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Plasmonic crystals for ultrafast nanophotonics: Optical switching of surface plasmon polaritons
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We demonstrate that the dispersion of surface plasmon polaritons in a periodically perforated gold film can be
efficiently manipulated by femtosecond laser pulses in spectral regions far from the intrinsic gold resonances.
Using a time- and frequency-resolved pump-probe technique we observe shifting of the plasmon polariton
resonances with response times from 200 to 800 fs depending on the probe photon energy, by which we obtain
comprehensive insight into the electron dynamics in gold. We show that Wood anomalies in the optical spectra
provide pronounced resonances in differential transmission and reflection with magnitudes up to 3% for moderate

pump fluences of 0.5 mJ/cm?.
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Nowadays plasmonics attracts much research interest
in nanophotonics, inspiring scientists to develop a unique
paradigm in data processing based on nanometallic circuitry.'?
The key object of plasmonics is the surface plasmon polariton
(SPP)—the coupled oscillation of the electromagnetic field
and the electron plasma in metals.® Excitation of a SPP leads
to significant electromagnetic energy localization near the
metal-dielectric interface, thereby enhancing nonlinear effects
and light-matter interaction. Current state-of-the-art criteria
in telecommunications require plasmonics to be active, i.e., a
possibility for control by means of an external stimulus must
be provided on the order of a few nanoseconds or shorter.*

One of the approaches satisfying the strict criteria is
magnetoplasmonics employing the influence of an external
magnetic field on the SPP propagation constant.>® While the
modulation efficiency in magnetoplasmonic structures may
be as large as tens of percent, the operation rate is limited by the
magnetization dynamics occurring on the nanoseconds time
scale. Transient changes in the optical properties of plasmonic
structures can be also achieved via application of intense
femtosecond laser pulses.*’~!> Here, the real and imaginary
parts of the dielectric constant of a metal change during
several hundreds of femtoseconds.'®"!® Since the propagation
constant of SPPs is determined by the permittivity of metal
and dielectric, this opens perspectives for ultrafast control of
SPPs. However, the high reflectivity of smooth gold surfaces
prevents most of the incident electromagnetic energy from
being absorbed in the metal. Here, SPPs can be exploited to
provide electromagnetic energy localization near the metal-
dielectric interface and consequently to increase the energy
absorption in gold.'%?

Recently the optical response of plasmonic crystals with
periodically perforated gold or perforated dielectric on top
of gold was investigated by using a two-color pump-probe
technique with the pump photon energy detuned from the
SPP resonances.'>!? It was demonstrated that the differential
reflectivity of the probe beam tuned in resonance with a SPP
can be modulated up to 10% on a subpicosecond time scale.
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Large values of the modulation parameter were accomplished
by using intense laser pulses with a fluence ® ~ 50 mJ/cm?
and by tuning the resonances of the probed SPPs close to the
d-band transitions in gold [iw;;, = 2.3 eV (Ref. 17)]. However,
the drawback of this approach is the large absorption in the
vicinity of the d-band transition, resulting in a huge intrinsic
SPP damping. A similar obstacle, but with even larger optical
losses, occurs in Al plasmonic crystals.”!

Here, we demonstrate that the dielectric constant of the
metal in a plasmonic crystal can be efficiently modified at
the femtosecond time scale via SPP excitation, leading to
ultrafast modification of the SPP dispersion. This is possible in
spectral ranges far from the intrinsic resonance frequencies of
the metal system. From the temporal and spectral dependence
of differential reflectivity and transmission we extract compre-
hensive information on the electron energy relaxation in gold.
We achieve a 3% probe intensity modulation with about an
order of magnitude smaller pump fluence of ® ~ 0.5 mJ/cm?
as compared to previous works.'3

The investigated plasmonic crystal is schematically shown
in Fig. 1(a). It comprises a periodically perforated, 120-nm-
thick gold film deposited on top of a smooth ferromagnetic
layer of rare-earth iron-garnet BilG with 2.5-pm thickness.
The period is d = 595 nm with a groove depth of 120 nm and
an air groove width of 110 nm.?? The time-resolved differential
transmission and reflection were measured by a pump-probe
technique using a Ti-Sa laser with a pulse repetition rate of
about 80 MHz, a center wavelength around 800 nm, and a pulse
duration of 7p = 30 fs.?? In the experiment the pump beam
entered the sample in the plane perpendicular to the slits, while
the probe beam was incident in the slit plane [Fig. 1(a)]. The
incidence angles 6; and 6, for both the pump and probe were
set to 17°, with an aperture angle around 6°. The plasmonic
crystal was designed to have SPP resonances in the energy
range 1.5-1.7 eV for both the pump and probe beams in this
configuration.

Zero-order transmission and reflection spectra measured
using a spectrally broad halogen lamp are shown in
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FIG. 1. (Color online) (a) Scheme of the plasmonic crystal for active control of SPPs. (b) Contour plot of zero-order transmission vs photon
energy and angle of incidence 6, measured in the pump configuration. Dispersion of the SPP propagating at the BilG/Au [(1), (2) dashed
curves] and at the Au/air [(3) dashed curve] interfaces calculated by the S-matrix method. (c), (d) Experimentally measured transmission (solid
lines) and reflection (dashed lines) spectra for the pump (c) and probe (d) configurations at an incidence angle of 17°. The incident light is p

polarized in (c) and s polarized in (d).

Figs. 1(b)-1(d). They demonstrate resonances with an asym-
metric Fano-like shape.?® The dispersion of these resonances is
seen from Fig. 1(b), presenting transmission spectra measured
at different incidence angles for illumination in the pump
configuration. The angular dependence of the energy position
of these resonances corresponds well to the dispersion of the
SPP modes calculated with the scattering matrix (S-matrix)
method®*? [dashed curves in Fig. 1(b)]. Consequently, these
features can be referred to as Wood anomalies?® related to the
SPPs. The pump beam excites the SPPs in the fourth band of the
Au/dielectric interface [curve (1) in Fig. 1(b)] and the second
band SPP at the Au/air interface [curve (3) in Fig. 1(b)] with
an energy around 1.55 eV. On the other hand, the transmission
spectrum of the probe beam does not show any pronounced
dependence on the incidence angle. It is approximately the
same at 6, = 17° as the transmission spectrum of the pump
beam at #; = 0° [compare Fig. 1(d) with the corresponding
cut of Fig. 1(b) at 8; = 0°]. Since the probe beam is incident
along the slits, it transfers zero momentum to the SPP which
corresponds to #; = 0° in the dispersion diagram, and indicates
that the probe beam interacts with the SPPs in the fourth band
of the Au/dielectric interface at 1.63 eV. It should be noted
that in plasmonic crystals both localized and propagating SPPs
can be excited.®?’ In our case we deal with propagating SPPs,
which follows from the plasmonic resonance dispersion shown
in Fig. 1(b).

Plasmonic crystals possess extraordinary optical transmis-
sion and, therefore, transient changes in the gold permittivity

can be monitored not only in reflection but also in transmission.
Since SPPs are TM polarized they can be excited only by
p polarization of the pump beam or by s polarization of the
probe beam. This is also illustrated by the electromagnetic field
distribution in the crystal.?> The strongest transient signals
of differential transmission AT /T and reflection AR/R are
expected in the case when both the pump and probe excite
SPPs. Indeed, a pump SPP allows significant electromagnetic
energy absorption in gold, whereas a probe SPP causes Fano
resonances in 7 and R spectra. The latter increases the
sensitivity of the transient signals due to the changes in the
optical properties of gold. Experimental results prove this
statement unambiguously (Fig. 2). As expected, the signal
is strongest for the fully plasmonic configuration (p,s) (p
and s polarizations of the pump and probe, respectively).
Compared to this configuration the signal strongly decreases
for all other polarization combinations of the pump and
probe.?

The signal in the totally nonplasmonic case of the s-
polarized pump and p-polarized probe can be hardly seen.
In the (p, p) case the SPP is excited by the pump beam, but
the changes in reflectivity and transmission are more than one
order of magnitude smaller. This is explained by the weak
sensitivity of both transmitted and reflected probe beams due
to the absence of resonances in the probed spectrum, and
demonstrates the importance of SPPs for transient optical prop-
erty sensing. Finally, in the (s,s) configuration a plasmonic
resonance is present in the 7 and R spectra, but the signal
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FIG. 2. (Color online) Time-resolved differential transmission
(a) and reflectivity (b) signals measured for different polarization
configurations of pump and probe beams. The signals are shifted
vertically for clarity (zero levels are shown by dashed lines). The
signals for (p, p), (s,s), and (s, p) configurations are multiplied by
10. The pump fluence here and for the experimental results in all
subsequent figures is 0.5 mJ/cm?.

is still as small as in the (p, p) configuration. This manifests
the importance of SPP excitation by the pump beam, which
provides an efficient trapping of the incident photons and their
consecutive absorption in the gold.

The transients AT /T and AR/R versus time ¢ can be well
described by a sum of two contributions
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where I = R,T, j = R, T, erf is the Gaussian error function,
and 7; is the relaxation time. We assume that the pulse
intensity has a Gaussian profile with a full width half maximum
Tp = +/2In20. Here, the first term corresponds to a fast
instantaneous component, which follows the autocorrelation
function of the laser pulses. This component is also present
in the AR/R from flat gold when the pump and probe are
incident from the magnetic film side. Therefore, we attribute
this signal to the nonlinear optical response from the magnetic
film related with optical transitions in octahedrally coordinated
Fe®* ions.?’ The next contribution is described by the second
and the third terms in Eq. (1), and manifests a fast increase of
the signal followed by a monotonous decay to a plateau. This
contribution is associated with optically induced excitation
of electrons and their energy relaxation in gold. It can be
described by a multiexponential decay convoluted with the
apparatus function.>® For simplicity, we consider this optical
response as a single exponential decay with amplitude A ; and
decay time 7; reaching a plateau at the level B;.
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The polarization properties (see Fig. 2) directly show the
major role of SPPs for efficient energy absorption and high
probe sensitivity. Consequently, the spectral dependence of
the transient signals should also reflect resonant behavior and
have extrema in the vicinity of the plasmonic resonances.
In order to check this, we introduced an electrically tunable
interference filter (20-meV bandwidth) in the reflected and
transmitted probe beam, directly in front of the photodetector.
Thereby, we were able to probe the evolution of the SPP
resonances after absorption of the pump pulse [see Figs. 3(a)
and 3(b)]. Both AT/T and AR/R signals change sign at
around 1.60-1.66 eV. This is clearly seen from the spectral
dependencies of the coefficients A7 and Ag, which are shown
in Fig. 3(c). Such behavior can be explained by a shift of
the Fano resonance along with a broadening. Surprisingly, the
relaxation times 77 and Ty also vary with energy [Fig. 3(d)].
This indicates that the relative contributions of different parts
of the transient permittivity €,, of metal to AT /T and AR/R
are energy dependent.

In order to explain the spectral and temporal dependencies
of the differential signals we consider the response of the
dielectric function in gold under ultrafast optical excitation by
pump pulses. Here it is necessary to take into account two
types of excitation processes: (i) intraband electron transitions
within the conduction band and (ii) interband transitions of
electrons between the d and conduction bands.!” Accordingly
the dielectric constant of gold in the Drude model, including
interband transitions, is given by

w?

€m=1-— p.__’_ ib+i ib» 2
ww+iy) TR @

where w), is the plasma frequency, y is the electron scattering
rate, and X{b and i Xéb are the real and imaginary parts of
the interband susceptibility. While Xéb is centered around
the electron d-band transition frequency, xi” is spread in
frequency and gives noticeable contributions to €, even far
from the d-band transition in gold.?!

Intraband absorption gives rise to a strong nonequilib-
rium electron distribution around the Fermi energy.'” Due
to electron-electron scattering, electron thermalization takes
place, leading to a hot Fermi distribution. Simultaneous to the
internal electron thermalization, electron-phonon interactions
transfer energy to the lattice during ~1 ps. This process
leads to the transient changes in be . The value of A be
is approximately proportional to the integrated absorption
of the laser pulse and evolves in parallel with the electron-
lattice thermalization.'” Intraband absorption also changes the
scattering rate y. However, the temporal behavior of Ay
is different from the one for Ay f” . While A be reaches its
maximum as soon as the pump pulse is finished, Ay increases
during the first hundred femtoseconds and then decreases on
time scales much larger than 1 ps.'® This is due to the fact
that at earlier stages Ay is mainly due to the heating of
the electron and phonon systems, while for the subsequent
stages it is dominated by energy relaxation of these systems
via electron-phonon and phonon-phonon interactions.'® Along
with the excitation of conduction electrons, there is also
interband absorption as long as hw; + hw, > hw;p,, wWhich is
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FIG. 3. (Color online) Left: Transient transmission (a) and reflection (b) at different probe energies hw, = 1.53, 1.57, 1.61, and 1.68 eV.
The solid lines are fits with Eq. (1). Right: Spectral dependencies of the amplitudes A; (c) and the decay times 7; (d) of the transient signal
in transmission (j = T, solid symbols) and reflection (j = R, open symbols) evaluated from fits of the experimental data. Vertical arrows

indicate the energy of the probe SPP.

satisfied for our case. This leads to ultrafast changes in Xéb
lasting shorter than a hundred femtoseconds.'®

It follows from the experimental data in Figs. 2 and 3 that
we probe the optical response of SPP resonances, occurring
due to pump-induced changes of ¢,, as described above. Since
Ay relaxes during times much longer than several picoseconds
(which is out of the observation range), this causes a plateau
in the transient signals described by B; in Eq. (1). On the
contrary, A X{b relaxes much faster (~1 ps) and contributes
to the exponential decay with the amplitudes A; in Eq. (1).
Similarly, Ayi” also contributes to A; on a time scale of
100 fs. Thus, in the perturbation regime the A; can be written
as a linear combination of A th and A Xéh with frequency-
dependent coefficients Cy, j(w) and C;_;(w):

ib ib
Aj(@) = Cri@ 22 4 ) ) 22 3)
X1 2

In our experiments the pump energy is far from the d-band
transitions in gold so that be and Xéb can be considered
constant for the energy range of interest. The spectral be-
havior of the coefficients in Eq. (3) can be determined by
modeling 7" and R spectra applying a rigorous coupled-wave
analysis (RCWA).>> Equation (3) gives the best fits of A ;(w)
for Axi?/xi® =0.4 x 1072, and Axi’/xi’ =2.6 x 1072
(Fig. 4).

It is seen from Fig. 4 that the relative contributions
of Ax{® and Ayi’ determined by Ci ;j(w)Axi®/xi® and
Gy, j(w)Axi?/xI" are energy dependent. In the energy range
of 1.45-1.60 eV, the term Cl,T(w)Axfb/xfb prevails in

absolute value over the term C, r(w)A Xéb / Xéb and the term
C2'R(w)Axéb/Xéb prevails over the term CLR(w)Axf”/X{"’.
At higher energies of 1.60—1.66 eV these ratios get reversed.
Since different contributions have different relaxation times,
this leads to the energy dependence of ;. As discussed above,
A Xéb relaxes in less than a hundred of femtoseconds, which
diminishes 7;. This explains the experimentally observed
drop of 77 for larger energies where A xéb contributes more
strongly to Eq. (3) [see Fig. 3(d)]. The decrease of 7z for
smaller energies can be explained similarly by the stronger
contribution of A yiP.

Furthermore, the significantly different temporal behaviors
of Ay and A Xﬁb allow us even to discriminate their input in
the differential signals. The coefficients B; in Eq. (1) give
a Ay/y =3.0 x 1072 corresponding to Ay /Axit = 1.15.
This is in agreement with the data in Ref. 18, providing
Ay/Axib ~ 1.

In conclusion, we show that the optical properties of
plasmonic crystals can be tuned by femtosecond laser pulses.
As a result, SPP propagation through the plasmonic crystal
is modified and corresponding differential transmission and
reflection changes of the order of 3% are observed. The
response time of plasmonic crystals can be varied widely
from 200 to 800 fs by tuning the relative spectral positions
of the probe and the SPP resonance. An analysis of transient
optical spectra along with a rigorous solution of Maxwell’s
equations provides sufficient information for determining the
magnitude and the ultrafast optical response of the gold
permittivity.
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FIG. 4. (Color online) Spectral dependencies of A7 (a) and Ay (b) obtained by RCWA modeling, to have the best correspondence with
the experimental data. (c), (d) Spectral dependencies of different contributions related with A Xlih (i = 1, solid lines) and A xéb (i =2, dashed

lines) in accordance with Eq. (3).
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