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a  b  s  t  r  a  c  t

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
coustic modes 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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[11,12], as well as for a description of photochemical processes
ntroduction

The dynamical properties of conductive materials are funda-
entally different to those of molecules and semiconductors. Of

ourse, this arises from the fundamentally different structures of
he electronic quantum states in these materials (Fig. 1) [1]. Impor-
antly, the quantum electronic structure of a material dictates its
ehavior and practical applications (Fig. 1) [1,2]. Although arising
rom different reasons, both molecules and semiconductors have an
nergy gap of quantum origin, which separates occupied and unoc-
upied states, and related optical inter-level transitions (Fig. 1a,b);
n the case of semiconductors, the excitation of an electron across
his gap creates an interacting electron-hole pair known as an
xciton. Analogously to what occurs with the state separation in
olecular fluorophores, excitons and inter-band transitions govern

he optical properties of a semiconductor, providing the possibil-
ty of designing optical emitters, lasers and detectors. In contrast, a
onductive material is gapless and the main excitations produced
y light in this case are classical and called plasmons [3]. Metals
re widely used in radiophysics and optoelectronics as contacts,
ntennas and optical mirrors [4]. When a metal is small in size or
s nanostructured, it exhibits very strong optical resonances, which
re directly observed via the absorption and scattering of light [5,6].
hese optical resonances, i.e. plasmons confined into a small vol-
me, are attracting lots of interest due to their unique properties
hat can potentially be used in sensors, ultra-small waveguides,
nergy-conversion elements, photo-chemical reactors, etc. Plas-
onics is presently a very broad and active field, with thousands of

apers published every year. Therefore, against the nearly impos-

ible task of covering developments occurring across the whole
eld, it seems reasonable for us to focus in this Perspective on one
apidly-developing direction within Plasmonics. Namely, we will

ig. 1. Electronic transitions in different material systems. Energy spectra of quantum 

xcitation channels available in them: (a) molecules, (b) semiconductors and (c) plasmon
oped  semiconductors or conducting oxides. Also arising from the quantum structure 

echanisms, depicted on the figure alongside their typical relaxation lifetimes.
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, 3rd 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
states (band diagrams) in different material systems and the main light-induced
ic crystals. Plasmonic crystals are conductive and can be, e.g. metals, degenerately
of their states, these types of materials have fundamentally different relaxation

[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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When talking about experiential studies on the time-resolved
ynamics of the electron gas in noble nanocrystals (NCs), one
hould mention the pioneering works by the French group [15–18]
here the time dependent response was analyzed through both

he 2T model and the local temperature-dependent dielectric func-
ion. Other early experiments on the dynamic properties of colloidal
anocrystals including electron-phonon and electron-electron
elaxation processes can be found in Ref. [19]. Time-resolved
xperiments on single lithographical nanowires and the related
pplication of the Boltzmann equation formalism were also pre-
ented in Ref. [12]. A pioneering study of the nonlinear properties
f gold nanoparticles, which revealed the nonlinear pump-induced
roadening of the plasmon resonance, was reported in Ref. [20],
here this effect was interpreted in terms of the time-dependent

lectronic temperature. The investigation of single gold nanorods
ith variable sizes has also clarified the roles of interband damping

nd surface-scattering in plasmon relaxation [21].
Recent time-resolved experiments with short, 80 fs pump pulses

n metamaterial absorbers with plasmonic hot spots reveal a
ery unusual dynamical feature, to which that we have referred
s “anomalous ultrafast dynamics” [22]. The transient reflection
bserved in the pump-probe experiments exhibited an anoma-
ously strong relaxation component in the fs-range. The pumping
n this experiment was done in the spectral vicinity of the gap-
lasmon resonance, which is located in the infrared interval. So
ar, plasmonic nanoparticles and nanorods have not exhibited
uch dynamical features and their kinetics have been mostly in
he ps-range [15,19], which corresponds to relaxation through
lectron-phonon scattering. We  attributed and explained the
bserved phenomenon of “anomalous ultrafast dynamics” as aris-
ng from a very efficient generation of hot electrons in the spatially
xtended plasmonic hot spots present in metamaterial absorbers
ith ultra-narrow spacer gaps between metallic antennas and film.

mportantly, similar kinetics were later observed in metamaterials
reated using different systems as nanoantennas, namely colloidal
ilver nanocubes [23], confirming that the new effect of anoma-
ous fs-relaxation is a general property of nanostructures with hot
pots and infrared plasmons. The short lifetimes of excited carriers
n these experiments, in the order of tens of fs, correspond to the
emporal scale of electron-electron scattering. Here we should also
ote that another type of ultra-fast fs-relaxation dynamics appears

n systems with semiconductor-metal interfaces where hot carriers
re transferred across the boundary [24,25].

In addition to the recent time-resolved experiments, hot elec-
ron spectroscopy brings interesting possibilities in terms of
patial resolution. Hot-electron nanoscopy can be achieved with
lasmonic tips in the tunneling regime [26,27]. Plasmon-driven
xcitation, including local hot-electron generation, underlies the
ey mechanisms in the processes of nano-localized surface chem-
stry and growth [28–31].

This Perspective is organized in the following way: In the first
ection we will describe the fundamental properties of plasmonic
xcitations in bulk and nanostructured metals, contrasting the clas-
ical and quantum perspectives. We  will next present an overview
f the experimental literature on time-resolved spectroscopy of
lasmonic, non-interacting nanoparticles, as well as a theoreti-
al model commonly employed to analyze those experiments in
erms of the excited carrier populations in the nanoparticles, the
o-called extended two temperature (2T) model. Such experiments
ill be contrasted with those in the following section, which are

onducted instead on metamaterials with strong hot spots aris-
ng from their plasmonic gap modes. After that overview of key

xperimental works, we will present a more detailed discussion
f the extended 2T model and our revision of it, to which we
efer as quantum 2T model (Q2T), alongside a description of the
elevant parameters required to characterize the non-equilibrium
ay 27 (2019) 120–145

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∗ dv
dt

= �
dk
dt

= eE − m∗�Drude · v (1)

where v = �k/m0 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 �Drude = 1/�Drude are the effective
electron mass and the effective scattering constant of an electron
in a crystal, respectively. For most metals, m∗/m0 ≈ 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:

k = 2

(2�)3n0

∫
d3k · k · f (k, t)

where f (k, t) is the electron distribution function and n0 is the 3D
electron density. Then, for the periodic driving field E(t) = E0e−iωt ,
we obtain from (1):

vω = eE0

m∗(�Drude − iω)
(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
[
vωe−iωt

]
. 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]:

e2n

�D = 0

m0(�Drude − iω)
,

εD(�) = εc − ω2
p

ω(ω + i�Drude)

(3)
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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
h ermal
q e back
t der.

w
b
i

ω

ere  as “Drude” electrons, in the plasmonic wave. Such excited electrons have th
ualitatively resembles the function in panel (c), but it comes from an increase of th
he  textbook by David Tanner [32]. We highly recommend this textbook for the rea

here ω is the frequency of the external electric field and εc is the

ackground dielectric constant coming from the low-lying bands

n a metal. The plasma frequency in (3) is given by

p =
√

e2n0

ε0m∗ (4)
 energies. (d) The contribution of the first term of the expansion in temperature
ground temperature of the nanocrystal. In preparing panels (a) and (b) we followed

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 εD(ω) = 0. This yields ω = ±ωp/

√
εc − i�Drude/2

for ωp � � . However, the physical picture of the plasmon oscil-
lation is more apparent when we solve the Boltzmann equation
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32,34–36]. The distribution function, when derived from the Boltz-
ann equation, can be written in the hydrodynamic approach for

mall time-dependent driving fields as [37]:

 (k, t) = fF(k − k, TL), k(t) = m∗

�
v(t) (5)

here

F(ε, TL) = 1

e
ε−�
kBTL + 1

s the Fermi function at temperature TL and � is the chemical poten-
ial of the system. The Fermi distribution without illumination is
bviously

0
F (ε) = fF(ε, T0)

here T0 is the ambient temperature of the matrix and NC with
o excitation. The lattice temperature of an optically-driven NC is
bove the one of the matrix at large distances from the NC, so that
ne could write TL = T0 + 	TL. The lattice temperature increase
TL will depend on the size and environment of a NC [38]. Here-

fter, we will assume that the electric field and currents in our
ystem are in the x-direction (see Fig. 2a), i.e. k(t)||x̂. For weak opti-
al fields, we can expand the hydrodynamic solution (Eq. (5)) in
erms of the average wave vector kx and obtain:

f (k, t) ≈ f 0
F + df 0

F
dkx

kx + 1
2

d2f 0
F

dk2
x

k
2
x + df 0

F
dT


T

= f 0
F + ıf1(k, t) + ıf2 (k, t) + ıfT (k)

ıf 1(k, t) = df 0
F

dε
· �

2kxkx

m∗

ıf 2 (k, t) ≈ d2f 0
F

dε2
· (
�

2k
2
x

m∗ ) · �
2k2

x

2m∗

ıf T (k) = df 0
F

dT

TL

(6)

The main message from Eq. (6) is in the forms of the terms ıf1
nd ıf2, which allow us to better understand the underlying physics.
he function ıf1 gives the electric current and has an antisymmetric
tructure in the k-space (Fig. 2b). In addition, the time average of
his function is zero:

f1(t) ∝ df 0
F

dε
kx(t), 〈ıf1(t)〉time = 0 (7)

This is because the average momentum in the plasmon wave
s oscillating in time: kx(t) = kx,max cos[ωt + ϕ], where kx,max is the
mplitude of the oscillation. In contrast, the function ıf2 is sym-
etric in the k-space and its time average gives the steady-state

opulation of excited carriers in the plasmonic wave:

ıf2(t)〉time ∝ d2f 0
F

dε2
k2

x,max (8)

The last term in Eq. (6), ıfT , is time-independent under CW exci-
ation. An important conclusion derived from Eqs. (6–8) is that the
xcited electrons responsible for the plasmonic wave are located
ear the Fermi energy. The characteristic width of the steady-state
istribution of hot electrons in Fig. 2b–d is 6kBT . The functions ıf2
nd ıfT look qualitatively similar, since they simply describe an
ncrease of energy in the Fermi gas of electrons. This result was
btained assuming a boundless system and using the Drude model.
n systems with boundaries and defects, one should expect some
igh-energy (hot) electrons and holes, and their generation should

e derived with a quantum-mechanical formalism (Fig. 3b,c), as the
uasi-classical approaches do not work for such carriers. We  should
lso comment on the Drude relaxation constant. Using quantum
inetic theories, one can derive this constant rigorously [39]. The
ay 27 (2019) 120–145

Drude rate is in fact the inverse of the transport relaxation time,
which enters into the static electric conductivity and includes two
contributions: �Drude = 1/�tr = �e-imp + �e-phon, where �e-imp and
�e-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:

ε3D(ω, q) = εmetal,0 − e2

ε0q2V

∑
k

fF (k) − fF (k + q)
�ω − εk+q + εk + i�rel

(9)

where q is the wavevector of the external field applied to the
Fermi gas, V is the crystal’s volume; fF(k) and εk are the Fermi
distribution function and the electron energy, respectively. In the
long-wavelength limit q << kF without collisions �rel → 0, Eq. (9)
yields the classical limit: ε3D (ω) = εmetal,0 − ω2

p/ω2. In the expres-
sion above, the key size parameter of the Fermi gas is its Fermi wave
vector:

kF = m∗vF /�

where the Fermi velocity is defined through the Fermi energy:

EF = m∗v2
F

2
=
�

2
(

3�2n0
)2/3

2m∗ .

The characteristic length related to the electrons at the Fermi
surface is called Fermi length:

�F = 2�

kF
∼n−1/3

0 = le

where le 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. 1c,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 (Eqs. (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.
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c)  Snapshots of the electronic distributions in a very small spherical Au NC, calcula
alculation are provided in the text. Here we  see that, even in a very small NC, the n
ith  small excitation energies, labeled here as Drude and thermalized electrons.

his picture corresponds to electronic excitations near the Fermi
evel with small linear momenta (Fig. 1c). However, since the elec-
ron gas inside a NC is confined by its boundaries, the linear moment
f electron is not conserved near the interfaces, where the transla-
ional symmetry of the system is broken. As a result, the excitation
f non-thermalized hot electrons (HEs) and hot holes (HHs) with
igh energies becomes possible (Figs. 3b and 5). The energies of
uch energetic carriers are as high as the photon energy, �ω. In
ig. 3b, we show the picture of electronic excitation in a localized
lasmonic wave: the carriers excited in the bulk of a NC correspond
o those described by the classical Drude model (see above) and
ave small energies, whereas the spatial regions near the bound-
ries see the promotion of a number of high-energy electrons and
oles, or HEs and HHs. Importantly, these energetic carriers can be

xtracted from a metal NC and drive secondary processes outside a
C [40]. In Fig. 3c, we show a typical nonequilibrium electron dis-

ribution of excited electrons in an NC under a pulse excitation. The
onequilibrium population is defined as
ing the quantum 2T model, showing populations for Drude and HEs. Details on this
r of high-energy (hot) electrons is small in comparison with the number of carriers

ın(ε) = dNnonequilibrium

dε
=  n(ε) − n0

F (ε) (10)

where n(ε) = dN/dε is the distribution of electrons over energy in a
NC, N is the number of electrons in a NC and n0

F (ε) = f 0
F (ε) · DOS(ε)

is the Fermi equilibrium distribution; f 0
F (ε) and DOSe are the Fermi

function at the ambient temperature T0 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 = 200 fs). Dur-
ing optical illumination, i.e. at t = 0, we  observe in Fig. 3c that the
Fermi sea is out of equilibrium: the function ın(ε) is positive above
the Fermi level (ε > EF) and negative for the energies below the
Fermi surface (ε < EF). During the pulse, we  observe populations
of HEs and HHs with high excitation energies in the energy inter-

val EF + �ω > ε > EF − �ω. 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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Fig. 4. Collective and single particle relaxation processes and timescales. (a) Diagram of the processes of plasmon decay. The text explains in detail the relaxation channels
shown  in this panel [41]. (b, c) Illustrations for two  important mechanisms of relaxation: (b) fast energy relaxation of hot electrons due to e−e scattering and (c) ultrafast
m epicts
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omentum relaxation of plasmon due to the frictional Drude force [41]. Panel (d) d
ecay  of plasmon and charge carriers following the absorption of photons by a meta
017  American Chemical Society.

k  (Fig. 5a). This stands in contrast with the excitation of Drude
lectrons, which is a bulk-like process (Fig. 5a,b). Importantly, the
eneration of these high-energy carriers is not only facilitated by
lectron-surface scattering (Fig. 5c), but also by the intense field
radients characteristic of plasmonic hot spots (Fig. 5d,e). However,
uch carriers have very short lifetimes due to the frequent electron-
lectron collisions in the Fermi gas (Fig. 4). Simultaneously, we
bserve large numbers of excited electrons near the Fermi level, for
hich we use the label “Drude” electrons; these excited electrons

orm electric currents in the classical plasmonic wave (Fig. 5a,b).
he classical (Drude) and quantum (hot) excited electrons in the
lasmonic wave are also associated with two different mechanism
f decay for the plasmon (Fig. 4). Let us now look at the electronic
tate of a NC after the pulse, at t = 200 fs. In this case, the coherent
lasmonic oscillation has already decayed, but the Fermi gas still
olds the absorbed optical energy. We  do not see any more HEs
nd HHs, but the system has a distribution of thermalized elec-
rons (with the thermalization process occurring owing to rapid
lectron-electron collisions) to a high nonequilibrium electronic
emperature. The following step of the electronic relaxation will
ee the thermalization between the warm (thermalized) electrons
nd the lattice phonons. At this step, the extra electronic energy
ill be depleted while increasing the lattice temperature, which
appens within a few picoseconds.

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

ig. 4a, 5c,d) [42]:

plasmon = 1/�plasmon = �bulk + �rad + �surf + �hot−spot (11)
 the sequence of events and approximate timescales involved in the excitation and
particle [48]. Panels (a)-(c) were reproduced with permission from [41]. Copyright

where �rad 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 �bulk is the
decay rate of a plasmon in bulk, which can be further subdivided in
two components,

�bulk = �Drude + �inter-band

The above contributions represent two mechanisms of electron
scattering; �Drude is the rate of relaxation of electron momentum
in a plasmonic wave and this rate enters the hydrodynamic Drude
model (Eqs. (1), (2)); the related term −�Drudev 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 �inter-band 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, �surf and �hot-spot, 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

�surf = A · vF

a0
(12)

where a0 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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Fig. 5. Mechanism for the non-conservation of electron’s momentum in bulk, metastructures and nanostructures. (a) Schematic diagram of the band structure of gold, noting
the  relevant transitions that the electrons can undergo under illumination. These are separated as inter- and intraband transitions, and we further differentiate two possible
categories of the latter: Drude excitations and transitions involving a scattering event that causes a large change of electron momentum. (b) Diagram showing the Drude
picture, or the classical displacement of the electrons in a collective response to external electromagnetic radiation. The total photon energy is distributed across all carriers.
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
b ,59]. (
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y  gap modes [22,58], and those arising from sharp geometrical features in NCs [41
he  second type, namely TiN nanocubes and Au nanostars [60,61]. Reproduced and
merican Chemical Society, 2017 Wiley, (e) [60,61] Copyright 2016 American Chem

f collisions of a ballistic electron with the NC boundary. How-
ver, the physical origin of this term lies in quantum mechanics.
his term comes from the scattering of electrons near the surfaces,
here the electron momentum is not conserved. In this way, a
lasmonic excitation can be converted to high-energy electron-
ole pairs (Fig. 6b). This process of generation of HEs and HHs
ccurs near the walls of a NC, where the dynamic charge of a
ocalized plasmon wave shows the so-called Friedel oscillations

Fig. 6c), which are a feature of the dynamic screening of a Fermi
as. The structure of the electronic states near the surface and, in
articular, the spill-out of their wave functions are important for a
e) TEM images of two different types of systems exploiting plasmonic hot spots of
ted with permission from (d) [22,41,58,59] Copyright 2015 Nature Springer, 2017
ociety, 2017 Wiley.

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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Fig. 6. Quantum effects in nanocrystals: Surface effects. Information and diagrams illustrating Kreibig’s physics [43,44]. (a) The famous Kreibig’s equation modelling the
q rface 
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uantum channel of plasmonic decay owing to the scattering of electrons at the inte
s  transferred to an electron-hole pair interacting with the NC’s surface. (c) Friedel 

rocess  from an ideal classical accumulation of charge at the surfaces [49]. Panel (a

s hot spots (Fig. 5c–e). Such special volumes, hot spots, typically
ppear at the apexes of NCs with complex shapes (Fig. 5e). We
ote that hot spots can also appear near flat surfaces, and one
xample is the case of planar metamaterial absorbers with narrow
aps [22,23]. Whereas SERS and related plasmon-enabled molecu-
ar spectroscopys techniques utilize hot spots outside a NC, the hot
pots that are relevant for the hot electron effect are located inside
he metal.

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

To conclude this section, we point out to a few useful
eview papers which describe the subject of plasmonic and
lectronic decay mechanisms. An excellent review on time dynam-
cs and related experiments, with emphasis on single-particle
pectroscopy, can be found in Ref. [48]. The physics of HEs in nanos-
ructures were reviewed in Refs. [41,51,52]. Time-resolved and

ingle-particle studies of nanocrystals with simple shapes were
ell described in Refs. [15,42,53,54]. Some other recent reviews

n the applications of HEs for photochemistry can be found in Refs.
40,55–57].
[47]. (b) The decay process in the quantum picture, with the energy of the plasmon
tions of the dynamically screened charges at the interfaces, differentiating the real
reproduced with permission from [47]. Copyright 2011 ACS.

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 (200 fs 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 4000 K 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 	T/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 × 12 nm)  at different probe wavelengths �pr around its resonance (from top to bottom,
�pr − �R ≈ 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
ingle nanorods are shown in Fig. 7b,c [12,18]. The main relaxation
imes of these dynamic data are in the picosecond range and
re attributed to e-ph relaxation. The signs of the signals were
escribed explained using the local dielectric model. A local dielec-
ric function of gold includes the contributions of the frictional
ntra-band response (Drude model) and the inter-band processes.
oth parts of the local dielectric constant depend on the electronic
nd phononic temperatures. In the case of Ref. [12] (Fig. 7c), the
ynamics were analyzed using an extended 2T model (sometimes
eferred in the literature as a 3T model), which incorporates
ltra-fast e-e relaxation. Such relaxation is not seen directly by
ye in the traces, but a careful numerical analysis can reveal it.
n the following section, we will show a very different case, in

hich an ultra-fast femtosecond component is clearly visible and
ompletely dominates the dynamics at short times after the pump
ulse excites the particles.

The panels of Fig. 7d,e show typical electronic distributions at
ifferent times, which weremodeled in the context of electronic
emporal dynamics in an ultra-fast time-resolved experiment
11,63]. In Fig. 7d, one can see the electron distributions at the cen-
er of a pulse (t = 0) and at the time of thermalization (t = tD). At

 = 0, the nonequilibrium part of the distribution is postulated as
aving a flat shape (2nd row). In the 3rd row of Fig. 7d, one can see
he nonequilibrium population 	f,  which is based on the empirical
ormula involving the electronic density of states. Both nonequilib-
ium populations 	f  assume that the electronic momentum is not
onserved under optical excitation. This is, of course, not true and
he momentum conservation plays a major role in constraining the
lectronic dynamics. This issue will be addressed in the following
ections. It will be shown that the quantum-mechanical calculation
hould give very different pictures for the states of the electronic
ystem at small times (i.e. during and just after a pump pulse).
he calculated data in Fig. 7e were obtained using the Boltzmann
quation and utilizing the fact that the total energy in the elec-
ron system is conserved in the e-e relaxation. Again, we see here
hat the nonequilibrium function 	f  has flat regions for HEs and
Hs at t = 0, which later decrease in magnitude while we observe

 strong growth of the number of low-energy thermalized elec-
rons. The number of low-energy electrons is so large because the
-e scattering conserves the total energy in the electron gas. The
odelling shown in Fig. 7e is based on the extended 2T model, in
hich the initial energy is converted only into the HEs. In our quan-

um 2T model [41], we show that this is not so. The reason lies in
he conservation of linear momentum in the electronic excitations
nd in the creation of large numbers of excited carriers with small
nergies. We  regard such carriers as Drude electrons [41].

nomalous dynamics in metastructures: hot spots with gap
lasmons in the infrared
As mentioned above, this section will provide interesting exam-
les of structures where the unusual ultra-fast dynamics dominate
he temporal responses at short times after excitation. A detailed

c) A similar observation can be made on the experimental 	T/T time traces for a gold n
eing  pumped at 780 nm [12]; (d) Theoretical data from the extended 2T model for Ag p
istribution during the pulse, while panels in the right column (ii, iv, vi) depict it after a ti
ow  (i, ii) show the equilibrium (f0, dashed line) and initial athermal (f , full line) electron
f  frequency ωpp. The remaining four panels show the corresponding change in the popu
epresenting the same picture than panels (i-ii), and (v, vi) showing actual results from 

espectively) [63]; (e) Theoretical reconstruction of the variation of thermal (T) and non-t
elays  after being optically pumped. In this picture, the pump initially excites a populati
cattering and populate a non-equilibrium thermalized electron energy distribution [1
ociety, (b) [18] Copyright 2011 American Physical Society, (c) [12] Copyright 2015 Amer
opyright 2012 American Physical Society.
ay 27 (2019) 120–145

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 4–25 nm thick spacer layer. This layer is usually a large band gap
material such as alumina (Al2O3), but materials with smaller gaps,
e.g. TiO2, 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 Al2O3 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 CaF2 (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

anoantenna (170 nm × 50 nm)  probed at its resonance (900 nm, green curve), after
resented in Ref. [63]. Panels in the left column (i, iii, v) depict the electron energy
me delay tD sufficient for the thermalization of the hot electrons. Panels in the first

 occupation number assuming instantaneous intraband excitation by a pump pulse
lation 	f  = f − f0 around EF for the athermal and thermal situations, with (iii, iv)

the model at tD = 0 fs and, in panel (vi), tD = 400 fs and 1 ps (full and dashed line,
hermal (NT) electron energy distribution in excited thin gold films at different time
on of hot electrons that, in a second step, distribute their energy through electron
1]. Reproduced with permission from (a) [20] Copyright 1997 American Physical
ican Chemical Society, (d) [63] Copyright 2001 American Chemical Society, (e) [11]
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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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eterogeneity of the sample that results in a subset of nanocubes
eing excited at a given excitation wavelength.

The use of silver nanocubes with a gold film in a gap mode geom-
try produces several resonance features which are illustrated
n Fig. 8e. The corresponding electromagnetic field enhancement

aps at the resonance maximum for each feature are modeled
nd shown in Fig. 8f. The gap mode near 1100 nm produces the
argest field enhancement that, importantly, is largely confined to
he gap region. The quadrupolar mode near 600 nm also produces
ignificant field enhancement in the gap region, while the inter-
and feature and the multipolar mode produce electromagnetic
eld enhancements that are distributed to a much greater extent
way from the gap region. Thus, while all of the absorbed photons at
he different resonances will contribute towards the production of
nergetic carriers, leading to a broadband response from the ultra-
iolet through the near-infrared spectral range, the gap mode and
he quadrupolar mode are expected to display the greatest spec-
roscopic evidence of non-thermalized electrons.

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

ateHE = 1
4

2
�2

e2E2
F
�

1

(�ω)3

∫
S

|E�,normal |2ds, (13)

here Eω, normal is the complex amplitude of the dynamic
lectric field normal to the surface and taken inside a NC,
nd the physical field is given by Enormal = ReEω, normal; the
ntegral in Eq. (13) is taken over all surfaces of the nano-
tructure. If the structure includes different components made
f different metals, one should sum up the contributions from
he different parts. The rate of production of non-thermalized
arriers, Eq. (13) is inversely proportional to the cube of the pho-
on energy, as well as it being proportional to the square of the
eld normal to the metal surface. Both factors directly favor the gap
ode with its near-infrared resonance and high field enhancement

t the metal-dielectric interface in the gap (which is also the case,
lthough to a lesser extent, for the quadrupolar mode). It should
lso be pointed out that the lifetime of non-thermalized electrons
s inversely proportional to the square of the photon energy, which
lso means that the longer lifetime at the gap mode resonance leads
o a larger population build-up of non-thermalized carriers. All of
hese factors should be considered when designing metamaterial
tructures for hot carrier production.

The ultrafast transient absorption kinetics at each resonance are
lotted in Fig. 8g. The ultrafast feature in the first few hundred
emtoseconds is assigned to the presence of non-thermalized elec-
rons. It is clear from the kinetics that the gap mode produces a
ery strong signature through non-thermalized electrons, although
he quadrupolar mode also shows evidence of the excitation of
on-thermalized electrons. Fig. 8h presents a diagram of the elec-
ronic populations excited in the gap mode, depicting the initial
xcited carrier distribution containing non-thermalized electrons
nd the subsequent thermalized picture, showing the dominant
elaxation process in each instance. We  emphasize that without
he gap structure, e.g. nanocubes on a glass substrate, these fea-
ures do not appear under any illumination condition. The other

esonances involving the interband resonance and the multipo-
ar mode show more conventional decay dynamics, similar to an
solated nanocube. We  have globally analyzed this data, gathering
vidence for the existence of 3 populations of hot carriers, and have

ecay kinetics of the gap plasmon and quadrupolar modes. (h) Illustration of the relaxatio
he  general shape of the excited carrier population distributions for the gap mode at the
ata  in panel (f). Panels (a)-(g) were reproduced with permission from [23]. Copyright 20
ay 27 (2019) 120–145

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, ınDrude(ε).
In large 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 NC includes, of course, ther-
malized excited electrons,  ınT (ε) because such a NC has an
increased lattice temperature. The first section and Fig. 2c,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, Te,eff. 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

∞∫
0

εın(ε)dε = EEFG(Te,eff),

where ın(ε) is the energy distribution of excited electrons in the
plasmonic wave in the CW regime and EEFG(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 ∼�ω. For optical photons, �ω∼2 eV, the effective tem-
perature of such carriers, if calculated with the equation �ω =
kBTeff, 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, NHE.

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,

n processes for hot electrons (left) and thermalized electrons (right), representing
 times indicated by the dashed lines and the red and blue arrows underneath the
17 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, Te,eff, and it can be as high as a few
thousand Kelvin [12,20].

) The third parameter is the lattice temperature,  TL. 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.

) Lastly, we  should also account for the temperature of the matrix,
or ambient temperature,  T0. A NC in 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 T0 via heat transfer.

Using the above dynamic parameters, one can now formulate
he extended 2T model as a set of equations. Ref. [12] gives a
ood description for this model, and we will follow it below. To
xtend it, one can formulate a more advanced model such as the
ne that we present immediately afterwards, and to which we  refer
s quantum 2T model. In the extended 2T model, all optical energy
bsorbed by a NC contributes to the excitation of non-thermalized
Es. In the case of our quantum 2T model, formulated in Ref. [41],

here are two energy-pumping rates integrated into the extended
T model equations: one for the thermalized HEs and another one
or the non-thermalized HEs. The first rate is typically much larger
nd represents the classical effect of Drude-like excitation in the
ulk. The second one comes instead from the interaction of the
lectrons in the plasmon wave with the surface, contributes to the
eneration of non-thermalized HEs and is a quantum effect.

) 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 T0:

dEHE

dt
= −ae-eEHE + Pabs


eTe
dTe

dt
= −G(Te − TL) + ae-eEHE

CL
dTL

dt
= G(Te − TL ) − CL

TL − T0

�heat transfer

(14)

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

EHE ≡ total energy of nonthermalized HEs in a NC

Te ≡ electronic temperature

TL ≡ lattice temperature

T0 ≡ ambient temperature

ae-e ≡ e-e relaxation rate of HEs

Pabs ≡ classical optical energy absorption rate of a NC

G ≡ e-ph relaxation rate of thermalized HEs

Ce = 
eTe ≡ electronic heat capacity of a NC

CL ≡ lattice heat capacity of a NC; CL >> Ce
�heat transfer ≡ time of heat transfer NC → matrix;

typically this is the longest relaxation time
ay 27 (2019) 120–145 133

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 Eqs.
(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 (Eqs. (14)).
Characteristic values for �heat transfer can 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

dt
=  −ae−eEHE + PHE


eTe
dTe

dt
= −G(Te − TL ) + ae-eEHE + Pabs

CL
dTL

dt
=  G(Te − TL ) − CL

TL − T0

�heat transfer

(15)

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

Pabs = 〈
∫

NC

dV j · E〉time = Im(εDrude)
ω

2�

∫
NC

dV Eω · E∗
ω

with the dielectric function of metal being εDrude . 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]:

PHE ≈ 1
4

2
�2

× e2E2
F
�

1

(�ω)2

∫
SNC

|Eω,normal (r)|2ds

where Eω,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,
Pabs >> PHE because PHE/Pabs∼lmfp/a0 ∝ 1/a0, with a0 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.

Eqs. (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. 3c, 4d and 9a). Non-thermalized HEs
are located in the interval EF + �ω > ε > EF and HHs are found
in the EF > ε > EF − �ω. Then, the estimates for the total energy
stored in the non-thermalized carriers and the e-e relaxation are

EHE(t) ≈ �ω · NHE(t), ae-e ≈ 1/�ε,e-e(ε = EF + �ω/2)

where NHE is the number of HEs in the interval EF + �ω > ε > EF
and the e-e relaxation time �ε,e-e(ε) is given in Supporting Informa-
tion. The energy for the relaxing HE was  taken in the middle of the
distribution interval at ε = EF + �ω/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):

ae-eEHE → QHE(t), G(Te − TL ) → 
e (T2
e − T2

L )
(16)
2 �ε,phonons

where QHE(t) is defined in detail in Supporting Information,
�ε,phonons is the electron energy relaxation rates due to emission
of phonons and Ce = 
eTe 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 kBTe around EF, and a shallow plateau of hot carriers
with  energies up to �ω from EF. (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
hot  electron 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 TL 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, NHE. We  can see how the characteristic relaxation time is shorter than that of the
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hermalized HE. (c) Four snapshots at different times of the non-equilibrium change
nergy-resolved changes in the carrier population, while the smaller ones, on the ri
hermalized HEs. The difference between these curves is, of course, due to the pres
nd  increase the effective electron temperature.

Finally, we should mention that both models in Eqs. (14),(15) are
ormulated in terms of incoherent electronic and phononic excita-
ions. The above assumes that the coherent plasmonic excitations
ave the shortest lifetime as compared to the other relaxation
ime scales. This is fully consistent with the known properties of

hese phenomena, whose relevant time scales are summarized in
ig. 4d.

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

ot electrons per unit of volume, while larger nanocrystals favor the generation of low-ener
xcited at �ω = 2.2 eV, comparing the results derived from assuming only phonon-assis
he  introduction of electron-electron scattering greatly decreases the lifetime of high-e
he  latter [41]. (e) Excited carrier distribution in a Na particle of 10 nm,  where the carrie

arked by the vertical dashed line. The inset shows the full dataset, from which it is cle
73]. (f) Time evolution of the electronic population in an icosahedral silver nanocluster o
he  Fermi energy, and the ultrafast subsequent population of high-energy states, with a d
tart  of the d-band [74]. Reproduced with permission from (c) [72] Copyright 2013 Amer
opyright 2018 American Chemical Society, (f) [74] Copyright 2019 Royal Society of Chem
rrier population induced by the pulse. The larger panels, on the left, show the total
om in to highlight the distinction between the total excited carrier density and the
f non-thermalized HEs, which we can see rapidly disappearing as they thermalize

of non-thermalized HEs in NCs with sizes of a few nanometers
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.

gy plasmonic carriers. (d) Distribution of excited carriers in a 4 nm gold nanoparticle
ted electron scattering versus a model also including electron-electron scattering.
nergy carriers, thus shifting the ratio between hot and warm electrons in favor of
rs’ energy is referenced with respect to the vacuum level and the Fermi energy is
ar that the great majority of excited carriers accumulate around the Fermi energy
f 3.3 nm,  excited at �ω = 2.885 eV. Note the rise of population in the states around
elay consistent with the lifetime of the plasmon. The vertical dotted line mark the

ican Chemical Society, (d) [41] Copyright 2017 American Chemical Society, (e) [73]
istry.
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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
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he  legends noting the effective temperatures of the electronic gas at these times. 

otal  distribution at t = 0 . A comparison across the three geometries in this figure e
etasurface (see Fig. 12). The geometrical parameters of the metastructure are tak

Fig. 9c–f shows four examples of HE distributions from the
urrent literature, which are based on different formalisms and
elaxation parameters; we can see that the low-energy electrons
ominate the picture [41,72–75]. In Refs. [41,72], it was found that

hese low-energy electrons are simply the electrons forming the
lasmon oscillation and induce the dissipation described by the
rude model. Therefore, such excited carriers can be regarded as

ig. 12. Summary of results obtained with the Q2T model for different plasmonic syste
f  electrons, N, and total energy stored in them, E) between thermalized (THE) and non
opulations existing in the middle of a pump pulse of 6 fs in duration, while the right o
hermalized hot electrons is highest for the small NPs and the metamaterial, as the datap
anel also includes a small inset with the distinction between THE carriers and the
ces that the ratio of non-thermalized HEs to the thermalized ones is higher for the

 Ref. [23].

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)

ms (Figs. 10,11). Both panels show the ratios of two integrated variables (number
-thermalized (NTHE) hot electrons. The left panel corresponds to non-equilibrium
ne shows the equivalent data for an 80 fs pulse. The relative importance of non-
oints highlighted by circles show.
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Fig. 13. Summary of theoretical data on the HE electron generation for a variety of different nanocrystals and metastructures. The color legend and the numbers next to the
data  points show the plasmon wavelength, and the configuration number indexes the particular systems under examination, depicted on the right. It is worth noting that
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he  structures are arranged in order of increasing HE generation efficiency, with thr
se  of NCs with sharper features, and (3) the use of silver NCs. The dashed circles h
pectroscopy. Reproduced with permission from [23]. Copyright 2017 Springer Nat

ighly-energetic HEs arise from the surface effect and (2) the
-e scattering is very probable, setting relaxation times as short
s ∼10 fs for the high-energy electrons. In Figs. 10,11, we see
elatively small populations of high-energy HEs in nanostruc-
ures of all types. However, when we look at the energy stored
n the thermalized and non-thermalized carriers, these can be
omparable when using small-sized NCs and metastructures
Fig. 12). This is a general and fundamental property. Let us
ow describe Fig. 12 in more detail. In it we  show the ratios
Thermalized HE/NNon-Therm. HE and EThermalized HE/ENon-Therm. HE,
here NThermalized HE and NNon-Therm. HE are the number of electrons

f each type (values integrated over the relevant energy values,
eparated by ε = EF + 3kBTe). EThermalized HE and ENon-Therm. HE fol-
ow the same logic, but represent the total energy stored by each
ype of excited carriers. We  note that, when calculating the energy,
e include that of both electrons and holes, i.e. we  compute the

ull energy required to excite this non-equilibrium distribution
rom the one in equilibrium. However, when we  compute the
umber of excited electrons, we count only the excited carriers
bove the Fermi level. When either of these ratios is less than
ne, the non-thermalized carriers dominate the picture. The
mportant observations here are: (1) Smaller NCs exhibit larger
opulations of non-thermalized HEs than thermalized electrons;
nd (2) metastructures with hot spots in the infrared show strong
enerations of non-thermalized HEs, as described in the above
ection. According to Fig. 12, the non-thermalized carriers can
ominate the excitation energy in small NCs (2 nm)  and metas-
ructures. The latter case emphasizes the importance of hot spots
or photochemistry, which was well described and emphasized in
ef. [40].

Another example of calculations of non-thermalized electrons
n various metastructures can be found alongside experimental
ata in Ref. [23]. Various geometries were examined, and it was
ound that these type of metastructures generate HEs much more
fficiently than any single, non-interacting NC (Fig. 13). In addi-
ion, it was found that the best performance corresponded to the

etastructure with a silver nanocube on top of the Au-spacer sub-
trate, which is reasonable if we remember that silver has a longer

lectronic mean free path than gold [41].

) Examples of experimental HE distributions: Probing a dis-
tribution of HEs, both thermalized and non-thermalized, is an
tors accounting for greater excitation rates: (1) the presence of gap modes, (2) the
ht the systems that were experimentally studied in Ref. [23] through pump-probe

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 EF − �ω < ε < EF and EF < ε < EF + �ω, 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 TiO2 contact [79]. In this case, the
authors of Ref. [79] measured the change in X-ray absorption in
TiO2 due to the HE injection from the plasmonic NC (Fig. 14b).
Their results support the conclusion that the distribution of HEs
in TiO2 is highly non-thermal and originates from the injec-
tion of non-thermal electrons in the metal, which occupies the
energy interval 0 < ε < EF + �ωp, where �ωp 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-TiO2 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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Fig. 14. Experimental techniques probing distributions of high-energy carriers. (a) (top) Diagram illustrating the band structure for gold, and the two types of transitions used
in  the pump-probe experimental setup; the other two panels show the energy-resolved excited carrier distribution in thin Au films, obtained from the analysis of reflectivity
data  in the visible spectrum, for short (middle panel) and longer (bottom panel) delays after illuminating the sample with a 130 fs pump pulse in the infrared [23]. The bars
show  the energy of the photon quanta used to excite the plasma. We  can see, as predicted by the quantum 2T model [41,51,72], that the excited carriers are concentrated in
energy  near the Fermi level. The experiment in Ref. [23] is probably the only one in the current literature in which the detailed structure of the energetic carrier distribution is
revealed. (b) The three panels refer to data corresponding to star-shaped core-shell Au@TiO2 nanoparticles; (top panel) absorption data for the star nanoparticles, highlighting
the  spectral range that contributed to the plasmon excitation; (middle panel) theoretical data corresponding to the predicted thermal and non-thermal steady-state electron
d rption
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istribution at the nanostars; (bottom panel) experimental changes in X-ray abso
on-thermal distribution of carriers as the cause of the absorption changes, allow

rom  (a) [23] Copyright 2018 Springer Nature and (b) [79] Copyright 2018 America

riving different processes of scientific and technological import,
uch as photocatalysis and photodetection. Of course, most of the
pplications using high-energy charge carriers will depend on their
xtraction from the plasmonic system to drive the secondary physi-
al processes that mediate the energy harvesting, signal processing,
tc. In this section, we will take a closer look precisely at the physics
f the emission of these carriers out of the plasmonic system and
heir injection into adjacent media, with a focus on their relevance
or the creation of optoelectronic systems to process information.

 clear understanding of the injection mechanism will help ratio-
alizing the design process of optoelectronic systems and will open
he door to hybrid computing devices operating at ultrafast speeds.

Plasmonic effects can also enhance the electron emission from
etal surfaces, for instance, in resonant plasmonic nanostructures

uch as bowtie antennas [80–83]. However, driving a DC unipolar
urrent in such nanostructures requires a symmetry breaking of the
patio-temporal electron dynamics [84–86]. For nanostructures,

his has been achieved by using few-cycle femtosecond pulses for
he optical excitation [80,87], by applying strong DC electric fields
t the emitter electrodes [81], or by utilizing asymmetric nano-
unctions (Fig. 15a). An electrodynamic symmetry breaking also
 in the TiO2 and two  theoretical predictions, each assuming either a thermal or
omparison that supports the latter hypothesis [79]. Reproduced with permission
ical Society.

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 Iemission follow a
non-linear dependence vs the peak electric laser field Flaser at zero
bias (with the laser pulse energy Epulse ∝ F2

laser) [80,86,90]. The non-
linear photoemission processes can be described by the Keldysh
theory [91].

(
2˚barrier

[(
1
) √

1 + �2

])
with ˚barrier the barrier height (in eV), �ω the photon energy, and �
the Keldysh parameter (blue line in Fig. 15d). The Keldysh param-
eter � 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 �m [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 Iemission at zero bias Vbias across such asymmetric
nanojunctions (overlaid plot), which are contacted by two Ti/Au striplines (outer SEM image). Scale bar, 5 �m.  (d) Curve of the electron emission probability vs Flaser according
to  the Keldysh theory (blue line) for a barrier height of gold ˚barrier ≈ 5.1 eV and a laser energy �ω ≈ 1 eV [90]. The corresponding Keldysh parameter � is displayed on the
top  axis. For low Flaser, the Keldysh curve approaches the multiphoton absorption (red dashed line), whereas for high Flaser, it is approximated by a tunneling probability
(green  dashed line). (e) Iemission vs Flaser (black dots). For large Flaser, 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
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riggering the electronic read-out. Iemission describes the time-integrated photoem
lectromagnetic transients in the striplines at a time delay 	t. Reproduced and adap
nd  2019 Springer Nature.

 = ω
√

2m˚barrier

eFlaser
,

here m is the electron mass, and e the electron charge [91]. In
he limit of low laser fields (Keldysh parameter � » 1), the multi-
hoton absorption process dominates the emission current (dashed
ed line in Fig. 15d) [90,91], and the power law coefficient resem-
les the number of absorbed photons. For a work function of gold
˚ barrier ∼ 5.1 eV) [92] and a laser energy of Ephoton = (0.9–1.3) eV
nd further parameters as in Refs. [86,90], 6 - 4 photons are involved
ccording to this theory. For � « 1, the emission current Iemission can
e described by the tunnel current (dashed green line in Fig. 15d)

emission ∝ exp
(

−2˚barrier

�ω

2�

3

)
hich in principle, has the same exponential behavior as predicted

or electron tunneling by the Fowler-Nordheim equation [93]. The
heory by Keldysh neglects any ponderomotive quiver motions and
urther strong-field effects, as well as the effect of the carrier enve-
ope phase during the photoemission process [80,94–97]. However,

t allows considering plasmonic effects in a straightforward man-
er. In particular, Zimmermann et al. demonstrated that the
pectrally averaged plasmonic enhancement of metallic nanojunc-
ions can be simply multiplied to the expected emission current
 current in the nanojunctions (as in c), while Itransient captures the time-resolved
ith permission from Refs. [86] and [90]. Copyright 2019 American Chemical Society

according to the far-field value of Flaser [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 Flaser and plasmonic nanojunctions with a sub-10 nm
gap-distance (blue line in Fig. 15e) [90]. Further screening effects
explain the deviation at low Flaser. 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 Itransient
in a semiconducting Auston-switch triggered by a probe laser
at a time-delay 	t  [86,99,100]. Such on-chip THz-circuits allow
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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Fig. 16. Coherent vibrational modes in metal nanoparticles. (a) Calculation of the change in electronic and lattice temperature for a Au nanoparticle for an initial electronic
temperature of 1000 K (dashed and solid lines, respectively). The inset shows the change in radius of a 20 nm diameter Au particle driven by the time dependent lattice
temperature. (b) Transient absorption trace for a single, suspended Au nanowire in air. The insets show the modulated portion of the trace for the nanowire in air and water
[109]. (c) Cartoon of the experimental geometry for the experiments in panel (b). (d) Quality factors for damping of the acoustic vibrational modes of Au nanowires in different
liquids, plotted versus the acoustic impedance of the liquid. Points = experimental data averaged over many nanowires (errors are 95% confidence limits); line = calculations
for  the damping of the breathing mode of a cylindrical nanowire in a homogeneous solid-like environment. Reproduced with permission from (b) [109] Copyright 2018 PCCP
O
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nteresting, nontrivial phenomena. The ultrafast plasmon dephas-
ng and electron-electron interactions discussed above create a
istribution of hot electrons that can be described by a Fermi-Dirac
istribution [17,101]. Because there has been very little energy
xchange with the lattice on the sub-ps timescale of electron-
lectron coupling, the temperature of this distribution is much
igher than the temperature of the phonon modes of the nano-
tructure [17,101]. The hot electrons will subsequently relax, and
his relaxation process can be described using the two-temperature

odel [17,48,63,101,102]. In this model the electrons and lattice
xchange energy in a way that depends on their temperature dif-
erence:

e (Te)
dTe

dt
= −g (Te − TL) (17a)

L
dTL

dt
=  g (Te − TL) (17b)

here g is the electron-phonon coupling constant, Te and TL are the
lectron and lattice temperatures, and Ce (Te) and CL are the corre-
ponding heat capacities [17,48,63,101,102]. Because the electronic
eat capacity depends on temperature (Ce (Te) ∝ Te) the time-
onstants for electron-phonon coupling depend on the excitation
ntensity in pump-probe measurements [48,103]. This means that
ery low pump laser powers should be used to measure g. Careful,
ow-power ultrafast measurements for Ag and Au nanoparticles
ave shown that the electron-phonon coupling constant for small
articles is similar to that of the bulk metal down to ca. 5 nm

iameter [104]. At smaller sizes there is an increase in the rate
f electron-phonon coupling. This has been attributed to electron
pill-out at the surface of the particles, which becomes important
t 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
a simulation of the change in Te and TL, 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 11 K,
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]:

d2R

dt2
+ 2

�

dR

dt
+
(

2�

Tbr

)2{
R − R0

(
1 + ˛

3
	TL

)}
= 0 (18)

where 	TL is the time-dependent change in lattice temperature
that provides the driving force, Tbr is the period of the breathing
mode, � is the damping time, R0 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. 16c [107]. The signal shows a fast
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resonances in the red and infrared regions.
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ecay, which corresponds to the electron-phonon coupling pro-
ess, followed by modulations due to the breathing modes of the
anowire, which are more clearly seen in the inset of Fig. 16b). The
anowires in these experiments have pentagonal cross-sections
nd, thus, have two breathing modes – one corresponding to
otion at the apexes of the pentagon and one corresponding to
otion at the faces [107,108]. Analysis of the transient absorption

races yields the frequencies and damping times for the breath-
ng modes of the nanowire. These quantities provide information
bout the elastic properties of the nanowire, and how energy is
ransferred from the nanowire into the environment [48,105–108].

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

A major focus of research at the University of Notre Dame in the
ast decade has been to use single particle transient absorption
xperiments to study how the environment affects the damp-
ng of the breathing modes of metal nanostructures [115]. These
xperiments are performed in two steps. First, transient absorp-
ion measurements are performed on suspended nanostructures
n air to measure the rate of internal relaxation for the vibrational

otion. The environment around the nanowire is then changed in
ome way (for example, by adding a liquid) and the experiments
re repeated [107–109]. The results of the two measurements are
hen subtracted to determine the effect of the environment. The
nset of Fig. 16b shows example transient absorption traces for a
uspended Au nanowire in air and water [109]. Adding water to
he sample increases the damping. Quantitative information about
he effect of the liquid is obtained by subtracting the quality factors
i = ��i/Ti for the two traces (Q−1

liq = Q−1
tot − Q−1

air ). Note that work-
ng with quality factors removes the trivial size dependence in the
amping times and periods [48].

A number of different liquids have been examined in these
xperiments covering a wide range of viscosities [109]. Fig. 16d
hows the quality factors for liquid damping measured in our sin-
le nanowire experiments, plotted versus the acoustic impedance
f the liquid. The quality factors range from 46 ± 3 for water, to
6 ± 2 for glycerol (errors equal 95% confidence limits). There is
nly a small change in the liquid damping quality factor going
rom water to glycerol, which is surprising considering that there
s a three order of magnitude difference in the viscosities of these
wo liquids [109]. Indeed, calculations of the vibrational damping
hat include liquid viscosity (but not liquid viscoelasticity) predict
hat the breathing modes should be almost completely damped
or glycerol [108]. The reason for the higher than anticipated
uality factors for glycerol is that the presence of viscoelastic-

ty triggers an inviscid response in the liquid, that is, the liquid
esponds so that damping of the breathing modes occurs by sim-
le radiation of sound waves into the environment [116]. The
olid line in Fig. 16d shows the results from calculations for a
ylindrical nanowire in a solid-like environment [107,111]. In this

odel the rate of damping simply depends on the difference

n acoustic impendence Z = �cL between the nanowire and the
urroundings, where � is the density and cL is the longitudinal
ay 27 (2019) 120–145 141

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. 17c,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
(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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Fig. 17. Avenues for the development of applications based on plasmonic hot electrons. (a) Comparison of the photodegradation evolution of a dye in presence of SiO2@TiO2

and Au NCs of different shapes, where the nanostars outperform the other geometries and the reference data with no plasmonic NCs (grey curve) [60]. (b) Spectrally integrated
hot  electron generation for Au NCs with progressively shaper features, showing an increasing HE generation as the nanosphere develops into a nanostar [59]. (c) SEM of the
AFM  tip modified to perform HE-based scanning probe nanoscopy, over a map  of current data obtained with this method at a MoS2/SnO junction, showing the nanoscopic
resolution of the technique [26]. (d) Scheme of a tip enhanced near-field optical microscope, used to study inelastic electron transfer at the tip-sample gap, with scence
spectra obtained at different tip-sample bias voltages [27]. (e) Mechanisms affecting the chemical reactions in reactive tunnel junctions, where electrically-driven Au rods
provide HEs and heat to activate the reactions [28]. (f) Simulated near-field (top) and SEM image (bottom) of a Ag bowtie antenna driving the HE-mediated reduction of its
molecular coating; the aggregation of functionalized AuNPs is used to find the highly-active reaction sites of the antenna [29]. Reproduced with permission from (a) [60]
Copyright 2016 American Chemical Society, (b) [59] Copyright 2017 Wiley, (c) [26] Copyright 2017 Wiley, (d) [27] 2015 Copyright 2015 American Chemical Society, (e) [28]
Copyright 2018 Springer Nature, (f) [29] Copyright 2017 Springer Nature.
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While the plasmon phenomenon is well described with classical
heories, explaining the generation of HEs with high energies typi-
ally requires the use of quantum-mechanical and quantum-kinetic
pproaches. Therefore, future theoretical work on the physics and
hysical chemistry of HEs in the vicinity of interfaces described
t the atomistic level, a field that is not developed enough yet,
ill require further development of these quantum models. In
articular, such theories should be multi-scale, involving both
FT approaches (jellium-like and atomistic) and large-scale elec-

romagnetic calculations based on Maxwell’s equations. The DFT
pproaches would describe the microscopic quantum features,
hereas the electromagnetic part of the modelling should provide
s with the global picture of the plasmonic fields and related hot
pots. Experimental methods and tools, which can reveal dynamic
lasmonic properties at the interfaces, should include or com-
ine optical spectroscopy and photo-chemical measurements. To
ame some, this review described two examples of advanced
pectroscopic methods used to measure HE spectral distributions,
amely fs pump-probe measurements and X-ray absorption spec-
roscopy [23,67,79]. This is, of course, not an exhaustive list, and

any more methods, including photo-chemical approaches, could
e named.
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