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Abstract We study the ultrafast dynamics of surface elec-
tromagnetic waves photogenerated on aluminum film per-
forated with subwavelength holes array by means of tran-
sient photomodulation with ∼100 fs time resolution. We
observed a pronounced blueshift of the resonant transmis-
sion band that reveals the important role of plasma at-
tenuation in the dynamics and that is inconsistent with
plasmon–polariton mechanism of extraordinary transmis-
sion. The transient photomodulation spectra were success-
fully modeled within the Boltzmann equation approach for
the electron–phonon relaxation dynamics, involving non-
equilibrium hot electrons and quasi-equilibrium phonons.

PACS 73.20.Mf · 78.47.-p · 42.25.Fx · 78.67.-n

1 Introduction

On a smooth metal–dielectric interface light does not cou-
ple to elementary electronic excitations of the metal surfaces
because of energy and momentum conservation. But in a
metal film that is perforated with a two-dimensional (2D)
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periodic array of holes forming a 2D metallo-dielectric pho-
tonic crystal, the periodicity promotes zone folding that re-
sults in the formation of band structure. The grating makes
it possible for light to couple directly to surface electro-
magnetic waves by transferring them the reciprocal lattice
momentum g = 2π/a, where a is the grating period [1].
Indeed, it was recently found [2–4] that the optical trans-
mission through hole arrays fabricated on optically thick
metallic films is enhanced by orders of magnitude at res-
onances; this phenomenon has been dubbed “extraordinary
transmission” (EOT). The maxima in the zero-order trans-
mission spectrum is alternated by deep minima caused by
Wood’s anomalies formed due to the diffraction grating of
the corrugated film. The optical properties of various sub-
wavelength hole array films have been widely studied and
different models have been proposed to explain the under-
lying mechanism of the anomalous transmission. While ear-
lier models attributed the enhancement to excitation of film’s
surface plasmon–polaritons (SPP) [2–6], more recent works
addressed the role resonant cavity modes [7–9], dynami-
cal diffraction resonances [10, 11], and interference of dif-
fracted evanescent waves [12]. While the precise mechanism
of extraordinary transmission is still under discussion, the
transient dynamics of surface electromagnetic modes might
shed more light on the origins of this phenomenon.

Here we investigate the ultrafast dynamics of surface
electromagnetic modes measured by using the pump-probe
correlation spectroscopy of the transmission bands in 2D
subwavelength hole array on aluminum (Al) thin film. We
found significant difference with the dynamics observed pre-
viously in smooth metal films (mostly gold and silver) in
both the time-resolved and spectrally-resolved signals. Fol-
lowing an instantaneous rise at the onset of the impinging
pulse, the transient differential transmission exhibits a fast
rise on subpicosecond timescale followed by a plateau for

mailto:tigran.shahbazyan@jsums.edu


132 A.S. Kirakosyan

time delays of 1–3 ps, and subsequent slow decay with char-
acteristic time of ∼40 ps. The short-time dynamics is ac-
companied by a blueshift of the main transmission band in
the transient spectra that persists for time delays as long
as 100 ps. The observed dynamics can be explained by a
fast energy transfer in the Al film from the electron gas to
the lattice, with subsequent cooling of the Al film by heat
transfer to the glass substrate. The fast lattice temperature
rise is caused by strong electron–phonon interaction in Al,
which makes the electron–lattice energy transfer rate com-
parable to the rate of nonequilibrium electrons thermaliza-
tion via electron–electron interactions [13]. Importantly, the
blueshift is inconsistent with the SPP mechanism and points
to the interference as the source of the extraordinary trans-
mission.

2 Experiment

The plasmonic lattice sample was a 70 nm thick Al film,
5 × 5 mm2 in area deposited on a glass substrate. The
metal film was perforated with circular holes having diame-
ter D = 150 nm in a square hole array with lattice constant
a = 300 nm resulting in a fractional aperture area of 25%.
The ultrafast laser system used for measuring the transient
PM spectrum was a Ti:sapphire regenerative amplifier with
pulses of 100 fs duration at photon energies of 1.55 eV, with
400 µJ energy per pulse at a repetition rate of 1 kHz. The sec-
ond harmonic of the fundamental pulses at 390 nm (3.1 eV)
were used as the pump beam. The probe beam was a white
light super-continuum generated in a 1-mm thick sapphire
plate that covers the spectral range from 1.6 to 2.8 eV; the
white light super-continuum was also used for measuring the
unperturbed transmission spectrum T0(ω). The pump and
probe beams were directed onto the perforated Al film from
the air side to maximize coupling of light to the SEW. The
transient PM spectrum was obtained from the photoinduced
change (�T ) in T0 using a phase-sensitive technique with
a resolution �T/T0 ∼ 10−4 that corresponds to a photoex-
cited electron density in the Al metal of ∼1017 cm−3/pulse.

Figure 1 shows the EOT spectrum of the Al plasmonic
lattice at normal incidence. Several EOT bands and trans-
mission anti-resonances (AR) are observed. We note that
T0(ω) at resonance frequencies substantially surpasses the
fractional aperture area of 25%. The lowest frequency
EOT band peaks at ∼2.1 eV; whereas the lowest fre-
quency AR feature that is associated with Wood’s anom-
aly at the Al/glass interface with wavevector k(01) = gε

−1/2
gl

(where εgl = 1.56 and g = 2π/a) is in the form of a
dip at 2.6 eV. The ARs at higher frequencies are higher-
order Wood’s anomalies that correspond to wavevectors
k(mn) = g(m2 + n2)1/2ε

−1/2
d (m, n are integers) as follows:

3.7 eV (k(11) = gε
−1/2
gl 21/2) that corresponds to the (1,1)

Fig. 1 The measured (solid line) and calculated (dashed line) nor-
mal incidence optical transmission, T0 through an Al plasmonic lattice
comprised of a square array of nanoholes with lattice constant 300 nm
and hole diameter 150 nm. The inset shows the sample AFM image.
Numerical fit is based on the effective medium model for linear trans-
mission in Sect. 3.1

Fig. 2 Short-time evolution of differential transmission at 1.9 eV is
shown together with numerical fit (solid line) based on solution of the
Boltzmann equation in Sect. 3.2

branch at the Al/glass interface; and 4.0 eV (k(01) = g)
that corresponds to the (0,1) branch at the Al/air interface.
It is noteworthy that the lowest frequency EOT resonance
(at ∼2.1 eV) occurs at considerably lower (by ∼0.6 eV)
frequency than that predicted by the lowest-order SPP with
wavevector satisfying the Bragg condition [2]

k(mn)
spp = g

[(
m2 + n2)(ε′−1

m + ε−1
d

)]1/2
. (1)

The transient PM spectra of the perforated Al film are
shown in Figs. 2–4. The time-evolution of pump-probe sig-
nal at 650 nm, corresponding to probe photon energy of
1.9 eV, reveals two component of the dynamics. Firstly,
there is a fast rise of pump-probe signal on timescale <1 ps,
followed by a plateau at 1–3 ps (see Fig. 2). Secondly, af-
ter about 3 ps the saturated PM decays with characteristic
time of ∼40 ps (see Fig. 3) due the heat transfer to the glass
substrate. Figure 4a shows the transient PM spectral change
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Fig. 3 Long-time evolution of differential transmission at 1.9 eV due
to heat transfer to the glass matrix is shown together with numerical fit
(solid line) based on two-temperature model in Sect. 3.2

from 1.7 to 2.4 eV corresponding roughly to the main trans-
mission band spectral width. A transient blueshift is appar-
ent that persists for times up to 100 ps, i.e., much longer
that electron gas thermalization time, pointing to a promi-
nent role of e–ph interactions in the dynamics. However, this
shift cannot be well reproduced by a simple spectral deriv-
ative (see Fig. 4b) indicating that a perturbation approach
cannot properly describe the observed changes in optical
spectra for our excitation intensities. At the same time, al-
though the data becomes more noisy at higher energies as
one approaches to the Wood’s anomaly, a clear nonlinear-
ity in the frequency dependence emerges. The energy de-
pendence of dT /T is determined by transient change in the
mode dispersion that reflects the periodicity of the structure.

The short-time dynamics exhibits significant differences
with that observed in gold and silver films [14, 15]. In these
studies, the picosecond dynamics consisted of two well-
separated in time stages: thermalization of nonequilibrium
electrons due to electron–electron (e–e) scattering at 200–
500 fs accompanied by the signal rise, followed by the de-
cay on a 1–2 ps timescale due to the cooling of hot elec-
tron gas to the metal lattice. The dominant factor that deter-
mines the transient dynamics in noble metals is the change
in the interband susceptibility of the highly polarizable d-
band electrons that is very sensitive to the smearing of the
Fermi edge due to the rise in electron temperature Te. In
contrast, in simple metals, such as Al, the transient opti-
cal spectra are governed by the changes in the intraband
dielectric function εm(ω) = 1 − ω2

p/ω(ω + iγ ), where ωp

is the bulk plasmon energy and γ is the optical relaxation
rate [16]. The absorbance of the film and hence the transient
dynamics is related to the deviation of γ from its intrin-
sic value γ0 that mainly originates from the change in the
electron–phonon (e–ph) scattering, while the contributions
from e–e and impurity scattering are relatively weak [17].
Note that the e–ph interaction constant G in Al is an order of
magnitude larger than it is in noble metals (for comparison,

Fig. 4 a Transient spectra at different time delays are shown together
with numerical fit (solid lines) based on solution of the Boltzmann
equation in Sect. 3.2. b Log derivative of measured zero-order trans-
mission

GAl = 3.1 × 1017 W/Km3 vs. GAu = 2 × 1016 W/Km3), so
that the energy exchange between the electron and phonon
subsystems takes place on sub-picosecond times [18]. The
rapid increase in the lattice temperature TL and hence in
the e–ph relaxation rate accounts for the fast rise of the
pump-probe signal until the equilibrium between electron
and phonon subsystems is reached at ∼1 ps. This fast dy-
namics is superimposed with a slow decay due to the heat
transfer from metal to glass substrate resulting in a plateau at
1–3 ps (see Figs. 2–3). Importantly, the merging of electron
thermalization and electron to lattice cooling stages implies
that the short time dynamics is intrinsically nonequilibrium;
it is therefore described below within the Boltzmann equa-
tion approach.

The observed PM blueshift also indicates that the EOT
is sensitive to the imaginary part of permittivity, ε′′

m(ω), for
the following reason. Within the Drude model for Al, we
have ε′

m(ω) = 1 − ω2
p/(ω2 + γ 2). With such ε′

m, the SPP
Bragg condition (1) leads to the following expression for,
e.g., (0,1) mode frequency (at εd = 1): ω01

spp ≈ ωg[1−(ω2
g +

γ 2)/2ω2
p], where ωg = cg is the frequency associated with

the reciprocal lattice period. Then an increase in γ upon
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pulsed excitation leads to a weak redshift of the resonance
frequency, in disagreement with the data. We thus conclude
that the observed spectral blueshift cannot be explained by
the present version of the SPP mechanism for the EOT phe-
nomenon [2]. At the same time, an increase in γ causes an
increase in the attenuation, ε′′

m, which for γ � ω can be
approximated by ε′′

m ≈ γω2
p/ω

3. If ε′′
m participates in deter-

mining the position and lineshape of the EOT bands, then the
increase in γ implies higher resonant frequencies (blueshift)
in agreement with the data. The linear transmission is mod-
eled below using effective medium approach.

3 Theory

The transient optical spectra in metal films can be described
in terms of time-dependent dielectric function εm(ω, t) =
εm(ω) + δεm(ω, t), where εm(ω, t) is PM contribution due
to a small (compared to ground state) fraction of photoex-
cited carriers. The differential transmission �T (t) = T (t)−
T0 can be then calculated from the linear transmission T0(ω)

with εm(ω, t) [14, 15]. While the time-resolved signal is pri-
marily governed by the electron dynamics in metal film en-
coded in δεm(ω, t), the transient spectra are determined by
the effect of the latter on the dispersion of surface electro-
magnetic modes. Modeling of the dynamics thus involves
two distinct tasks: (i) description of the linear transmis-
sion through nanohole array for real metal with absorptive
dielectric function, and (ii) simulation of non-equilibrium
electron-phonon dynamics in Al film.

3.1 Effective medium model for linear transmission

We begin with analytical model for the main transmission
band that incorporates the effect of the absorptive part of
metal dielectric function. We are interested in the trans-
mission of p-polarized light normally incident on a metal
film perforated with square array of cylindrical nanoholes.
We assume that the scattering in the direction normal to
the plane of incidence is weak and adopt one-dimensional
grating approximation for transverse magnetic and electric
fields, Hy(x, z) and Ex(x, z). Magnetic fields in air (me-
dia 1), perforated metal (media 2), and glass (media 3) can
be written as

H1y = eik1z +
∑

n

r1n e−ik1nz+ingx, (2)

H3y =
∑

n

t3n eik3n(z−h)+ingx, (3)

H2y =
∑

i

Hi(x)
[
t2i e

−κiz + r2i e
−κi (h−z)

]
, (4)

where kjn =
√

k2
0εj − n2g2 and kj ≡ kj0 (here k0 = ω/c),

and rjn, and tjn are reflection and transmission amplitudes

of order n in medium j, respectively (j = 1,3). In air/glass,
the fields are expanded in the Bloch functions basis. In
the medium 2 (perforated metal), the expansion goes over
the normalized eigenstates of Maxwell equations (ME) in
periodic medium, Hi(x)e−κiz, where eigenvalue κi is the
wave-vector along the normal to the surface. The eigenfunc-
tions Hi(x) are localized in the hole region and are peri-
odic over the array. The transverse electric fields in all three
media are expressed through transverse magnetic fields via
ME Ex = −(i/k0ε)∂Hy/∂z. In the relevant spectral range,
it is sufficient to restrict to the lowest modes in air/glass
(n = 0,±1), and in perforated metal i = 1.

The transmission coefficient is obtained by matching
transverse electric and magnetic fields at air/metal and
metal/glass interfaces. It is convenient to perform this
matching in the Bloch basis for electric field, and in the
basis of eigenstates Hi for magnetic field. This choice takes
into account the fact that, for low volume fraction of holes,
ν = πd2/4a2 � 1, the electric field is mostly reflected back
into the air at the air/metal interface and transmitted to the
glass at the metal/glass interface, while the magnetic field,
conversely, mostly penetrates into the metal at the air/metal
interface, and gets reflected back into the metal from the
metal/glass boundary. We define magnetic and electric field
moments averaged over the Brillouin zone (BZ) as

hin = 〈
eingxHi

〉
BZ,

ein = 〈
eingxEi

〉
BZ = iκi

k0

〈
eingx Hi(x)

ε2(x)

〉

BZ
, (5)

where ε2(x) = εm + (εh − εm)θH (x) is periodic dielectric
function, εm (εh) being dielectric function in metal (hole)
region, and θH is the periodic step-function vanishing out-
side the holes. Because we consider only the fundamental
mode, we drop index i hereafter. By performing matching
procedure at the interfaces z = 0 and z = h we obtain the
following system of equations

t2 + r2u = h0(1 + r10) + 2h1r11,

en (t2 − r2u) = k1n

ε1k0
(δn0 − r1n),

(6)
t2u + r2 = h0t30 + 2h1t31,

en (t2u − r2) = k3n

ε3k0
t3n,

with u = e−κz, yielding the zero-order transmission

T0 = |t30|2 =
∣
∣∣∣

t12t23e
−κh

1 + r12r23e−2κh

∣
∣∣∣

2

, (7)

where t12 = 2ñ2/(ñ1 + ñ2), t23 = 2n3/(ñ2 + ñ3) are ef-
fective transmission amplitudes through the air/metal, and
metal/glass interfaces, respectively, and r12 = (ñ2 − ñ1)/
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(ñ1 + ñ2), r23 = (ñ3 − ñ2)/(ñ2 + ñ3) are the correspond-
ing effective reflection amplitudes. The effective refraction
indices ñ are given by

ñ2 = (h0e0)
−1,

(8)

ñj = nj

(
1 + 2h1e1kj

h0e0kj1

)
,

where nj are refraction indices in air/glass (j = 1,3). The
transmission coefficient is thus expressed via the overlap
integrals, hn and en, between eigenstates in the periodic
medium and in the air/glass. Such overlap causes hybridiza-
tion of the states in perforated metal via the EM waves at
the interfaces (both propagating and evanescent). It is this
hybridization that determines the position and the lineshape
of the transmission peak.

In order to proceed further, we need to evaluate the over-
lap integrals, hn and en, and the eigenvalue κ . The former
can be determined from the following self-consistency ar-
gument. While in the bulk of perforated metal the states
Hi are strongly localized within holes, near the interfaces
(where the overlap integrals are calculated) these states be-
come delocalized due to the hybridization via EM in the di-
electric. In other words, in the close vicinity of the interface,
the profile of transverse magnetic field (that is continuous
together with its derivative across the interfaces) is similar
at the both sides of the interface and can be approximated
as H(x) = h0 + 2h1 cosgx. The relation between h0 and h1

on the metal side can therefore be determined from ME for
H(x),

ε2
∂

∂x

(
1

ε2

∂H

∂x

)
+(

k2
0ε2 + κ2)H = 0, (9)

with periodically modulated dielectric function, ε2(x) =
ε0 + 2ε1 cosgx, where ε0 = εm(1 − ν) + εhν is the aver-
age and ε1 = ν(εh − εm)ξ1, with ξn = sin(ngd/2)/(ngd/2),
is the modulation amplitude [19]. In the first order in modu-
lation, we obtain

h1

h0
= − 2k2

0ε1

k2
0ε0 + κ2 − g2

, (10)

where h0 is determined from the normalization condition.
The moments of electric field, en, are straightforwardly cal-
culated from (5) as

e0 = iκ(h0ε̃0 + 2h1ε̃1)/k0,
(11)

e1 = iκ
[
h0ε̃1 + h1(ε̃0 + ε̃2)

]
/k0,

where ε̃n ≡ 〈eingx/ε2(x)〉BZ = (ε−1
h − ε−1

m )νξn.
Let us now turn to evaluation of the wavevector κ that

represents the lowest eigenvalue of ME (9). The eigenvalues

are determined by the bulk states of the optically thick per-
forated metal film, and therefore are only weakly affected
by the interfaces. In the bulk, the eigenstates are strongly lo-
calized within the holes and the weakly-modulated medium
approximation does not apply. In this case, the eigenval-
ues can be evaluated by using the analogy between ME and
Schrödinger equation (SE) with complex potential. Namely,
for each region, (9) can be presented in the form ∂2H/∂x2 +
(E − V )H = 0, where

E = κ2 + k2
0

[
ε(ω) − εh

]
,

V (x) = k2
0

∑

n

[
ε(ω) − εh

]
θ
(
d/2 − |x + na|), (12)

are the energy and potential, respectively. The latter is
Kronig–Penney type attractive potential of periodically
spaced quantum wells. Note that E = −k2

0εh corresponds
to κ2 = −εmk2

0 that is the value of κ for a solid metal
film. The fundamental mode is associated to the ground
state of (12) with the energy spectrum being a band with
the width determined by the tunnel transparency between
the wells. In the case of high metal/dielectric contrast of ε,
so that k0a

√|εh − εm| 
 1, this transparency is exponen-
tially small and the ground state energy can be approxi-
mated by that of the lowest level in a single well. The latter
can be found by replacing rectangular well by the delta-
function potential, V (x) = V0δ(x), with the strength V0 =
ν(εm − εh)k

2
0a, where we averaged over BZ. We then obtain

E = −V 2
0 /4, yielding κ2 = −εmk2

0 − ν2a2k4
0(εm − εh)

2/4.
We thus arrive at the following physical picture for the

main transmission band. Diffraction on an individual hole
can be viewed as scattering on the bound state in the asso-
ciated SE. The interference of diffracted waves, caused by
the hybridization of localized hole states via EM waves in
dielectrics, leads to the single-period modulation of mag-
netic field profile at the interfaces. The latter is determined
by the effective medium characterized by weakly-modulated
dielectric function depending on the hole volume fraction ν.
Note that eigenvalue κ as well as magnetic/electric field mo-
ments hn, en are complex due to absorptive part of metal
dielectric function εm = ε′

m + iε′′
m.

In Fig. 1 we show the fit of linear transmission obtained
using the Drude form of dielectric function of Al, εm, with
bulk plasmon frequency ωp = 15.0 eV and damping rate
γ = 0.2 eV [16]. It can be seen that the main transmis-
sion band is described accurately, including the position of
Wood’s anomaly at ω ≈ 2.6 eV. Higher order maxima, in-
cluding possible SPP peak at 4.0 eV, are not captured within
this model.

3.2 Ultrafast dynamics

We now turn to the modeling of ultrafast dynamics. The
transient spectra in a perforated film can be obtained from
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the linear transmission T0(ω) by the replacement εm(ω) →
εm(ω) + δεm(ω, t), where δεm(ω, t) is the non-equilibrium
contribution to the metal dielectric function. As noted above,
δεm(ω, t) is mainly due to transient change in the e–ph re-
laxation rate γ (t) in the Drude dielectric function. The dis-
tinctive feature of electron dynamics in Al films is a very
fast (hundreds of fs) energy exchange between electron and
phonon subsystems caused by strong e–ph interaction in Al.
This energy exchange takes place on the same timescale as
the electron gas thermalization due to e–e scattering, ren-
dering the transient dynamics inherently non-equilibrium.
Note however that the high-energy fraction of photoexcited
electrons with the excess energy (E − EF ) ∼ �ω, scatter
down on the timescale of tens of fs due to the quadratic en-
ergy dependence of e–e scattering rate, γee ∝ (E − EF )2,
whereas the thermalization of electron population is reached
on the longer timescale of hundreds of fs [14]. Therefore, the
higher energy end of electron distribution relaxes primar-
ily via e–e scattering processes, while the energy transfer to
the phonons primarily goes through the lower energy elec-
trons. Since the overall heating of the lattice is of the order
of Debye temperature (ΘD ≈ 380 K in Al), the phonons that
gain energy from athermal electron gas can be considered
as quasi-equilibrium. The energy exchange between phonon
and electron subsystems can be then described in terms of
time-dependent lattice temperature TL(t) as

CL
∂TL

∂t
= −

∫
dEg(E)E

(
∂f

∂t

)

e−ph
, (13)

where CL is the lattice heat capacity (CL = 900 J/K kg for
Al), g(E) = E1/2(2me)

3/2/2π2
�

3 is the electron density of
states (DOS), and f (E, t) is the electron distribution func-
tion that satisfies the Boltzmann equation

∂f

∂t
=

(
∂f

∂t

)

e−e
+

(
∂f

∂t

)

e−ph
+ H(E, t). (14)

Here the first two terms on r.h.s. are due to e–e and e–ph
scattering processes, respectively, and H(E, t) stands for
electron-gas excitation by the pump pulse. Naturally, only
the e–ph scattering term contributes to the energy exchange
rate (13). Since the typical phonon energy is much smaller
than the electron energy, the e–ph term can be more conve-
niently presented in the differential operator form [20]. In
the deformation potential approximation, the e–ph scatter-
ing term reads

(
∂f

∂t

)

e−ph
= Cep√

E

∂

∂E

[
f (1 − f ) + kBTL(t)

∂f

∂E

]
, (15)

where Cep = π2
�

3G/
√

2kBm
3/2
e and G is e–ph interaction

constant. By substituting (15) into (13), we obtain the rate
equation for the lattice temperature,

CL
∂TL

∂t
= G

(
T ∗

e − TL
) + SGL(t), (16)

where

T ∗
e (t) =

∫
dEf (E, t)

[
1 − f (E, t)

]
(17)

plays the role of effective temperature of athermal elec-
trons. Note that for thermal electron distribution f0, T ∗

e co-
incides with the “regular” electron temperature Te. The last
term in (16) is added to describe heat exchange between the
metal film and the glass substrate. With boundary conditions
that the temperature and heat flux are continuous across
the metal/glass interface, it has the form [21]: SGL(t) =
κG ∂TG/∂z, where TG and κG are the glass temperature
and thermal conductivity, respectively (κG = 1.37 J/m K for
SiO2). The above system should be supplemented by equa-
tion for heat transport in the glass,

CG
∂TG

∂t
= κG

∂2TG

∂z2
, (18)

where CG is the glass heat capacity (CG = 1.63 × 107

J/m2 K for SiO2). Note, however, that metal/glass dynam-
ics is important only for long times (see below).

In the case short-time dynamics, the evolution of lat-
tice temperature TL(t) is governed by the interaction with
strongly athermal electrons gas, and thus requires solution
of Boltzmann equation for e–ph system (14)–(16). We use
the integral form for the e–e scattering term for parabolic
band [20],
(

∂f

∂t

)

e–e
= Kee

E
3/2
s E1/2

∫
dE1

∫
dE2 F(E1,E2,E3)

×
[ √

x

1 + x
+ arctan

√
x

]xmax

xmin

, (19)

where Kee = mee
4/(4h3ε2), ε is static dielectric constant of

metal, and Es = (e2/2πε)(3ne/π)1/3 is the Thomas–Fermi
energy. The phase space for scattering is determined by

F(E1,E2,E3) = f̃ (E)f̃ (E1)f (E2)f (E3)

− f (E)f (E1)f̃ (E2)f̃ (E3),

where f̃ (E) = 1 − f (E) and E3 = E + E1 − E2, while
the angular integrals of Coulomb interaction yield the ex-
pression in the brackets in the integrand which is eval-
uated between the limits: xmin,max = max, min[(√E1 ∓√

E3)
2, (

√
E ∓ √

E2)
2]/Es . The last term in (14), describ-

ing the energy deposited by the pump pulse, is given by
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Fig. 5 Non-equilibrium contribution to the electron distribution func-
tion in Al film is shown for several time delays. Calculations are based
on solution of the Boltzmann equation for the electron distribution
function in Sect. 3.2

H(E, t) = Q(E)S(t) with Gaussian pulse profile

S(t) = E0√
πσL

e−t2/σ 2
L , (20)

where E0 is the absorbed pump pulse energy density and
σL = 100 fs is the pulsewidth. The factor Q(E), describing
the phase space of phonon-assisted electronic transitions af-
ter absorption of a photon with energy ω, is available in the
literature [20] and is included in the numerical calculations.

In Fig. 5, we plot the time-dependent contribution to the
electron distribution function, �f (E, t) = f (E, t)−f0(E),
versus energy (measured from the Fermi level) at several
time delays. For short times, electron distribution is strongly
non-equilibrium, as indicated by the long high-energy tail
of �f . At t ∼ 1 ps, electrons are almost thermalized and
their distribution is close to the Fermi function of a hot elec-
tron gas. Note that, at 1 ps, the magnitude of �f has de-
creased significantly pointing to the energy transfer from
electron gas to the lattice.

4 Discussion

The transient change in the lattice temperature, TL(t), pro-
vides the main contribution to the time-modulation of metal
dielectric function,

δεm(ω, t) = iω2
p

ω(ω + iγ0)2

[
γ
(
TL(t)

) − γ0
]
, (21)

where γ (ω,TL) is the optical relaxation rate of an electron-
hole pair excited by the probe light [22] (γ0 stands for the
room-temperature relaxation rate). In the case when the lat-

Fig. 6 a Short-time evolution of effective electron (solid line) and
lattice (dashed line) temperatures in Al film following the excitation.
b Long-time evolution of the lattice temperature due to heat transfer to
the glass matrix

tice temperature remains much smaller than ω, the relax-
ation rate is nearly ω-independent [17], and is given by

γ (T ) = B

(
TL

ΘD

)5

J

(
ΘD

TL

)
, (22)

where J (y) = 1
2

∫ y

0 dx x4coth x
2 , and B is a material-depen-

dent constant. In the relevant temperature range TL ∼ ΘD,
the TL-dependence of γ is nearly linear, γ (TL) ≈ γ0 +
B
2 (TL − T0). Note that γ0 contains contributions also from
the electron-impurity and e–e scattering processes; however,
those are not significantly affected by the pump pulse due to
a relatively small change in the scattering phase space by the
fraction of photoexcited electrons.

The results of numerical simulations of short-time dy-
namics are shown in Fig. 2. The calculated differential trans-
mission dT /T is in excellent agreement with the data, re-
producing the signal rise at subpicosecond times. In Fig. 6,
we show the evolution of the lattice temperature and the
effective electron temperature. The rapid drop of T ∗

e after
reaching its peak value at ∼200 fs is accompanied by in-
crease in TL during the period t � 1 ps, indicating energy
intake by the phonon subsystem, while the electron gas is
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still in the thermalization stage. After electron and phonon
subsystems equilibrate, the signal changes weakly (plateau)
until the slower process of energy transfer to the glass sub-
strate takes over, leading to the decay of pump-probe sig-
nal from the metal (see Fig. 3). For long time delays, elec-
tron and phonon subsystems are in thermal equilibrium with
each other, and the long-time dynamics is well described
by the two-temperature model that incorporates the heat ex-
change between the metal and the glass [21]. To compare
to Boltzmann equation approach, here we also included in
calculations the rate equation for electron temperature Te(t)

that can be straightforwardly obtained from (14)–(16) by the
replacement of f (E, t) with thermal distribution:

Ce ∂Te/∂t = G(TL − Te) + S(t), (23)

where Ce = βTe (with β = 134 J m−3 K−2 for Al) is the
electronic heat capacity. After ∼40 ps, the signal reaches a
plateau corresponding to thermal equilibrium between film
and glass (see Fig. 3). Here the evolution of dT /T also fol-
lows mainly the phonon dynamics (see Fig. 6b). Note, how-
ever, that the subpicosecond signal rise is noticeably faster
than the one calculated using Boltzmann equation approach
(cf. Fig. 2). The reason is that thermal distribution overes-
timates the fraction of lower energy electrons and, hence,
the rate of their energy transfer to the lattice. The measured
signal also exhibits weak oscillations with a period ∼5 ps;
those could be attributed to the vibrational mode across the
film that is excited by the rapid heating of the lattice, but are
not captured by the present model.

The calculated transient spectra are shown in Fig. 4 for
several time delays in the long-time regime when the elec-
tron and phonon subsystems are in thermal equilibrium with
each other. The blueshift is well reproduced as well as is
the nonlinear ω-dependence of dT /T in the main transmis-
sion band frequency range. The origin of the blueshift can
be understood as follows. The eigenmodes in a nanohole
array are the result of interference of multiple waves scat-
tered from periodic metal/dielectric regions as described by
the above effective medium model. In the presence of at-
tenuation, the phase of scattered wave has a contribution
∝ Re

√
εm = ε′′

m/
√|ε′

m| ≈ γωp/ω
2. Therefore, a transient

change in attenuation causes corresponding shifts in scatter-
ing phases. This, in turn, changes the interference of waves
making up an eigenmode. To compensate for the phase
shifts, a transient increase in γ must be accompanied by a
corresponding increase in ω; and consequently the transmis-
sion resonances blueshift.

5 Conclusions

In summary, we investigated the ultrafast dynamics of Al-
based plasmonic lattice that reveals a non-trivial role played
by the plasma attenuation in determining the EOT resonant
bands. While its effect on the SPP dispersion is relatively
weak, attenuation is more important for modes comprised
of a multitude of scattered waves. By directly altering their
interference, ultrafast time-resolved optical techniques un-
ravel the unique properties of photoexcited SEW in plas-
monic metals.
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