ty is the electronic thermal conductivity in the linear-temperature-dependence regime, with kg = 317 Wm~—'K~!
for gold [50], and G = 2.2 x 1016 Wm 3K~ is the electron-lattice coupling coefficient [51]. Incidentally, we consider
wide pump spots illuminating the samples, so for simplicity, we assume no dependence on lateral position. This
assumption is exact for extended plane-wave illumination, but it should be a good approximation for large optical
spots compared to the film thickness. Thus, the electron temperature T'(z,t) is governed by the one-dimensional
diffusion problem of eq (1), which is further simplified by assuming a constant lattice temperature T;(t) ~ To = 293 K.
This approximation provides a simplified description of the lattice electron cooling channel, and is justified for the
pulse fluences considered in this work. The dependence of the electron temperature on distance to the surface and
time is illustrated in Fig. 8 in Supplementary Figures for the types of pump pulses and thicknesses here considered
as obtained by numerically solving eq (1).

The above calculation involves the optical field profile A(z) across the out-of-plane direction (see eq (B1)). Such
profile is obtained by accounting for refraction and transmission at the film surfaces at z = 0 and z = d as well as
propagation inside the film of thickness d. The metal is described by a dielectric function €, (w) and the film is hosted
in a homogeneous dielectric medium of permittivity eq = 1. We approximate the profile by computing it at the central
wavelength, such that the optical field consists of plane waves that propagate in the z direction with wave vectors
kj = w,/€;/c in the metal (j = m) and dielectric (j = d) media. We consider normally incident light, and therefore,
the electric field is along an in-plane direction. Then, solving the electromagnetic boundary conditions, we find that
the spatial profile of the electric field reads

eikdz + Refikdz’ 2 < 0,
A(z) = { T'elfmz 4 Rle=kmz 0 < 2z < d, (B4)
Tetkaz, d< z,

where the film external reflection and transmission coefficients R and T, and their respective counterparts R’ and T’
within the film, are defined by

R— (e2kmd — 1)rqp, T :tdmtmde*i(’“d’km)d (B5a)
1 —r2 jel2kmd ~ 1—r2 jei2kmd 7
b @iZhmd t

R/ _ ldm"'md T/ _ dm (B5b)

T _ 2 ai2knd’ _ 2 i2kmd’
1—rfg4e 1—rige
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and expressed in terms of the single interface reflection and transmission coefficients r.p, = (\/€r — v/€a)/(v/€b + /€a)
and tap, = 2\/€./(\/€p + y/€a) for {a,b} = {m,d}. Here, the temperature-dependent dielectric function of the metal is
assumed to be [43]

w?

m 7T7 1)) = €0 — 7})7 B6
e, T = oo = oy (B6)
where the background polarizability e, = 9.5 accounts for screening of interband transitions, fuw, = 9.06€eV is the
bulk plasma frequency [52], and the phenomenological damping rate y7 = (T, T;) = v°~¢(T) +~°"P(T}) is comprised
of temperature-dependent electron-electron and electron-phonon contributions that are defined as [53-55]

maf T,

e—e — 2 2 e—ph ~ -
PT) = KT and 4o NT) o (®7)

in terms of scattering coefficients o and 8. For gold, we take scattering parameters o = 0.55 and 8 = 0.77 [53], a
Fermi energy ¢ = 5.53€V [49], a Debye temperature p = 170K [55] equivalent to kgfp ~ 15meV, and an inelastic
broadening hyy, = 39.5€V, such that hy(Tp, Tp) ~ 71 meV at room temperature, in agreement with measured optical
data [52].

Appendix C: Electron temperature evolution in the thermalised regime

Thermal effects have a much longer time scale (of the order of picoseconds, as seen for 7y, in Fig. 10 in Supplementary
Figures) than the optical pump region that extends up to ~ 300fs after the peak, which corresponds to twice the
pulse FWHM. Therefore, after the pump is gone, the temperature quickly thermalises across the film (see Fig. 8 in
Supplementary Figures) and eq (1) for the TTM becomes

CAT)0,T = —G(T - T)). (C1)

For temperatures < 5 x 103 K, the heat capacity depends linearly on the temperature as C,(T) ~ 7T (see Fig. 7c in
Supplementary Figures), in which case the solution of the above differential equation can be obtained analytically as

G T, - T,
—t=(T; —-T)+1T;1 , C2
Y ( )+ Tiln (T -1 > (©2)
which, for short times when the temperature 7T'(t) is similar to the initial temperature T;, leads to a linear time
dependence T'(t) ~ T; — (G/v)t. Such linear behavior can be appreciated in Fig. 8c,f,i in Supplementary Figures

Appendix D: Lateral diffusion

In the case of thin films (thickness below ~ 50 nm), diffusion in the perpendicular direction to the surface occurs
rapidly (see Fig. 8 in Supplementary Figures), and therefore, the diffusion equation considering a homogeneous
excitation (e.g., excitation Gaussian beam) retaining lateral thermal flux terms yields

Ce(T) 8T = R™'0 [Rke(T)ORT] — G(T — ), (D1)

in cylindrical coordinates, where R is the radial coordinate starting from the center of the excitation source. If we
only consider the dispersion part (i.e., neglecting the coupling to the lattice term G(T — T})), and assuming that we
are in the linear regime of the heat capacity C.(T) ~ T (see Fig. 7c in Supplementary Figures), the above equation
is satisfied by

Tio R?

T(R,t) = ———————¢ 2430/t (D2)
o2 +8(k/v)t

provided a spatially Gaussian distribution as an initial condition, which corresponds to a Gaussian that keeps the
integrated area constant at any time. Interestingly, near the center of the Gaussian (i.e., R ~ 0), the time for
which its temperature drops 1/e from the initial value T} results in 74 = o2(e? — 1)v/8k, which for a beam waist
o~ \/2=400nm, k = ko/T; = 1.08 Wm ™!, and v ~ 70 Jm 3K ~2, give rise to 74 ~ 8 ps.
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Appendix E: Electronic dynamics

The electronic distribution of the metal film is described by the occupation factors 0 < p;(k) < 1 of band i at wave

vector k, which are initially determined by the FD distribution of eq (2) at temperature Tp (i.e. pg )( k) = f(&x, To))-
The time evolution of the electronic distribution during optical excitation and subsequent thermahzation is described
by the population rate equation given in eq (5). The electronic wave vector k is assumed to be conserved in the
transitions associated with light absorption or emission, as the photon momentum is negligible compared to the
size of the Brillouin zone at the optical frequencies under consideration. Nevertheless, non-vertical transitions are

phenomenologically incorporated through the thermal relaxation term in eq (5). The optical excitation is described
1) (2

through a rate 7> = v;;” +7;; ", comprising a linear absorption component,
27
’71(]1)(15’&)111) = %Egg(t)mm?ZF(&j :I:hwin), (El)
+
and a two-photon absorption part,
2

2w
73 (twin) = S E3GH(6) Y T(Ej + 2hw) Y
+

a,b={z,y}

(E2)

Z il (l.ulj b
7 glj + hwiy + iho

both expressed in terms of the linewidth of the final state I'(€) given in eq (A2) the field intensity |Eq|? = Io/2mc,
the temporal pulse profile G(t) in eq (B2), the energy differences &;; = &; x — & k, and the electronic transition dipole
matrix elements p;; = —e(i, k|R|j, k) [56], with in-plane coordinates R = (x,y). Note that the two contributions at
frequencies +w in either optical excitation process account for absorption (+) and stimulated emission (—) that excite
or de-excite electrons when the population difference p; — p; is nonzero according to eq (5). Spontaneous emission
acts only to de-excite electrons to lower energies at a rate

253
3714

Y = i *0(E; — &), (E3)

which is directly related to the Einstein A-coefficient [57].

Appendix F: Density-functional theory (DFT) calculations

We obtain the one-electron band structure (e.g., see Fig. 11 in Supplementary Figures) and dipole transition matrix
elements of thin gold films consisting of up to 50 MLs from density-functional theory (DFT) calculations using
Quantum Espresso [58] combined with the Perdew—Burke-Ernzerhof (PBE) [59] parametrization of the generalized
gradient approximation. We adopt optimized norm-conserving Vanderbilt [60, 61] pseudopotentials with a kinetic
energy cut-off of 80 Ry. Energy minimization yields a bulk lattice constant of 4.155 A, which we use to construct thin
gold films by fixing the interatomic bond distances. A vacuum spacing of 10 A is introduced in the vertical direction
to avoid spurious interactions between neighboring cells. We use a 24x24x1k-grid to calculate electronic structures.
Using the resulting Kohn—-Sham wave functions and eigenvalues, we obtain the transition dipole matrix elements ;;
using the YAMBO code [62].

Appendix G: Experimental methods

The gold flake sample was synthesized in an endothermic reduction of HAuC;4 precursor, following the prescription
of refs 63 and 64. In short, 20 ul of 0.5 M aqueous solution of HAuCyy was mixed with 5 mm of ethylene glycole
(both reagents from purchased from Sigma Aldrich) and vigorously stirred. Further, a pre-cleaned (ultrasonication
in acetone, isopropyl alcohol and deionized water) glass cover slip (Menzel 1) was immersed in the solution and left
on a hot plate at 100°C. After 24 h, the glass cover slip is removed from the growth solution, rinsed with isopropyl
alcohol and deionized water, and dried in a nitrogen flow. This procedure results in a large batch of gold flake samples
with varying thicknesses. An optical image, atomic-force microscope topography and a NPL confocal map of the
investigated flake sample are shown in Fig. 12a-c in Supplementary Figures.

Two-pulse correlation measurements were performed using an experimental setup based on a custom-made scanning
nonlinear microscope (schematics of the setup are shown in Fig. 12g in Supplementary Figures). The laser source used
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in the experiment is a mode-locked titanium-sapphire (Ti:sapph) oscillator (Tsunami 3941 by Spectra-Physics), which
provides approximately 120 ps pulses with central wavelength 800 nm. The delay between the pulses is controlled by
moving a mirror in the delay arm of the Michelson interferometer setup, through which the laser beam goes before
entering the microscope. In the two-pulse correlation measurements, we detect only the NPL content of the broad
nonlinear signal (see spectral measurements in Fig. 12d in Supplementary Figures): the second-harmonic peak is
filtered out using an appropriate band-pass filter. The measurements were performed in reflection mode, using a
NA = 0.9 objective to focus the excitation light down to a diffraction-limited spot (~ 1 ym diameter) and collect the
nonlinear signal. To maximize the signal, we used approximately 10 mJ/cm? fluence (averaged within the focal spot),
which, according to our fluence dependence measurements (see Fig. 12e in Supplementary Figures) is still within the

two-photon process range.
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FIG. 7. Electronic and thermal properties of bulk gold. We compare results obtained from the free-electron model [49]
(red curves) and from the electronic band structure calculated by using Quantum Espresso (blue curves). (a) Density of states
per unit of volume and electron energy. (b) Temperature dependence of the chemical potential relative to its value at zero
temperature (i.e., the Fermi energy Er). (c) Specific heat.
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FIG. 8. Evolution of the electronic temperature in optically-pumped gold films. Heat dynamics for an ultrathin film
of 10 nm thickness (a-c), a medium-size film of 100 nm thickness (d-f), and a thicker film (500 nm) resembling a semi-infinite
medium (g-i). We consider irradiation by a normally-incident 150 fs Gaussian pulse of 10 mJ/cm? fluence and 800 nm central
wavelength. Panels (a,d,g) show the power density absorbed from the optical pump as a function of time (horizontal axis) and
depth (vertical axis). Panels (b,e,h) show the time- and depth-dependence of the resulting electronic temperature. Panels (c,f,i)
show the temporal evolution of the temperature at the top (facing the illumination) and bottom film surfaces, as extracted
from (b,e,h). The ultrathin film (a-c) has a nearly uniform distribution of power absorption and temperature as a function of
depth. Absorption does not reach beyond the skin depth in thicker films, from which thermal diffusion extends the temperature
increase towards deeper regions, and eventually relaxation to the lattice causes a decline in temperature.
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FIG. 9. Photoluminescence dependence on fluence and thickness. Using information from Fig. 3 in the main text,
panel (a) characterizes the slope of the evolution of PL as a function of thickness and fluence. Shaded areas indicate the NPL
and PL regions, where the dashed lines labeled with roman numbers (i), (ii), and (iii) mark the contours for which the slopes
are 1, 2, and 3, respectively, coordinated with the corresponding marks in Fig. 3. Similarly, panel (b) shows the maximum
electron temperature, while (c) depicts the fitting of the decay rate of the normalized intensity in the pump-probe simulations,

both of them in logarithmic scale.
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FIG. 10. Thermal characteristic time. We plot 7tn = C.(T)/G as a function of electronic temperature, with the heat
capacity Ce(T) taken from Fig. 7 and G = 2.2 x 10" Wm 3K~ [51].
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FIG. 11. Band structure of few-monolayer Au(111) films. Electronic band structure of Au(111) films consisting of (a)
8 ML, (b) 12 ML, (c) 20 ML, and (d) 50 ML. The red lines highlight the surface states. The shaded areas indicates the zones
near the I’ (beige color), K (green), and M (light purple) points. The dashed black line fixes an energy +hwin ~ +1.55 eV
above and below the Fermi energy respectively.
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FIG. 12. Spectroscopy and time-resolved NPL measurements of a gold flake (a) White-light reflection optical
micrograph (scale bar: 10pum). (b) Atomic force microscope (AFM) topography map of the sample region. (c) NPL confocal
scan image of the sample (scale bar: 10 pm). (d) Nonlinear spectra acquired at three positions corresponding to three different
thicknesses of the gold flake. (e) Power-dependence measurements acquired at the center of the flake (thickness of ~ 22nm).
(f) Full-range (i.e. zoom-out of the curves shown in Fig. 5 in the main text) plot of the two-pulse correlation measurements
at the same three positions as in (d) compared with a two-pulse correlation trace acquired from a LiNBOs crystal (SHG).
(g) Experimental setup used to perform spectroscopy and two-pulse correlation measurements, consisting of the following
components: excitation laser source (Ti:Saph mode-locked oscillator, approx. 120 ps pulsed output, Tsunami 3941 by Spectra-
Physics); half-wave plate (HWP); polarizer (P); beam splitter (BS); fixed mirror (M1 ); moving mirror mounted on a motorized
translation stage (Ms); dichroic mirror (DM); band-pass filter (BPF); lens (L); single-photon detector (photomultiplying tube,
PMT); spectrometer (S); reflected light detector (silicon photodiode, PD).
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