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We analyze ultrafast electron dynamics in the time domain upon optical excitation of propagating
surface plasmon-polaritons (SPs) in metal-dielectric heterostructures. Developing a kinetic model
where both local and non-local electron relaxation in metals are included, we identify relevant
timescales and extend the existing non-equilibrium electron dynamics framework onto the case of
collective electronic excitations. The experimental data obtained in two distinct series of pump-
probe measurements (with varied pump wavelength and angle of incidence) demonstrate SP-driven,
one order of magnitude enhanced efficiency of the hot electron generation and the fourfold (up to
200 fs) slowdown of their non-local relaxation at the SP resonance. We discuss the perspectives of
the SP-enabled manipulation of the non-equilibrium electron population lying at the crossover of
photonics and ultrafast spintronics.

Ultrafast dynamics of electronic excitations is of grow-
ing fundamental interest in modern physics. Recently,
non-thermal possibility of spin control in magnetic me-
dia has been discovered, featuring excitation of the elec-
tronic subsystem by ultrashort laser pulses [1]. Strong
enhancement and nanoscale localization of the optical
spin excitation in resonant metal-dielectric bilayers were
demonstrated, owing to the surface plasmon-polaritons
[2]. It is now widely accepted that femtosecond elec-
tron dynamics after an ultrashort optical excitation can-
not be accurately described within the thermal equilib-
rium models. Instead, non-equilibrium electron distribu-
tions should be considered on the timescale of a few hun-
dred of femtoseconds, depending on the particular metal
and excitation photon energy [3–9]. Alternative models
consider non-thermal distributions of phonons [10, 11].
Simultaneously, small penetration depth of the optical
field in metals ensures inhomogeneous excitation profile
in thicker films, thus enabling in-depth transport of hot
laser-excited electrons. The importance of these non-
local processes has been shown for the heat transport
[12] and laser-induced magnetization dynamics [13–19].
Yet, required for the rigorous description of ultrafast

electron dynamics, simultaneous consideration of these
two effects has been limited to the demonstration of bal-
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listic transport of hot non-thermal electrons across large
(∼ 102 nm) distances [20, 21]. There, laser-induced
bunches of hot electrons at elevated energies quickly move
away from the excitation volume, requiring detection by
optical methods with femtosecond temporal resolution.
Notably, this electron dynamics can be sufficiently well
understood within a single-particle picture, whereas the
role of collective excitations (i.e. plasmons) in the ul-
trafast non-local electron dynamics remains unexplored.
Scarce time-resolved investigations of the electron dy-
namics at surface plasmon (SP) resonances have been
largely limited to the metal nanoparticles [22–26], thus
minimizing the electron transport contributions and fa-
cilitating faster thermalization through Landau damping
[27, 28]. In other works, the characteristic timescale of
the ballistic transport of laser-excited electrons was found
too fast to be analyzed on equal footing with the local
dynamics of the electron distribution [29].
In this Letter, we employ the pump-probe technique

with femtosecond temporal resolution to analyze both
local and non-local electron dynamics in the vicinity of
the SP resonance on Au grating. Continuously varying
the pump wavelength across the resonance, we register
transient pump-induced variations of transmittance and
outline relevant processes for the electron dynamics. We
observe significant increase of the hot electron transport
timescale and clearly attribute it to the excitation of the
SP resonance. Showing a high degree of consistency in
the determination of the SP and hot electron lifetimes,
our results elucidate the previously unexplored role of SP
excitation in the non-equilibrium electron dynamics.
Femtosecond laser excitation of a metal results in the
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FIG. 1. Overview of the electron dynamics upon ultrafast
laser excitation of a thick metal film. Left: Non-thermal
population (the shaded area) is created within the optical
penetration depth ζ. Superdiffusive transport of hot elec-
trons leads to the quick in-depth redistribution (dashed and
dash-dotted lines) and non-local relaxation of their popula-
tion. Right: Thermalization of the hot electrons (local relax-
ation) results in the temperature rise across the metal. The
inset illustrates the energy flow from the non-equilibrium elec-
trons (orange) to the thermalized electrons (blue) and lattice
(green). The top inset shows the laser-induced creation of the
non-thermal electrons population.

generation of hot electrons above the Fermi level (Fig. 1,
inset). The spatial distribution of these primary elec-
trons is governed by the optical excitation profile, typi-
cally (for plasmonic metals (PM) in the visible or near-
infrared spectral range) on the order of 20 nm. As such,
in thicker metallic films the inhomogeneity of the exci-
tation enables subsequent in-depth redistribution of the
hot electron population (Fig. 1, left), which can be de-
scribed within the appropriate transport models. In par-
ticular, superdiffusive and ballistic transport mechanisms
have been argued to play a key role on the ultrafast
timescale [14, 30, 31]. In Au, large mean free path values
(& 100 nm) for hot electrons were found [20, 30, 32, 33],
thus indicating the ballistic character of the electron
transport with the Fermi velocity vF ∼ 1 nm/fs.

The laser-generated non-equilibrium population of hot
electrons decays by virtue of the electron-electron and
electron-phonon scattering (Fig. 1, right). Experimen-
tally, the importance of non-equilibrium electron distri-
bution for the transient optical response on the ultrafast
timescale has been established in various PM systems
[6, 7, 29, 34]. The lifetime of the non-equilibrium elec-
tron distribution τN in the pump-probe experiments was
found to be ∼ 0.5 − 1 ps. We emphasize that this τN
should not be confused with the average single electron
lifetime τe (or inverse electron scattering rate γ−1) which

for the electrons at energies E ∼ 1 eV is ∼ 10 − 30 fs,
as predicted by the Fermi liquid theory and measured in
the photoemission experiments [35–37]. This striking dif-
ference is related to the electron multiplication, resulting
in the temporary increase of the number of non-thermal
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 temperatures cannot be em-
ployed. Eventually, the electron-phonon system relaxes
towards thermal equilibrium at an elevated temperature
(Fig. 1). All these dynamic processes make their way into
the transient optical properties of PM systems and can
be identified from the time-resolved optical experiments.

Analysing the typical timescales above, it becomes
clear that in . 100 nm-thick PM films, ballistic trans-
port of hot laser-excited electrons occurs on much faster
timescale than the electron thermalization. Thus, al-
though both electron transport and thermalization con-
tribute to the transient variations of the optical proper-
ties in an intricate way, the disparity of the timescales
enables the disentanglement of these effects in the exper-
iments. Spitzer et al. [38] 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 excluding it from consideration. However, pre-
vious studies of hot electrons in PMs [5–7, 29] suggest
much longer relaxation times of the non-thermal elec-
tronic population (up to 1 ps). This underestimation of
the effective lifetime of hot electrons and its lack of sen-
sitivity to the excitation of SP resonance has prompted
the authors to look for alternative explanations.

To reveal the role of the SP excitation in the ultra-
fast hot electron dynamics, in this work we employed
40 fs-long laser pulses for studying transient transmit-
tance of a periodically corrugated Au/Co-doped yittrium
iron garnet (YIG:Co) magneto-plasmonic crystal. This
ferrimagnetic dielectric garnet is a promising material for
magnetic recording applications [1] whereas photonic ex-
citations can be utilized for the nanoscale localization of
the laser-excited spin dynamics [2, 39, 40]. The metallic
grating enables free-space excitation of propagative SPs
[2, 38, 41–47], according to the well-known phase match-
ing condition kSP = k0 sin θ + mkG. Here kSP is the
SP wavevector, kin = k0 sin θ is the in-plane component
of the free-space photon momentum, kG = 2π/b is the
quasiwavevector of a grating of period b, and m is an in-
teger. Experimentally, we studied a magneto-plasmonic
Au-YIG:Co crystal with b = 800 nm, gap width 100 nm,
and Au thickness d = 50 nm [2]. Transmittance angu-
lar spectra taken at a series of fundamental wavelengths
in Figure 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 = 24 degrees, and its wavelength λp was tuned
in the near-IR spectral range around the SP resonance
at the Au/garnet interface at about λSP ≈ 1.3 µm. The
choice of this wavelength is motivated by the resonant
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FIG. 2. a) False color transmittivity map of the plasmonic
Au-garnet grating. The low transmittivity area illustrate the
SP dispersion, 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 non-
resonant cases. The red solid lines are the fit curves using
Eq. (2). The inset: schematics of the pump-probe experi-
ments.

nature of the laser-induced magnetization switching in
YIG:Co [1]. The typical time-resolved trace of the trans-
mittance variations ∆T (t) of the delayed, weak probe
beam at 800 nm wavelength is shown in Fig. 2,b.
Taking into account the above discussion on the rel-

evant 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 func-
tion Θ(t) with the finite step width set to account for
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FIG. 3. a) The amplitude of the pump-induced transmittance
variations is strongly increased at λp = 1.3 µm, θp = 24 deg,
corresponding 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 en-
hancement of τ1 at the SP resonance (λSP = 1.3 µm).

the duration of the cross-correlation pump-probe signal
w ≈ 60 fs measured independently. The first term ∝ A1

is related to the electron transport and describes spa-
tial redistribution of the non-thermal electron population
across the Au layer. Indeed, immediately after the laser
excitation, hot carriers (electrons and holes) are created,
resulting in the alteration of the optical properties of the
metal by virtue of the state-filling effect [19]. Due to
the spatial inhomogeneity of laser excitation, hot electron
transport results in the in-depth equilibration of their dis-
tribution nN(z). Owing to the unequal in-depth sensitiv-
ity s(z) of the probe beam to the state-filling effect, the
hot electrons in-depth transport results in transient vari-

ations of transmittance ∆TN ∝
∫ d

0
nN (z)s(z)dz. This

spatial redistribution proceeds with its own characteris-
tic time τ1 until the hot electron population is homoge-
neously distributed in Au. As such, τ1 can be estimated
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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 non-thermal electron distribution nN due to
the electron scattering. Here we consider the interaction
of the ensemble of hot electrons with a combined reservoir
consisting of electrons and phonons in the thermal equi-
librium (see Fig. 1,right). As a result of this process, both
the electron and lattice temperatures increase, which is
accounted for in the third term of Eq. (1) (∝ A3). It re-
sults in an offset at large time delays since the neglected
heat dissipation away from the laser spot occurs at much
longer timescales. This analytic function with two char-
acteristic timescales τ1, τ2 provides excellent fits to the
experimental transmittance traces, as seen in Fig. 2,b.

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 variations ∆T at
the SP resonance. The blue data points were obtained
at λp = 1.5 µm, where no phase-matched free-space SP
excitation can be expected. From the fit procedure, we
extract the times τ1 ≈ 58 fs, τ2 ≈ 1.14 ps, in a very good
agreement with our above estimations. 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 in the spectral vicinity of 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 around
λSP, indicating the enhanced light-matter interaction,
photon absorption and hot electron generation at the SP
resonance (Fig. 3,a). More interestingly, we found a con-
sistent enhancement of the shorter timescale τ1 at the
resonance, rising from ≈ 50 fs up to ≈ 200 fs (Fig. 3,b).
A similar increase expected in the spectral dependence
of τ2 is concealed by the general non-resonant trend. We
attribute τ1 and τ2 to the characteristic timescales of the
electron transport and thermalization, respectively.

We note that the excitation of SP cannot significantly
modify the initial in-depth distribution of the hot elec-
trons. Indeed, the SP electric field inside the metal-
lic medium exponentially decays away from the inter-
face with the characteristic length ξ ≈ 22.7 nm [48]
at λ = 1.3 µm (εm ≡ ε′m + iε′′m = −77.2 + 6.8i [49],
εd ≈ 5 [50]). This value is very close to the off-resonant
penetration depth of the optical field ζ ≈ 23.5 nm. As
such, the laser excitation profile in Au in the resonant
(λp = 1.3 µm) 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 non-thermal hot electrons nN (z).

In order to explain this enhancement, we now briefly
recall the conventional approach to the electron dynamics
in metals. The two temperature model [51] describes the
interaction of the electron and phonon reservoirs, where
both are considered in the thermal equilibrium. In PMs,
this picture is irrelevant on the sub-ps timescale, where
non-thermal electrons are vital. The electron dynam-
ics is usually obtained from the rate equations, enabling

the uncomplicated augmentation of the model with ad-
ditional reservoirs such as non-thermal particles [5, 29].
In the case of sufficiently inhomogeneous laser excitation,
the electron transport can be taken into account in the
form of superdiffusion without the loss of generality. Im-
portantly, on the ultrashort timescale all other reservoirs
can be omitted, as discussed above, and the dynamics of
the hot non-thermal electrons nN (z, t) can be modeled
with the following rate equation:

∂nN

∂t
= −

nN

τ2
+D⋆ ∂

2nN

∂z2
+ S(z, t), (2)

where D⋆ is the generalized diffusion coefficient (in the
purely diffusive limit D⋆ = 〈v〉le/3), and S(z, t) is the
source term which describes the excitation of the hot
electrons. This equation governs the dynamics of the
non-thermal electrons on their own timescale τ2. The SP
lifetime on a continuous Au/garnet interface at 1.3 µm
can be calculated [48, 52] as τSP ≈ 310 fs. Because
τSP ≪ τ2 (Fig. 3,b), we can incorporate the SP exci-
tation 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 enhanced light absorption and hot electron
generation in the metal due to the SP excitation. Here
we neglect the spatial dependence of the SP-driven con-
tribution Le−t/τSP due to the aforementioned similarity
of the light penetration profiles in the resonant and non-
resonant cases. Thus the role of collective electronic ex-
citations is revealed: SPs act as delayed sources of hot
non-thermal electrons, extending the time period when
the hot electron dynamics (both local and non-local) is
relevant. The impact of the SP excitation with the life-
time τSP ∼ 0.1 ps is more noticeable in the non-local
dynamics occurring on a similar timescale τ1 than in the
slower local electron thermalization (τ2 ∼ 1 ps).
The periodicity of the Au/garnet grating enables ra-

diative SP losses which add up to the intrinsic (Joule)
ones, reducing the real SP lifetime τ ′SP. The data in
Fig. 3,b yields τ ′SP ≈ 150 fs, in line with a crude esti-
mate 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 unknown radiative losses [48], decreasing the
SP lifetime on a grating by a factor of two, as compared
to τSP ≈ 310 fs on a continuous interface, τ ′SP ≈ τSP/2.
An outstanding consistency in the determination of the
SP lifetime strongly corroborates our understanding of
the SP role in non-thermal electron dynamics.
In order to unambiguously associate the observed ef-

fects with the SP excitation, in the second run of exper-
iments we fixed the pump wavelength at λp = 1.3 µm
and varied the angle of incidence by rotating the sam-
ple, such that the angle between the probe and pump
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FIG. 4. Consistency check for the spectral and angular probe
of the time-resolved SP dynamics. The non-local relaxation
time τ1 as a function of the in-plane pump wavevector compo-
nent kin, obtained from the experiments with varied λp (black,
θp = 24 degrees) and θp (red, λp = 1.3 µm). The remarkable
agreement of the two datasets confirms the SP resonance-
driven τ1 behaviour illustrated with the shaded area.

beams remained constant. Similarly to the previously
described procedure, we fitted the function from Eq. (1)
to the measured time-resolved transmittivity traces and
extracted the fit parameters. Then, taking advantage
of the interchangeability of λp and θp for the phase-
matched SP excitation, we plotted the hot electron trans-
port timescale τ1 as a function of the in-plane momentum
kin = k0 sin θp. We found a great degree of similarity be-
tween 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 non-thermal electrons. Within
our framework, the data obtained in the two distinct se-

ries of measurements demonstrate increased hot electron
lifetime at the SP resonance and elucidate the role of SPs
in hot electron dynamics.
Summarizing, we have performed time-resolved mea-

surements of the hot electron dynamics in Au on the sub-
picosecond timescale in the vicinity of the SP resonance.
Systematic measurements with two independently varied
parameters allowed us to unambiguously associate the
apparent retardation of the hot electron population de-
cay with the SP excitation. An estimation of the SP
lifetime at the Au/dielectric garnet interface of about
150 fs can be inferred from the pronounced enhancement
of the relevant hot electrons lifetime at the resonance.
In practice, the lifetime of non-thermal electron popu-
lation can be key for the duration of the spin-polarized
current pulses [21, 53, 54], spin Seebeck [55] and inverse
spin-Hall [56] effects in metal-dielectric bilayers, or laser-
induced demagnetization rate [15, 18]. Allowing for ex-
ternal engineering of their losses, SPs can be envisioned
as flexible photonic tools for the spintronic functionality,
as well as other applications of the hot electron science
and technology [57, 58]. Furthermore, we have shown
how the time-resolved transmittivity data can be em-
ployed for the direct measurement of SP lifetimes at ar-
bitrary corrugated interfaces with unknown losses. Our
results significantly advance the understanding of collec-
tive hot electron dynamics and clearly identify the role of
SP resonances in the ultrafast optical response. We en-
vision further crossover of ultrafast photonics with spin-
and electronics for the efficient control of electron dy-
namics in metal-dielectric nanostructures.
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Oppeneer, and C. Stamm, Nature Mater. 12, 332 (2013).

[16] A. J. Schellekens, W. Verhoeven,
T. N. Vader, and B. Koopmans,
Applied Physics Letters 102, 252408 (2013).

[17] J. Wieczorek, A. Eschenlohr, B. Weidtmann, M. Rösner,
N. Bergeard, A. Tarasevitch, T. O. Wehling, and
U. Bovensiepen, Phys. Rev. B 92, 174410 (2015).

[18] N. Bergeard, M. Hehn, S. Mangin, G. Lengaigne, F. Mon-
taigne, M. L. M. Lalieu, B. Koopmans, and G. Mali-
nowski, Phys. Rev. Lett. 117, 147203 (2016).

[19] I. Razdolski, A. Alekhin, U. Martens, D. Bürstel,
D. Diesing, M. Münzenberg, U. Bovensiepen, and
A. Melnikov, J. Phys.: Cond. Matt. 29, 174002 (2017).

[20] A. Melnikov, I. Razdolski, T. O. Wehling, E. T. Pa-
paioannou, V. Roddatis, P. Fumagalli, O. Aktsipetrov,
A. I. Lichtenstein, and U. Bovensiepen, Phys. Rev. Lett.
107, 076601 (2011).

[21] A. Alekhin, I. Razdolski, N. Ilin, J. P. Meyburg,
D. Diesing, V. Roddatis, I. Rungger, M. Stamen-
ova, S. Sanvito, U. Bovensiepen, and A. Melnikov,
Phys. Rev. Lett. 119, 017202 (2017).

[22] J. Y. Bigot, J. Y. Merle, O. Cregut, and A. Daunois,
Phys. Rev. Lett. 75, 4702 (1995).

[23] B. Lamprecht, G. Schider, R. T. Lechner, H. Ditl-
bacher, J. R. Krenn, A. Leitner, and F. R. Aussenegg,
Phys. Rev. Lett. 84, 4721 (2000).

[24] J. Lehmann, M. Merschdorf, W. Pfeif-
fer, A. Thon, S. Voll, and G. Gerber,
Phys. Rev. Lett. 85, 2921 (2000).

[25] C. Voisin, N. Del Fatti, D. Christofilos, and F. Valle,
The Journal of Physical Chemistry B 105, 2264 (2001).

[26] J. R. M. Saavedra, A. Asenjo-Garcia, and F. J. Garcia de
Abajo, ACS Photonics 3, 1637 (2016).

[27] A. Kawabata and R. Kubo,
J. Phys. Soc. Japan 21, 1765 (1966).

[28] J. B. Khurgin, Nature Nanotechnology 10, 2 (2015).
[29] N. Rotenberg, J. N. Caspers, and H. M. van Driel,

Phys. Rev. B 80, 245420 (2009).
[30] S. D. Brorson, J. G. Fujimoto, and E. P. Ippen,

Phys. Rev. Lett. 59, 1962 (1987).
[31] M. Battiato, K. Carva, and P. M. Oppeneer, Phys. Rev.

B 86, 024404 (2012).
[32] W. F. Krolikowski and W. E. Spicer,

Phys. Rev. B 1, 478 (1970).
[33] T. Juhasz, H. E. Elsayed-Ali, G. O. Smith, C. Suárez,
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