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We consider the transient non-equilibrium electronic distribution that is created in a metal nanopar-
ticle upon plasmon excitation. Following light absorption, the created plasmons decohere within
a few femtoseconds, producing uncorrelated electron-hole pairs. The corresponding non-thermal
electronic distribution evolves in response to the photo-exciting pulse and to subsequent relaxation
processes. First, on the femtosecond timescale, the electronic subsystem relaxes to a Fermi-Dirac
distribution characterized by an electronic temperature. Next, within picoseconds, thermalization
with the underlying lattice phonons leads to a hot particle in internal equilibrium that subsequently
equilibrates with the environment. Here we focus on the early stage of this multistep relaxation pro-
cess, and on the properties of the ensuing non-equilibrium electronic distribution. We consider the
form of this distribution as derived from the balance between the optical absorption and the sub-
sequent relaxation processes, and discuss its implication for (a) heating of illuminated plasmonic
particles, (b) the possibility to optically induce current in junctions, and (c) the prospect for ex-
perimental observation of such light-driven transport phenomena. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4802000]

I. INTRODUCTION

The optical excitation of noble metal nanoparticles trig-
gers a sequence of photophysical events that typically vary
widely in time- and length-scales, starting with ultrafast de-
coherence of the optically formed plasmon (taking place at
∼10 fs timescales), and followed by electron-electron scatter-
ing (100 fs), electron-phonon coupling (1-5 ps), and finally,
relatively slow heat dissipation processes (10-100 ps). Similar
to the effect of noble metal nanostructures on an incident elec-
tromagnetic radiation, which manifests itself as wavelength-
sensitive local enhancement of the incident energy, heating
affected by the incident radiation on such structures has been
the topic of intensive experimental and theoretical research in
recent years. This effort has been fueled both by the fascinat-
ing physics involved in the fundamental sequence of events
leading to conversion of optical energy into heat, and by a
large variety of applications of optical heating of nanopar-
ticles, in areas such as nanoscale catalysis,1, 2 magnetism,3

microfluidics,4–7 phononics,8, 9 medicine,10–15 imaging and
spectroscopy,16–19 information storage20 and processing,21, 22

and nanoscale patterning.1

In these traditional applications, the optical excitation of
nanoparticles serves as a spatially-localized heating mecha-
nism. In this paper, we address another consequence of this
excitation—the transient, strongly non-equilibrium distribu-
tion of carriers established by the incident radiation that may
modify the conductance properties of metallic nanojunctions
and may provide new means of driving chemical events.

Although the physics of optical heating of metal sur-
faces and thin metal films has much in common with that
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of optical heating of metal nanoparticles, nanoparticles have
an advantage as controlled nanosources of heat and a route
to designing and measuring temperature distributions at sub-
diffraction length-scales. First, the plasmon resonance mech-
anism, characteristic of metal nanoparticles subject to light,
leads to large cross-sections for light absorption, thus making
metal nanoparticles excellent converters of optical energy into
heat. Second, several decades of experience have perfected
the fabrication and characterization of noble-metal nanopar-
ticles. Hence their optical and thermal properties are control-
lable and can be systematically varied by tuning their shape,
size, relative arrangement, and composition.

The qualitative physics underlying the interaction of laser
fields with metal nanoparticles at their plasmon resonance
frequency is well understood.23, 24 The incident light excites
a dipolar oscillation of the conduction electrons—a dipolar
plasmon, which rapidly dephases to become a distribution
of uncorrelated electron-hole excitations. The corresponding
dephasing time depends on the size of the particle and con-
tributes to the linewidth of the plasmon resonance. For small
particles, this process is dominated by electron-surface scat-
tering with additional contributions of impurity scattering
and electron-electron interactions. In large particles, radiation
damping becomes an important factor in the plasmon line-
broadening. Light absorption with subsequent dephasing thus
results in deposition of energy into the electron distribution,
creating excited electron-hole pairs that are spread over dif-
ferent levels in the conduction band. This excited electronic
distribution rapidly (on a few 100 fs timescale) equilibrates
within itself, giving rise to a hot electronic temperature that
deviates strongly from the phonon temperature. In the pro-
cess, memory of the electron excitation dynamics is entirely
lost. The subsequent equilibration of the hot electrons with the
phonons, on a picosecond timescale, is often described within
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a two-temperature model, dating back to the 1957 work of
Kaganov et al.25 (see also Ref. 26). Here, the rate of change
of the electronic and phonon temperatures is described by a
pair of coupled differential equations that is determined by
the electron-phonon coupling strength and by the electronic
and lattice heat capacities. Finally, once equilibrium has been
established between the electrons and the lattice, the hot par-
ticle equilibrates with its environment, on a >10 ps timescale,
via heat transfer across the interface between the particle and
its surroundings and heat diffusion in the medium. (Clearly,
this convenient partitioning of the relaxation into sequential
non-overlapping events is only approximate and not entirely
general.)

From an experimental perspective, the physical processes
leading to conversion of optical excitation into heat have been
addressed by a combination of different spectroscopic tech-
niques in both energy and time domains. These include spec-
tral broadening measurements, which, in the limit of purely
homogeneous broadening, reflect the early dephasing of the
plasmon resonance in the metal nanoparticle;27–29 transient
absorption experiments, which provide information about the
electron-electron and electron-phonon coupling30–32 and their
dependence on the particle size and shape; time-domain stud-
ies of the coherent acoustic vibrations which ensue energy
flow out of the electronic subspace and into the lattice on
a picosecond timescales;33–35 as well as transient absorption
and time-resolved X-ray measurements of hot particle cool-
ing due to interface conductance and heat dissipation to the
environment.36–38 Recent reviews of this large and diverse
body of research can be found in Refs. 39 and 40.

Numerical studies of the fundamental physics leading to
optical heating have been similarly diverse in scope and ap-
plication. To date, the vast majority of these studies have fo-
cused on the longest timescale process, describing the equili-
bration of the hot nanoparticle with its environment. The early
work of Pustovalov,41 Govorov et al.,42 and Keblinski et al.43

determined the temperature profile at thermal equilibrium
by solving the heat conduction equation [see, for instance,
Ref. 44] for a hot sphere (or a collection of spheres) embed-
ded in a medium, using either the Joule-Lenz law, or the com-
puted absorption cross section to determine the heat genera-
tion rate. These studies illustrated not only heating but also
melting of the embedding medium. A similar approach was
taken by Bruzzone and Malvaldi,45 who stressed the impor-
tance of accounting for surface effects and for the inhomo-
geneity of the electromagnetic field in the particle. The more
recent research of Baffou et al.46 extended the discrete dipole
approximation and Green’s dyadic tensor method, often used
in calculations of the optical response of nanoparticles, to in-
vestigate also their thermodynamic properties, introducing to
that end the thermal Green function and a Laplace matrix in-
version algorithm. Considering a chain of gold nanospheres
in a homogeneous medium on a glass substrate in air, and on
a glass substrate in water, the authors determined the temper-
ature spatial profile, exploring the role played by the distance
of the interface with the conductive medium in determining
the heat release. Considering a gold gap-antenna as an exam-
ple of a more complex construct, and applying the Green’s
dyadic tensor method, Baffou46 found that the temperature

profile behaves qualitatively differently from the optical field
profile.46 (See also Ref. 47 and the combined experimental-
numerical work of Baffou et al.48).

Several recent studies of optical heating of nanoparticles
were able to directly compare numerical predictions with ex-
perimental data. One example is the work of Cole et al.49 who
presented experimental and numerical photothermal transduc-
tion efficiencies of SiO2/Au nanoshells, Au2S/Au nanoshells,
and Au nanorods, directly relevant to clinical therapeutic
applications. Their results show that particle size plays a
dominant role in determining the transduction efficiency,
with larger particles being more efficient for both absorp-
tion and scattering. In a related study, using a combination
of calculations with photocalorimetric experiments in a wa-
ter droplet containing gold nanoparticles, Richardson et al.50

found that the photoheating mechanism and energy equili-
bration details depend strongly on the incident laser inten-
sity and the nanoparticle concentration. The recent research
of Nedyalkov et al.51 combined ultrashort pulse experiments
with the two-temperature heat model and finite-difference
time-domain simulations to explore optical local heating of
gold nanoparticles on silicon and dielectric surfaces, with
a view to applications in therapeutic treatment of living
cells.

To the best of our knowledge, the short time carrier dy-
namics, characterized by a nonequilibrium electronic distribu-
tion, which immediately follows the rapid plasmon dephas-
ing process, was not explored on the microscopic level, al-
though interest in this problem for surfaces of bulk metals
and more recently in nanoparticles has been substantial, and
semiclassical estimates and experimental ramifications have
been discussed.52 This early dynamics and its consequence
for the steady state of an illuminated system are relevant to
surface photochemistry and photoelectrochemistry,53, 54 to es-
timates of the electron transfer (“chemical”) contribution in
surface enhanced Raman scattering, and potentially to future
applications of light-triggered metal nanodevices, such as op-
tically driven or optically controlled molecular conduction
junctions,55, 56 and emerging, optically driven nanoelectrome-
chanical systems. It is, furthermore, accessible to currently
existing and developing ultrashort pulse technology.

Our goal in the present contribution is to complement
the previous experimental and numerical research in this field
and fill in the gap in our understanding of the basic physics
and potential of optical heating of metal nanoparticles by ex-
ploring the ultrashort time carrier dynamics ensuing the plas-
mon dephasing. To that end we derive closed-form expres-
sions for the nonequilibrium electron distribution established
by the optical excitation of a general nanoparticle and its time
evolution. The theory is applied to derive a closed form ex-
pression for a conveniently defined transient “effective tem-
perature” of the hot particle, and to explore the transport
properties of light-driven, bias-free molecular conduction
junctions. As shown below, the electron distribution function
established by the photon absorption can be defined as a sum
of two time-dependent components. One is an electronic ther-
mal component described by a Fermi-Dirac distribution with
a time-dependent electronic temperature. The second is a tran-
sient nonequilibrium component, whose behavior depends on
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the properties of the excitation field, and which is expected to
have signatures in experimental observables.

In Sec. II we develop a closed-form expression for the
electronic nonequilibrium distribution that ensues the rapid
decoherence of the light triggered plasmon. In Sec. III we in-
troduce a simple model to describe the time evolution of this
electronic distribution, and in Sec. IV we proceed to discuss
the consequent evolution of the electronic temperature. Fi-
nally, Sec. V applies the model to the problem of light-driven
transport via a molecular junction, and the last section con-
cludes with a discussion of avenues for future research.

II. PLASMON-MEDIATED ELECTRONIC
NON-EQUILIBRIUM

Our starting point is the assumption that photon ab-
sorption by a small metal particle leads to excitation of a
plasmon—a collective coherent superposition of electron-
hole pairs. Following the creation of a plasmon, this coher-
ent superposition first decoheres, leading to a non-equilibrium
single electron distribution. Electronic relaxation may later
lead to a modified Fermi-Dirac distribution characterized by
an effective electronic temperature. On a longer timescale,
electron-phonon energy exchange leads to further relaxation,
in which the electronic and nuclear energies are equili-
brated. Finally, full thermal relaxation returns the metallic
sub-system to the pre-photon-absorption stage. Here we con-
sider the first stage of this process, in which photon absorp-
tion creates a plasmon, whose decoherence yields a transient,
far-from-equilibrium distribution of electrons.

For definiteness, we place the equilibrium chemical po-
tential of the particles at μ = 0, so that the equilibrium elec-
tronic distribution is

feq(ε) = [eεβe + 1]−1, (1)

where βe = (kBTe)−1, kB being the Boltzmann constant, and
Te is the electronic temperature that may be different (see
Sec. IV) from the ambient temperature. Absorption of a pho-
ton of energy ¯ω creates a superposition of electron-hole
pairs, each of which is characterized by two electronic en-
ergies εe and εh, which satisfy ¯ω = εe − εh. Our input is
the absorption lineshape, L(ω), defined so that if ṅI (ω, t)dω

is the number of photons incident per unit time in the interval
between ω and ω + dω, then ṅA(ω, t)dω = ṅI (ω, t)L (ω) dω

is the number of photons absorbed per unit time in that fre-
quency interval. Note that ṅI (ω, t) should reflect the local
light intensity at time t, including any possible modification
by the plasmonic environment. In the present treatment we
limit ourselves to the simple case where the pulse duration
τ pulse is long relative to the characteristic excitation frequen-
cies. This allows for the approximate description in terms of
a pulse envelope function, I(t)

ṅI (ω, t) = nI (ω)I (t);

∞∫
−∞

dt ′I (t ′) = 1. (2)

The absorption lineshape L(ω) can be experimentally mea-
sured or theoretically calculated, and depends on the nanopar-
ticle composition, geometry and environment.

To make a connection with the resulting electronic dis-
tribution, we consider the joint probability density for photon
absorption, A(ω, εe), defined such that A(ω, εe)dωdεe is the
(joint) probability of photon absorption of frequency between
ω and ω + dω and excitation of an electron-hole pair at en-
ergy (εe, εe − ¯ω) between εe and εe + dεe. This density
satisfies

∞∫
−∞

A(ω, εe)dεe = nA(ω)

NA

= nI (ω)L(ω)

NA

, (3)

where

NA =
∫

dωnA(ω) =
∫

dωnI (ω)L(ω) (4)

is the total number of absorbed photons (whereas NAI(t) is
the total number of absorbed photons per unit time at time t),
which is equal to the number of electron-hole pairs created.
The probability A(ω, εe) is next written in the form

A(ω, εe) = KnI (ω)D(εe, εe − ¯ω)ρp(εe, εe − ¯ω), (5)

where D(εf, εi) is the squared magnitude of a transition ma-
trix element for the electronic process εi → εf, ρp(εe, εe

− ¯ω) is the population-weighted density of pair states,

ρp(ε1, ε0) = {f (ε0)ρ(ε0)} × {[1 − f (ε1)]ρ(ε1)} , (6)

ρ(ε) being the density of single electron states at energy ε,
and K is a normalization constant that ensures the equality∫ ∞
−∞ dεe

∫ ∞
0 dωA(ω, εe) = 1. In terms of A(ω, εe), the num-

bers of electrons and holes created by the excitation process
in the energy range ε...ε + dε are Ne(ε)dε and Nh(ε)dε, re-
spectively, where

Ne(ε) = NA

∫ ∞

0
dωA(ω, ε), (7)

Nh(ε) = NA

∫ ∞

0
dωA(ω, ε + ¯ω). (8)

The second expression results from the fact that for pho-
ton frequency in the range ω...ω + dω the number of cre-
ated holes at energy ε is dωA(ω, ε + ¯ω), that is, equal to
the number of created electrons at energy ε + ¯ω. Note that
Ne(ε)I(t) and Nh(ε)I(t) are the rates of generating electrons
and holes, respectively, and that

∫
dεNe(ε) = ∫

dεNh(ε) = NA

is the number of electron-hole pairs produced by the excita-
tion. The electronic population at energy ε can change due
to absorption of a photon of energy ¯ω not only by promot-
ing an electron from energy ε − ¯ω, but also by promoting
an electron from ε to ε + ¯ω. The net change of electronic
population at energy ε per unit time and energy is NAI(t)φ(ε),
where

φ(ε) ≡
∫ ∞

0
dω[A(ω, ε) − A(ω, ε + ¯ω)]. (9)

In principle, the incident radiation also affects downward tran-
sitions by induced photon emission, but we assume that such
processes are negligible.
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The function φ(ε) can be used to express the desired rate
of change of the electronic distribution. We write the latter as

f (ε, t) = feq(ε, t) + fp(ε, t), (10)

where the time dependence of the equilibrium Fermi-Dirac
distribution feq reflects the time-dependence of the particle
temperature. The nonequilibrium, light-induced component
in Eq. (10) is thus,

ḟp(ε, t) = NAI (t)

ρ(ε)
φ(ε). (11)

In what follows we make the simplifying assumption that
D(εe, εe − ω) in Eq. (5) is a constant (i.e., all electronic tran-
sitions are equally probable), which can be taken to be unity
without loss of generality. We also disregard the energy de-
pendence of the electronic density of states ρ (a reasonable
approximation for processes that involve electronic states near
the Fermi energy57–59), and, for the purpose of evaluating ρp

from Eqs. (5) and (6), assume that f can be roughly approxi-
mated by feq. This leads to

ρp(εe, εe − ¯ω) = ρ2

(e(εe−¯ω)βe + 1)(e−εeβe + 1)
, (12)

(where βe = (kBT)−1 may be time dependent). Equations (3)
and (5) (in the form A(ω, εe) = KnI(ω)ρp(εe, εe − ¯ω)) then
lead to

K = L(ω)

NA

∞∫
−∞

dεeρp(εe, εe − ¯ω)
. (13)

(As is evident from Eq. (12), the integration over εe in
Eq. (13) can be extended, to a good approximation, to ±∞).
Using Eqs. (13) and (14) in Eq. (5) we get

A(ω, εe) = nI (ω)L(ω)

NA

ρp(εe, εe − ¯ω)
∞∫

−∞
dεeρp(εe, εe − ¯ω)

, (14)

or (see Appendix A)

A(ω, ε) = nI (ω)L(ω)

NA

1 − e−¯ωβe

¯ω(e(ε−¯ω)βe + 1)(e−εβe + 1)
. (15)

Normalization is ensured by the identity (4).
Next we turn to the change in electronic population, de-

termined by Eq. (9). From Eqs. (9) and (15) it follows that
(Appendix B)

NAφ(ε) = tanh(εβe/2)

×
∫ ∞

0

dω

¯ω
L(ω)nI (ω)

cosh(¯ωβe) − 1

cosh(¯ωβe) + cosh(εβe)
,

(16)

where, because φ(ε) is an odd function, all the relevant in-
formation is contained within ε > 0. Physically, this reflects
the symmetry of the Fermi-Dirac function with respect to the
Fermi level. Henceforth, φ(ε) is defined as −φ(−ε) for all
ε < 0.

Equation (16) can be numerically evaluated for any given
frequency profile of the incident radiation and for a given
plasmon absorption lineshape L(ω). Some insight can be

gained by considering two extreme limits. In one limit we
consider CW excitation characterized by a sharp incident fre-
quency ωI, i.e.,

nI (ω) = NIδ(ω − ωI ), (17)

obtaining from Eq. (16),

NAφ(ε, ωI ) = NI tanh(εβe/2)
1

¯ωI

L(ωI )

× cosh(¯ωIβe) − 1

cosh(¯ωIβe) + cosh(εβe)
. (18)

In the common case, where ¯ωIβe � 1, this simplifies to

NAφ(ε, ωI ) = NI

¯ωI

L(ωI )
tanh(εβe/2)

1 + e−βe¯ωI cosh(εβe)
. (19)

Note that in this case NIL(ωI) = NA, so in fact Eq. (19) is an
expression for φ(ε, ωI).

In the opposite limit, the incident radiation field is broad-
band with a flat spectrum encompassing the plasmon line-
shape profile. In this case nI(ω) = nI does not depend
on ω. Using a simple Lorenzian lineshape model, L (ω)
= 	0

2[(ω − ω0)2 + 	2]−1(where (	0/	)2 ≤ 1 is the light ab-
sorption probability at the peak), one finds

NA

nI

φ(ε) = tanh(βeε/2)
∫ ∞

0

dω

¯ω

cosh(βe¯ω) − 1

cosh(βe¯ω) + cosh(βeε)

× 	0
2

(ω − ω0)2 + 	2
(20)

For typical values of the lineshape parameters, e.g., ¯ω0

= 2.5 eV and ¯	 = 0.3 eV, the Lorentzian function is rela-
tively sharply peaked about ω0, while the function that mul-
tiplies it is relatively smooth. Furthermore, at room tempera-
ture, β−1

e ∼ (1/40) eV and cosh (βe¯ω0) � 1. Equation (20)
can therefore be approximated by

NA

nI

φ(ε) = π	0
2

¯ω0	
tanh

(
βeε

2

)
1

1 + 2e−βe¯ω0 cosh(βeε)
. (21)

As a function of ε, this distribution starts from zero at
ε = 0, goes through a maximum for intermediate values of
ε, and vanishes as ε → ∞. Figure 1 shows the form of this

1 2 3 4 5
Ε �eV�

1

2

3

Φ

FIG. 1. The dimensionless electron-hole distribution φ̄(ε) = ¯ω0	

	2
0

NA /

nI φ(ε) plotted against ε, as calculated from Eq. (20) (solid curve) and from
the approximation (21) (dashed curve). See text for parameters.
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distribution, for the above choice of parameters, as obtained
from Eq. (20) and from the approximation (21). While quali-
tative agreement is seen, it is seen that the approximate result
is too crude for quantitative calculations. (Clearly, the agree-
ment improves as 	 decreases.) In actual calculations for this
limit it is preferable to use the exact result of Eq. (20).

III. DYNAMICS

The change in the electronic distribution arising from the
excitation term (11) is counterbalanced by electron thermal-
ization, which occurs on a sub-picosecond timescale. A rig-
orous model would consider electron equilibration as a scat-
tering problem, using the Boltzmann equation and numerical
integration,59–61 for instance. In what follows we use a sim-
pler model based on the relaxation time approximation. Un-
der this approximation, the rate of change of the electronic
distribution is described, using (11), by

dfp(ε, t)

dt
= − 1

τe(ε)
fp(ε, t) + NAI (t)

ρ(ε)
φ(ε, ωI ), (22)

where τ e(ε) is the relaxation time of the excess distribu-
tion that may depend on the energy ε. Note that the ap-
pearance of ωI on the rhs reflects the dependence of the
resulting non-equilibrium electronic distribution on the char-
acteristic incident frequency but should be taken to stand for
all parameters that characterize the incident radiation, such
as the pulse width. We note also that the function φ(ε, ωI) is
time-dependent if the particle’s temperature changes during
the light pulse. In the rest of this section we consider situ-
ations where this time dependence may be disregarded; the
extension to the case where the time-dependence of φ(ε, ωI)
is non-negligible is discussed in Sec. IV.

The energy balance equation associated with Eq. (22) can
be made explicit by multiplying this equation by ερ(ε) and
integrating over ε,

dEp

dt
= −

∞∫
−∞

dε
ερ(ε)

τe(ε)
fp(ε, t) + NAI (t)

∞∫
−∞

dε εφ(ε).

(23)
The last term on the right-hand side can be recast in a physi-
cally transparent form, as discussed in what follows. From (9)
we have that

∞∫
−∞

dε εφ(ε) = ¯
∞∫

0

dω ω

∞∫
−∞

dεA(ω, ε), (24)

which, using (3), provides an expression for the rate of energy
absorption by the electronic system,

NAI (t)

∞∫
−∞

dε εφ(ε) = I (t)¯

∞∫
0

dω ωnI (ω)L(ω)

= ¯
∞∫

0

dω ωṅI (ω, t)L(ω). (25)

The first term on the right-hand side of Eq. (23) corresponds
to the energy loss associated with the relaxation of fp to elec-

tronic equilibrium. We will return to this energy balance in
Sec. IV.

At steady state, NAI = ṄA = constant and so is the tem-
perature. Eq. (22) with dfp/dt = 0 yields

fp(ε, t) = ṄAτe(ε)

ρ(ε)
φ(ε, ωI ). (26)

For a pulsed excitation, starting from fp(ε, t = 0) = 0, Eq. (22)
leads to

fp(ε, t) = NAφ(ε, ωI )

ρ(ε)

t∫
0

dt ′e−[1/τe(ε)](t−t ′)I (t ′) (27)

In particular, for the nearly monochromatic pulse described
by Eqs. (2) and (17),

fp(ε, t) = L(ωI )

¯ωIρ(ε)

tanh(εβe/2)

1 + e−β¯ωI cosh(εβe)

×
t∫

0

dt ′e−[1/τe(ε)](t−t ′)ṄI (t ′), (28)

where ṄI (t) = NII (t) is the incident light intensity at time t.
The corresponding steady state result is obtained by setting
ṄI = constant and integrating to t → ∞.

Because
∫ ∞
−∞ dερ(ε)fp(ε) = 0 and since φ(ε) is an odd

function of ε, τ e(ε) has to be an even function of ε. For the
energy dependent relaxation time the model τe(ε) ∼ ε−2 with
a constant τ 1, has been used.62 This model disregards the pos-
sible non-equilibrium character of secondary electron distri-
bution generated by the scattering processes61 and is there-
fore strictly valid only if the non-thermal component in the
secondary electron distribution is negligible. It also neglects
the metal band structure, which factors in the electron relax-
ation time.63 For the calculations discussed below, however,
this approximation for τ e(ε) is adequate.

IV. ENERGY ABSORPTION AND TEMPERATURE

As discussed above, light absorption by the electronic
subsystem leads to a sequence of relaxation processes. Fol-
lowing electronic excitation, fast dephasing leads to an ex-
cited, nonequilibrium electronic distribution fp(ε). Subse-
quent relaxation within the electronic subsystem results in a
thermal electronic distribution feq(ε)—a Fermi-Dirac distribu-
tion characterized by an electronic temperature Te. This is the
process described by Eq. (22), which should be supplemented
by a kinetic equation for the electronic temperature Te. The
time evolution of this temperature results from the balance be-
tween energy injection from the relaxation of fp(ε) and energy
dissipation by equilibration with the underlying vibrational
motion in the particle, as described by the two-temperature
model.25, 26 Finally, long time evolution of the system temper-
ature results in particle cooling by equilibration with the sur-
rounding environment. A complete dynamical description of
the temperature evolution would require augmenting Eq. (25)
to include all these (for the most part–sequential) processes.

In what follows we simplify this description in order to
focus on the electronic processes of interest. We assume that
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the electronic system is embedded in a thermal environment
with a given fixed temperature Tenv and that the equilibra-
tion of the electronic temperature Te with this environment
is governed by a relaxation term of the form −κ (Te − Tenv)
with a relaxation constant κ . This relaxation counter-balances
the increase in thermal electronic energy affected by the de-
cay of the nonequilibrium distribution fp(ε). [In principle, the
relaxation of fp(ε) is also affected by coupling to the ther-
mal environment. Our approach is based, as outlined above,
on the assumption of timescale separation between the fast
internal relaxation of the non-thermal electronic distribution
fp and the subsequent relaxation of the hot thermal distri-
bution f (e)

eq , that is, κ 	 〈τ e〉−1.] This contribution to the
change in Te can be calculated from the rate of increase in
the energy contents of the equilibrium electronic distribution
f (e)

eq (ε) = (eβe(t)ε + 1)−1, given by the first term on the right
hand side of Eq. (23), that is

d

dt

∞∫
−∞

dε ε ρ(ε)(eβe(t)ε + 1)−1 =
∞∫

−∞
dε

ερ(ε)

τe(ε)
fp(ε, t),

(29a)
or, within the approximation of an energy-independent den-
sity, ρ(ε) = ρ,

d

dt

∞∫
−∞

dε ε (eβe(t)ε + 1)−1 =
∞∫

−∞
dε

ε

τe(ε)
fp(ε, t). (29b)

On the left-hand side we note that the Fermi distri-
bution is written with respect to the Fermi energy as
the origin, hence ε in front of the distribution should
be replaced by ε+EF (we disregard the difference be-
tween the Fermi energy and the chemical potential in
this calculation). Given, however that (d/dt) (eβe(t)ε + 1)−1

= (dβe/dt) (d/dβe)(eβe(t)ε + 1)−1, which is an odd function
of ε, the term multiplying EF vanishes. The additional term
makes no contribution to the right hand side either because∫ ∞
−∞ dε

ρ(ε)
τe(ε)fp(ε, t) = 0. The left-hand side of (29b) may be

rewritten in the form −(c/β3) (dβ/dt) = ckB
2T dT /dt where

c = ∫ ∞
−∞ dx x2(ex/2 + e−x/2)−2 = π2/3. Using this result, to-

gether with the simple relaxation model introduced above,
(Eq. (29b)) leads to

dTe

dt
= 3

π2k2
B

1

Te

∞∫
−∞

dε
ε

τe(ε)
fp(ε, t) − κ(Te − Tenv). (30)

At steady state, dTe / dt = 0, driven with light of frequency
ωI, Eqs. (19) and (26) yield,

3

π2k2
B

ṄIL(ωI )

ρ¯ωI

1

Te

∞∫
−∞

dε
ε tanh(εβe/2)

1 + e−βωI cosh(εβe)
=κ(Te − Tenv).

(31)
A simpler route to this result is to use the equality, at steady
state, of the two terms on the right of Eq. (23), with which the
integral in (30) is replaced by the second of these terms.

V. ELECTRON TRANSPORT

In this subsection, we proceed to apply the formulation
of Sec. II to explore light-triggered transport via molecu-
lar junctions. Light can affect electronic conduction in nano-
junctions in different ways, including controlled modifica-
tions in the geometry of the molecular component of the
junction,55, 56 creation of dressed states with desired conduc-
tance properties,64 local fields,65 frequency chirps,66 the co-
herent effect of a pulse sequence,67 and destructive quantum
interference,68 to mention just a subset of the relevant recent
literature.69 Here we focus on one of the variety of possible
optically induced phenomena, namely, the effect of the elec-
tronic non-equilibrium induced by plasmonic light absorp-
tion. We consider the Landauer theory expression for the cur-
rent

I = e

π¯

∫ ∞

−∞
dε[f1(ε) − f2(ε)]T (ε), (32)

where e is the electron charge, fj(ε) ( j = 1,2) is the elec-
tronic distribution in electrode j and T (ε) is the trans-
mission function at electron energy ε, and assume that
nonequilibrium between the electrodes results from the fact
that one of them, say electrode 1, is illuminated. From
Eq. (10), f1(ε, t) − f2(ε) = f (1)

eq (ε, t) − f (2)
eq (ε) + f (1)

p (ε, t).
The difference f (1)

eq (ε, t) − f (2)
eq (ε), which reflects the differ-

ent electronic temperatures of two electrodes created by the
illumination, will give rise to thermoelectric response that can
be analyzed by standard methods. Our interest here is in the
additional effect associated with the generation of the non-
equilibrium electronic distribution f (1)

p (ε). This nonequilib-
rium component can be a short time transient following a
pulse excitation or a time independent addition to the elec-
tronic distribution in the case of continuous illumination. To
explore the role played by the nonequilibrium electron distri-
bution established by the light on the transport properties, we
focus on the current associated with f (1)

p (ε), (the superscript
(1) will be dropped henceforth), denoted Ip in what follows.
This corresponds to the situation where only one electrode is
illuminated, or where one electrode relaxes to the electronic
thermal distribution much faster than the other, and therefore
provides an upper limit to this contribution. In the case of con-
stant illumination with light of frequency ωI, Eqs. (32), (26),
and (19) lead to

Ip = e

π¯

ṄI

¯ωI

L(ωI )
∫ ∞

−∞
dε

τe(ε)

ρ(ε)

tanh(εβe/2)

1 + e−βe¯ωI cosh(εβe)
T (ε).

(33)
Consider the simplest junction model, where transmis-
sion is dominated by a single conduction resonance, T (ε)
= 	1	2[(ε − ε0)2 + (1/4) (	1 + 	2)2]−1, characterized by
the resonance energy ε0 and the resonance widths 	1, 	2 as-
sociated with decay of the resonance into the two electrodes.
If these widths are small with respect to ε−ε0, Eq. (33) can
be approximated by

Ip
∼= e

¯

ṄI

¯ωI

L(ωI )
τe(ε0)

ρ(ε0)

1

1 + (1/2)eβe(ε0−¯ωI )

	1	2

(	1 + 	2)
,

(34)
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where we have assumed that ε0βe � 1. Note that the cur-
rent direction depends on whether the dominant carriers are
electrons or holes. As in the approximation (21) to Eq. (20),
Eq. (34) should be regarded as a tool for qualitative discus-
sions or rough estimates.

Alternatively we may focus on the photovoltage
response—the voltage needed to make this current compo-
nent zero. Anticipating that this voltage will be in the linear
regime, it satisfies

Ip = −(e2/π¯)T (ε = 0)Vp, (35)

and its sign again depends on the nature of the charge carriers.
To estimate this contribution to the light induced current,

we start by assuming a weak CW laser intensity of 1 W/cm2.
With 1019 surface atoms per m2, this translates into 10−15

W/atom. Taking ωI = 3 eV, this amounts to ṄI =2*103 pho-
tons per sec per atom.

Using a free electron model with electron effective mass
1 a.u., the density of states per atom is of the order ρ(ε)
∼ 10−1 eV−1 at ε = 3 eV. Taking also τ e = 10−14 s, L(ωI)
= 1 (the latter choice amounts to assuming that all photons
are absorbed, in the spirit of looking for an upper bound)
and 	1	2/(	1 + 	2) = 0.1 eV, Eq. (34) yields Ip/e ∼ 1.01
× 104 s−1 while using Eq. (33) we can get Ip/e = 1.25
× 104 s−1 as the maximum current at 	2 = 0.2 eV. This num-
ber appears small, but can become substantial because of sev-
eral factors. First, considering a tip-surface configuration as
a convenient nanojunction structure, the number of surface
atoms contributing to the current will usually be larger than 1.
Second, in such configurations plasmonic enhancement of the
local field at the junction can lead to a signal larger by several
(3-4) orders of magnitudes. Finally, larger incident intensi-
ties can be used without jeopardizing the stability of the sys-
tem; see, for example, Ref. 70, where an incident intensity of
∼560 W/cm2 was used in a tip-enhanced Raman measure-
ment (and an intensity enhancement of 3 orders of magni-
tude was observed). Clearly, much higher intensities can be
applied with pulsed sources. Under such conditions, the esti-
mated current readily reaches observable magnitudes, of or-
der Ip/e ∼ 1011 s−1 or Ip ∼ 10 nA. It should be noted that
the steady state excess (due to illumination) current obtained
from this mechanism is superimposed on a thermoelectric sig-
nal associated with the different electronic temperatures tran-
siently developed on the two electrodes. These different con-
tributions can, in principle, be distinguished by the different
timescales on which they relax.

VI. CONCLUSIONS

We have examined the properties of the non-equilibrium
electronic distribution created in a metal nanoparticle as a
result of light absorption. This distribution results from the
fast decoherence of the initially formed plasmon, and re-
flects the balance between this decoherence process and
subsequent thermalization processes. We have distinguished
between the electronic non-equilibrium that expresses it-
self as deviation from a Fermi-Dirac distribution and re-
laxes on the ∼10 fs timescale, and the subsequently es-

tablished electronic equilibrium at an electronic temperature
higher than the ambient temperature, which relaxes on much
slower timescales, and have focused on the former. Our ap-
proach, aimed to enable qualitative insights and rough esti-
mates, is based on simple free electron modeling of the metal
particle.

Our calculation entails several approximations that make
our results mainly of qualitative value. First, it is based on
a free electron model that may be insufficient for quanti-
tative calculations of electron dynamics in metal nanoparti-
cles. In the same spirit, interband contribution to the elec-
tronic response was disregarded, an approximation justified
for silver at the spectral regimes studied, but not for gold.
Finally, for particles that are not very small, the timescale
separation assumed for relaxation due to e-e scattering and
that resulting from electron phonon coupling is not very
sharp, and both processes may contribute to the relaxation
time τ e in Eqs. (33) and (34). (This fact will not affect
the results within the simple model through which they
were derived.) A quantitative study should address these
issues.

Effects of the non-thermal nature of the electronic
distribution following plasmon absorption can be mani-
fested under steady state conditions, as exemplified by ob-
servations of plasmon enhanced photoemission, see, e.g.,
Ref. 71. The timescale associated with the plasmon decoher-
ence and the subsequent relaxation of the non-equilibrium
electronic distribution can be monitored using two-photon
photoemission,72 ultrafast non-linear response,52, 73–76 hole-
burning spectroscopy,77 or the core hole clock technique,78

for instance. Here we have considered another possible steady
state consequence, and have estimated the magnitude of the
electronic current that can be generated in an illuminated plas-
monic nanojunction in which the two electrodes are exposed
to different light intensities or at least respond differently to
the incoming light, as expected to be the case in typical tip-
surface junctions. We have found that under favorable con-
ditions of light intensity and asymmetry, measurable currents
can be generated. It will be interesting to explore similar ef-
fects in photochemical processes on metal particles that are
initiated by light-triggered plasmon excitation in the particle.
This and other applications will be the topics of future re-
search.
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APPENDIX A: DERIVATION OF EQ. (15)

From (12)

ρp(ε, ε − ¯ω)
∞∫

−∞
dερp(ε, ε − ¯ω)

= 1

(e(ε−¯ω)βe + 1)(e−εβe + 1)

×
⎡
⎣

∞∫
−∞

dε
1

e(ε−¯ω)βe + 1

1

e−εβe + 1

⎤
⎦

−1

. (A1)

The integral in (A1) can be evaluated analytically, yielding

∞∫
−∞

dεe

1

e(εe−¯ω)βe + 1

1

e−εeβe + 1

= 1

βe

1

1 − e−βe¯ω

∞∫
−∞

dεe

(
1

1 + eβe(εe−¯ω)
− 1

1 + eβeεe

)

= ¯ω

1 − e−βe¯ω
. (A2)

This leads to Eq. (15).

APPENDIX B: DERIVATION OF EQ. (16)

¯NAφ(ε) =
∞∫

0

dω
L(ω)nI (ω)(1 − e−βe¯ω)

¯ω

[
1

(1 + eβe(ε−¯ω))(1 + e−βeε)
− 1

(1 + eβeε)(1 + e−βe(ε+¯ω))

]

=
∞∫

0

dω
L(ω)nI (ω)(1 − e−βe¯ω)

¯ω(e(1/2)βeε + e−(1/2)βeε)

[
e(1/2)βeε

1 + eβe(ε−¯ω)
− e−(1/2)βeε

1 + e−βe(ε+¯ω)

]

=
∞∫

0

dω
L(ω)nI (ω)(1 − e−βe¯ω)

¯ω(e(1/2)βeε + e−(1/2)βeε)

[
e(1/2)βeε − e−(1/2)βeε + e−βe((1/2)ε+¯ω) − eβe((1/2)ε−¯ω)

e−2βe¯ω + 1 + eβe(ε−ω¯) + e−βe(ε+¯ω)

]

=
∞∫

0

dω
L(ω)nI (ω)(1 − e−β¯ω)

¯ω(e(1/2)βeε + e−(1/2)βeε)

[
(e(1/2)βeε − e−(1/2)βeε)(1 − e−βe¯ω)

e−βe¯ω(e−βe¯ω + eβe¯ω + eβeε + e−βeε)

]

=
∞∫

0

dω
L(ω)nI (ω)(e(1/2)βeε − e−(1/2)βeε)

¯ω(e(1/2)βeε + e−(1/2)βeε)

(eβe¯ω + e−βe¯ω − 2)

(e−βe¯ω + eβe¯ω + eβeε + e−βeε)
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