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ABSTRACT: Photoluminescence from metal nanostructures
following intense ultrashort illumination is a fundamental aspect
of light−matter interactions. Surprisingly, many of its basic
characteristics are under ongoing debate. Here, we resolve many
of these debates by providing a comprehensive theoretical
framework that describes this phenomenon and support it by an
experimental confirmation. Specifically, we identify aspects of the
emission that are characteristic to either nonthermal or thermal
emission, in particular, differences in the spectral and electric field
dependence of these two contributions to the emission. Overall,
nonthermal emission is characteristic of the early stages of light
emission, while the later stages show thermal characteristics. The
former dominate only for moderately high illumination intensities
for which the electron temperature reached after thermalization
remains close to room temperature.
KEYWORDS: plasmonics, electron nonequilibrium, photoluminescence, thermo-optic effects, metal nanoparticles

1. INTRODUCTION
1.1. General Background. The emission of light from

metals following illumination, known as metal photolumines-
cence (PL), is a fundamental aspect of light−metal
interactions. Surprisingly, this phenomenon is far from being
understood, with its main features having been under debate
for decades.1 For example, there is not even agreement on
whether the emission is due to electronic Raman scattering
(whereby absorption and emission occur with no delay and
with phase correlations) or due to radiative recombination (for
which a delay does occur and the emission has no phase
correlation with the exciting photon) (see, e.g., ref 2). For the
relatively simple scenario of emission under CW illumination
(CW PL), the emission statistics (i.e., Bosonic or Fermionic)
or whether it is thermal or nonthermal (sometimes dubbed as
“hot” PL) have remained unclear,3,4 and the interplay among
excitation wavelength, resonance position, and emission line
shape as well as the differences between the emission and
scattering spectra were not well understood (see, e.g., refs
4−10). Further, in the majority of cases, the emission was
attributed to two-photon interband transitions (usually
referred to as two-photon PL, 2PPL, e.g., refs 11 and 12),
while other studies discussed emission occurring within the

conduction band (see, e.g., refs 7 and 13−15). It was also not
clear whether the emission should be associated with the
electron or lattice temperatures (e.g., ref 4), and there were
different claims regarding the scaling of the emission with the
electric field amplitude, the nanostructure size, the value of the
quantum yield is, etc.
While some of these arguments recurred also in the context

of PL following illumination by ultrafast light pulses (to be
denoted below as transient PL, tPL) (see, e.g., refs 12, 13, and
16−21), this scenario raised additional arguments. Specifically,
there is a range of different claims about the electric field
dependence of the emission, it being associated with the integer
number of photons absorbed at the stage preceding the
emission. Indeed, there have been reports of linear scaling (see
refs 13, 14, and 22), two-photon absorption (2PA)17,23 (or, as
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mentioned, 2PPL), three-photon absorption,24 multiple power
laws (2- to 4-photon absorption,25 3- to 5-photon
absorption,26 4- to 6-photon absorption27) and even up to 8-
photon absorption.28 In contrast, some studies explained the
emission using a thermal model2,18,29,30 such that it is thought
of as thermal emission from an object with an optically
induced transient electron temperature.2,31,32 In particular, in
ref 2 the emission was interpreted via the “two temperature
model” (TTM). Such models give rise to noninteger power-law
scaling (see e.g., refs 18, 29, and 33).
The thermal models for the emission came along with the

suggestion to spectrally resolve the emission.2,18,21,26,29 Indeed,
most earlier experiments measured the total number of emitted
photons at all frequencies collected over many pulses.
However, the frequency-by-frequency account of the emission
in ref 2 was used to show that the emission cannot originate
just from 2PA. In refs 2, 18, and 29, a power-law dependence
of the emission on the illuminating field strength was observed
experimentally and explained assuming that the emission is
purely thermal. In particular, the power-law exponent of the
photon emission rate with respect to the incident intensity (or
equivalently the irradiance, i.e., the incident field strength
squared) at a particular emission frequency ω was shown to
grow linearly with the emission frequency over a very wide
spectral window and for a variety of geometries (random dense
films of both gold and silver nanoparticles (NPs) and later for
sparse gold NP random arrays29). Similar results were later
obtained in refs 4 and 30 for a gold film and Ga spheres.34 The
model of refs 18 and 29 also explained the growing importance
of the blue (i.e., short wavelength) side of the emission upon
an increase of the incident illumination intensity Iinc. These
studies not only further supported the claim that the emission
does not originate from 2PA but also served to support the
claims that the emission originates from intraband recombi-
nation events.29 Interestingly, however, in ref 29 a low-
intensity measurement revealed a different spectral depend-
ence of the emission on the electric field, namely, a step-like
scaling with the incident intensity for the Stokes emission (SE)
and its square for the anti-Stokes emission (aSE).
These rather different views of the physical nature of metal

PL could be associated with three main reasons. First, the
experiments were performed for a wide range of structures and
illumination conditions. Second, only very few studies resolved
the dynamics of the PL spectrally (e.g., as in refs 2, 18, and 29)
or temporally (e.g., as in refs 20, 22, and 35−39) and even
fewer resolved both; this prevented obtaining a deep
understanding of the PL. Third, there was no comprehensive
theoretical basis to explain the experimental data. Indeed,
although the dynamics of electrons following an ultrashort
pulse were well-understood theoretically and experimentally
soon after the emergence of femtosecond lasers (e.g., refs
40−44), this understanding was not employed to resolve the
above disagreements. Specifically, the first attempt to explain
the transient PL from metals using a model that relied on the
detailed electron dynamics was made in ref 45; it relied on the
well-established Boltzmann model for the electron dynam-
ics.41,43,44 The employed approach accounted for the discrete
nature of the electron levels (suitable for 1−2 nm particles46).
However, it treated the excitation crudely in the sense that its
starting point was a maximal deviation from equilibrium due to
a pulse with fixed total energy and infinitesimal duration rather
than a proper modeling of the excitation stage following a pulse
with a finite duration (note, however, that the photon

absorption rate seems to have been vastly overestimated in
some of the calculations in ref 45). Moreover, while this work
computed the e−e transition matrix elements with unusually
high accuracy, it treated e−ph interactions phenomenologi-
cally, by using the relaxation time approximation, so the total
energy of the electron system (hence the intensity of the
emission) might not be captured accurately in that work.47,48

Progress was made in ref 21 by Echarri et al., who used a
similar model which also accounted for the excitation pulse
profile to identify the transition of the aSE from 2PA-based
emission to thermal emission (modeled separately via a single
temperature model).
A somewhat more accurate model was employed in ref 38,

which used state-of-the-art modeling for the e−e and e−ph
interactions as well as photon absorption. The PL was,
however, computed approximately by assuming that the
electron distribution is thermal with an equivalent electron
temperature and using the photonic density of states of free
space; the latter assumption is suitable for metal nanostruc-
tures illuminated away from any resonance, structures having
shallow resonances (which indeed includes the Ag film studied
in that work) or when the (localized) plasmon resonance (PR)
is in the aSE range but is less suitable for single particles which
have a more pronounced plasmon resonance (a scenario
abundant in most other experimental work). Most recently,
Riffe and Wilson’s similarly detailed rigorous analysis of the
ultrafast dynamics of electrons following a short pulse49 was
applied to the reconstruction of the emission measurements in
ref 2. In that respect, these papers did not address directly the
disagreements described above.
Accordingly, the existing work on transient PL from metals

does not actually explain if the emission is thermal or
nonthermal and cannot unequivocally determine the scaling
of the emission with the electric field. In ref 39, an attempt to
separate the nonthermal and thermal components was made.
However, this work also treated the excitation stage crudely
and used rather phenomenological expressions for the electron
dynamics.
Below, we rely on recent progress in the understanding of

CW PL and an application of a complete description of the
electron nonequilibrium dynamics to answer the open
questions associated with the emission statistics and electric-
field dependence, demonstrate the findings in up-to-date
measurements, and use the model to interpret earlier work.
1.2. Recent Progress on CW PL. Recently, following the

progress made in the calculation of the steady-state electron
nonequilibrium in metals under CW illumination47,48 and its
experimental confirmation,50−52 Sivan and Dubi studied the
corresponding light emission (PL) from the metal;53 as has
been done frequently,2 this work circumvented the arguments
on the exact nature of the emission (i.e., being either a
radiative recombination or electronic Raman process) by
adopting the perturbative approach and by not specifying the
exact operator inducing the emission and its associated matrix
elements. Sivan and Dubi showed that the emission consists of
two components. The first is thermal (or, blackbody, BB)
emission, given by Planck’s law, which is proportional to the
average energy, namely

=T
e

( , )
1k TBB e / B e (1)

and which is enhanced by the Purcell effect (via the
multiplication by the local density of photonic states,
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LDOPS, ρphot(ω)); here, ω is the emission frequency, kB is the
Boltzmann constant, and Te is the steady-state electron
temperature.47,48 This term originates from the thermal part
of the electron distribution,47,48 regardless of the value of the
phonon (lattice) temperature. The second component is
nonthermal emission, which, using the approximate analytic
solution derived in ref 48, was found to consist of a series of
Planck-like terms, namely,

[ + + ···]A T B T( ) ( ; , ) ( ; , )E Ephot L e L e
2

(2)

where

=

+

A T
e

B T A T A T

( ; , ) 2
( )

1
,

( ; , ) 2 ( ; , )
1
2

( ; 2 , )

k TL e
L

( )/

L e L e L e

L B e

(3)

Here, ωL is the frequency of the incoming pump photons
and = | |E E( )/E L sat

2 is the ratio of the local field and the
saturation field (see definition in refs 48 and 53) whose value is

5 GV/m for noble metals; δE thus represents the number of
nonthermal electrons, those which are not included in the
thermal part of the distribution. The shifts by ωL are the
signature of the nonthermal (yet, thermal-like) nature of the
emission originating from one-photon absorption events, two-
photon absorption (sequential, i.e., uncorrelated) events, etc.
For CW, which naturally involves no more than modestly

high intensities and electron temperatures, the A term (first
term in eq 2) is overwhelmingly dominant over all other terms
for most experimentally accessible scenarios (i.e., for realistic
temperatures and for frequencies not much higher than ωL).
This makes CW PL a dominantly nonthermal emission effect
(i.e., “hot” PL). It also has a markedly different spectral
signature compared to the thermal emission. Specifically,
considering only the electronic contribution to the emission
(see eq 7 below, obtained by ignoring the LDOPS, or simply
normalizing by it), the nonthermal emission alternates between

rather flat spectral ranges and those where the emission decays
exponentially. As discussed in ref 53, this dependence is similar
to the step structure seen earlier in the context of ultrafast
electron dynamics in, e.g., refs 43 and 54; this contrasts with
the BB emission, which decays exponentially with growing
frequency from a maximal value in the deep infrared region
(see Figure 1).
The analysis in ref 53 enabled the resolution of several

longstanding disagreements, e.g., those associated with the
statistical nature of the emission, its spectral features and
electric-field dependence, the connection to the electron and
phonon temperatures, etc.
1.3. Paper Outline. In this work, motivated by the analysis

of CW metal PL,53 free of simplifying assumptions such as
rapid or effective thermalization,2,18 or neglecting the
excitation stage,38,45 and free of spectral and intensity
limitations of an experiment,18,29 we employ a theoretical
framework that is capable of answering the various open
questions associated with the nature of transient PL from
metals. We begin by providing a heuristic explanation of
transient PL (see Section 2.1). Then, in Section 2.2, we
describe the theoretical model and calculate numerically the
metal PL by solving the Boltzmann equation for the transient
electron dynamics following illumination by a short pulse of a
wide range of intensities (Section 2.3.1); we then use the
extension of the Fermi golden rule expression for the light
emission (derived in ref 53) to calculate the PL and identify
features that can be associated with either nonthermal or
thermal effects, thus enabling the identification of these
contributions to the total transient PL.
The advance offered by our approach is twofold. First, unlike

most previous studies in the context of metal PL following
illumination by an ultrashort pulse,2,38,45 we treat the excitation
stage rigorously rather than phenomenologically. Second,
inspired by the idea of spectrally resolving the emission
introduced in refs 2, 18, and 29 and the analysis of the CW
emission (which exposed the different contributions to the
emission spectrum), we study the evolution of the emission in

Figure 1. Schematic of electron distribution (top row), the electronic contribution to the near-infrared and visible emission (eq 7; middle
row) and the power-law exponent (bottom row) for the nonthermal stage (left) and the thermal stage (right) of the emission. The transition
between these two cases occurs as the dynamics progresses in time, or for higher (average) illumination intensity (Iav), higher electron
temperature, or stronger e−e interactions.
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time. By correlating the distribution dynamics to the emission
dynamics and monitoring the evolution of the spectral
structure of the emission, we draw conclusions regarding the
relative importance of the thermal and nonthermal compo-
nents of the emission.
In Section 2.3.2, we then focus on the scaling of the emission

with the electric field. We show that at low intensities, the
emission is characterized by a power law with a step-like
exponent, and that this is a signature of PL based on
nonthermal electrons. In contrast, at high intensities the power
law attains a smooth linear dependence on the emission
frequency. As shown already in ref 18 and 29 for the NP
clusters and the dense NP films illuminated by relatively high
intensities, this behavior corresponds to thermal emission.
Finally, in Section 2.3.3, we show that cumulative heating
(from repeated illumination of one (or more) particles) can
contribute to the decreasing slope (power-law coefficient) of
the emission intensity with respect to the illumination power
(as reported, e.g., in refs 2, 18).
In Section 2.4, we obtain experimental data of tPL from Au

rods that demonstrate some of the aspects of the nonthermal
emission stage revealed by our analysis and discuss the
signature of these very aspects in earlier work. In Section 3 we
provide a summary of our results and an outlook.

2. RESULTS AND DISCUSSION
2.1. Heuristic Analysis. Unlike the case of PL under CW

illumination,53 an analytical expression for the transient PL is
not available. Nevertheless, based on the CW solution (eqs
1−3), assuming that the electron distribution can be loosely
separated into a thermal and nonthermal part (as done
frequently in this context55), and adopting an “adiabatic” point
of view (i.e., treating the electron distributions at each time
snapshot as if it was a stationary distribution), we expect the
emission to be roughly of the form

[

+

+ + ]

T t

T t t

T t t

( ) ( ) ( ; ( ))

2 ( ; ( )) ( )

( 2 ; ( )) ( ) ...

E

E

tot
em

phot BB e

BB L,0 e

BB L,0 e
2

(4)

Here, T t( , ( ))BB e is, as in eq 1, the Planck (BB) term, i.e.,
it represents the thermal emission, now at a time-varying
electron temperature; note that the phonon temperature plays
no direct role in the emission, i.e., the thermal emission from
the electron−hole recombination is characterized by an
electron temperature that may be radically different from the
phonon temperature. The next terms represent nonthermal
(“hot”) emission, even though they involve frequency-shifted
Planck (i.e., thermal-like) terms; here, ωL,0 is the central
frequency of the illuminating laser pulse and δE = |E(t; ωL,0)/
Esat|2 is the ratio of the (now time-varying) envelope of the
local field (i.e., = +E t c c( ; )e .i t

L,0
L,0 .) and the

saturation field.53 As in the CW case, the first nonthermal
term is proportional to the square of the local electric field, and
the emitted frequency is shifted by one photon-energy
quantum. This term matches the expression adopted for the
electron−hole occupation number in eq 2 of ref 2; further, this
term was interpreted implicitly in ref 2 as having a thermal
origin, yet our analysis shows that the form of this term is
(only) thermal-like. The third term is due to two
(uncorrelated) events of photon absorption, etc.

Different from the CW case, here, Te represents a time-
varying effective (/equivalent43) electron temperature; there
are various ways to determine it (e.g., via the total energy of
the electron subsystem,43,56 via energy balance,44 via coarse-
graining the Boltzmann equation,48 via a TTM,2 etc.), which
nevertheless all give qualitatively similar behavior as well as a
value which, upon completion of the thermalization of the
electron subsystem, emerges to be the actual electron
temperature; thus, for the purpose of the current heuristic
argument, these approaches are equivalent. In general, due to
the various electron collision mechanisms, the temperature rise
is a complicated nonlocal and nonlinear function of the local
field. In some simple cases, solving a single temperature
equation may suffice (see ref 57). In these cases, the electron
temperature increases above the environment temperature Tenv
with the local electric field simply as

= + | |T T T E t( ( ; ) )e env e L,0
2

(5)

Several insights can already be obtained from eqs 4 and 5
and are described schematically in Figure 1. First, after the
initial excitation, the nonthermal contribution to the emission
clearly decays rapidly in time. The heuristic form (eq 4)
implies that this would occur on the timescale of the local
electric field; however, clearly, the actual decay rate would be
determined by the thermalization rate (i.e., it would be
dominated by e−e collisions). In contrast, the BB term persists
for longer times, determined in part by e−ph coupling but
mostly by the much slower heat transfer to the environment.
Thus, one can expect the early stages of the emission to be
nonthermal but the later (post-thermalization) stages to be of a
thermal nature.
Second, following the analysis of the CW case,53 we expect

that up to moderately high illumination intensities (for which
there is negligible light-induced heating), the nonthermal
emission would be far stronger than the thermal emission;
indeed, the latter is generally weak and peaks at the infrared
regime. The thermal emission, however, will be gradually
stronger with growing illumination intensity, because the
(electron and overall) heating would be more significant and
thus make the thermal component stronger and blue-shift it
into the visible frequency range. In a standard measurement,
the emission is time-integrated, so the statistical nature of the
emission will depend on the relative importance of these two
contributions.
Lastly, it becomes obvious (e.g., following Figure 3b of ref

53) that up to moderately high illumination intensities, the
dependence of the PL on the electric field is simply
polynomial, corresponding to the m-photon absorption
terms. In particular, the 2PA term is expected to dominate
the aSE above some frequency; at Te → 0, this frequency is
simply ωL,0, and it grows with Te. Going further, the 3PA term
dominates above 2ωL,0, and so forth. Correspondingly, the
transitions between the spectral regions dominated by m-
photon absorption, and (m + 1)-photon absorption, smear out
for growing Te. However, upon significant heating, the
polynomial description fails due to the (exponential) depend-
ence of the coefficients m T( ; )L,0 e on the electric
field (see eq 5). In both cases, the nonlinearity of the emission
is electronic in nature and is associated primarily with the
transient effect caused by each individual absorbed pulse; the
increase of the phonon and environment temperatures is much
smaller and accumulates only on the timescale of many pulses,
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see discussion Section 2.3.3. Therefore, the temperature rise of
the phonons and environment has at most a modest
quantitative effect on the emission.
Below, we show numerical simulations that support these

heuristic expectations. They, however, also show that the
heuristic solution (eq 4) captures the dynamics only
qualitatively, so eq 4 will serve only for the purpose of
distinguishing the crossover from nonthermal (absorption-
induced) emission to thermal emission.
2.2. Rigorous Theory of Transient PL. Determining the

transient PL requires first knowing the transient electron
distribution dynamics, f t( , ) (with being the electron
energy). We determine f by solving the time-dependent
Boltzmann equation assuming that electron states in the metal
are characterized by a continuous energy variable. In refs 46
and 58, it was shown that for NP sizes as small as 2 nm the
results of this approach are in excellent agreement with the
more accurate discretized momentum-space models.
The electron interactions are accounted for using a standard

model, not much different from that used in the original
studies of the problem (e.g., refs 41, 43, 44, and 55),
incorporating rigorously electron collision mechanisms and
especially the photon absorption events, see Appendix A. Since
the electron dynamics were studied systematically in many
previous articles,38,41,43,49,55 we do not show them here
explicitly. In particular, we account for intraband and interband
absorption events by accounting for the empirical value used
for the imaginary part of the permittivity in Poynting’s
theorem. Thus, we do not account for two simultaneous
photon absorption events from the d (“valence”) band to the
conduction band. As shown below, we are not convinced that
earlier claims for the dominance of these transitions are of
general validity. This rigorous treatment of the absorption
enables us to study the early stages of the PL dynamics, and
hence, to study both the statistical aspects of the emission as
well as its dependence on the electric field. This is the main
distinction of our work from earlier theoretical studies of the
transient emission from metals.38,45

As shown in refs 18, 29, and 30, the emission has similar
characteristics for different particle geometries; thus, except for
its effect on the LDOPS (see below), the nanostructure
geometry in our model manifests itself only in the connection
of the local field to the incident field. In that respect, we
consider only the averaged electric field inside the metal and
rely on the strong electron diffusion59 to justify the assumption
that not only is the temperature uniform in the nanostructure
but also the electron distribution itself. To the best of our
knowledge, there is to date no formulation that treats field and
electron temperature nonuniformities in illuminated metal
nanoparticles in a rigorous manner that can enable going
beyond the assumptions of uniformity and field averaging;
First steps toward this goal were performed only recently in
refs 60 and 61. The assumptions of uniformity certainly hold
beyond the first few tens of femtoseconds or so. The emission
occurring before this stage is a very small fraction of the total
emission; hence, whatever inaccuracies are associated with
these assumptions are expected to be small and do not affect
any of the results in the current manuscript.
We verified that even for the most intense illumination level

used in this work, the emission is much weaker compared to all
the effects accounted for above when calculating the
distribution f t( , ). Thus, the emission can be determined

from the distribution via a perturbative calculation (as done
previously for CW PL in ref 53, using time-dependent
quantum mechanical perturbation theory (Fermi golden
rule)). In particular, in analogy to the steady-state case, the
transient PL (from a point in the metal NP) is given by53

=r t
V

r I t( , , ) ( , ) ( , )em NP
2

0
phot e

(6)

where VNP is the NP volume, ε0 is the vacuum permittivity, and
ρphot is the LDOPS which is set, for simplicity, to have a
Lorentzian-like spectrum centered at ωPR and a width of γPR =
ωPR/10. In that sense, we discuss here only single-mode
emission; it is natural to refer to this mode as the dipolar one,
as it is observable by far-field measurements. This also allows
us to suppress the intricate dependence of the LDOPS on the
spatial coordinate. Finally, the electronic contribution to the
emission is given by

= | + | +I t t( , ) ( , ) ( , , ) de
0

2
J

max

(7)

where max represents the top of the conduction band, is the
dipole moment transition matrix element, and ρJ is the
population-weighted joint density of pair states, given by

= { | | }{[ | | ]

}

t

f t E f t E

( , , ; )

( , ; ( ) ) ( ) 1 ( , ; ( ) )

( )

J f i L,0

i L,0
2

e i f L,0
2

e f (8)

Here, = +i f are the initial and final electron energies
involved in the emission of a ω photon.
We note that the final state f can, in principle, be either in

the conduction band or in the d (“valence”) bands (see, e.g.,
refs 55 and 62 for more details on metal band structure); the
corresponding matrix elements for these two processes are
comparable. Indeed, converting the value reported in ref 63 for
the expectation value of the momentum operator to the dipole
matrix element and ignoring the degeneracy gives

×1.8 10 29 Cm (for an interband transition occurring near
the X point of the band structure of the metal), whereas the
value obtained in ref 46 for an intraband transition of energy
ℏω = 1.8 eV to a state away from the Fermi level is 3.81 ×
10−29 Cm

L
nm where L is the particle size (in nm). When the

final state belongs to the d bands, the hole occupation is
essentially negligible,55,62 a fact which immediately shows that
the contribution of transitions to the lower d electron bands is
negligible with respect to the intraband PL. This conclusion is
in line with the reports of refs 18, 29, and 30 that the (t)PL has
similar characteristics for different materials (Au and Ag) and
justifies focusing on the electron distribution in the conduction
band only.
Where necessary, in order to mimic the experimental

data,2,18,29 we integrate the emission over time (for a single
excitation pulse). In this case, the total emission is given by

=

=

I I t t

t t

( ) ( , ) d

( ) ( , ) d

f

e

f

e,tot
0

1/

tot
em

0

1/
em

rep

rep

(9)

where f rep is the pulse repetition rate.
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2.3. Numerical Results. Following ref 29, we assume that
the Au nanorod studied in ref 29 is illuminated by a τL = 85 fs
long (Gaussian) laser pulse with a central frequency ωL,0
corresponding to a wavelength of 700 nm, the incident
intensity being given by =I t I e( ) t

inc 0
4 ln2 /2

L
2
and average

intensity of Iav = I0τL f rep ≈ 0.1−10 kW/cm2, with I0 being the
peak intensity and f rep = 80 MHz being the pulse repetition
rate (i.e., starting at somewhat lower values and going up to
somewhat higher values compared to those used in ref 29).
Notably, the population of high-energy electron states never
exceeds a few percent even for the highest illumination
intensities used.
2.3.1. Distribution and Emission Dynamics. We first show

the calculated distribution ( f t( , ); Figure 2a) and PL

(Γem(ω, t); Figure 2b,c) for a moderately high energy pulse
(0.5 pJ, equivalent to Iav = 0.1 kW/cm2); for convenience,
cross sections of the electronic contribution to the emission
(Ie, eq 7) are shown as well (Figure 2d).
2.3.1.1. Dynamics. We observe that the emission intensity

initially grows together with the illuminating pulse intensity
and the high-energy nonthermal electron occupation proba-
bility (see Figure 2a,b); the emission peaks at a slight delay of a
few tens of femtoseconds with respect to the pulse, together
with the peak of the high-energy nonthermal electron
occupation.
Beyond this stage, the PL intensity decreases with time at a

rate that is a nontrivial combination of both e−e and e−ph
interactions (see related discussions, e.g., in refs 20, 38, 40, 49,

55, and 64). Overall, the decay rate is on the order of a few
hundred femtoseconds. In that sense, it is slower compared to
the decay rate of the high-energy electron occupancy
(determined by e−e collisions) and to the pulse duration;
this illustrates the inaccuracy of the heuristic analysis of
Section 2.1. The decay rate, however, is commensurate with
the decay rate of the effective electron temperature
(determined by e−ph collisions) as deduced from the total
energy in the electron subsystem (see Figure 2a).
A more careful look at these data sets shows that the

emission of high-frequency photons decays faster than the
emission of lower-frequency photons (Figure 2b); this
observation matches the experimental observation in Figure
1 of ref 20. This is also in line with Fermi’s liquid theory
(FLT),65 which predicts that the electron collision rate is faster
the further away the energy is from the Fermi energy, i.e.,

[ + ]k T( ) ( )e e
1

B e
2

F
2 . Indeed, as shown already in

ref 66 and later in, e.g., ref 67 in the specific context of tPL, the
occupation of higher-energy electrons decays faster than that of
lower-energy electrons, thus causing high-frequency emission
to decay faster than low-frequency emission. Being a
characteristic of the transition from a nonthermal to a thermal
distribution, this observation further supports the interpreta-
tion of the peak (i.e., early emission) as nonthermal light
emission. Specifically, the lower frequency emission (black line
in Figure 2b) decays on a scale commensurate with the
electron temperature decay (orange line in Figure 2a); this
happens due to electron cooling via e−ph interactions. In
contrast, the emission at higher frequencies initially decays
more rapidly, in correlation to the decay dynamics of the
occupation (blue line in Figure 2a), as predicted by Fermi’s
liquid theory; the post-thermalization stages of the emission,
however, occur on the timescale of the electron temperature
decay, as expected.
As discussed in refs 38 and 49, the dynamics are affected

only in a modest quantitative manner by somewhat different
e−e interaction strengths (compare Figure 4b,c in ref 38). For
the purpose studied here, stronger e−e interactions would
make the thermal emission component relatively stronger
compared to the nonthermal part (see Figure 1). Similarly,
there are only modest quantitative changes for longer
illumination pulses, amounting to a smearing of the electron
distribution and PL dynamics.
However, the dynamics are modified more significantly

when the illumination intensity increases. Under such
conditions, the thermalization occurs more rapidly.20,38,55,66

As a result, the contribution to the emission from the late
(thermal) stages of the dynamics becomes relatively more
important for strong illumination compared to moderate
illumination. Because of all this, at the later stages of the
emission and for higher excitation intensities, the emission
should be thought of as dominantly thermal light, in agreement
with the interpretation in ref 2 (obtained by studying emission
from longer pulses than ours (0.45 and 2 ps)) and refs 18, 29,
and 30. Simply put, the reason for the stronger thermal
characteristic at higher intensities is that under these
conditions, Te is higher, so the thermal component is
correspondingly more significant.
One should also note that the thermal component of the

emission persists until the arrival of the next pulse in the pulse
train, i.e., far longer than the subpicosecond extent of the
nonthermal emission. This is particularly significant for the aSE

Figure 2. Metal PL following illumination by a 0.5 pJ (Iav = 0.1
kW/cm2), 85 fs long pulse centered at ℏωL,0 = 1.77 eV. (a)
Dynamics of the electric field (dashed black line), electron
distribution (at the high energy of 6.3 eV, blue), and effective
electron temperature (orange). (b) log10[Γem(ℏω = 1.05, 1.77,
2.36, 3.28 eV; t)] shown by black, red, orange, and green solid
lines, respectively. The emission at the higher frequencies is
naturally weaker but also decays faster due to FLT. (c) PL spectra
at different times, log10[Γem(ω; t = −100, 0, 100, 200, 300, 400
fs)], shown by black, blue, red, green, cyan, and magenta solid
lines, respectively. (d) Same as in (c) for Ie(ω, t). The vertical
dashed black line in the plots shows the position of the plasmon
resonance (PR) at ℏωPR = 1.15ℏωL,0 ≅ 2 eV.
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(e.g., the green curve in Figure 2b) and for high intensities
(Figure 3b), for which the peak of the emission (the

nonthermal component) is not much higher than the late
emission (i.e., the thermal component); thus, when the
emission is integrated in time, the orders-of-magnitude longer
extent of the thermal emission may convey a higher relative
importance of thermal emission compared to a time-resolved
data acquisition. In that respect, the repetition rate may affect
the conclusion about the nature of the emission if judged via
the time-integrated spectrum.
2.3.1.2. Emission Spectra. As shown in Figure 2c,d (also

compare to Figure 1), the spectrum of the emitted light
(normalized by the LDOPS) in the initial stages of the
dynamics exhibits the step-like structure observed in the CW
case;53 in particular, the emission spectrum is determined by
the LDOPS, but its blue side is quenched by the electronic
contribution, Ie. This structure, however, gets gradually
smeared into the monotonically decreasing spectra character-
istic of thermal emission; this is seen also in the time-
integrated spectra of Figure 4a.
An additional aspect of the transient emission, which has

been under debate, is the dynamics of the spectral line shape.
Unlike the claim in ref 45, we observe in Figures 2c and 3c that
the peak of the emission spectrum does not vary in time.
Again, this is seen also in the time-integrated spectra of Figure
4b. However, the red (i.e., low-frequency) side of the spectrum
decays more slowly than the blue (high-frequency) side. This
behavior can, again, be traced to the overall decrease in the
occupation of high-energy electron states, resulting in an
overall red shift of the spectra. Notably, for systems with a flat
resonance (such as films), this effect manifests itself as a
continuous red shift of the spectrum (see the measurements in
ref 20). Figure 4b also shows that the blue (aSE) side of the
emission spectrum broadens with growing illumination
intensity, as predicted and observed in refs 18 and 29. The
reason for this is that the aSE is connected to the thermal part
of the electron distribution and of the emission (see discussion
in refs 3, 15, 53, and 68), which naturally grows with the

illumination intensity. This behavior was referred to as a
spectral blue shift;18,29,45 indeed, the moments of the emitted
spectra blue shift with the illumination intensity.
2.3.2. Quantifying the Dependence on the Electric Field.

The time-integrated emission spectra shown in Figure 4a,b
enable the extraction of the dependence of the tPL on the
electric field strength. In particular, following refs 18, 29 (see
Appendix B), we linearly fit a double-logarithmic representa-
tion of the emission tot

em as a function of irradiance Iav for each
frequency in the emission spectrum, i.e., we determine the
spectrum of the power-law coefficient p in I( )p

tot
em

av . For
this purpose, typically only a narrow range of irradiances is
used such that p constitutes an effective coefficient of
nonlinearity local in both emitted photon energy and
illuminating irradiance.
In Figure 4c we show the results of the application of the

power-law extraction algorithm of refs 18 and 29 on the
numerical data shown in Section 2.3.1. For only moderately
high illumination intensities, one can see a rather clear step
structure. Specifically, we obtain p = 1 for the SE and p = 2 for
the low-frequency part of the aSE (i.e., frequencies only
modestly above ωL,0); at emission frequencies higher than
2ωL,0, we observe an additional step of p = 3, which has not
been reported before. The general staircase-like structure of
this spectrum of power-law coefficients is also evident in
simulations devoid of electron−electron and electron−phonon

Figure 3. Same as in Figure 2 for an incident pulse energy of 50 pJ
(Iav = 10 kW/cm2). The almost immediate emergence of thermal
characteristics in the emission is apparent.

Figure 4. Time-integrated spectra of (a) the electronic contribu-
tion (Ie,tot) and (b) total emission spectra ( )tot

em as a function of
emission frequency for different illumination intensities in the
range spanned by the levels in Figures 2 and 3. All other
illumination parameters are the same as in those figures. The
legend corresponds to the values of the average incident
illumination intensity Iav in kW/cm2. (c) Power-law exponent
extracted from the rigorous numerical simulations for various
excitation intensities (0.8−1.25 pJ in magenta; 12−18.75 pJ in
blue; 40−62.5 pJ in black). For the lower pulse energy, we also
show the power law obtained from the electron scattering free
analysis described in Appendix B. (d) Time-integrated emission
spectra for an illuminating pulse energy of 62.5 pJ (Iav = 12.5 kW/
cm2). The spectra accounting for 300 and 550 K background
temperatures are shown by the solid and dashed lines, respectively,
and the dynamics accounting also for the reduced quality factor
(due to the increased imaginary part of the permittivity) is shown
by the dash-dotted lines. The plot shows only the spectral range
near the emission peak.
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interaction (see Appendix C). These observations are in line
with the predictions of the heuristic model (Section 2.1) and
hence are a clear signature of the dominance of the tPL by
nonthermal emission. Notably, this step-like behavior also
matches the experimental observations of tPL in Figure 3b of
ref 29 for low illumination intensity from a single Au nanorod;
for the aSE, a p = 2 exponent was also observed in Figure 2B of
ref 2; our model also matches the observation in ref 22 of a p =
1 exponent for the integrated spectrum, which is naturally
dominated by the SE. Notably, this power law is attained even
in the absence of interband transitions, so the popular
attribution of the PL nonlinearity to simultaneous two-photon
interband transitions, dating back as early as refs 11 and 12,
does not seem to be of general validity. Instead, one should
understand the result as an effective nonlinearity averaged over
multiple sequential electron excitation pathways, as pointed
out by Knittel et al.69

Spectrally narrow transitions between these regimes of
constant nonlinearity are found at frequencies near integer
multiples of the excitation laser frequency. The shape of these
transitions is a representation of the electron distribution
existing before the arrival of the laser pulse and can be used to
determine the average lattice temperature. With increasing
illumination intensity, the transitions distinctly shift toward
lower photon energies, as detailed in Appendix C, and the
staircase-like pattern in the power-law exponent spectrum
gradually evolves into a straight line. The latter behavior is a
clear signature of thermal emission, as it was shown in ref 18
that for thermal electron distributions, the emission obeys

[ * ] [ *]I I p I Ilog ( ))/ ( )) ( ) log /BB 0 BB 0 0 0 (10)

with p(ℏω) = ℏω/(akBT*); this relation can be derived for a
narrow range of illumination intensities around any reference
illumination intensity *I0 and reference electron temperature
T* and under the approximation that the illumination intensity
dependence and the electron temperature are related via

* = *T T I I( / ) /a
0 0 as expected for an electron gas. Here, a is an

order unity dimensionless number; this relation is indeed the
high-temperature limit of eq 10 for a = 2. Notably, the
transition from a staircase to a linear power law happens for
low frequencies (SE) at relatively low intensities and for high
frequencies (aSE) at higher intensities. This agrees with the
above heuristic interpretation (Section 2.1), namely, that the
thermal contribution becomes stronger and shifts from the
infrared into the visible spectral range as the illumination
intensity grows. For a more detailed description of the power-
law results, see Appendix D.
We note, however, that for high emission frequencies, the

power-law exponent may undergo some changes once
additional physical effects are taken into account. The reason
for this is that the emission at such frequencies would not only
depend on the exact population at low electron energies in the
conduction band but also on the population of the various d
(“valence”) bands which are not accounted for in the current
study. Moreover, the high-frequency emission will be limited
by the band edge (vacuum level).
2.3.3. Role of Cumulative (Steady-State) Heating and

Permittivity Changes. In all our calculations, we neglected the
small transient changes to the permittivity during each pulse
absorption event.55 However, even though the absorbed heat is
mostly transferred to the environment before the arrival of the
next pulse, a small fraction of it increases the electron and

phonon baseline temperature of the NP (and environment)
slightly. Thus, it is clear that the temperature of the system will
gradually grow due to accumulation of this residual absorbed
energy after a sufficiently large number of pulses.70,71 This
effect becomes stronger in the case of heating from adjacent
illuminated NPs.70−72 Such long-term cumulative heating (of
the electron, phonon, and environment temperatures) by
several hundreds of degrees gives rise to a thermo-optic
nonlinearity, namely, it is expected to cause changes to the
(steady-state) metal permittivity73−75 and, hence, to reduce the
local field strength,76−78 such that the steady-state temperature
rise will become sublinear with respect to the irradiance.
Eventually, the heating will cause surface melting and volume
changes, particle reshaping, and ultimately sample damage.79,80

In order to determine this long-term steady-state temper-
ature rise via numerical simulations, one needs to know the
details of the nanostructure geometry, the pulse repetition rate,
the outer thermal boundary conditions, etc. (see, e.g., ref 71).
Instead, for simplicity, we estimate the cumulative heating in
the specific case of ref 29 as follows: we assume that the sample
reaches the temperature threshold for damage/sintering
(estimated to be Tenv ≈ 550 K75) due to cumulative heating
for average illumination intensities of Iav = 12.5 kW/cm2 (i.e.,
slightly exceeding the highest intensity used in ref 29). Figure
4d shows that this causes a slight increase of the emission
intensity in comparison to the case of Tenv = 300 K. Indeed, at
the initial stages of the dynamics, the aSE (which is associated
with the thermal part of the emission53) is higher, and as the
system thermalizes, the SE intensity also increases slightly (due
to the thermalization to a slightly higher temperature).
However, for resonant illumination, this slight increase in

emission intensity is overwhelmed by the stronger (thermo-
optic) effect�the imaginary part of the metal permittivity
increases due to (electron and) lattice heating,73−75 and
consequently, the quality factor of the plasmon resonance
drops and the local field decreases.76−78,81 As a result, the
emission intensity decreases across the entire spectrum (again,
see Figure 4d). As the illumination is shifted away from
resonance, this effect becomes gradually weaker (not shown).
In this respect, the thermo-optic effect should be taken into

account when explaining the experimental observations of a
decreasing power exponent of the aSE in the high-power range
in Figure 2B of ref 2 and in ref 18. Note that a similar effect
occurs due to the temperature dependence of the electron heat
capacity;18,82 however, such an effect is associated with the
ultrafast electron dynamics, rather than the steady-state heating
that is discussed in the current section. Our explanation refines
the suggestion in ref 2 that σabs grows for high electron
temperatures. The latter claim was shown in refs 76 and 78 to
hold only for off-resonance illumination.
2.4. Experiments. The linear power-law spectrum p ∝ ℏω

discussed in Section 2.3.2 has been observed by several groups
for metal NPs excited by ultrashort laser pulses4,14,18,34 and can
be understood reasonably well by the analysis of a thermalized
electron gas18 as discussed above. On the other hand, the
transition between the low-irradiance, staircase-like and the
high-irradiance, linear power-law spectrum has so far only been
reported once29 and the physical nature of the underlying
nonlinearity was not fully understood.
The model presented so far attributes the low-irradiance

nonlinearity to the effective number of photon excitations
necessary to excite the electronic states contributing to the
joint density of states ρJ (eq 8), even when the transitions
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happen sequentially within the (same) conduction band (see
Appendix C). Two critical predictions can be derived that so
far lack experimental confirmation. First, moderate-irradiance
power-law spectra acquire a staircase-like structure with integer
values for the power-law coefficient, even beyond the value of p
= 2 demonstrated in ref 29. Second, transitions between the
spectral regions of integer power-law coefficients m and m + 1
follow the position of the integer multiple of the laser
frequency mωL,0. To confirm these predictions, we measured
the PL spectra of 86 nm long gold nanorods terminated by
cetyltrimethylammonium bromide (CTAB) with a diameter of
22 nm and a volume of (3.3 ± 0.6) × 10−23 m3.
The nanoparticles were drop-cast from a sufficiently dilute

aqueous solution onto a standard microscope coverslip after
thorough substrate cleaning by ultrasonication with an alkaline
cleaning solution (Hellma Hellmanex, 3% concentration) and
30 min of UV−ozone treatment to remove residual
fluorescence from surface contamination. Excitation by ultra-
fast laser pulses (Coherent Chameleon Ultra, 80 MHz pulse
repetition rate) through a 500 mm focal length lens and an oil-
immersion, high-numerical-aperture microscope objective
(Olympus 60X TIRF, 1.49 numerical aperture) homoge-
neously illuminated surface regions 20 μm in diameter,
allowing for control of the illumination irradiance. Detection
of the emitted luminescence from isolated, resolution-limited (
<0.4 μm) luminescent spots on the sample surface occurred
through the same objective using a 680 nm short-pass filter
(Semrock) to block the scattered laser radiation. The spectra
were dispersed using a reflective grating with 300 grooves/mm
in a spectrograph of 300 mm focal length (Princeton
Instruments) and detected by a cooled charge-coupled-device
camera (Princeton Instruments Pixis 100B). Integration times
between 2 and 30 s per spectrum were used for the data
discussed here. All measurements were conducted at ambient
temperatures in air.
Figure 5a shows the luminescence spectra for illumination

by 160 fs long laser pulses at ℏωL,0 = 1.170 eV, below their
localized plasmon resonance at 1.62 eV (see Appendix E for
the extinction spectrum). Apart from the filter cutoff at 1.91
eV, the spectra cover the whole visible range. The narrow
spectral feature is assigned to surface second-harmonic
generation (SHG).

Emission spectra were collected for a set of irradiances
between 1.2 and 2.2 kW/cm2, while ensuring the absence of
photodegradation by comparing results for upward and
downward sweeps of the laser power. The power-law
coefficient p was extracted by fitting a linear relationship to a
double-logarithmic representation of luminescence signal
strength and excitation power. Details governing the
reproducibility of laser power sweeps and the fit procedure
are given in Appendix B. At the lowest emitted photon
energies, the resulting power-law spectrum in the lower panel
of Figure 5a shows a power-law coefficient of 2 similar to the
results discussed in ref 29. At close to twice the incident
photon energy, the distinct, smooth transition between p = 2
and p = 3 expected from the theory presented above is indeed
found, except for the spectral position of the SHG, for which p
drops to 2 as expected. The staircase-like power-law spectrum
can be modeled reasonably well even without including
electron−electron or electron−phonon scattering, with the
shape of the transition region being determined by the average
phonon temperature, which based on this analysis is estimated
at approximately 500 K. Figure 5b shows the same sample
region illuminated by 144 fs long laser pulses at ℏωL,0 = 1.374
eV, closer to the plasmon resonance, for a similar range of
irradiation levels between Iav = 1.8 kW/cm2 and Iav = 3.1 kW/
cm2. Although approximately 1 order of magnitude brighter,
the luminescence spectra are comparable to the situation
before, with the spectral position of the SHG signal shifted
toward higher photon energies. The power-law spectra again
show a staircase-like transition between p = 2 at low photon
energies and p = 3 at higher photon energies, with the
transition region shifted to twice the incident photon energy.
This confirms that the observed step-like power-law spectrum
is directly linked to the occurrence of step edges in the electron
distribution at integer multiples of the laser photon energy
above the Fermi level. This signature of the nonthermal nature
of the emission at moderately high illumination level is found
to be in line with the estimates of the maximal electron
temperature reached (see ref 83 or Appendix E), namely, 345
K for the data in Figure 5a and 500 K for the data in Figure 5b,
as well as an analysis of the effect of temperature on the shape
of the step edges. The lower panels of Figure 5 plot the shape
of the power-law spectra expected for an electron temperature

Figure 5. Emission spectra (top panels) and power-law spectra (bottom panels) for 86 nm long gold nanorods excited at (a) 1.170 eV, 160 fs,
1.2−2.2 kW/cm2 average intensity and (b) at 1.375 eV, 144 fs, 1.8−3.1 kW/cm2. Emission below 1.9 eV is blocked by an optical filter. (c)
Data taken from Knittel et al.26 for 320 nm long gold nanorods excited with 130 fs pulses at a photon energy of 0.61 eV. Solid (dashed) black
lines show the power-law exponents in the emission expected from a simplified model neglecting e−e and e−ph scattering for an initial
temperature of 500 K (5 K). Coherent nonlinear optical scattering signals corresponding to second-harmonic generation (SHG) and third-
harmonic generation (THG) are marked in (a)−(c) and have exponents of 2 and 3, respectively.
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of 500 K, calculated in the absence of electron−electron or
electron−phonon scattering (see Appendix C). Indeed, for
these low temperatures, the thermal emission still peaks at
wavelengths far into the mid infrared, such that the overall
emission is dominated by the nonthermal terms.
Higher-order power-law coefficients can only be reached by

longer-wavelength laser excitation to avoid the photoionization
threshold. Figure 5c shows data extracted from ref 26 for gold
nanorods of 320 nm length excited by 130 fs laser pulses at
ℏωL,0 = 0.61 eV and 40 MHz pulse repetition rate. The power-
law spectrum can be understood reasonably well by our
model�the obvious deviations indicate the onset of the
thermal emission regime and the increased relevance of
electron−electron and electron−phonon scattering over the
relevant timescale of the luminescence.

3. CONCLUSIONS AND OUTLOOK
In this work, we have reconciled the different views on the
importance of the thermal and nonthermal components in PL
from metals following illumination by a short laser pulse.
Specifically, we find that in the moderately high and ultrashort
illumination limit, the early as well as time-integrated emission
is dominantly nonthermal; the behavior in this regime is thus
similar to what happens for emission under CW illumination,53

for which the illumination intensity is relatively weak and the
nonequilibrium component in the electron distribution persists
permanently. The dependence on the electric field strength in
this regime is given by a “staircase” of integer powers (see
Figures 1, 4b, and 5), smoothed by the electron temperature.
This dependence is rooted in the absorption process. Under
these conditions, analysis that relies only on the second term in
eq 4 (as e.g., in ref 2) is valid. However, the emission at the
later stages and/or for more intense (e.g., ref 30) pulses
gradually attains more and more thermal characteristics.
Indeed, under such conditions, the transient effective temper-
ature in the Planck term grows significantly so that the thermal
emission shifts from the infrared to the visible range and
becomes stronger. In this case, one should interpret the
emission using only the first (Planck) term in eq 4 (as, e.g., in
refs 30 and 31) and refer to the emission as thermal light
emitted by an object with a time-varying temperature (see refs
2, 18, 29, 31, and 32); similar behavior was observed for CW
PL from a semiconductor (except, possibly, for exceptionally
high CW illumination intensities),84 which is thus correctly
referred to as “PL by thermalized systems”.31,32

The model we used to explain the PL and to match the
experimental data considers single-photon intraband absorp-
tion. However, multiphoton interband absorption events may
also affect the PL dynamics and the spectrum, especially at
high intensities and for high-frequency emission. In fact, most
earlier studies associated the PL with such interband
transitions (see e.g., refs 11, 12, 17, and 19), even when
photons of energies lower than the interband threshold were
used; in this case, the emission must indeed originate from
simultaneous (correlated) 2PA events. Unfortunately, it is very
hard to model this effect properly, because the 2PA cross-
section is not well characterized and because of the complexity
of the d (“valence”) bands. In contrast, our model accounts for
uncorrelated photon absorption events within the conduction
band, an effect which yields a similar higher-order dependence
on the electric field strength associated with the emission
spectrum as described above. Notably, uncorrelated multi-
photon absorption events are far more likely compared with

simultaneous ones, as observed in refs 67 and 85; for the same
reason, radiative recombination is more likely to be responsible
for one-photon emission compared with electronic Raman
transitions (see discussion in refs 1 and 2).
Further studies are required to resolve these issues, as well as

to decipher the complex polarization dependence of NPs of
more complicated structures under very high excitation
intensities86 and the complex size dependence (e.g., refs 19,
21, 22 and 87). For these purposes, time-resolved PL
spectroscopy (as employed, e.g., in refs 20, 22, 35, 36, 38,
and 39) will be of great value and the theoretical framework
would need to be expanded beyond the current perturbative
approach. Such a formulation would also enable one to
determine the quantum yield of the emission process and its
parametric dependence. Our work also allows for quantitative
interpretation of transient thermometry studies based on the
aSE88 and associated two-pulse PL experiments (e.g., refs 67
and 85) and will be crucial for further studies of other emission
processes, such as cathodoluminescence and electrolumines-
cence.

4. METHODS
The details of the electronic simulations are described in Appendix A.
The details of the experimental measurements are described in
Section 2.4 and Appendix E.

APPENDIX A: MODEL DESCRIPTION
The photoluminescence is determined perturbatively from the
nonequilibrium electron distribution, which in turn is
determined by solving the Boltzmann equation. This is done
using a standard formulation, hence, below, we just describe
the approach, compare our approach to earlier work on PL,
and direct the reader to the earlier literature for further details.
The Boltzmann equation employed in the current work

incorporates three generic terms.47,48 First, the e−e interaction
term is responsible for thermalizing the conduction electrons;
it is described by the (standard) 2-particle interaction integral
following Fermi’s golden rule (see e.g., refs 38, 41−43, 54, and
89), i.e., avoiding the relaxation time approximation. For
simplicity, we assume momentum-independent hard-sphere
interactions but verified that the results described below do not
change qualitatively if we change the strength of the e−e
interactions; this can be thought of as a way to mimic e−e
interactions more accurately, such as the momentum-depend-
ent Thomas−Fermi formulation etc. Second, the e−ph
interaction term is responsible for cooling the electron
subsystem; it is computed via the deformation potential
scattering as in refs 41 and 47. In this context, for simplicity,
the phonon modes are described by the Debye model with a
linear frequency dispersion. We further assume that the
phonon system is in equilibrium, so that the number of
phonons is given by the Bose−Einstein distribution. Addition-
ally, we set Tph = 300 K, and thus, neglect also heat transfer to
the environment; accounting for these aspects (e.g., via a
TTM) would hardly affect any of the results in this work.
Third, the key difference of our PL formulation compared to
earlier work concerns the explicit inclusion of the photon−
electron interaction, which is based on the formulation
described in refs 41, 44, and 47. Specifically, the photon−
electron interaction is weighted by the appropriate combina-
tion of the population functions so that the transitions occur
between occupied and unoccupied states. As in refs 41 and 44,
the temporal profile of the photon−electron interaction term is
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assumed to be the same as that of the incident pulse. This form
enables us to monitor the electron distribution in the early
stages of the dynamics.
Finally, it is worth mentioning that the distribution of the

occupied states f in the low-electron-energy region is very close
to 1. As a result, the distribution of the unoccupied states
(denoted by f h hereafter) cannot be accurately represented by
simply calculating 1 − f due to machine precision limitations.
Therefore, evaluating the emission of high photon frequencies
(usually, higher than 2ℏωL,0) by substituting f into eqs 7 and 8
may lead to inaccurate results. Although this issue could
possibly be resolved by increasing the machine’s precision,
doing so would require a significant amount of computational
time and resources. To address this issue without compromis-
ing feasibility and accuracy, we also solve the Boltzmann
equation for f h subject to the initial condition

=

= +

f t f t

e

( , ) 1 ( , )

( 1)k T
h

( )/ 1B env

The Boltzmann equation for f h is the same as the one for f but
with all interaction terms assigned the opposite sign, such that
electron number conservation is guaranteed.
We emphasize that our model accounts for two (or more)

photon absorptions from consecutive (and hence, uncorre-
lated) intraband transition events (but not for the much less
likely simultaneous absorption event of two or more photons),
in line with the observations in refs 67 and 85. It is also worth
noting that we do not rely on phenomenological terminology
or any rigorous description of the excitation and decay of
quantized plasmons; the good match of our theoretical model
with the experimental data implies that such a concept is
unnecessary for our purposes.
Unlike the CW case,47,48 there is no analytical solution for f,

which now depends in an implicit way on the details of the
illumination. We also avoid defining the electron temperature,
although we do refer to an effective (or equivalent43) value for
it that emerges to be the actual electron temperature in the
later stages of the dynamics (see, e.g., refs 41 and 43; this effect
can be evaluated with the approach in ref 21). Also note that in
this approach there is no assumption on the scaling of the heat
capacity with temperature, as this quantity emerges naturally
from the rigorous electronic calculations.

APPENDIX B: DETERMINATION OF POWER-LAW
EXPONENTS
For each power-law exponent fit, individual emission spectra
are collected for a set of 5 irradiance levels. For a single
bidirectional sweep of the irradiance, a total of 9 spectra are
collected, starting and ending at the highest irradiance level.
Figure 6 shows details for 1.375 eV excitation. Raw data are
collected in two consecutive measurement runs using either 2
or 30 s exposure time of the spectrometer camera, in order to
fully cover the dynamic range of the emission spectrum. For
emitted photon energies below (above) 2.23 eV, data is shown
from the 2 s (30 s) exposures. The figure shows the result of an
individual sweep of irradiance levels, with the spectra
belonging to the backsweep (toward higher values) of
excitation power plotted as dashed lines. The emission spectra
are reproducible over multiple consecutive sweeps. Figure 7a
shows the measured emission intensities at photon energies of
2.28 and 2.91 eV for all 5 irradiance levels chosen and all 5
bidirectional sweeps. Irradiance values are those measured

directly in the setup and thus randomly scatter around their
nominal values. The emission shows random scatter, but no
systematic drift as a function of measurement time. The slope
of linear fits on the double-logarithmic scale is used to
determine the power-law exponents p at a given photon
energy. Figure 7b shows the results of the consecutive
measurement of the power-law exponents based on 2 and 30
s spectrometer integration time, each measurement consisting
of a total of 36 individual spectra. Results are only shown for
those spectral regions for which the individual spectra are
unaffected by either too long or too short camera exposure.
The error bars indicate the standard error of the slope of the
linear fit in the double-logarithmic representation shown in
Figure 7a, as reported by the Mathematica software package
(Wolfram Research). Within the stated error bars, the two
measurements yield the same power-law exponent spectrum in
Figure 7b. Note that in the region of SHG, the power-law
exponent tends toward 2.

APPENDIX C: SHAPE OF POWER-LAW COEFFICIENT
SPECTRA AT MODERATE IRRADIANCES
For moderate excitation pulse energies, the shape of the
power-law exponent spectrum is determined to a large degree

Figure 6. Background-corrected nanorod emission spectra
resulting from five different levels of irradiance, measured in a
bidirectional sweep starting at the highest irradiance. Spectra for
the backsweep (increasing irradiance levels) are shown as dashed
lines. To fully cover the dynamic range, the emission spectra are
stitched from two measurements at either 2 s (below 2.23 eV
emission energy) or 30 s (above 2.23 eV) exposure time. Signal
data for the 2 s data set were multiplied by a factor of 15 to correct
for the reduced exposure time. Spectral data beyond 3.3 eV are too
noisy for further evaluation.

Figure 7. (a) Emission measured at photon energies of 2.28 eV
(green) and 2.91 eV (red) for five irradiance levels, based on 5
consecutive bidirectional sweeps of irradiance resulting in a total
of 36 data points at each photon energy. Data are plotted on
normalized logarithmic scales. The results of linear fits (and 95%
confidence limits) are shown by solid (dashed) lines. (b)
Calculated power-law exponents for two independent measure-
ments at 2 s (black) and 30 s (red) exposure time per spectrum.
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by the electron distribution present before the arrival of the
laser pulse. Figure 8 shows the electron distribution for laser

excitation at 1.375 eV together with typical transitions
contributing to the PL emission. Before accounting for
electron−electron or electron−phonon scattering, photo-
excitation of the electron distribution results in characteristic
“shelves” of the density of states (estimated as constant, for
simplicity), each being associated with an effective integer
nonlinearity. These shelves are connected by Fermi-like
transitions. For a chosen emitted photon energy, the
characteristic interaction orders for the occupied and the
unoccupied states add up to the associated total effective
nonlinearity, or power-law coefficient. To determine the
power-law exponent spectra, the emission is calculated in the
range of 80−125% of a given reference excitation pulse energy
and fitted linearly on a double-logarithmic scale. The results
are plotted against the emitted photon energy in Figure 9. An
increase of the initial electron temperature softens the
transition regions between individual plateaus in the stair-
case-like power-law spectrum. For the lower excitation pulse
energies, increased temperatures induce pronounced shifts of
the transition region toward higher photon energies. This
effect is caused by the increased occupation in the high-energy
tails of the Fermi distributions (cf. Figure 8). This shift can be
used as an estimate of the effect of heat accumulation caused
by the pulsed excitation at high repetition rates, as the initial
electron temperature is equal to the phonon temperature.

APPENDIX D: DEPENDENCE OF POWER-LAW
COEFFICIENT SPECTRA ON EXCITATION INTENSITY
A gradual increase of excitation intensity causes an evolution of
power-law coefficient spectra from a staircase-like appearance
to a linear functionality. Figure 10 shows spectra calculated
from simulated electron dynamics including electron-electron
and electron-phonon interactions over a wide range of

excitation intensities, with the simulation parameters being
the same as those used for Figure 4. For each indicated
excitation intensity, the total emission at each photon energy
for three simulated electron dynamics at 80%, 100%, and 125%
of the nominal excitation value was linearly fitted on the
double-logarithmic scale, the same procedure as applied to
experimental data. Figure 10a shows the evolution in the
moderate-to-high excitation intensity regime between 1 and 15
pJ, while Figure 10b covers the high-intensity regime between
15 pJ and 50 pJ.
A few notable observations can be made based on these data.

First, power-law coefficients at lower photon energies converge
toward the thermal, linear functionality at intensities lower
than those at higher photon energies. This agrees with the
heuristic interpretation, namely, that as the illumination
intensity grows, the thermal contribution becomes stronger
and shifts from the infrared into the visible spectral range.
Second, the errors of fitting the excitation intensity depend-
ence by a power law are largest in the regime of intermediate
intensities and high photon energies. This indicates that in
these regions, power-law functionalities are a poor approx-
imation of the excitation dependence. Third, while in the
moderate-to-high excitation intensity regime the power law in
general shows a monotonic increase of p coefficients with
intensity, this is no longer true in the high-excitation-intensity
regime. In this regime the intensity dependence indeed
reverses and one finds a lowering of p coefficients with an
increase of excitation intensity. This is in line with the

Figure 8. Schematic of electron energy distribution relative to the
Fermi edge after excitation by 1.375 eV photons. Occupied states
(solid lines) and unoccupied states (dashed lines) are shown for
two levels of the excitation pulse energy. The effective nonlinear
interaction order between photoexcitation and electron occupa-
tion associated with each step-like structure is marked by integer
digits and red (0), green (1), and blue (2) colors. The maximum
photon energy for emission associated with each effective
nonlinearity depends on the excitation strength, as marked by
the black arrows. Note that the other transitions contribute equally
(gray arrows).

Figure 9. Variation of the shape of step edges in the power-law
exponents of the emission spectrum for excitation at 1.375 eV
photon energy. (a) Effect of the initial electron temperature before
taking electron−electron and electron−phonon scattering into
account, in the regime of moderately high laser pulse energies. (b)
Effect of changing the excitation pulse energy at three different
temperatures. The dotted line marks a photon energy of 2.75 eV,
twice the energy of the excitation photons. Pulse energies reduced
by factors of 10−1, 10−2, and 10−3 are shown as dashed, dotted, and
dash-dotted lines, respectively.

Figure 10. Power-law exponent spectra calculated from simulated
electron dynamics for a range of excitation intensities. For each
line, three simulations at 80%, 100%, and 125% of the indicated
excitation intensity were used. Error bars indicate the degree of
divergence from a pure power-law excitation dependence.
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predictions from the analysis of fully thermalized Fermi−Dirac
distributions18 and is mostly an expression of the gradual shape
change of the Fermi−Dirac distribution at higher electron
temperatures.

APPENDIX E: CHARACTERISTICS OF THE GOLD
NANOROD SAMPLE
Gold nanorods terminated by cetyltrimethylammonium bro-
mide (CTAB) were synthesized as described in ref 90. Based
on a characterization by scanning electron microscopy, the
nanorod length was 86 ± 6 nm and the diameter was 22 ± 2
nm. The extinction spectrum and an SEM image is shown in
Figure 11a. Samples were fabricated on thoroughly cleaned
microscope coverslips by drop-casting. Figure 11b shows the
absorption cross-section σabs(ω) of the rods, along with the
spectra of two pulses used to generate the data in Figure 5a,b.
Following ref 83, it can be shown that the maximal electron

temperature can be approximated by

+T T Qmax( ) 2 /e env
2

(11)

where Q = σabs(ω)I0τL/V is the power absorbed by the
nanorod following illumination by a single pulse (see Section
2.3), V the nanorod volume, and γ = 67 J/(m3 K2) the
proportionality constant between the electron heat capacity
and the electron temperature (i.e., Ce = γTe

82).
As this relation neglects the nonthermal stage of the

dynamics, as well as energy transfer from the electrons to the
phonons, it provides no more than a reasonable estimate to the
actual heat dynamics. Nevertheless, for the current purposes, it
enables an estimate of the wavelength of maximal thermal
emission via Wien’s displacement law, λpeak = c/νmax, where
νmax = 5.879 × 1010 max(Te) Hz/K.
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