Nano Today 27 (2019) 120-145

journal homepage: www.elsevier.com/locate/nanotoday

Contents lists available at ScienceDirect

Nano Today

Review
The fast and the furious: Ultrafast hot electrons in plasmonic R)
metastructures. Size and structure matter Sreckir

Lucas V. Besteiro®", Peng Yu?, Zhiming Wang®*, Alexander W. Holleitner¢*,
Gregory V. Hartland ¢, Gary P. Wiederrecht¢, Alexander O. Govorov "+

2 Institute of Fundamental and Frontier Sciences, University of Electronic Science and Technology of China, Chengdu, 610054, China

b Centre Energie Matériaux et Télécommunications, Institut National de la Recherche Scientifique, Varennes, Québec, J3X 152, Canada
¢ Walter Schottky Institute and Physics Department, Technical University of Munich, 85748, Garching, Germany

d Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, IN, 46556-5670, USA

¢ Center for Nanoscale Materials, Argonne National Laboratory, Lemont, IL, 60439, USA

f Department of Physics and Astronomy, Ohio University, Athens, OH, 45701, USA

ARTICLE INFO

Article history:
Received 1 March 2019

Received in revised form 28 April 2019

Accepted 21 May 2019
Available online 18 July 2019

Keywords:

Plasmonic

Hot electrons
Photocatalysis

Theory

Quantum two-temperature model
Time-resolved spectroscopy
Photoemission
Nanoparticles
Metamaterials
Metamaterial absorber
Breathing modes
Vibrational modes

Acoustic modes

ABSTRACT

This review focuses on the generation of energetic (hot) electrons in plasmonic metastructures and nano-
materials, and their characterization through time-resolved spectroscopy. Excitation of hot electrons
under illumination occurs in any metal or conductor, but their number will vary for each type of nano-
structure. While plasmonic resonances are well described classically, the excitation of hot electrons (HEs)
is a quantum process and its description requires further elaboration. Some potential applications for HEs
lie in the fields of photo-catalysis and optoelectronics, and their study constitutes a very active interdis-
ciplinary research direction that involves chemistry, physics and device engineering. Here we focus on
some particular developments enabling the use of hot carriers for these applications. Particularly, we dis-
cuss the approaches and structures required to create hot carriers, the temporal dynamics of hot carrier
formation and relaxation, and relevant theoretical methods used to compute the HE dynamics.

The observations presented here support the conclusion that the shape of the nanostructure mat-
ters. Although metastructures with infrared gap plasmons can exhibit spatially extended hot spots and
anomalously large numbers of non-thermalized HEs, most excited carriers in a plasmonic nanostruc-
ture typically have small excitation energies. Here we discuss ways to strongly increase the number of
high-energy electrons, highlighting the role of hot spots, system size, geometry and resonant frequencies.
To generate HEs efficiently, we can take advantage of special geometries with hot spots, such as meta-
material absorbers with ultra-narrow gaps or nanostars. Furthermore, we discuss the applications in
ultrafast electronics based on plasmon-enhanced photoemission and tunneling in the nonlinear regime.
Considering the longer timescale phenomena, we also present studies on the coherent dynamics in a
nanostructure after electron thermalization, showing acoustic breathing modes. In this paper, we review
some key developments in the field of ultra-fast plasmonic dynamics and provide a perspective for its
possible next steps.

© 2019 Elsevier Ltd. All rights reserved.
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Introduction

The dynamical properties of conductive materials are funda-
mentally different to those of molecules and semiconductors. Of
course, this arises from the fundamentally different structures of
the electronic quantum states in these materials (Fig. 1) [1]. Impor-
tantly, the quantum electronic structure of a material dictates its
behavior and practical applications (Fig. 1) [1,2]. Although arising
from different reasons, both molecules and semiconductors have an
energy gap of quantum origin, which separates occupied and unoc-
cupied states, and related optical inter-level transitions (Fig. 1a,b);
in the case of semiconductors, the excitation of an electron across
this gap creates an interacting electron-hole pair known as an
exciton. Analogously to what occurs with the state separation in
molecular fluorophores, excitons and inter-band transitions govern
the optical properties of a semiconductor, providing the possibil-
ity of designing optical emitters, lasers and detectors. In contrast, a
conductive material is gapless and the main excitations produced
by light in this case are classical and called plasmons [3]. Metals
are widely used in radiophysics and optoelectronics as contacts,
antennas and optical mirrors [4]. When a metal is small in size or
is nanostructured, it exhibits very strong optical resonances, which
are directly observed via the absorption and scattering of light [ 5,6].
These optical resonances, i.e. plasmons confined into a small vol-
ume, are attracting lots of interest due to their unique properties
that can potentially be used in sensors, ultra-small waveguides,
energy-conversion elements, photo-chemical reactors, etc. Plas-
monics is presently a very broad and active field, with thousands of
papers published every year. Therefore, against the nearly impos-
sible task of covering developments occurring across the whole
field, it seems reasonable for us to focus in this Perspective on one
rapidly-developing direction within Plasmonics. Namely, we will

discuss recent developments and insights in the study of the ultra-
fast dynamics of electrons in plasmonic meta- and nano-structures.
This subject, which concerns the time evolution of excited charge
carriers in plasmonic nanostructures under a pulsed excitation,
is key to understand the physics of localized plasmons and how
plasmonic nanostructures can potentially be utilized in practical
devices.

Understanding the detailed time dynamics of the electron
gas in a conducting crystal is a well-established problem within
Condensed Matter Physics [7]. After being optically excited, the
electron Fermi gas undergoes relaxation through different types
of mechanisms, including electron-electron and electron-phonon
scattering. Correspondingly, a practical theoretical approach can be
constructed using the two separate temperatures of electrons and
lattice [7,8]. Evaluating the evolution of these temperatures in time
evidences an energy exchange between the Fermi electron gas and
the gas of lattice phonons. This approach is now regarded as a two-
temperature (2 T) model. An important, fundamental extension of
the 2T model arises from the fact that not all excited electrons
in a plasmonic nanostructure are thermalized and, therefore, one
should further develop the formalism and introduce an extended
2T model [9-12]. In particular, such an extended 2T model is clearly
formulated in Ref. [12], a publication that can be followed to use
the model in practical calculations. The non-thermalized electrons
are often regarded as hot electrons and their population becomes
another, 3" parameter. The resulting model is an extended 2T
model [10,11,13]. This models allows for a quantitative description
of the excited carriers’ time dynamics in plasmonic nanocrystals
[11,12], as well as for a description of photochemical processes
[14]. Regarding the HEs, one should distinguish two kinds, ther-
malized and non-thermalized, a distinction that will be discussed
below.
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Fig. 1. Electronic transitions in different material systems. Energy spectra of quantum states (band diagrams) in different material systems and the main light-induced
excitation channels available in them: (a) molecules, (b) semiconductors and (c¢) plasmonic crystals. Plasmonic crystals are conductive and can be, e.g. metals, degenerately
doped semiconductors or conducting oxides. Also arising from the quantum structure of their states, these types of materials have fundamentally different relaxation

mechanisms, depicted on the figure alongside their typical relaxation lifetimes.
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When talking about experiential studies on the time-resolved
dynamics of the electron gas in noble nanocrystals (NCs), one
should mention the pioneering works by the French group [15-18]
where the time dependent response was analyzed through both
the 2T model and the local temperature-dependent dielectric func-
tion. Other early experiments on the dynamic properties of colloidal
nanocrystals including electron-phonon and electron-electron
relaxation processes can be found in Ref. [19]. Time-resolved
experiments on single lithographical nanowires and the related
application of the Boltzmann equation formalism were also pre-
sented in Ref. [12]. A pioneering study of the nonlinear properties
of gold nanoparticles, which revealed the nonlinear pump-induced
broadening of the plasmon resonance, was reported in Ref. [20],
where this effect was interpreted in terms of the time-dependent
electronic temperature. The investigation of single gold nanorods
with variable sizes has also clarified the roles of interband damping
and surface-scattering in plasmon relaxation [21].

Recent time-resolved experiments with short, 80 fs pump pulses
in metamaterial absorbers with plasmonic hot spots reveal a
very unusual dynamical feature, to which that we have referred
as “anomalous ultrafast dynamics” [22]. The transient reflection
observed in the pump-probe experiments exhibited an anoma-
lously strong relaxation component in the fs-range. The pumping
in this experiment was done in the spectral vicinity of the gap-
plasmon resonance, which is located in the infrared interval. So
far, plasmonic nanoparticles and nanorods have not exhibited
such dynamical features and their kinetics have been mostly in
the ps-range [15,19], which corresponds to relaxation through
electron-phonon scattering. We attributed and explained the
observed phenomenon of “anomalous ultrafast dynamics” as aris-
ing from a very efficient generation of hot electrons in the spatially
extended plasmonic hot spots present in metamaterial absorbers
with ultra-narrow spacer gaps between metallic antennas and film.
Importantly, similar kinetics were later observed in metamaterials
created using different systems as nanoantennas, namely colloidal
silver nanocubes [23], confirming that the new effect of anoma-
lous fs-relaxation is a general property of nanostructures with hot
spots and infrared plasmons. The short lifetimes of excited carriers
in these experiments, in the order of tens of fs, correspond to the
temporal scale of electron-electron scattering. Here we should also
note that another type of ultra-fast fs-relaxation dynamics appears
in systems with semiconductor-metal interfaces where hot carriers
are transferred across the boundary [24,25].

In addition to the recent time-resolved experiments, hot elec-
tron spectroscopy brings interesting possibilities in terms of
spatial resolution. Hot-electron nanoscopy can be achieved with
plasmonic tips in the tunneling regime [26,27]. Plasmon-driven
excitation, including local hot-electron generation, underlies the
key mechanisms in the processes of nano-localized surface chem-
istry and growth [28-31].

This Perspective is organized in the following way: In the first
section we will describe the fundamental properties of plasmonic
excitations in bulk and nanostructured metals, contrasting the clas-
sical and quantum perspectives. We will next present an overview
of the experimental literature on time-resolved spectroscopy of
plasmonic, non-interacting nanoparticles, as well as a theoreti-
cal model commonly employed to analyze those experiments in
terms of the excited carrier populations in the nanoparticles, the
so-called extended two temperature (2T) model. Such experiments
will be contrasted with those in the following section, which are
conducted instead on metamaterials with strong hot spots aris-
ing from their plasmonic gap modes. After that overview of key
experimental works, we will present a more detailed discussion
of the extended 2T model and our revision of it, to which we
refer as quantum 2T model (Q2T), alongside a description of the
relevant parameters required to characterize the non-equilibrium

plasmonic system. This section also includes a selection of results
from the latter model for a variety of representative geometries,
and key experimental results supplying additional information on
the energy-resolved non-equilibrium carrier populations. Next, we
discuss the departure of excited carriers from the plasmonic system
through tunneling or photoemission, presenting relevant experi-
mental examples and the underlying physical phenomena. The final
section describes in detail the last steps in the relaxation process
of the excited plasmonic system, when the energy stored into the
electronic degrees of freedom is transferred to the atomic lattice,
exciting coherent oscillations of the nanoparticle, and how these
are finally dampened in interacting with its environment. Lastly,
we close this Perspective with an outlook of promising avenues for
research, both in terms of improving our fundamental understand-
ing of the time-dynamics of hot electrons and exploiting them in
exciting technological applications.

Dynamical properties of the Fermi gas in a nanocrystal:
Fundamentals

Bulk plasmons, within the conventional approach

We start with the case of charge oscillation in a 3D degenerate
gas of electrons under weak optical excitation. Fig. 2a illustrates
the plasmon oscillations of the Fermi sea of electrons, as excited by
an external field. The oscillations occur both in real space and in
momentum space (Fig. 2a). In the quasi-classical picture, the plas-
mon is well described by the Drude model, which is based on a
hydrodynamic approach:
m*%:h%:eE_m*VDrude'v (1)
where V = #k/mg and E are the average velocity of electrons of
the Fermi gas and the driving electric field, respectively, and k is
the average wave vector; m* and Yprude = 1/Tprude are the effective
electron mass and the effective scattering constant of an electron
in a crystal, respectively. For most metals, m*/mg ~ 1, so in the
numerical results presented herein we will assume this approxi-
mation for simplicity. Within the Boltzmann equation formalism,
the time-dependent wave vector of electrons in the Drude equation
(Eq. (1)) should be calculated as a value averaged over the electron
distribution:

E:L/a%k.f(k,t)

(27)’no

where f(Kk, t) is the electron distribution function and ny is the 3D
electron density. Then, for the periodic driving field E(t) = Ege~'*t,
we obtain from (1):

v eEg
W= o N
m*(VDrude - lw)

(2)

The physical average velocity, which can be measured experi-
mentally, should be now calculated as the real part of Eq. (2), v(t) =
Re [Va,e—"‘”t] . Here we follow the conventional treatment, common
in solid-state textbooks and used in a large number of experimental
situations with bulk crystals and optoelectronic devices [1,32,33].
After solving the above equation, together with the Poisson equa-
tion, we can easily find the local conductivity and the dielectric
function of a metal in the classical limit [32]:

b_ e2ng
m ude — I®)’
o(¥brude )2 3)
@p
eD(w) =& —

@(® + 1Yprude)
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CW excitation: Quasi-classical theory
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Fig. 2. Steady-state distributions in the bulk plasmon under CW excitation: Quasi-classical theory. (a) Oscillating Fermi sea within the hydrodynamic approach. The displace-
ment of the Fermi sea from the center of coordinates in reciprocal space is described by the Drude model. Simultaneously, the plasmon wave creates charge oscillations in
the real space [32]. (b) The linear, coherent part of the Boltzmann function that gives rise to the plasmonic current. The distribution is antisymmetric and therefore produces
non-zero currents. (c) The second order term in the expansion in energy is symmetric and time-independent. It describes the generation of weakly-excited carriers, regarded
here as “Drude” electrons, in the plasmonic wave. Such excited electrons have thermal energies. (d) The contribution of the first term of the expansion in temperature
qualitatively resembles the function in panel (c¢), but it comes from an increase of the background temperature of the nanocrystal. In preparing panels (a) and (b) we followed
the textbook by David Tanner [32]. We highly recommend this textbook for the reader.

where w is the frequency of the external electric field and & is the
background dielectric constant coming from the low-lying bands
in a metal. The plasma frequency in (3) is given by

Then, according to the general theory of solids [3,33,34], the
plasmon excitation in a boundless system is easy to find, calculated
as the solution of eP(w) = 0. This yields w = +wp/+/&c — iYprude/2
for wp > y. However, the physical picture of the plasmon oscil-
e2ng (4) lation is more apparent when we solve the Boltzmann equation

gom*

a)p:
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[32,34-36]. The distribution function, when derived from the Boltz-
mann equation, can be written in the hydrodynamic approach for
small time-dependent driving fields as [37]:

flo 0 = filk~K 1), K(t) = "w(0) (5)
where
file, T) = ———

ekl 41

is the Fermi function at temperature Ty and yu is the chemical poten-
tial of the system. The Fermi distribution without illumination is
obviously

fR(e) = fe(e, To)

where Ty is the ambient temperature of the matrix and NC with
no excitation. The lattice temperature of an optically-driven NC is
above the one of the matrix at large distances from the NC, so that
one could write Ty = Ty + AT.. The lattice temperature increase
AT will depend on the size and environment of a NC [38]. Here-
after, we will assume that the electric field and currents in our
system are in the x-direction (see Fig. 2a), i.e. k(t)||X. For weak opti-
cal fields, we can expand the hydrodynamic solution (Eq. (5)) in
terms of the average wave vector ky and obtain:

fF 1870 dfy
fl 0=+ Gt 5 gk + g AT

=f2 + 8fi(k, f)+5f2(k, t) + ofr (k)
fF ‘ R2kyksy

8f1(k, t) = e )
dsz w2k K2k2

Ik )~ -5 (05 o

8fr(K) = fF LA

The main message from Eq. (6) is in the forms of the terms §f;
and §f,, which allow us to better understand the underlying physics.
The function §f; gives the electric current and has an antisymmetric
structure in the k-space (Fig. 2b). In addition, the time average of
this function is zero:

81 () o C{F kx(t),  (8f1()time =0 (7)

This is because the average momentum in the plasmon wave
is oscillating in time: kx(t) = kx, max cos[wt + @], where ky max is the
amplitude of the oscillation. In contrast, the function §f, is sym-
metric in the k-space and its time average gives the steady-state
population of excited carriers in the plasmonic wave:

d2
(0f2(t)) time dfg k)% max (8)

The last term in Eq. (6), §ft, is time-independent under CW exci-
tation. An important conclusion derived from Eqgs. (6-8) is that the
excited electrons responsible for the plasmonic wave are located
near the Fermi energy. The characteristic width of the steady-state
distribution of hot electrons in Fig. 2b-d is 6kgT. The functions §f,
and &fr look qualitatively similar, since they simply describe an
increase of energy in the Fermi gas of electrons. This result was
obtained assuming a boundless system and using the Drude model.
In systems with boundaries and defects, one should expect some
high-energy (hot) electrons and holes, and their generation should
be derived with a quantum-mechanical formalism (Fig. 3b,c), as the
quasi-classical approaches do not work for such carriers. We should
also comment on the Drude relaxation constant. Using quantum
kinetic theories, one can derive this constant rigorously [39]. The

Drude rate is in fact the inverse of the transport relaxation time,
which enters into the static electric conductivity and includes two
contributions: ypryde = 1/Ttr = Ve-imp + Ye-phon» Where Ve.imp and
Ye-phon are the rates of quasi-elastic scattering by impurities and
phonons, respectively. Fig. 4a shows such processes. The scattering
of electrons by impurities is elastic, whereas the electron-phonon
scattering is quasi-elastic since phonons carry small amounts of
energy.

Regarding the fact that the plasmonic electrons under weak
excitation should be found near the Fermi level, we highlight that
this can be seen clearly from a solution of the Boltzmann transport
equation. The plasmonic wave is built of a collection of coherently-
excited electrons in the very vicinity of the Fermi level (Figs. 2a,
3b). The following books and papers are a very convenient source
from which to read more on the electronic structure of the plasmon
[32,34-36].

So far, we have discussed the quasi-classical picture. In the
quantum formalism [34,39], we need to compute the quantum
polarizability of the Fermi gas, from which one can derive the
famous Lindhard expression for the dielectric function:

_ fe(I) — fi(k +q)
30(: 4) = Emetalo = ooy zkj T ———" (9)

where q is the wavevector of the external field applied to the
Fermi gas, V is the crystal’s volume; fg(k) and ¢y are the Fermi
distribution function and the electron energy, respectively. In the
long-wavelength limit ¢ << kg without collisions y;e; — 0, Eq. (9)
yields the classical limit: £3p(®) = &metal0 — @3/®?. In the expres-
sion above, the key size parameter of the Fermi gas is its Fermi wave
vector:

kg = m*vg /R
where the Fermi velocity is defined through the Fermi energy:
5 5 \2/3
m*vlz: _ I (37‘[ no)
2 2m*
The characteristic length related to the electrons at the Fermi
surface is called Fermi length:

Ep =

2r 13
Ap=5—~n =1
F kF 0 e
where [¢ is the average distance between electrons in the Fermi gas,
which is rather short and in the order of the interatomic distance.

Nanocrystals

Under optical excitation, a metal nanocrystal exhibits plas-
monic, collective charge oscillations with dynamic charges
localized near its surfaces. (Fig. 3a). In fact, a NC acts as a small res-
onator. In the quantum-mechanical picture, the wave function of a
plasmon is composed of a large number of single-particle electron-
hole excitations in the electronic Fermi gas of the NC (Figs. 1c, 3 b).
In the classical picture, the external field first excites electric cur-
rents in a NC and induces charges at the NC’s surface. In the next
step, this surface charge creates a restoring force that drives elec-
tric currents inside the NC, sustaining a plasmonic oscillation that
repeats in time.

We now turn our attention back to the illustrations of the phys-
ical processes happening in an optically-excited Fermi gas in a
plasmonic NC (Figs. 1¢,3), where the boundaries play important
role. In fact, due to the boundaries, we can find some number of
non-thermalized hot electrons in a plasmonic wave. The classical
picture of a plasmon wave assumes the excitation of electron-hole
pairs with small energies, and this picture is well described by the
hydrodynamical approach known as the Drude model (Egs. (1)-(3)).
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Fig. 3. Charge carriers in a localized plasmonic excitation. (a) Schematic depiction of typical localized plasmonic modes in nanostructures with different shapes, when excited
by a short optical pulse, or pump, represented above. (b) Diagrams showing the picture of the electronic states of a metal NC in interaction with adjacent semiconductor
and molecule, during (top panel) and after (bottom panel) the pulse excitation. At first there is a mixture of Drude (in the bulk) and hot (at the surfaces) carriers, while after
some time the hot carriers have shared their energy among the rest of the carriers, creating a picture with a higher, homogeneous effective electron gas temperature. Drude
carriers arise from the electric current associated with a localized plasmonic wave. After the pulse, the plasmonic oscillation decays rapidly, leaving thermalized carriers
which can have a high electronic temperature. The top diagram also illustrates how non-thermalized (hot) electrons with energy above certain threshold can be injected into
the neighboring systems. Such non-thermalized (hot) electrons with high energies appear near the surfaces because of the non-conservation of electronic linear momentum.
(c) Snapshots of the electronic distributions in a very small spherical Au NC, calculated using the quantum 2T model, showing populations for Drude and HEs. Details on this
calculation are provided in the text. Here we see that, even in a very small NC, the number of high-energy (hot) electrons is small in comparison with the number of carriers

with small excitation energies, labeled here as Drude and thermalized electrons.

This picture corresponds to electronic excitations near the Fermi
level with small linear momenta (Fig. 1c¢). However, since the elec-
tron gas inside a NCis confined by its boundaries, the linear moment
of electron is not conserved near the interfaces, where the transla-
tional symmetry of the system is broken. As a result, the excitation
of non-thermalized hot electrons (HEs) and hot holes (HHs) with
high energies becomes possible (Figs. 3b and 5). The energies of
such energetic carriers are as high as the photon energy, Aw. In
Fig. 3b, we show the picture of electronic excitation in a localized
plasmonic wave: the carriers excited in the bulk of a NC correspond
to those described by the classical Drude model (see above) and
have small energies, whereas the spatial regions near the bound-
aries see the promotion of a number of high-energy electrons and
holes, or HEs and HHs. Importantly, these energetic carriers can be
extracted from a metal NC and drive secondary processes outside a
NC [40]. In Fig. 3c, we show a typical nonequilibrium electron dis-
tribution of excited electrons in an NC under a pulse excitation. The
nonequilibrium population is defined as

dNnonequilibrium

én(e) = e

=n(e) - nd(e) (10)

where n(¢e) = dN/de is the distribution of electrons over energy in a
NC, N is the number of electrons in a NC and n%(¢) = f2(¢) - DOS(¢)
is the Fermi equilibrium distribution; fFO(s) and DOS, are the Fermi
function at the ambient temperature Ty and the density of states,
respectively. In Fig. 3c we show the energy distributions at two
times: during the pulse (t=0) and after the pulse (t=200fs). Dur-
ing optical illumination, i.e. at t=0, we observe in Fig. 3c that the
Fermi sea is out of equilibrium: the function dn(¢) is positive above
the Fermi level (¢ > Eg) and negative for the energies below the
Fermi surface (¢ < Eg). During the pulse, we observe populations
of HEs and HHs with high excitation energies in the energy inter-
val Eg + hw > € > Ep — hw. The number of such carriers is relatively
small since they are created preferentially near the surfaces [41],
as electron scattering at the surfaces breaks the conservation of the
electronic linear momentum, thus allowing transitions with large
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Quantum and classical channels for relaxation
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Ak (Fig. 5a). This stands in contrast with the excitation of Drude
electrons, which is a bulk-like process (Fig. 5a,b). Importantly, the
generation of these high-energy carriers is not only facilitated by
electron-surface scattering (Fig. 5¢), but also by the intense field
gradients characteristic of plasmonic hot spots (Fig. 5d,e). However,
such carriers have very short lifetimes due to the frequent electron-
electron collisions in the Fermi gas (Fig. 4). Simultaneously, we
observe large numbers of excited electrons near the Fermi level, for
which we use the label “Drude” electrons; these excited electrons
form electric currents in the classical plasmonic wave (Fig. 5a,b).
The classical (Drude) and quantum (hot) excited electrons in the
plasmonic wave are also associated with two different mechanism
of decay for the plasmon (Fig. 4). Let us now look at the electronic
state of a NC after the pulse, at t=200fs. In this case, the coherent
plasmonic oscillation has already decayed, but the Fermi gas still
holds the absorbed optical energy. We do not see any more HEs
and HHs, but the system has a distribution of thermalized elec-
trons (with the thermalization process occurring owing to rapid
electron-electron collisions) to a high nonequilibrium electronic
temperature. The following step of the electronic relaxation will
see the thermalization between the warm (thermalized) electrons
and the lattice phonons. At this step, the extra electronic energy
will be depleted while increasing the lattice temperature, which
happens within a few picoseconds.

Fig. 4 summarizes the relaxation mechanisms for a plasmon and
for excited electrons [41,42]. The rate of decay of a plasmon (which
is the inverse of its lifetime) has the following contributions (Figs.
Fig. 4a, 5¢,d) [42]:

Vplasmon = ]/fplasmon = Vbulk *+ Vrad + VYsurf T Yhot—spot (11)

where y;,4 corresponds to the radiative decay rate, covering the
process by which the dipolar moment of the plasmon oscillations
triggers the reemission of a photon to the far-field, and ypyy is the
decay rate of a plasmon in bulk, which can be further subdivided in
two components,

Vbulk = ¥Drude t+ Vinter-band

The above contributions represent two mechanisms of electron
scattering; ¥prude iS the rate of relaxation of electron momentum
in a plasmonic wave and this rate enters the hydrodynamic Drude
model (Egs. (1), (2)); the related term —)p;ugeV in the hydrody-
namic equation (Eq. (1)) can be interpreted as a frictional force and
originates from electron scattering by phonons and defects in a
crystal. The rate Yipter-pband COMes from optical inter-band transi-
tions, which are also available in metals for photon energies above
a certain energy that depends on the material; they become rele-
vant as a plasmon decay mechanism when the plasmon frequency
is in the blue or UV spectral intervals. Finally, the most interesting
term in Eq. (11) is the surface scattering and hot spot contribu-
tions, Ysurf and Yhor_spor, respectively [41]. The first term is often
called the Kreibig’s term [43-45] (Fig. 6), and depends strongly on
the NC’s size, as

VF

" (12)

Vsurf = A
where ag is the NC diameter, vf is the Fermi velocity of the mate-
rial and A is a numerical constant [43,46,47]. Several experiments
with NCs of variable sizes confirmed the characteristic size depen-
dence of the surface scattering rate of the plasmon [46-48], and
Fig. 6a shows a selected result from the relevant literature. Math-
ematically, Kreibig's term, in Eq. (12), is the classical frequency
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On the other hand, the non-conservation of the electron momentum allows individual carriers to become excited to energies up to the total photon energy, and these can
occur through their scattering at the metal surface (c¢) or through the strong field gradients in hot spots (d). Panel (d) illustrates two distinct types of hot spots, those created
by gap modes [22,58], and those arising from sharp geometrical features in NCs [41,59]. (e) TEM images of two different types of systems exploiting plasmonic hot spots of
the second type, namely TiN nanocubes and Au nanostars [60,61]. Reproduced and adapted with permission from (d) [22,41,58,59] Copyright 2015 Nature Springer, 2017
American Chemical Society, 2017 Wiley, (e) [60,61] Copyright 2016 American Chemical Society, 2017 Wiley.

of collisions of a ballistic electron with the NC boundary. How-
ever, the physical origin of this term lies in quantum mechanics.
This term comes from the scattering of electrons near the surfaces,
where the electron momentum is not conserved. In this way, a
plasmonic excitation can be converted to high-energy electron-
hole pairs (Fig. 6b). This process of generation of HEs and HHs
occurs near the walls of a NC, where the dynamic charge of a
localized plasmon wave shows the so-called Friedel oscillations
(Fig. 6¢), which are a feature of the dynamic screening of a Fermi
gas. The structure of the electronic states near the surface and, in
particular, the spill-out of their wave functions are important for a

numerical description of the HE generation and the surface-
induced damping of the plasmons [47,49]. In plasmonic photo-
chemistry, the Kreibeg’s mechanism of plasmon damping is often
compared with the effect of the so-called chemical interface damp-
ing [50].

Recently, theoretical studies [41,58] pointed out the existence
of a novel mechanism of generation of HEs related to plasmonic hot
spots. Like in the surface scattering mechanism, an efficient gener-
ation occurs due to the non-conservation of the linear momentum
of an electron. This non-conservation process takes place in small
volumes of a NC with strong field gradients, which we often regard
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as hot spots (Fig. 5c—e). Such special volumes, hot spots, typically
appear at the apexes of NCs with complex shapes (Fig. 5e). We
note that hot spots can also appear near flat surfaces, and one
example is the case of planar metamaterial absorbers with narrow
gaps [22,23]. Whereas SERS and related plasmon-enabled molecu-
lar spectroscopys techniques utilize hot spots outside a NC, the hot
spots that are relevant for the hot electron effect are located inside
the metal.

The relaxation processes in an excited Fermi gas also include
decay mechanisms for single electrons. Fig. 4 provides a summary
of such mechanisms. Single excited electrons can lose their energy
via fast electron-electron scattering (e-e scattering) or via emis-
sion of non-equilibrium phonons (Fig. 4a). Fig. 4d illustrates the
different timescales involved in the general relaxation process. The
fastest relaxation mechanism is the frictional one and its decay rate
enters the Drude dielectric function. The lifetimes of HEs are also
short, ~100fs or shorter, and arising from e-e scattering. On the
other hand, electron-phonon scattering timescales are typically in
the ps range and heat diffusion is relevant after 10 ps and longer
(Fig. 4d). These timescales and their related relaxation mechanisms
are needed to interpret experiments with plasmonic dynamics in
NCs.

To conclude this section, we point out to a few useful
review papers which describe the subject of plasmonic and
electronic decay mechanisms. An excellent review on time dynam-
ics and related experiments, with emphasis on single-particle
spectroscopy, can be found in Ref. [48]. The physics of HEs in nanos-
tructures were reviewed in Refs. [41,51,52]. Time-resolved and
single-particle studies of nanocrystals with simple shapes were
well described in Refs. [15,42,53,54]. Some other recent reviews
on the applications of HEs for photochemistry can be found in Refs.
[40,55-57].

Time-resolved experiments with simple particle shapes

When a NC has a simple shape, such as a rod or a sphere, the
relaxation dynamics involved, measured via time-resolved absorp-
tion or scattering of a secondary beam, occur fundamentally in
the picosecond time range (Fig. 7). They are governed by electron-
phonon relaxation and lead to the equilibration of electronic and
lattice energy reservoirs, with the corresponding balancing of their
effective temperatures. However, one can recognize contributions
from the ultra-fast femtosecond dynamics associated with the e-e
relaxation of HEs [12]. This is accomplished by using an extended 2T
model, based on three parameters, to analyze the complex dynam-
ics of hot and warm electrons [12].

There is a growing literature on time-resolved spectroscopy
of plasmonic films and nanocrystals with simple shapes
[15,19,42,48,54,62]. In such experiments, a short femtosec-
ond pulse is used to excite a system and another short pulse sent
with a known time delay is then utilized to read out the state
of the electronic gas in the NC (Fig. 7a). Here we will give a few
snapshots directly taken from this body of research, starting from
the transient transmission signals observed in an ensemble mea-
surement of spherical Au NCs (upper panel in Fig. 7a) [20]. During
the pump pulse (200fs long), one can see the appearance of a
characteristic transient signal (one positive peak and two negative
features to its sides) that should be interpreted as an optically-
induced broadening (damping) of the plasmon peak (upper panel
in Fig. 7a). The physical reason for the increased damping of the
plasmon is the dramatically increased temperature of the electron
gas, rising up to 4000K for the pulse intensity used in that study
(lower panel in Fig. 7a). At such temperature, a few mechanisms
can contribute to the nonlinear damping, such as inter-band
relaxation, electron-phonon (e-ph) scattering and e-e scattering.
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Fig. 7. Selected time-resolved pump-probe experiments with nanocrystals and classical extended 2T model of carrier excitation. Panels (a-c) are taken from selected
experimental studies, while panels (d,e) illustrate the theoretical picture of the classical extended 2T model. (a) Differential transmission AT/T versus probe-photon energy
at different time delays for gold colloids embedded in a sol-gel matrix (top panel). The bottom panel shows schematic Fermi distribution functions at low (dashed line)
and high (solid line) electron temperatures, representing the general process by which the pump changes the electronic energy distribution in the metal [20]; (b) Time-
dependent change in extinction cross section measured for gold nanorods (inset, 43 nm x 12 nm) at different probe wavelengths A,,; around its resonance (from top to bottom,
Apr — AR ~ 30,40, 0,-30, and -20 nm). The response when probing at the plasmon resonance shows a distinct, ultrafast time response and a posterior slow signal increase [18];
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Two examples of transient dynamics of the optical response of
single nanorods are shown in Fig. 7b,c [12,18]. The main relaxation
times of these dynamic data are in the picosecond range and
are attributed to e-ph relaxation. The signs of the signals were
described explained using the local dielectric model. A local dielec-
tric function of gold includes the contributions of the frictional
intra-band response (Drude model) and the inter-band processes.
Both parts of the local dielectric constant depend on the electronic
and phononic temperatures. In the case of Ref. [12] (Fig. 7c), the
dynamics were analyzed using an extended 2T model (sometimes
referred in the literature as a 3T model), which incorporates
ultra-fast e-e relaxation. Such relaxation is not seen directly by
eye in the traces, but a careful numerical analysis can reveal it.
In the following section, we will show a very different case, in
which an ultra-fast femtosecond component is clearly visible and
completely dominates the dynamics at short times after the pump
pulse excites the particles.

The panels of Fig. 7d,e show typical electronic distributions at
different times, which weremodeled in the context of electronic
temporal dynamics in an ultra-fast time-resolved experiment
[11,63].In Fig. 7d, one can see the electron distributions at the cen-
ter of a pulse (t=0) and at the time of thermalization (t=tp). At
t=0, the nonequilibrium part of the distribution is postulated as
having a flat shape (2™ row). In the 3™ row of Fig. 7d, one can see
the nonequilibrium population Af, which is based on the empirical
formula involving the electronic density of states. Both nonequilib-
rium populations Af assume that the electronic momentum is not
conserved under optical excitation. This is, of course, not true and
the momentum conservation plays a major role in constraining the
electronic dynamics. This issue will be addressed in the following
sections. It will be shown that the quantum-mechanical calculation
should give very different pictures for the states of the electronic
system at small times (i.e. during and just after a pump pulse).
The calculated data in Fig. 7e were obtained using the Boltzmann
equation and utilizing the fact that the total energy in the elec-
tron system is conserved in the e-e relaxation. Again, we see here
that the nonequilibrium function Af has flat regions for HEs and
HHs at t=0, which later decrease in magnitude while we observe
a strong growth of the number of low-energy thermalized elec-
trons. The number of low-energy electrons is so large because the
e-e scattering conserves the total energy in the electron gas. The
modelling shown in Fig. 7e is based on the extended 2T model, in
which the initial energy is converted only into the HEs. In our quan-
tum 2T model [41], we show that this is not so. The reason lies in
the conservation of linear momentum in the electronic excitations
and in the creation of large numbers of excited carriers with small
energies. We regard such carriers as Drude electrons [41].

Anomalous dynamics in metastructures: hot spots with gap
plasmons in the infrared

As mentioned above, this section will provide interesting exam-
ples of structures where the unusual ultra-fast dynamics dominate
the temporal responses at short times after excitation. A detailed

understanding of the dynamics of hot electrons is necessary for,
ultimately, finding pathways to use them in applications that
include different approaches for solar energy conversion, includ-
ing photocatalytic processes such as water splitting [51,55,64-69].
However, performing dynamical studies of hot plasmonic electrons
is challenging, primarily because (a) the low generation efficiency
of non-thermalized hot electrons in most plasmonic nanostruc-
tures makes them difficult to detect and (b) the very fast decay
dynamics of non-thermalized carriers limits the techniques that
can be used to detect them. Addressing this issue, we have recently
reported on the ultrafast pump-probe spectroscopy of gap-mode
plasmonic metamaterials which are configured similarly to super
absorbing metamaterials (schematic in Fig. 8 a), and that show an
anomalously high production of non-thermalized carriers [22,23].

The studied metamaterials supporting plasmonic gap modes
generally consist of a gold film approximately 50 nm thick, upon
which the atomic layer deposition (ALD) technique is used to grow
a 4-25nm thick spacer layer. This layer is usually a large band gap
material such as alumina (Al,03), but materials with smaller gaps,
e.g. TiO,, have also been explored [22]. The ALD process can create
uniform spacer thicknesses with sub-nanometer precision. Finally,
a gold or silver nanoparticle, either fabricated through lithography
or deposited after being synthesized colloidally, is placed on the
spacer layer. An example of the deposition of silver colloidal cubes,
with an edge dimension of 150 nm, on top of an Al, O3 film is shown
in Fig. 8b. The deposition process is such that the colloidal cubes
are sparsely dispersed on the substrate, avoiding interparticle cou-
pling that would lead to strongly heterogeneous behavior [23]. This
approach also allows a large area deposition, important for enabling
a sufficient signal to noise ratio in ultrafast transient absorption
spectroscopy, with areas larger than a square centimeter as shown
in Fig. 8b.

The ultrafast transient absorption spectra are obtained in
reflection mode in near-normal incidence. Due to the absence
of transmitted light through the metamaterial, absorption can
be directly obtained from measured reflection via the relation
Absorption=1 - Transmission - Reflection. The transient absorp-
tion spectrometer has been described elsewhere, but we can briefly
comment some of the relevant details of the setup. The pump wave-
length is selected with an optical parametric amplifier coupled to
an amplified Ti:sapphire laser [22,23]. A small amount (5%) of the
Ti:sapphire output is used to create a continuum probe by focus-
ing into a sapphire or CaF, (which has extended UV generation)
window. Silicon (visible) and InGaAs (near-IR) detectors are used
to acquire each spectrum as a function of probe delay (using an
optical delay line). The stitched 3D spectrum shown in Fig. 8c is the
final result, with transient absorption plotted as a function of opti-
cal delay vs. wavelength. Fig. 8d shows one “cut” at a delay of 35 fs
when the sample is optically excited at the gap plasmon resonance
at 1100 nm, along with the ground state absorption spectrum of
the metamaterial. An ultrafast broadband optical response is pro-
duced as a result of the multiple resonances present in the gap
plasmon metamaterial. The ultrafast response is generally spec-
trally narrower than the ground state response due to a degree of

(c) A similar observation can be made on the experimental AT/T time traces for a gold nanoantenna (170 nm x 50 nm) probed at its resonance (900 nm, green curve), after
being pumped at 780 nm [12]; (d) Theoretical data from the extended 2T model for Ag presented in Ref. [63]. Panels in the left column (i, iii, v) depict the electron energy
distribution during the pulse, while panels in the right column (ii, iv, vi) depict it after a time delay tp sufficient for the thermalization of the hot electrons. Panels in the first
row (i, ii) show the equilibrium (fo, dashed line) and initial athermal (f, full line) electron occupation number assuming instantaneous intraband excitation by a pump pulse
of frequency wpp. The remaining four panels show the corresponding change in the population Af = f — fy around E for the athermal and thermal situations, with (iii, iv)
representing the same picture than panels (i-ii), and (v, vi) showing actual results from the model at tp = 0 fs and, in panel (vi), tp = 400 fs and 1 ps (full and dashed line,
respectively) [63]; (e) Theoretical reconstruction of the variation of thermal (T) and non-thermal (NT) electron energy distribution in excited thin gold films at different time
delays after being optically pumped. In this picture, the pump initially excites a population of hot electrons that, in a second step, distribute their energy through electron
scattering and populate a non-equilibrium thermalized electron energy distribution [11]. Reproduced with permission from (a) [20] Copyright 1997 American Physical
Society, (b) [18] Copyright 2011 American Physical Society, (c) [12] Copyright 2015 American Chemical Society, (d) [63] Copyright 2001 American Chemical Society, (e) [11]

Copyright 2012 American Physical Society.
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Fig. 8. Pump-probe time-resolved spectroscopy on metamaterials with plasmonic gap modes. (a) A schematic of the gap-plasmon structure and pump-probe experiment. A
Ag nanocube is separated from a thin gold film by a thin spacer layer. (b) A photograph of an 1 cm diameter deposition of Ag nanocubes to create the gap-plasmon metama-
terial and a scanning electron micrograph image of the distributed Ag nanocubes (scale bar =500 nm). (c) The 3D transient absorption spectra of the metamaterial excited at
the gap plasmon resonance of 1100 nm. (d) A single transient spectrum for a delay of 35 fs is shown along with the ground state absorption spectrum of the metamaterial. (e)
An illustration of the different modes and resonances of the gap plasmon metamaterial. (f) Modeled electromagnetic field distributions for each mode and resonance feature.
(g) Ultrafast transient absorption decay kinetics at each resonance feature. Strong evidence for the presence of non-thermalized electrons is shown, particularly via the ultrafast
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heterogeneity of the sample that results in a subset of nanocubes
being excited at a given excitation wavelength.

The use of silver nanocubes with a gold film in a gap mode geom-
etry produces several resonance features which are illustrated
in Fig. 8e. The corresponding electromagnetic field enhancement
maps at the resonance maximum for each feature are modeled
and shown in Fig. 8f. The gap mode near 1100 nm produces the
largest field enhancement that, importantly, is largely confined to
the gap region. The quadrupolar mode near 600 nm also produces
significant field enhancement in the gap region, while the inter-
band feature and the multipolar mode produce electromagnetic
field enhancements that are distributed to a much greater extent
away from the gap region. Thus, while all of the absorbed photons at
the different resonances will contribute towards the production of
energetic carriers, leading to a broadband response from the ultra-
violet through the near-infrared spectral range, the gap mode and
the quadrupolar mode are expected to display the greatest spec-
troscopic evidence of non-thermalized electrons.

We can further describe this in terms of the equation for the
HE-production rate [23,41]:

12 eE 1
RUHE= 272 % (o)

/|Ew,normal|2d5, (13)
S

where E,, normai 1S the complex amplitude of the dynamic
electric field normal to the surface and taken inside a NC,
and the physical field is given by Ejgrmal = ReEy normal; the
integral in Eq. (13) is taken over all surfaces of the nano-
structure. If the structure includes different components made
of different metals, one should sum up the contributions from
the different parts. The rate of production of non-thermalized
carriers, Eq. (13) is inversely proportional to the cube of the pho-
ton energy, as well as it being proportional to the square of the
field normal to the metal surface. Both factors directly favor the gap
mode with its near-infrared resonance and high field enhancement
at the metal-dielectric interface in the gap (which is also the case,
although to a lesser extent, for the quadrupolar mode). It should
also be pointed out that the lifetime of non-thermalized electrons
is inversely proportional to the square of the photon energy, which
also means that the longer lifetime at the gap mode resonance leads
to a larger population build-up of non-thermalized carriers. All of
these factors should be considered when designing metamaterial
structures for hot carrier production.

The ultrafast transient absorption kinetics at each resonance are
plotted in Fig. 8g. The ultrafast feature in the first few hundred
femtoseconds is assigned to the presence of non-thermalized elec-
trons. It is clear from the kinetics that the gap mode produces a
very strong signature through non-thermalized electrons, although
the quadrupolar mode also shows evidence of the excitation of
non-thermalized electrons. Fig. 8h presents a diagram of the elec-
tronic populations excited in the gap mode, depicting the initial
excited carrier distribution containing non-thermalized electrons
and the subsequent thermalized picture, showing the dominant
relaxation process in each instance. We emphasize that without
the gap structure, e.g. nanocubes on a glass substrate, these fea-
tures do not appear under any illumination condition. The other
resonances involving the interband resonance and the multipo-
lar mode show more conventional decay dynamics, similar to an
isolated nanocube. We have globally analyzed this data, gathering
evidence for the existence of 3 populations of hot carriers, and have

proposed a degree of anisotropy in the decay of non-thermalized
carriers [23], in what continues to be an active area of research.
Finally, we have also begun a critical step towards achieving
the direct extraction of the hot electron distribution from ultra-
fast pump-probe spectra through a “double inversion” procedure
[70]. This is done by solving (inverting) the equation that relates
the time-resolved reflectivity data to the imaginary component of
the metal’s complex dielectric function. This is followed by a sec-
ond “inversion” to relate the imaginary component of the dielectric
function to the occupancies of the single electron energy band. This
effort has successfully produced hot electron energy distributions
as a function of time in thin gold films under different illumination
conditions, although additional research is required to extend this
approach to more complex structures and metamaterials.

Kinetic multi-temperature models

In the kinetic models available in the literature, one can find sev-
eral useful approaches for describing the optically-excited Fermi
gas in a metallic NC. In particular, one can recognize a few types of
excited carriers and non-equilibrium temperatures, which appear
in different regimes:

1) Plasmonic (Drude) electrons in a nanocrystal under CW light
illumination [41]. These electrons constitute the plasmonic
wave and its associated coherent electron currents, dipyde(€).
Inlarge NCs, the distribution of these electrons resembles a ther-
mal one because, as long as we assume a weak pumping regime,
they are excited near the Fermi level. Along with the excited
Drude electrons, an optically-driven NCincludes, of course, ther-
malized excited electrons, énr (&) because such a NC has an
increased lattice temperature. The first section and Fig. 2¢,d
described such non-equilibrium carriers (Drude and thermal-
ized) using the distribution function coming the Boltzmann
kinetic equation. For the steady-state regime with an oscillating
plasmonic wave, one can introduce a useful parameter that can
be regarded as an effective electronic temperature, T, .¢. This
parameter simply describes an increase in the time-averaged
electronic kinetic energy stored in the electron gas under CW
excitation. For this we can use the equation

oo

/eén(s)ds = Eprc(Teeff)s
0

where dn(¢) is the energy distribution of excited electrons in the
plasmonic wave in the CW regime and Eggg(T) is the total kinetic
energy of the electron Fermi gas in equilibrium at temperature
T.

2) Non-thermalized energetic (hot) electrons with excitation
energies ~hw. For optical photons, Aiw~2 eV, the effective tem-
perature of such carriers, if calculated with the equation Aw =
kg Teff, is ~20 000 K. Clearly, these are very energetic carriers that
cannot be easily produced under the other regimes described
below. The corresponding parameter for the non-thermalized
HEs is simply the number of such carriers, Nyg.

3) Thermalized energetic (hot) electrons appearing in nonlinear
experiments with short fs-pulses. Such carriers appear after a
fast relaxation process, due to e-e collisions in the electron gas,

decay kinetics of the gap plasmon and quadrupolar modes. (h) Illustration of the relaxation processes for hot electrons (left) and thermalized electrons (right), representing
the general shape of the excited carrier population distributions for the gap mode at the times indicated by the dashed lines and the red and blue arrows underneath the
data in panel (f). Panels (a)-(g) were reproduced with permission from [23]. Copyright 2017 Springer Nature.
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which reduces the kinetic energy of the non-thermalized hot
electrons. This relaxation time is very short because of the large
e-e scattering rate, or cross section. The corresponding param-
eter in these models is the effective electronic temperature of
the thermalized Fermi gas, T, ofr, and it can be as high as a few
thousand Kelvin [12,20].

4) The third parameter is the lattice temperature, T;. The hot
thermalized electronic gas will tend to equilibrate its effective
temperature with that of the lattice via electron-phonon scatter-
ing. Given the additional energy accumulated in the electron gas,
the electron-phonon interaction represents a relaxation channel
for the excited electrons.

5) Lastly, we should also account for the temperature of the matrix,
or ambient temperature, Ty. ANCin an excited vibrational state
or, equivalently, hosting a phonon gas at a higher temperature
than its surroundings, will tend to lose energy in favor of its
environment, increasing Tg via heat transfer.

Using the above dynamic parameters, one can now formulate
the extended 2T model as a set of equations. Ref. [12] gives a
good description for this model, and we will follow it below. To
extend it, one can formulate a more advanced model such as the
one that we present immediately afterwards, and to which we refer
as quantum 2T model. In the extended 2T model, all optical energy
absorbed by a NC contributes to the excitation of non-thermalized
HEs. In the case of our quantum 2T model, formulated in Ref. [41],
there are two energy-pumping rates integrated into the extended
2T model equations: one for the thermalized HEs and another one
for the non-thermalized HEs. The first rate is typically much larger
and represents the classical effect of Drude-like excitation in the
bulk. The second one comes instead from the interaction of the
electrons in the plasmon wave with the surface, contributes to the
generation of non-thermalized HEs and is a quantum effect.

a) Extended two temperature (2T) model: We now follow Ref.
[12] and write the rate equations for the related energies, adding
also an explicit coupling to the environment’s temperature Ty:

dEyg
dt
dTe

neTeE = —G(Te — T) + Ge-eEnE (14)

CL@ =G(Te — Ty) - CLﬁ
dt Theat transfer

= —e-eEHE + Paps

We should note that we have followed a slightly different nota-
tion than that in Ref. [12]. In the above set of equations, the
parameters are defined as follows:

Eyg = total energy of nonthermalized HEs in a NC

Te = electronic temperature

T, = lattice temperature

To = ambient temperature

Ge-e = e-e relaxation rate of HEs

P,ps = classical optical energy absorption rate of a NC

G = e-ph relaxation rate of thermalized HEs
Ce = neTe = electronic heat capacity of a NC

C = lattice heat capacity of a NC; ¢, >> Ce
Theat transfer = time of heat transfer NC — matrix;

typically this is the longest relaxation time

and one can find realistic estimates for them in Ref. [12]. For
confined systems, theheat exchange between a nanocrystal and
its environment in both CW and pulsed illumination regimes is
essential. For simplicity, we described here this process with the
simplest, rate-equation approach (see the last equation in Egs.
(14)), which is widely used in the experimental literature [71]. In
the CW regime, heat accumulates in a NC as the phononic energy
of the lattice, and the steady-state phototemperature should be
carefully evaluated from the energy balance equations (Egs. (14)).
Characteristic values for Tpeat transfer €an be found in Ref. [38] and in
Table S2 in Supporting Information.

b) Quantum 2T (Q2T) model: In this model, we follow the ideas
presented in Ref. [34], where the process of absorption was
divided in two parts: the generation of low-energy (Drude) elec-
trons and non-thermalized HEs. Then, the system of Eq. (14) is
simply rewritten as:

dEHE
dr
dTe
dr
dT,

o=

where the classical absorption rate (Drude model) is given by

= —@e_eEHE + PHE

NeTe = —G(Te — TL) + de-eEHE + Paps (15)

TL-To

Theat transfer

CL G(Te - TL) -G

. w
Pabs = (/ dV_] : l'3>time = Im(gDrude)E/ dv E, - EZ,
NC NC

with the dielectric function of metal being &p,yqe. The HE generation
arises from the non-conservation of electronic momentum at the
surfaces of a NC, and the corresponding rate should be derived from
a quantum formalism [41]:

/ |Ew,n0rmal(r)|2d5

SN

12 €% 1
Pyp ~ — — —F
HE= 272 " h (hw)?

where E,, normal is the projection of the electric field onto the sur-
face’s normal, as defined above, and it is taken at points inside
the NC and immediately adjacent to the surface. In large NCs,
Paps >> Pyg because Pug/Paps~Imep/do o 1/ag, with ag being the
characteristic size of the NC, but for small NCs these contributions
can be comparable [43,44]. Fig. 9 illustrates the quantum 2T model.
Egs. (14) and (15) give a realistic description, but they are still
simplified. In this simplest approach, we assumed that the non-
thermalized HEs and HHs are distributed homogeneously across
the energy intervals (see Figs. 3¢, 4d and 9a). Non-thermalized HEs
are located in the interval Eg + Aiw > € > Er and HHs are found
in the Er > ¢ > Eg — iiw. Then, the estimates for the total energy
stored in the non-thermalized carriers and the e-e relaxation are

Eqe(t) ~ fiw - NHg(L),  de-e ~ 1/T¢,e-e(& = Er + iw/2)

where Nyg is the number of HEs in the interval Eg + hw > € > Ef
and the e-e relaxation time 7 e-e(€) is given in Supporting Informa-
tion. The energy for the relaxing HE was taken in the middle of the
distribution interval at &€ = Er + hw/2. In Figs. 10-12, we however
show the results from a more advanced theory based on the kinetic
Boltzmann-like equation, described in Supporting Information. In
this advanced quantum theory, we need to make the following
substitutions in Eq. (15):

ne (T2 =T7)

G(Te —T.) —
¢ 2 Ts,phonons

de-eEnE — QuE(t), (16)
where Qug(t) is defined in detail in Supporting Information,
T¢, phonons 1S the electron energy relaxation rates due to emission

of phonons and Ce = neTe is the electronic heat capacitance.
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Fig. 9. Fundamentals of the quantum 2T model (Q2T). (a) Typical spectral profile for the generation of excited carriers under illumination in the Q2T model. There are two
fundamental types of features in these data: a large number of warm (low-energy) carriers grouping at energies ~3 kgT. around Er, and a shallow plateau of hot carriers
with energies up to Aw from Eg. (b) Diagram showing the different energy repositories in the system and the interactions that exchange energy between them. Crucially,
the Q2T model differs from the traditional extended 2T model in that light excites both hot and warm electrons, as opposed to initiating a downward cascade with the
hot electrons. Panels c to f present steady-state excited carrier populations in plasmonic nanocrystals, obtained with different formalisms and parameters. (c) Steady-state
hotelectron distribution for gold nanocubes with sizes of 10 nm and 30 nm, normalized by their respective volumes [72]. Smaller nanoparticles generate a greater proportion of
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Fig. 10. Kinetics of a small gold plasmonic NP of 2 nm, prompted by the excitation of an 80-fs pulse centered at t=0, obtained with our Q2 T model. The inset on top shows
the geometry of the NP, next to the relevant physical parameters of the system and excitation. (a) Time evolution of the effective temperatures of the electron gas and the
metal lattice, with the inset highlighting the changes at short times after the pump pulse, also depicted there. It can be seen how the relevant timescales for the changes in
Te and Ty, are very different, and how they equilibrate at long times as the electrons share their energy with the phonon gas in the metal. (b) An equivalent representation
of the remaining parameter in an extended 2T model, the number of non-thermalized HE, Nyg. We can see how the characteristic relaxation time is shorter than that of the
thermalized HE. (c) Four snapshots at different times of the non-equilibrium changes in carrier population induced by the pulse. The larger panels, on the left, show the total
energy-resolved changes in the carrier population, while the smaller ones, on the right, zoom in to highlight the distinction between the total excited carrier density and the
thermalized HEs. The difference between these curves is, of course, due to the presence of non-thermalized HEs, which we can see rapidly disappearing as they thermalize
and increase the effective electron temperature.

Finally, we should mention that both modelsin Eqgs.(14),(15) are of non-thermalized HEs in NCs with sizes of a few nanometers

formulated in terms of incoherent electronic and phononic excita-
tions. The above assumes that the coherent plasmonic excitations
have the shortest lifetime as compared to the other relaxation
time scales. This is fully consistent with the known properties of
these phenomena, whose relevant time scales are summarized in
Fig. 4d.

The striking property of the calculations of steady-state distribu-
tions of excited carriers is the presence of a relatively small number

and larger. Fig. 9a illustrates the typical situation found for NCs
with sizes ~2-3 nm [41]. There are two major reasons for this: (1)
the generation of the non-thermalized HEs with large energies is
a surface effect and, for the NCs with sizes with a well-developed
plasmon peak, the number of high-energy electrons will always be
small; (2) the very fast relaxation occurring by e-e scattering for
energetic electrons in the Fermi sea greatly diminishes the steady-
state populations of carriers with high energies.

hot electrons per unit of volume, while larger nanocrystals favor the generation of low-energy plasmonic carriers. (d) Distribution of excited carriers in a4 nm gold nanoparticle
excited at Aw = 2.2 eV, comparing the results derived from assuming only phonon-assisted electron scattering versus a model also including electron-electron scattering.
The introduction of electron-electron scattering greatly decreases the lifetime of high-energy carriers, thus shifting the ratio between hot and warm electrons in favor of
the latter [41]. (e) Excited carrier distribution in a Na particle of 10 nm, where the carriers’ energy is referenced with respect to the vacuum level and the Fermi energy is
marked by the vertical dashed line. The inset shows the full dataset, from which it is clear that the great majority of excited carriers accumulate around the Fermi energy
[73]. (f) Time evolution of the electronic population in an icosahedral silver nanocluster of 3.3 nm, excited at zw = 2.885 eV. Note the rise of population in the states around
the Fermi energy, and the ultrafast subsequent population of high-energy states, with a delay consistent with the lifetime of the plasmon. The vertical dotted line mark the
start of the d-band [74]. Reproduced with permission from (c) [72] Copyright 2013 American Chemical Society, (d) [41] Copyright 2017 American Chemical Society, (e) [73]
Copyright 2018 American Chemical Society, (f) [74] Copyright 2019 Royal Society of Chemistry.



136

Ultra-short 6 fs pulse

Short 80 fs pulse

[0, 3.5] fs

t=

[0, 48] fs

t=

L.V. Besteiro et al. / Nano Today 27 (2019) 120-145

a=30nm L=40nm,a=12nm L =150 nm
hw=22¢eV . hw=17¢eV hAw=12eV
0 - -
&=2 _
‘_) &=1
Au
— P
S 200 = 600 = < 2.0x10° —
2 t=0f ‘ i t=0fs \ i 0% |
1.0x10° 1 < o 4.0x10% 7 = 9 3x107 T o
Ip=10"" Wiem? \‘é’/ § \ Ip = 10" Wiem? = \ aero] o= 3-10" W/em? g ‘—i
. 5
—~5.0x10* ® 7 g i~ 2.0¢10* B g = PRMET &
% £(eV) % & (V) % 1x107 &(eV)
£ . 2
= = =
< o0 = 00 = 0
= = —
K t=0,T,=2142K » t=0,T,=1365K @ . t=0,T,=378K
.g " e Tota ,g . —Total < -1x10 i =78,
5.0x10 e Thermalized 2.0x10 e Thermalized © ——Thermalized
t=35fs,T,=2895K t=35f,T,=1833K -2x107 t=351, T, = 433K
e Total e Total e ToOtal
-1.0x10° p z : -4.0x10* T s 3 -3x107 : T p
< 200 — <
s@V) 3™ os e(eV) 3 s £(eV) S 2™ o
2 \ 2 \ 2 b
1.0x10° < o 4.0x10% 1 T o 3x107 Z o
Ip = 10" W/iem? % \ Ip = 10° W/em? L;, \ o] o= 3:10° Wiem? ) \4
r S -60 T -2.0x10°
< 5.0x10* S g <~2.0x10* 4 © < 4 e
% £(eV) % e(eV) % 1x107 £(eV)
A 0.01 = 0.0 = 0
© t=0,7,=2482K w 1=0,7,=1567K = , =0, T,= 404K
_g " Total % " —Total < -1x10 Total
-5.0x10 e Thermalized -2.0x10 e Thermalized © e Thermalized
t=48fs, T,=3171K t=481s, T, =2094 K -2x107 t=481s, T,=475K
" s T Otal i e T Otal . e To
-1.0x10 -4.0x10 -3x10
4 6 8 4 6 8 4 6 8
e(eV) £(eV) e(eV)

Fig. 11. Spectra of carrier populations for different plasmonic systems, generated by excitation with a pumping pulse centered at t=0, obtained with our Q2T model. The
three columns separate the results for the three different geometries, depicted on the top alongside the numerical details of the calculations. The two rows of panels relate
to the length of the excitation pulse, with the top row corresponding to the ultra-short pulse of 6 fs and the bottom row corresponding to an 80 fs pulse. Now, each panel
presents the following data: the non-equilibrium total carrier populations at two distinct times (t = 0, or at the pulse center, and shortly after the end of the pulse), with
the legends noting the effective temperatures of the electronic gas at these times. Each panel also includes a small inset with the distinction between THE carriers and the
total distribution at t = 0. A comparison across the three geometries in this figure evidences that the ratio of non-thermalized HEs to the thermalized ones is higher for the
metasurface (see Fig. 12). The geometrical parameters of the metastructure are taken from Ref. [23].

Fig. 9c—f shows four examples of HE distributions from the
current literature, which are based on different formalisms and
relaxation parameters; we can see that the low-energy electrons
dominate the picture [41,72-75]. In Refs. [41,72], it was found that
these low-energy electrons are simply the electrons forming the
plasmon oscillation and induce the dissipation described by the
Drude model. Therefore, such excited carriers can be regarded as

Drude electrons. Other important factors are, of course, the opti-
cal scattering phenomenon and the related electromagnetic field
patterns in a nanostructure [76-78].

At this point, we will present some results obtained from the
Q2T model, as described in Eq. (15) and extended in Supporting
Information. Overall, we observe a relatively small number of
non-thermalized HEs, because of two fundamental reasons: (1)

Summarized results for the hot-electron’s population and energy
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Highly-energetic HEs arise from the surface effect and (2) the
e-e scattering is very probable, setting relaxation times as short
as ~10fs for the high-energy electrons. In Figs. 10,11, we see
relatively small populations of high-energy HEs in nanostruc-
tures of all types. However, when we look at the energy stored
in the thermalized and non-thermalized carriers, these can be
comparable when using small-sized NCs and metastructures
(Fig. 12). This is a general and fundamental property. Let us
now describe Fig. 12 in more detail. In it we show the ratios
NThermalized HE/NNon-Therm. HE and EThermalized HE/ENon—Therm. HE»
where Nthermalized HE @0d NNon-Therm. HE ar€ the number of electrons
of each type (values integrated over the relevant energy values,
separated by & = E + 3kgTe). Ethermalized He @d Eon-Therm. He fOl-
low the same logic, but represent the total energy stored by each
type of excited carriers. We note that, when calculating the energy,
we include that of both electrons and holes, i.e. we compute the
full energy required to excite this non-equilibrium distribution
from the one in equilibrium. However, when we compute the
number of excited electrons, we count only the excited carriers
above the Fermi level. When either of these ratios is less than
one, the non-thermalized carriers dominate the picture. The
important observations here are: (1) Smaller NCs exhibit larger
populations of non-thermalized HEs than thermalized electrons;
and (2) metastructures with hot spots in the infrared show strong
generations of non-thermalized HEs, as described in the above
section. According to Fig. 12, the non-thermalized carriers can
dominate the excitation energy in small NCs (2nm) and metas-
tructures. The latter case emphasizes the importance of hot spots
for photochemistry, which was well described and emphasized in
Ref. [40].

Another example of calculations of non-thermalized electrons
in various metastructures can be found alongside experimental
data in Ref. [23]. Various geometries were examined, and it was
found that these type of metastructures generate HEs much more
efficiently than any single, non-interacting NC (Fig. 13). In addi-
tion, it was found that the best performance corresponded to the
metastructure with a silver nanocube on top of the Au-spacer sub-
strate, which is reasonable if we remember that silver has a longer
electronic mean free path than gold [41].

c) Examples of experimental HE distributions: Probing a dis-
tribution of HEs, both thermalized and non-thermalized, is an

interesting and challenging task. Here we look at two recent
examples of such type of studies. The first example, in Ref. [70],
concerns the probing of changes in charge carrier population
produced by a pump pulse in the infrared, exciting intraband
plasmonic transitions in thin Au films. These are obtained by
measuring the transient changes in the reflection of a probe pulse
in the visible spectrum, which targets the interband transitions
in gold (Fig. 14a). Supporting the physical perspective presented
by the Q2T model, the distributions were never flat in the whole
regions Er — hiw < € < Epand Er < € < Eg + hw, contrary to how
they are typically depicted in the literature (Fig. 7d,e). The mea-
sured distributions tend to concentrate near the Fermi energy,
and for times comparable with the pulse length they resem-
ble our data in Figs. 10,11. The widths of the distributions in
Fig. 14a indicate that the HEs have large non-equilibrium tem-
peratures. Another example of energy-resolved spectroscopy of
plasmonic HEs concerns the energy distributions of electrons
injected from Au NCs into a TiO, contact [79]. In this case, the
authors of Ref. [79] measured the change in X-ray absorption in
TiO, due to the HE injection from the plasmonic NC (Fig. 14b).
Their results support the conclusion that the distribution of HEs
in TiO, is highly non-thermal and originates from the injec-
tion of non-thermal electrons in the metal, which occupies the
energy interval 0 < ¢ < Er + hwp, where fiwy is the plasmon
energy (Fig. 14b). We expect such occupation spectrum, since
the injected carriers are basically the plasmon-excited HEs from
gold. In this case, the Au-TiO, Schottky barrier played the role
of a detector, probing the distribution of HEs in the metal. These
selected works are two recent examples of energy-resolved HE
spectroscopy, realized with purely solid-state optoelectronic
systems. However, we should also point out that chemical HE-
driven photo-reactions utilizing NCs with various shapes also
have the potential of implementing setups for energy-resolved
spectroscopy [60].

Plasmon-assisted tunneling, nonlinear photoemission and
the Keldysh parameter

Up to this point in the review we have paid close attention to
the fundamental processes and dynamics underlying the excita-
tion of charge carriers in plasmonic nanoparticles. We have done
this with the general goal of taking advantage of hot electrons in
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driving different processes of scientific and technological import,
such as photocatalysis and photodetection. Of course, most of the
applications using high-energy charge carriers will depend on their
extraction from the plasmonic system to drive the secondary physi-
cal processes that mediate the energy harvesting, signal processing,
etc. In this section, we will take a closer look precisely at the physics
of the emission of these carriers out of the plasmonic system and
their injection into adjacent media, with a focus on their relevance
for the creation of optoelectronic systems to process information.
A clear understanding of the injection mechanism will help ratio-
nalizing the design process of optoelectronic systems and will open
the door to hybrid computing devices operating at ultrafast speeds.

Plasmonic effects can also enhance the electron emission from
metal surfaces, for instance, in resonant plasmonic nanostructures
such as bowtie antennas [80-83]. However, driving a DC unipolar
current in such nanostructures requires a symmetry breaking of the
spatio-temporal electron dynamics [84-86]. For nanostructures,
this has been achieved by using few-cycle femtosecond pulses for
the optical excitation [80,87], by applying strong DC electric fields
at the emitter electrodes [81], or by utilizing asymmetric nano-
junctions (Fig. 15a). An electrodynamic symmetry breaking also

favors optical rectification processes, which are typically detectable
at the lowest optical intensities for metallic nanostructures [88,89].
Karnetzky et al. demonstrated that the asymmetric nanojunctions
can be designed such that the plasmonic enhancement is larger
on the emitter side than on the collector (Fig. 15b) [86]. In turn,
a phase-stable laser can give rise to a unipolar current of emit-
ted hot electrons across the gaps from the emitter to the collector
(Fig. 15c¢) [86]. Generally, such emission currents Iomission follow a
non-linear dependence vs the peak electric laser field F;se; at zero
bias (with the laser pulse energy Ep,jse Flzaser) [80,86,90]. The non-
linear photoemission processes can be described by the Keldysh
theory [91].

) A/ 1+7?
Temission ¢ €XP —% (1 + 21?) arcsinh (y) — 5y ,

with @y, the barrier height (in eV), hw the photon energy, and y
the Keldysh parameter (blue line in Fig. 15d). The Keldysh param-
eter y is defined as
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Fig. 15. Ultrafast electronics based on plasmonically enhanced photoemission of hot electrons. (a) Scanning electron microscope (SEM) image of Ti/Au contacts and asym-
metric nanojunctions with the emitter (collector) denoted as ‘E’ (‘C’). Scale bar, 2 um [86]. (b) SEM close-up image with inset: numerically computed field enhancement g
within such an asymmetric nanojunction for a laser energy of 1.3 eV. (c) Lateral map of the unipolar photoemission current lpmission at zero bias Vi, across such asymmetric
nanojunctions (overlaid plot), which are contacted by two Ti/Au striplines (outer SEM image). Scale bar, 5 wm. (d) Curve of the electron emission probability vs Fj,ser according
to the Keldysh theory (blue line) for a barrier height of gold ®@p,rier ~ 5.1 €V and a laser energy hw ~ 1eV [90]. The corresponding Keldysh parameter y is displayed on the
top axis. For low F,s, the Keldysh curve approaches the multiphoton absorption (red dashed line), whereas for high Fs, it is approximated by a tunneling probability
(green dashed line). (€) Iemission VS Fiaser (black dots). For large Fyaser, the data can be fitted by the Keldysh curve (blue line), similar to the one shown in (d). Inset, left: High
magnification SEM image of asymmetric nanojunctions before laser illumination. Inset, right: SEM image of the same junctions after laser illumination showing non-thermal
gold ablation especially at the vicinity of the tips. Scale bar, 100 nm. (f) Schematic of an on-chip THz time-domain circuit with optical femtosecond pump and probe pulses
triggering the electronic read-out. lom;ssion describes the time-integrated photoemission current in the nanojunctions (as in c), while I ansiene Captures the time-resolved
electromagnetic transients in the striplines at a time delay At. Reproduced and adapted with permission from Refs. [86] and [90]. Copyright 2019 American Chemical Society
and 2019 Springer Nature.

according to the far-field value of Fi;se; [90]. They find effective
plasmonic enhancement factors in the order of 10-30 (Fig. 15b) to
explain the unipolar photoemission current across the nanojunc-
tions for large Fj 5 and plasmonic nanojunctions with a sub-10 nm
gap-distance (blue line in Fig. 15e) [90]. Further screening effects
explain the deviation at low Fj,e;. The inset of Fig. 15e demon-
strates that the laser excitation of metallic nanojunctions can give
rise to a non-thermal ablation processes forming such sub-10 nm
gaps [90], which are promising for nanoelectronic applications
of ultrafast, plasmonically enhanced photoemission currents, e.g.
across single carbon nanotubes [98]. Further possible applications
are on-chip THz-circuits (Fig. 15f) [86], where an ultrafast pump
laser initiates the non-linear photoemission current Iemission
in asymmetric plasmonic nanojunctions, which are centered
in-between two co-planar THz-striplines (Fig. 15c and f). The gen-
erated on-chip THz-pulse is detected as a transient current l;ansient
in a semiconducting Auston-switch triggered by a probe laser
at a time-delay At [86,99,100]. Such on-chip THz-circuits allow

A 2mPyarrier

y=
eF laser

)

where m is the electron mass, and e the electron charge [91]. In
the limit of low laser fields (Keldysh parameter y » 1), the multi-
photon absorption process dominates the emission current (dashed
red line in Fig. 15d) [90,91], and the power law coefficient resem-
bles the number of absorbed photons. For a work function of gold
(D barrier ~ 5.1eV) [92] and a laser energy of Epporon = (0.9-1.3) eV
and further parameters as in Refs. [86,90], 6 - 4 photons are involved
according to this theory. For y « 1, the emission current Iepjssion €aN
be described by the tunnel current (dashed green line in Fig. 15d)

2Pparrier zl )

Iemission o €XP (* ) 3

which in principle, has the same exponential behavior as predicted
for electron tunneling by the Fowler-Nordheim equation [93]. The

theory by Keldysh neglects any ponderomotive quiver motions and
further strong-field effects, as well as the effect of the carrier enve-
lope phase during the photoemission process [80,94-97]. However,
it allows considering plasmonic effects in a straightforward man-
ner. In particular, Zimmermann et al. demonstrated that the
spectrally averaged plasmonic enhancement of metallic nanojunc-
tions can be simply multiplied to the expected emission current

femtosecond electron currents in the frequency range up to 10 THz.

Life after the fast thermalization: Coherent phonon
breathing oscillations

After the ultra-fast and fast relaxation processes in the electron-
phonon system have taken place, we should still expect some
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interesting, nontrivial phenomena. The ultrafast plasmon dephas-
ing and electron-electron interactions discussed above create a
distribution of hot electrons that can be described by a Fermi-Dirac
distribution [17,101]. Because there has been very little energy
exchange with the lattice on the sub-ps timescale of electron-
electron coupling, the temperature of this distribution is much
higher than the temperature of the phonon modes of the nano-
structure [17,101]. The hot electrons will subsequently relax, and
this relaxation process can be described using the two-temperature
model [17,48,63,101,102]. In this model the electrons and lattice
exchange energy in a way that depends on their temperature dif-
ference:

dT,
Ce(Te) g = —&(Te = Th) (17a)
dT,
Cgp =8(Te—T) (17b)

where g is the electron-phonon coupling constant, Te and Ty are the
electron and lattice temperatures, and Ce (Te) and C; are the corre-
sponding heat capacities [17,48,63,101,102]. Because the electronic
heat capacity depends on temperature (Ce(Te)  Te) the time-
constants for electron-phonon coupling depend on the excitation
intensity in pump-probe measurements [48,103]. This means that
very low pump laser powers should be used to measure g. Careful,
low-power ultrafast measurements for Ag and Au nanoparticles
have shown that the electron-phonon coupling constant for small
particles is similar to that of the bulk metal down to ca. 5nm
diameter [104]. At smaller sizes there is an increase in the rate
of electron-phonon coupling. This has been attributed to electron
spill-out at the surface of the particles, which becomes important
at small sizes [104].

The result of the electron-phonon coupling process is that heat
flows into the lattice of the particles on a timescale of a few picosec-
onds, which will cause the lattice to expand [48]. The timescale for
electron-phonon coupling is faster than the period of the acoustic
vibrational modes of the particle that correlate to the expansion
coordinate (the “breathing” modes of the nanostructure), which
means that these modes can be coherently excited. Fig. 16a shows
asimulation of the change in T, and T, and the associated change in
radius for a 20 nm gold nanoparticle with an initial electronic tem-
perature of 1000 K. After equilibration between the electrons and
phonons the lattice temperature of the particle increases by 11K,
which causes a lattice expansion of 0.016%. The inset of Fig. 16a
shows a simulation of the change in radius of the particle using a
driven harmonic oscillator model [48]:

d’R 2dR /2m\? o
wtrat(n) {Rro(1+34m) =0 e

where ATy is the time-dependent change in lattice temperature
that provides the driving force, Ty, is the period of the breathing
mode, 7 is the damping time, Ry is the initial radius, and « is the
coefficient of thermal expansion. The simulations show that the
radius oscillates around the equilibrium radius of the hot particle
(indicated by the dashed line in the figure). The amplitude of the
oscillations is twice the change in radius due to heating — which is
exactly the result expected for a displaced harmonic oscillator. The
oscillations in the radius cause a small change in the volume of the
particles, which shifts the plasmon resonance. This creates a signal
in transient absorption experiments when the probe laser is tuned
near the resonance [48,105,106].

Fig. 16b shows an example transient absorption trace for a single
gold nanowire suspended over a trench. A cartoon of the experi-
mental geometry is shown in Fig. 16¢ [107]. The signal shows a fast
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decay, which corresponds to the electron-phonon coupling pro-
cess, followed by modulations due to the breathing modes of the
nanowire, which are more clearly seen in the inset of Fig. 16b). The
nanowires in these experiments have pentagonal cross-sections
and, thus, have two breathing modes - one corresponding to
motion at the apexes of the pentagon and one corresponding to
motion at the faces [107,108]. Analysis of the transient absorption
traces yields the frequencies and damping times for the breath-
ing modes of the nanowire. These quantities provide information
about the elastic properties of the nanowire, and how energy is
transferred from the nanowire into the environment [48,105-108].

The measured vibrational frequencies are typically in
good agreement with continuum mechanics calculations
[48,53,62,110,111], which means that the elastic properties
of metal nanostructures are the same as the bulk material. On the
other hand, the energy relaxation times are not as well understood.
This situation is similar to that for the plasmon resonances of metal
nanoparticles, where the resonance frequencies can be accurately
calculated, but the dephasing processes (electron surface scatter-
ing, radiation damping and hot electron transfer) are still subjects
of intense research [15,112-114]. In general, single particle mea-
surements are needed to examine the dephasing processes. This
is because in ensemble experiments the distribution of sizes and
shapes in the sample causes an inhomogeneous decay, which
overwhelms the contribution from the natural lifetime of the
resonances [15,48,110].

A major focus of research at the University of Notre Dame in the
past decade has been to use single particle transient absorption
experiments to study how the environment affects the damp-
ing of the breathing modes of metal nanostructures [115]. These
experiments are performed in two steps. First, transient absorp-
tion measurements are performed on suspended nanostructures
in air to measure the rate of internal relaxation for the vibrational
motion. The environment around the nanowire is then changed in
some way (for example, by adding a liquid) and the experiments
are repeated [107-109]. The results of the two measurements are
then subtracted to determine the effect of the environment. The
inset of Fig. 16b shows example transient absorption traces for a
suspended Au nanowire in air and water [109]. Adding water to
the sample increases the damping. Quantitative information about
the effect of the liquid is obtained by subtracting the quality factors
Q; = t;/T; for the two traces ( Q“’ql = Q¢ — Q,;)). Note that work-
ing with quality factors removes the trivial size dependence in the
damping times and periods [48].

A number of different liquids have been examined in these
experiments covering a wide range of viscosities [109]. Fig. 16d
shows the quality factors for liquid damping measured in our sin-
gle nanowire experiments, plotted versus the acoustic impedance
of the liquid. The quality factors range from 46 + 3 for water, to
26 + 2 for glycerol (errors equal 95% confidence limits). There is
only a small change in the liquid damping quality factor going
from water to glycerol, which is surprising considering that there
is a three order of magnitude difference in the viscosities of these
two liquids [109]. Indeed, calculations of the vibrational damping
that include liquid viscosity (but not liquid viscoelasticity) predict
that the breathing modes should be almost completely damped
for glycerol [108]. The reason for the higher than anticipated
quality factors for glycerol is that the presence of viscoelastic-
ity triggers an inviscid response in the liquid, that is, the liquid
responds so that damping of the breathing modes occurs by sim-
ple radiation of sound waves into the environment [116]. The
solid line in Fig. 16d shows the results from calculations for a
cylindrical nanowire in a solid-like environment [107,111]. In this
model the rate of damping simply depends on the difference
in acoustic impendence Z = pc between the nanowire and the
surroundings, where p is the density and c is the longitudinal

speed of sound [117,118]. These simple calculations are in excel-
lent agreement with the experimental measurements, confirming
that damping is controlled by radiation of sound waves into the
environment. However, the situation is more complicated for vibra-
tional modes that produce shear waves in the liquid, such as the
extensional modes of nanorods. In this case the damping times are
predicted to be very sensitive to the shear elastic properties of the
liquid [116].

An important aspect of the experiments on the vibrational
modes of plasmonic nanostructures is that the frequencies can very
high. For example, a 20 nm thick Au nanoplate (which is a struc-
ture that can be easily fabricated by using either electron beam
deposition or wet chemical synthesis) will have a breathing mode
frequency on the order of 80 GHz [117,118]. Such high frequencies
offer intriguing possibilities for vibrational cooling, and creating
mechanical systems in their ground vibrational state (“quantum
mechanical mechanical systems”) [119,120]. Another interesting
avenue of research for these systems is to determine how the
internal damping of the vibrational modes of the nanostructures
depends on parameters such as the crystal structure, the vibrational
frequency, the presence of defects, and even the form of the vibra-
tional mode. This is an area of research that has not been explored
in depth to date.

Outlook

Plasmonic HEs and their study using time-resolved spec-
troscopy bring not only interesting and novel fundamental science,
but also ideas for potential applications. The great advantage of
nanostructures and metamaterials lies in changing their shape to
control the concentration and funneling of optical energies at both
the micrometer and nanometer scales. Such localization of the elec-
tromagnetic field has been successfully applied in the study of
time-dependent phenomena (Fig. 8 above), photochemistry using
NCs of different shapes [60,121] (Fig. 17a,b) and HE nanoscopy
[26,27,122] (Fig. 17¢,d). In particular, the nanostar geometry in
colloidal NCs looks very promising for HE-induced photochem-
istry [59,60,121]. The observation of anomalous ultra-fast carrier
relaxation in metastructures is one example of a new phe-
nomenon enabled by shaping a plasmonic nanogeometry [22,23],
and that has also developed our understanding of the mechanisms
affecting the generation of HEs. Beyond its fundamental inter-
est, this has technological relevance because HEs are employed
to drive various chemical reactions [40,55-57,123-126] and also
for nano-localized surface chemistry (Fig. 17e,f) [28,29,127]. These
energetic, optically-excited electrons are involved in interfacial
charge transfer [24,25,128] which, alongside their related dynam-
ics, is responsible for the operation of Schottky devices and any
chemical solid-liquid interface. The current theoretical under-
standing of the mechanisms of generation of non-thermalized HEs
is already at an advanced stage. The ways to increase the num-
ber of non-thermalized HEs in a plasmonic NC were formulated
in Refs. [23,41,59]:

(1) The use of NCs with small sizes;

(2) Utilizing complex shapes with a larger surface area to volume
ratio;

(3) Designing nanostructures with strong and/or extended electro-
magnetic hot spots;

(4) Constructing hybrid nanostructure architectures with plasmon
resonances in the red and infrared regions.

(5) Using plasmonic materials with sharp plasmonic resonances;
e.g., a silver NC generates more non-thermalized HEs than a
gold one.
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While the plasmon phenomenon is well described with classical
theories, explaining the generation of HEs with high energies typi-
callyrequires the use of quantum-mechanical and quantum-Kkinetic
approaches. Therefore, future theoretical work on the physics and
physical chemistry of HEs in the vicinity of interfaces described
at the atomistic level, a field that is not developed enough yet,
will require further development of these quantum models. In
particular, such theories should be multi-scale, involving both
DFT approaches (jellium-like and atomistic) and large-scale elec-
tromagnetic calculations based on Maxwell’s equations. The DFT
approaches would describe the microscopic quantum features,
whereas the electromagnetic part of the modelling should provide
us with the global picture of the plasmonic fields and related hot
spots. Experimental methods and tools, which can reveal dynamic
plasmonic properties at the interfaces, should include or com-
bine optical spectroscopy and photo-chemical measurements. To
name some, this review described two examples of advanced
spectroscopic methods used to measure HE spectral distributions,
namely fs pump-probe measurements and X-ray absorption spec-
troscopy [23,67,79]. This is, of course, not an exhaustive list, and
many more methods, including photo-chemical approaches, could
be named.
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