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The sub- and picosecond optical response dynamics of the metal–dielectric metasurface based on gold nano-
spheres placed in a layer of bismuth-substituted yttrium iron garnet has been studied via the pump–probe
femtosecond spectroscopy with time resolution. It is shown that the plasmon modes of the metasurface
demonstrate bulk gold dynamics, while the observed relaxation of the polariton mode is slowed down by sev-
eral picoseconds. The difference arise because of the detection of different processes at the wavelengths of the
plasmon and polariton modes by the probe beam.
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One of the promising fields of nanophotonics is the
development of technique for controlling light using
metasurfaces [1, 2], that are two-dimensional sub-
wavelength scale arrays of nanoparticles called meta-
atoms [3]. Metaatoms make excitation of various reso-
nant electromagnetic modes possible, which provides
enhancement of electromagnetic field energy localiza-
tion inside the structure, the increase of the interac-
tion time of light with the medium, and the control of
incident light scattering. These structures have found
an extensive application in biomedicine [4], sensing
[5], integral [6] and topological [7] photonics, photo-
voltaics [8], neuromorphic [9] and analog [10] com-
puting, nonlinear optics [11], and light control [12,
13]. The optical response of metasurfaces can be tuned
by various external stimulus, for example, by electric
[14] and magnetic fields [15–17], temperature [18],
and laser pulses [19–22].

Noble metal nanoparticles with plasmon reso-
nances are often used as metaatoms [17, 23–25]. The
effect of ultrashort laser pulses on bulk noble metals
has been widely studied by the pump–probe tech-
nique. First, the pump pulse causes the nonequilib-
rium dynamics of the electron gas, then the energy is
redistributed, and the system comes into the equilib-
rium due to electron–electron, electron–phonon and
phonon–phonon collisions [26–28]. These processes
have typical times of hundreds of femtoseconds, few
picoseconds and few nanoseconds, respectively. The
induced changes in the dielectric permittivity can be
observed by detecting the reflection or transmission of
the probe pulse.

On the one hand, metasurfaces are sensitive to
dielectric permittivity changes near a resonance,
therefore they can be used to efficiently detect ultrafast
processes [29]. On the other hand, an increase in
interaction time of a pump beam with a medium in
metasurfaces provides the stronger impact of an inci-
dent laser pulse on a structure [30]. Moreover, addi-
tional ultrafast processes may appear due to nano-
structuring, for example, vibrational resonances of
nanospheres with a frequency of tens of picoseconds
[31]. Excitation of various electromagnetic modes by
the pump beam may also cause additional ultrafast
processes. Plasmon-induced transfer of electrons from
gold nanoparticles to the semiconductor with subse-
quent relaxation were detected in metal–semiconduc-
tor metasurfaces [32]. In these structures, different
dynamics of the ultrafast optical response for resonant
and non-resonant pump wavelengths are observed.

Thus, several processes can occur simultaneously
in metasurfaces on sub- and picosecond time scales.
The optical response of multimodal systems to a
medium perturbation can differ significantly depend-
ing on the excited resonance type [4]. One of the types
of multimodal systems are hybrid metal–dielectric
metasurfaces [16, 17, 33–35]. The presence of metallic
and dielectric components in the same structure
makes it possible to excite both plasmon and polariton
modes. The perturbation of the medium has different
effects on various modes. Therefore, the presence of
processes with several timescales in hybrid metasur-
face leads to diverse dynamics of the optical response
in the vicinity of resonances of different types.
196



ANOMALOUS PICOSECOND OPTICAL TRANSMITTANCE DYNAMICS 197

Fig. 1. (Color online) Differential transmittance 
dependence on the wavelength λ and time delay τ.
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In this paper, diverse ultrafast dynamics of the opti-
cal response are experimentally observed in a hybrid
metal–dielectric Au-Bi:YIG metasurface by probing
at the frequencies of polariton and plasmon modes.

The studied sample is a hybrid metal–dielectric
metasurface (HMDM) [17] based on a two-dimen-
sional periodic square array of gold nanospheres cov-
ered with a layer of bismuth-substituted yttrium iron
garnet (Bi:YIG). First, periodically arranged nano-
disks were obtained from a gold film on a quartz sub-
strate by electron beam lithography. Then, the nano-
disks were annealed at the temperature of 950°C for
10 min and melted to form spherical droplets. The
Bi:YIG layer was sputtered on top of the nanospheres
by magnetron deposition and annealed at the tem-
perature of 750°C during 15 min for crystallization.
The radius of the gold nanospheres was  nm,
the array period in both directions was  nm,
Bi:YIG layer thickness was  nm, the radius of
Bi:YIG hemispheres over the gold particles was

 nm. The sample supports various resonant
electromagnetic excitations in the visible spectral
range, in particular, the quasi-waveguide mode
(QWG) and surface lattice resonances (SLR). These
modes have a different nature and therefore different
electromagnetic field localization. SLR arise from the
coherent radiation of localized plasmons in the array,
and, therefore, they are localized inside and in the
vicinity of the gold nanospheres. QWG is associated
with the waveguide for a diffracted beam within the
Bi:YIG layer and is localized mainly in the garnet.
More detailed characterization of the HMDM and the
observed resonances, as well as the pattern of the sam-
ple, can be found in [16, 17].

Time-resolved pump–probe femtosecond spec-
troscopy was used to study ultrafast processes in the
metasurface. The radiation source was a Ti:sapphire
laser with a regenerative amplifier of 70-fs pulse dura-
tion, 800-nm central wavelength and 1-kHz repetition
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rate. The normally incident pump beam was linearly
polarized along one of the periodicity axis. It excited
dipole SLR, which led to resonant radiation absorp-
tion in the HMDM [17]. The f luence of the pump
beam J was varied from 0 to 1.2 mJ/cm2.

To perform spectroscopy, a supercontinuum was
generated by the probe beam in the spectral range
from 450 to 1400 nm using a sapphire plate. Wave-
lengths greater than 750 nm were cut off by a shortpass
filter. The wide spectral range of the supercontinuum
allowed the probe beam to detect several electromag-
netic modes of a multiresonant metasurface at once
for each delay time between pump and probe pulses.
The angle of incidence of the p-polarized probe beam
was 17°.

Experimental observation of the optical response
dynamics was carried out by measuring the differential
transmittance:

where  is the transmittance of the sample under
the pump beam influence,  is the unperturbed
transmittance, τ is the time delay between pump and
probe pulses.

The differential transmittance spectra of the
HMDM were measured in a wide spectral range for
various delay times and fluences of the pump beam.
Figure 1 shows a two-dimensional evolution map of
the  spectra. Figure 2 shows its cross sections at
different delay times and wavelengths for the f luence
of  J/cm2.

A femtosecond laser pump pulse is resonantly
absorbed by gold nanospheres, which leads to tem-
perature increase of the electron gas and the associated
change in the dielectric permittivity of gold [36, 37].
Therefore, the high sensitivity of the HMDM electro-
magnetic modes to the excitation within the probe
spectral range leads to the resonant enhancement of
the  value. Several noteworthy features are
observed in the  spectra. There are two peaks in
the vicinity of 540 nm, two peaks in the vicinity of
630 nm and the peak at 730 nm. As it was shown earlier
[16, 17], these peaks are spectrally close to the exci-
tation wavelengths of the QWG, the quadrupole SLR
and the dipole SLR, respectively. The dip in the short-
wavelength part of the spectrum occurs due to a
growth of the gold absorption associated with the
increase in the d-transition probability at high tem-
peratures of the electron gas [36, 37].

Figure 2b shows the time cross sections of the dif-
ferential transmittance normalized to the maximum
value for several wavelengths.  dynamics in the
vicinity of the dipole SLR at the wavelength of 730 nm
is typical for the ultrafast optical response of gold at
this wavelength [26, 28, 38]. An absorbed pump pulse
excites free electron gas to the highly non-equilibrium
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Fig. 2. (Color online) (a) Cross sections of differential
transmittance  for different delay times. (b)

 cross sections for different wavelengths normal-
ized on maximum, the wavelengths are marked with
arrows in the panel (a); the inset shows the cross section at
523 nm near zero value of .
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state, which is not described by the Fermi distribution.
During the thermalization time  the electron gas
relaxes into a Fermi state with elevated temperature by
electron–electron collisions. The thermalization pro-
cess is a rise at the  time dependence, while its
completion corresponds to an extremum. In addition
to collisions with each other, hot electrons also can
collide with lattice and transfer energy to phonons.
Since the probability of the scattering is significantly
less than that of electron–electron process, the elec-
tron–phonon relaxation time  greatly exceeds .
The thermalization of electrons is described by the

τee
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kinetic Boltzmann equation [39] at short time, and by
two-temperature model later [40].

The electron–phonon relaxation in Fig. 2b corre-
sponds to the exponential decay after reaching the
extremum. The thermalization time  fs and
electron–phonon relaxation time  ps were
obtained using the experimental data fitting, the
method is described in details in [29]. The values cor-
respond to the data reported in the literature [38]. The
gold’s phonon subsystem, having reached equilibrium
with the electron one, begins to give off the heat to the
garnet. This happens at the hundreds of picoseconds
timescale and is beyond the scope of consideration.

 dependences on time in the vicinity of the
quadrupole SLR and at the short-wavelength dip also
correspond to the typical optical response dynamics of
gold (Fig. 2b). Consequently, the dynamics of the
optical response in the sub- and picosecond time scale
is mainly determined by the processes in gold in a wide
spectral region. The differences at the large delays are
related to the different spectral dependence of the
electron and phonon temperatures contributions to
the dielectric permittivity.

However, the dynamics of differential transmit-
tance in the vicinity of the QWG shows significant dis-
similarity (Fig. 3a).  reaches its extremum at
longer delay time , and then maintains the extremum
values during  of the order of several hundred femto-
seconds, in contrast to other spectral regions. After
that a relaxation is observed with a typical time of

. Thus, there is a slowdown in the ultrafast
optical response at the QWG wavelengths.

Moreover, the behavior of differential transmit-
tance near the quasi-waveguide mode varies depend-
ing on the considered spectral position: the times ,

,  increase while moving from the maximum of
differential transmittance at the wavelength of 530 nm
to the short-wavelength region (Fig. 3a). At the wave-
lengths where  values are close to 0, differential
transmittance evolution takes a qualitatively different
shape: there is negative extremum at first, then 
passes through 0 to the positive values during subpico-
second time (Fig. 2b, inset). However, the low signal-
to-noise ratio does not allow us to obtain reliable
times. In the spectral region where , the
dynamics is also described by the processes typical for
gold.

The shape of  dependence for other pump
fluences is qualitatively preserved, but the times
change (Fig. 3b). In the spectral vicinity of plasmon
resonances and in the region of the interband transi-
tion,  relaxation slows down with an increase of
J (Fig. 3b, inset). This change is related to the elec-
tron–phonon relaxation time dependence on the tem-
perature of the lattice [27, 41]. In the spectral vicinity
of the QWG existence the differential transmittance
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Fig. 3. (Color online) (a)  cross sections for sev-
eral wavelengths near the QWG normalized on the maxi-
mum value; the inset:  spectrum near the QWG
and arrows indicating considered wavelengths. (b) Nor-
malized  cross sections at 527 nm wavelength for
several f luences; the inset shows normalized 
cross sections at 730 nm wavelength for the same fluences.
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Fig. 4. (Color online) (a)  dependence normal-
ized on linear part in the vicinity of dipole SLR (black
dots) and QWG for several wavelengths. (b) 
dependence normalized on linear part for different delay
times in the vicinity of QWG at 527 nm wavelength.

Δ / ( )T T J

Δ / ( )T T J
dynamics lag became more pronounced with an
increase of J. An increase of ,  and  was observed.

The  dependences at fixed delay times
were also measured (Fig. 4). In the vicinity of the
dipole plasmon resonance the expected [26, 38] linear
dependence on the f luence was observed for all the
studied delay times. Linear dependence was also
observed in the remaining spectral regions, with the
exception of the QWG resonance. In its vicinity

 rises with an increase of J sublinearly. The
divergence from linear dependence was more pro-
nounced at short delay times (Fig. 4b). Similar to

 dependence,  varies in the spectral
vicinity of the QWG at the blue slope of the resonance
(Fig. 4a):  dependence diverges stronger for

τ1 τ2 τ3

Δ / ( )T T J

Δ /T T

Δ τ/ ( )T T Δ / ( )T T J

Δ / ( )T T J
JETP LETTERS  Vol. 117  No. 3  2023
shorter wavelengths. If differential transmittance is
close to zero, the dependence on fluence shows an
extremum and changes the sign of . As

, the dependence becomes linear. To com-
pare the different wavelengths,  normaliza-
tion was performed in Fig. 4 in a way that linear parts
of  at low fluences coincides for all wave-
lengths.

In conclusions, an anomalous picosecond optical
transmittance dynamics of the Au-Bi:YIG hybrid
metasurface was experimentally detected in the nar-
row spectral window corresponding to the excitation
of a quasi-waveguide mode by a probe beam. The
studied multimodal metasurface possesses modes that
are different in nature and localization configurations.
Plasmon modes are localized in the vicinity of nano-
spheres, therefore the dielectric permittivity change of
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gold contributes dominantly to the  evolution.
Since the dip in the differential transmittance spec-
trum is associated with an interband transition in gold,

 dynamics at the wavelength is also determined
by the dielectric permittivity evolution of gold. In turn,
the quasi-waveguide mode is localized in the garnet
layer, thus a change in the garnet state will have a
stronger effect on it than on the other features in the
spectrum. Probing at the wavelengths near quasi-
waveguide modes makes it possible to detect a process
that did not appear at other resonances: differential
transmittance demonstrates dependencies of

 and  qualitatively different from
the curves obtained for the rest of the spectral range.
In addition to changing a state of the garnet layer,
another possible mechanism of the observed differ-
ences in dynamics is a change in the configuration of
the waveguide due to the thermal expansion of the
gold nanospheres.
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