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Ultrafast transport and relaxation of hot plasmonic electrons in metal-dielectric heterostructures
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Owing to the ultrashort timescales of ballistic electron transport, relaxation dynamics of hot nonequilibrium
electrons is conventionally considered local. Utilizing propagating surface plasmon-polaritons (SPs) in metal-
dielectric heterostructures, we demonstrate that both local (relaxation) and nonlocal (transport) hot electron
dynamics contribute to the transient optical response. The data obtained in two distinct series of pump-probe
experiments demonstrate a strong increase in both nonthermal electron generation efficiency and nonlocal
relaxation timescales at the SP resonance. We develop a simple kinetic model incorporating a SP excitation,
where both local and nonlocal electron relaxation in metals are included, and analyze nonequilibrium electron
dynamics in its entirety in the case of collective electronic excitations. Our results elucidate the role of SPs
in nonequilibrium electron dynamics and demonstrate rich perspectives of ultrafast plasmonics for tailoring
spatiotemporal distribution of hot electrons in metallic nanostructures.
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I. INTRODUCTION

Recent advances in femtosecond light-matter interaction
have stimulated sheer fundamental interest to nonthermal
electrons, envisioning a number of applications [1–7]. It is
now widely accepted that the electron dynamics after an ultra-
short optical excitation cannot be accurately described within
the thermal equilibrium models. Instead, nonequilibrium elec-
tron distributions should be considered on the subpicosec-
ond timescale [8–14]. The generation of hot, non-thermal
electrons is strongly facilitated in plasmonic nanostructures,
where elaborated relaxation models have been invoked to
describe the experimental data [15]. Nonlocal relaxation of the
nonthermal population through electron transport is often ne-
glected, due to its sheer complexity and ultrashort timescales.
Owing to the difficulties in applying purely ballistic or diffu-
sive models, more complicated theoretical approaches were
suggested [16]. Other works discuss electron dynamics in
metal nanoparticles [17–22], thus minimizing the electron
transport contributions, or deem ballistic electron transport
too fast to be analyzed on equal footing with the local dy-
namics [23].
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It can be argued, however, that for future photonic
applications featuring surface plasmon (SP) excitation
as building blocks, the transport of hot electrons is of
prime importance. A few examples of relevant physical
effects are the heat [24] and spin transport [25,26], as
well as laser-induced magnetization dynamics [27–33].
As such, a comprehensive analysis of the ultrafast optical
probing of spatial distribution of hot electrons in plasmonic
nanostructures remains a highly desirable perspective.

Of particular interest is the electron transport contribution
to the optical response of a remote metallic interface, where
the impact of the optical pump is negligible. In this paper,
we experimentally realize this approach in a pump-probe
scheme and develop a simple kinetic model for both local
and nonlocal relaxation of hot electrons. Our results show
that SPs can be utilized for engineering the spatiotempo-
ral properties of the hot electron population. Continuously
varying the pump wavelength across the SP resonance, we
observe significant increase of the hot electron transport
timescale in the time-resolved transmittance and attribute it
to the SP excitation. Further, we show how the relaxation
dynamics of hot electrons can give information about the
surface plasmon lifetimes at arbitrary interfaces. Showing a
high degree of consistency in the determination of the SP and
hot electron lifetimes, our results elucidate the previously un-
explored role of SP excitation in the nonequilibrium electron
dynamics.
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FIG. 1. The electron dynamics upon ultrafast laser excitation of
a thick metal film. Left: Nonthermal population (the shaded area)
is created within the optical penetration depth ζ . Transport of hot
electrons leads to the in-depth redistribution (dashed and dash-dotted
lines) and nonlocal relaxation of their population. Right: Thermaliza-
tion of hot electrons (local relaxation) results in the temperature rise.
The inset illustrates energy flow from the nonequilibrium electrons
(orange) to the thermalized electrons (blue) and lattice (green).
The top inset shows the laser-induced creation of the nonthermal
electrons population.

II. THEORY

Femtosecond laser excitation of metals results in the
generation of hot electrons above the Fermi level (Fig. 1,
inset). The spatial distribution of these primary electrons
is governed by the optical excitation profile, typically [for
plasmonic metals (PM) in the near-infrared spectral range] on
the order of 20 nm. As such, in thicker PM films, the excitation
inhomogeneity enables subsequent in-depth redistribution of
the hot electron population (Fig. 1, left). Superdiffusive and
ballistic transport mechanisms have been argued to play a key
role on the ultrafast timescale [28,34,35]. In Au, large mean
free path values (�100 nm) for hot electrons [25,34,36,37]
indicate the ballistic character of the electron transport with
the Fermi velocity vF ∼ 1 nm/fs.

The laser-generated nonequilibrium population of hot elec-
trons decays through electron-electron and electron-phonon
scattering (Fig. 1, right). Experimentally, the importance of
nonequilibrium electron distribution for the ultrafast tran-
sient optical response has been established in various metals
[11,12,23,38]. The lifetime of the nonequilibrium electron
distribution τN was found to be ∼0.5 − 1 ps. We emphasize
that this τN should not be confused with the average single
electron lifetime τe ∼ 10 − 30 fs at electron energies E ∼
1 eV, as predicted by the Fermi liquid theory and measured
in photoemission experiments [39–41]. This striking differ-
ence is related to the electron multiplication, resulting in the
temporary increase of the number of nonthermal electrons and
the lifetime of their population. Until the electron distribution

is relaxed to the Fermi-Dirac one, the two-temperature model
description utilizing well-defined electron and lattice temper-
atures cannot be employed. Eventually, the electron-phonon
system relaxes towards thermal equilibrium at an elevated
temperature (Fig. 1). All these processes contribute to the
transient properties of PM systems and can be identified from
the time-resolved optical experiments.

Analyzing the typical timescales, it becomes clear that
in �100-nm-thick PM films, ballistic transport of hot laser-
excited electrons occurs on a much faster timescale than the
electron thermalization. Thus, although both electron trans-
port and thermalization contribute to the transient variations
of the optical properties in an intricate way, the disparity of the
timescales enables the experimental disentanglement of these
effects. Spitzer et al. [42] reported τS1 ≈ 220 − 300 fs, τS2 ≈
940 fs in a 130-nm-thick Au layer, claiming the relaxation
of the hot electrons within 30 − 80 fs and therefore exclud-
ing it from consideration. However, previous studies of hot
electrons in PMs [10–12,23] suggest much longer relaxation
times of the nonthermal electronic population (up to 1 ps).
This underestimation of the effective lifetime of hot electrons
and its lack of sensitivity to the excitation of SP resonance
prompted the authors to look for alternative explanations.

III. EXPERIMENTAL RESULTS

To reveal the role of the SP excitation in the ultrafast hot
electron dynamics, in this paper we employed 40-fs-long laser
pulses for studying transient transmittance of a periodically
corrugated Au/Co-doped yittrium iron garnet (YIG:Co) mag-
netoplasmonic crystal. This ferrimagnetic dielectric garnet is
a promising material for magnetic recording applications [43]
whereas photonic excitations can be utilized for the nanoscale
localization of the laser-excited spin dynamics [44–46]. The
metallic grating enables free-space excitation of propagative
SPs [42,46–53], according to the well-known phase-matching
condition kSP = k0 sin θ + mkG. Here kSP is the SP wave vec-
tor, kin = k0 sin θ is the in-plane component of the free-space
photon momentum, kG = 2π/b is the quasi-wave-vector of a
grating of period b, and m is an integer. Transmittance angular
spectra of the magnetoplasmonic Au-YIG:Co crystal with b =
800 nm, gap width 100 nm, and Au thickness d = 50 nm [46]
at a series of fundamental wavelengths [Fig. 2(a)] illustrate the
SP dispersion in the near-IR range. In the first series of time-
resolved measurements, the pump (fluence ∼1 mJ/cm2) angle
of incidence was fixed at θp = 24o, and its wavelength λp

was tuned around the SP resonance at the Au/garnet interface
at about λSP ≈ 1.3 μm, close to the resonance in the laser-
induced magnetization switching in YIG:Co [43]. The typical
time-resolved trace of the transmittance variations �T (t ) of
the delayed, weak probe beam at 800-nm wavelength is shown
in Fig. 2(b).

Taking into account the relevant physical processes at this
timescale, we fitted the double exponential function to the set
of transmittivity data obtained at various pump wavelengths:

�T (t ) ∝ A1e−t/τ1 + A2e−t/τ2 + A3(1 − e−t/τ2 ). (1)

This shape was convoluted with the Heaviside function �(t )
with the finite step-width set to account for the duration of
the cross-correlation pump-probe signal w ≈ 60 fs measured
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FIG. 2. (a) False color transmittivity map of the plasmonic Au-
garnet grating. The low transmittivity area illustrates the SP disper-
sion, as highlighted with the white dashed line. The spectral width of
the incident radiation is on the order of 50 nm. (b) Time-resolved
transmittivity variations for the SP-resonant case (p-polarization,
λp = 1.3 μm) and two nonresonant cases. The red solid lines are the
fit curves using Eq. (2). The inset: Schematics of the pump-probe
experiments.

independently. The first term ∝ A1 describes spatial redis-
tribution of the nonthermal electron population (transport)
across the Au layer. Indeed, immediately after the laser excita-
tion, hot carriers (electrons and holes) are created, modifying
the optical properties of the metal due to the state-filling effect
[33]. Owing to the spatial inhomogeneity of laser excitation,
hot electron transport results in the in-depth equilibration of
their distribution nN (z). In turn, the unequal in-depth sensitiv-
ity s(z) of the probe beam to the state-filling effect results in
transient variations of transmittance �TN ∝ ∫ d

0 nN (z)s(z)dz.
This spatial redistribution proceeds with its own characteristic
time τ1 until the hot electron population is homogeneously
distributed in Au. As such, τ1 can be estimated as a mean

electron travel time τ1 ∼ d/〈v〉, which in our case of ballistic
transport yields d/vF ≈ 50 fs.

The second term in Eq. (1) (∝ A2) describes local re-
laxation of nonthermal electron distribution nN due to the
electron scattering. Here we consider interactions of the en-
semble of hot electrons with a combined reservoir consisting
of electrons and phonons in the thermal equilibrium (Fig. 1,
right). Eventually, both the electron and lattice temperatures
increase, which is accounted for in the third term of Eq. (1)
(∝ A3). It results in an offset at large time delays since the heat
dissipation away from the laser spot occurs at much longer
timescales. This analytic function with two characteristic
timescales τ1, τ2 provides excellent fits to the experimental
transmittance traces [Fig. 2(b)].

IV. DISCUSSION

The data shown in Fig. 2(b) exemplify the difference
between the electron response at and away from the SP
resonance, in particular, the enhanced SP-induced variations
�T . The blue data points were obtained at λp = 1.5 μm,
where no phase-matched SP excitation can be expected. From
the fit procedure, we extract τ1 ≈ 58 fs, τ2 ≈ 1.14 ps, in a very
good agreement with our expectations. We attribute τ1 and τ2

to the characteristic timescales of the electron transport and
thermalization, respectively. In contrast, at the SP resonance
λp = 1.3 μm [Fig. 2(b), gray], we found τ1 ≈ 162 fs, τ2 ≈
1.52 ps. Systematic measurements with λp varied around λSP

allowed us to plot the resulting spectra of the amplitude of
the variations �T/T (t ) and τi in Fig. 3. The amplitude peaks
at λSP, indicating the enhanced SP-induced photon absorption
and hot electron generation [Fig. 3(a)]. Moreover, we found
a consistent enhancement of τ1 at the resonance, rising from
≈50 fs up to ≈200 fs [Fig. 3(b)]. A similar increase in
the spectral dependence of τ2 is concealed by the general
nonresonant trend.

We note that the SP excitation cannot significantly modify
the initial in-depth distribution of the hot electrons. Indeed,
the SP electric field inside the metal exponentially decays
away from the interface with the characteristic length ξ ≈
22.7 nm [54] at λ = 1.3 μm (εm ≡ ε′

m + iε′′
m = −77.2 + 6.8i

[55], εd ≈ 5 [56]). This value is very close to the off-resonant
penetration depth of the optical field ζ ≈ 23.5 nm. As such,
the laser excitation profiles in Au in the resonant and non-
resonant cases are very similar, and the enhanced electron
transport timescale τ1 cannot be explained by unequal initial
population profiles of the primarily excited nonthermal hot
electrons nN (z).

To explain this enhancement, we now briefly recall the
conventional approach to the electron dynamics in metals.
The two-temperature model [57] describes the interaction of
the electron and phonon reservoirs in thermal equilibrium. In
PMs, this picture is irrelevant on the sub-ps timescale, where
nonthermal electrons are vital. The electron dynamics is usu-
ally obtained from rate equations, enabling the uncomplicated
augmentation of the model with additional reservoirs such
as nonthermal particles [10,23]. In the case of sufficiently
inhomogeneous laser excitation, the electron transport can be
taken into account in the form of superdiffusion. Importantly,
on the ultrashort timescale, all other reservoirs can be omitted,
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FIG. 3. (a) The amplitude of the pump-induced transmittance
variations is strongly increased at λp = 1.3 μm, θp = 24o, corre-
sponding to the SP excitation. The solid lines and shades are guides
to the eye. (b) Spectral dependence of the hot electrons transport
(τ1, bottom) and thermalization (τ2, top) timescales. The solid red
line indicates the pronounced enhancement of τ1 at the SP resonance
(λSP = 1.3 μm).

and the dynamics of the hot nonthermal electrons nN (z, t ) can
be modeled as follows:

∂nN

∂t
= −nN

τ2
+ D� ∂2nN

∂z2
+ S(z, t ), (2)

where D� is the generalized diffusion coefficient (in the
diffusive limit D� = 〈v〉le/3), and S(z, t ) is the source term
describing the excitation of hot electrons. This equation gov-
erns the dynamics of the nonthermal electrons on their own
timescale τ2. The SP lifetime on a continuous Au/garnet
interface at 1.3 μm can be calculated [54,58] as τSP ≈ 310 fs.
Because τSP 	 τ2 [Fig. 3(b)], we can incorporate the SP
excitation into Eq. (2) by modifying the source term S into
a convolution of the laser excitation and the SP dynamics:

SSP(z, t ) = S(z, t ) ∗ Le−t/τSP . (3)

Depending on the SP quality factor, the amplitude L > 1
illustrates SP-enhanced light absorption and hot electron
generation in the metal. Here we neglect the spatial de-
pendence of the SP-driven contribution Le−t/τSP due to the
aforementioned similarity of the light penetration profiles in
the resonant and nonresonant cases. Thus the role of col-
lective electronic excitations is revealed: SPs act as delayed
sources of hot nonthermal electrons, extending the time period
when the hot electron dynamics (both local and nonlocal) is
relevant. The impact of the SP excitation with the lifetime
τSP ∼ 0.1 ps is more noticeable in the nonlocal dynamics
occurring on a similar timescale τ1 than in the slower local
electron thermalization (τ2 ∼ 1 ps).

The similarity of the nonlocal relaxation of hot electrons
and the SP decay timescales emphasizes the importance of
spectrally resolved measurements where the transient optical
response at the phase-matched SP resonance and away from it
can be compared.

The periodicity of the Au/garnet grating enables radiative
SP losses which add up to the intrinsic (joule) ones, reduc-
ing the SP lifetime τ ′

SP. The data in Fig. 3(b) yields τ ′
SP ≈

150 fs, close to τ ′
SP ∼ λ2/c�λ ≈ 120 fs, where �λ ≈ 50 nm

is the spectral width of the SP resonances. A pronounced SP
resonance indicates the approximate balance of the joule and
radiative losses [54], decreasing the SP lifetime on a grating
by a factor of two, as compared to τSP ≈ 310 fs on a con-
tinuous interface, τ ′

SP ≈ τSP/2. An outstanding consistency in
the determination of the SP lifetime strongly corroborates our
understanding of the SP role in nonthermal electron dynamics.

To unambiguously associate the observed effects with the
SP excitation, in the second run of experiments we fixed the
pump wavelength at λp = 1.3 μm and varied the pump angle
of incidence. We again fitted the function from Eq. (1) to
the measured time-resolved transmittivity traces and extracted
the fit parameters. Then, taking advantage of the interchange-
ability of λp and θp for the phase-matched SP excitation, we
plotted the hot electron transport timescale τ1 as a function
of the in-plane momentum kin = k0 sin θp. We found a great
degree of similarity between these sets of data obtained in
the two independent measurements (Fig. 4). Remarkably,
the only crossover of the two clearly distinct experimental
approaches is the phase-matched SP excitation at kin = kSP −
mkG, thus unequivocally corroborating our understanding of
the collective dynamics of nonthermal electrons. Within our
framework, the data obtained in the two distinct series of
measurements demonstrate increased hot electron lifetimes at
the SP resonance and elucidate the role of SPs in hot electron
dynamics.

V. CONCLUSIONS

Summarizing, we have performed time-resolved measure-
ments of the hot electron dynamics in Au on the subpicosec-
ond timescale in the vicinity of the SP resonance and shown
how the time-resolved transmittivity data can be employed for
the direct measurement of SP lifetimes at arbitrary corrugated
interfaces with unknown losses. Systematic measurements
with two independently varied parameters allowed us to
unambiguously attribute the apparent retardation of the hot
electron population decay to the SP excitation. Our results
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FIG. 4. The nonlocal relaxation time τ1 as a function of the
in-plane pump wave-vector component kin, obtained from the exper-
iments with varied λp (black, θp = 24o) and θp (red, λp = 1.3 μm).
The remarkable agreement of the two data sets confirms the SP
resonance-driven τ1 behavior illustrated with the shaded area.

clearly identify the role of SP resonances in the ultrafast
optical response and significantly advance the understanding
of collective hot electron dynamics. In particular, the engi-
neering of nonthermal electron population can be key for
the duration of the spin-polarized current pulses [26,59,60],
spin Seebeck [61], and inverse spin-Hall [62] effects. Further
applications entail spin-wave generation [46] and all-optical
magnetization reversal [43,63], where SP-driven, nonlocal
manipulation of nonthermal populations of electrons opens up
additional possibilities for all-optical spin switching.
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