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ABSTRACT: Hot-electron dynamics taking place in nanostructured materials upon irradiation with fs-laser pulses has been the
subject of intensive research, leading to the emerging field of ultrafast nanophotonics. However, the most common description of
nonlinear interaction with ultrashort laser pulses assumes a homogeneous spatial distribution for the photogenerated carriers. Here
we theoretically show that the inhomogeneous evolution of the hot carriers at the nanoscale can disclose unprecedented
opportunities for ultrafast diffraction management. In particular, we design a highly symmetric plasmonic metagrating capable of a
transient symmetry breaking driven by hot electrons. The subsequent power imbalance between symmetrical diffraction orders is
calculated to exceed 20% under moderate (~2 mJ/cm?) laser fluence. Our theoretical investigation also indicates that the recovery
time of the symmetric configuration can be controlled by tuning the geometry of the metaatom, and can be as fast as 2 ps for
electrically connected configurations.
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he all-optical manipulation of light is a major challenge of Among other functionalities, the engineering of optical

research in optics that has attracted a huge attention for diffraction with metasurfaces has been widely investigated by
many years, mostly because of the potential to achieve ultrafast exploiting gradient metasurfaces”’ ' or metagrating de-
modulation speeds. The advent of nanophotonics has opened a sign.”*™** Most recently, electrically reconfigurable metagrat-
new avenue with prospects of outstanding advancements in the ings have been also proposed.35
field. In particular, optical metasurfaces, that is, engineered Here we report a theoretical study on a novel approach to
two-dimensional metamaterials,' > have been demonstrated to reconfigure light diffraction by exploiting hot-electron
provide novel functionalities in flat optics configurations spatiotemporal dynamics (and related giant optical non-

thanks to the control of light at the nanoscale.*”"" Most
interestingly, optical metasurfaces can strongly enhance
nonlinear effects and make it possible to reconfigure the
optical response of the structure using ultrashort laser
pulses.'" ~'® In this respect, plasmonic metasurfaces have
turned out to be particularly promising because of the giant ]
third-order nonlinearity of noble rietals,m_lg whic% is Rec.elved: October 12, 2020 g
governed by photogenerated hot carriers."””>* The latter Rev‘?ed: January 18, 2021
have been typically described in terms of a homogeneous Published: January 26, 2021
distribution in space (see, e.g. ref 15 and references therein),

and the effects linked to spatial local inhomogeneities have

been overlooked until only very recently.”*~>°

linearity) in plasmonic nanostructures excited with fs-laser
pulses. A suitable quantitative model has been developed to
predict a photoinduced spatial asymmetry in plasmonic
metagratings with highly symmetric metaatoms, resulting in a
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transient breaking of the degeneracy of otherwise equivalent
diffraction orders. We show that an imbalance as high as 20%
between the intensities of the +1 and —1 reflection or
transmission orders can be achieved under moderate laser
fluence (2 mJ/cm?). Moreover, the recovery time of the
symmetric state, and thus the return to balanced scattering, can
be readily engineered by acting on the metaatom configuration,
and in particular on its topology. Our full-wave simulations
indicate that a full return to zero of the all-optical modulation
is ultimately limited by the spatial diffusion and subsequent
homogenization of the hot carriers within the individual
metaatoms. As such, it can be made as fast as ~2 ps in simply
connected configurations, thus overcoming the electron—
phonon thermalization bottleneck that typically affects more
conventional all-optical modulation schemes based on hot-
electron dynamics.

To attain ultrafast diffraction reconfiguration, we first
designed a two-dimensional metaatom with the following
characteristics: (i) left—right inversion symmetry to guarantee
perfect degeneracy of the symmetric (here +1 and —1) steady-
state diffraction orders in array configuration and (ii) high
sensitivity of the far-field radiation pattern to the breaking of
the left—right inversion symmetry to enable diffraction
management. When resorting to plasmonic structures, a
relatively simple configuration leading to these features is
represented by the L-shaped metal nanostrip dimer of Figure
la. The individual nanostrips (monomers) are well-known to
behave as optical nanonantennas,”® exhibiting, under p-
polarized plane wave illumination, two distinct resonances in
the extinction spectrum: a longitudinal dipolar resonance, for
incident electric field parallel to the major axis of the nanostrip,
and a transverse dipolar resonance, when the electric field is
orthogonal to this axis. For a single gold nanostrip of width W
= 165 nm and thickness H = 22.5 nm, embedded in a
homogeneous medium with permittivity &, = 1.522 (i.e,, in-
between the permittivity of air, 1, and that of a typical glass,
~2.05), the longitudinal resonance is at around 720 nm (red
curve in Figure 1b), whereas the transverse resonance sits
around 490 nm (blue curve in Figure 1b).

The extinction cross-section of the nanostrip dimer (green
curve in Figure 1b) thus exhibits two distinct resonances,
caused by the hybridization of the two cross-polarized electric
dipoles of the nanostrip monomers (Figure 1c). It should be
noted that, for symmetry reasons, under p-polarized incident
plane wave with electric field aligned to the x-axis, only the
bonding modes (in which the two dipolar individual plasmons
oscillate in phase one with the other) can be excited. These
correspond to a low energy resonance peaked at around 930
nm, having an electric dipolar (ED) character (see the
characteristic far field pattern of Figure 1d, solid red trace)
and a higher energy resonance at 575 nm. Interestingly, the
latter exhibits an electric quadrupolar (EQ) far-field radiation
pattern (solid blue trace in Figure 1d) that is very sensitive to
the breaking of the left—right inversion symmetry of the
metaatom. To illustrate this effect, we applied a unitary
permittivity change Ae (in line with the order of magnitude of
permittivity modulation induced in thin gold structures under
excitation with 100 fs laser pulses at mJ/cm? fluence level’”)
only to the left arm of the dimer and recomputed the far-field
radiation patterns. These are shown as dotted curves in Figure
1d. Note that, in contrast to the dipolar response at 930 nm,
which is almost unchanged, a major distortion of the
quadrupolar pattern at around 575 nm is achieved (compare

1346

TM (p-pol) plane wave

a b M I
E.. 4O (M) [— Yool
800} Dimer
600
400
200 \’\ / \
‘ 6X

0 >
400,600  800,/1000 ) (nm)
)\'ED

)
c Hybridization Scheme d
A
490 nm % x
ABS 5S¢
+ o+
- — =]
., x &
S T AN AT
S 575 nm (EQ) 180
c
£ 28
< | 720nm ’, S
Q| scA
-+ o=+
— o R e |
[hy) ™, ’/N‘ Sl
930 nm (ED)

Figure 1. Design of the dimeric metaatom. (a) Sketch of the 2D
dimeric nanostrip metaatom in a free-standing configuration. The
vertices of the nanostrip contours in the xz-plane have been rounded
with = 10 nm radius of curvature to avoid lighting rod effects and
artifacts. Numerical analysis details are reported in Supporting Section
1. (b) Extinction cross-section of the nanostrip monomer under plane
wave illumination with electric field parallel (red curve) or orthogonal
(blue curve) to the nanostrip major axis is compared with the
extinction cross-section of the nanostrip dimer with gap g = 8 nm (cf.
panel a) excited with electric field aligned to the dimer major axis, that
is, x-axis in panel a (green curve). (c) Hybridization scheme of the
plasmonic resonances in the plasmonic metaatom under normal
incidence (see also Supporting Section 2 for further details). (d) Far-
field scattering intensity pattern of the metaatom dimer at the two
resonance extinction peaks, corresponding to Agq = 575 nm (blue and
cyan traces) and Agp = 930 nm (red traces). The pattern is normalized
to the intensity scattered at 90° at Agp. Steady-state patterns (solid
curves) are compared with out-of-equilibrium patterns (dotted
curves) generated after unitary permittivity perturbation is applied
to the left nanostrip, mimicking light-induced symmetry breaking
following irradiation with intense laser beams impinging at 45° angle
of incidence (see inset). Effects of permittivity change with positive
sign, Ae = +1 (dotted blue), are compared with the case of negative
sign variation, Ae = —1 (dotted cyan). Dashed lines highlight the two
scattering directions providing the largest sensitivity of the diffracted
intensity to such symmetry breaking.

solid blue and dotted blue and cyan curves in Figure 1d). Note
also that for Ae = +1 (dotted blue), light scattering is on
average enhanced in the first quadrant (0—90°) and depressed
in the second quadrant (90—180°), compared to the static
pattern (solid blue), whereas the opposite behavior is observed
under negative sign permittivity change, Ae = —1 (dotted
cyan). The largest change in the scattering intensity of the
nanostrip dimer, of the order of 20%, is achieved at around
+33° from the normal to the dimer axis (marked by dashed
lines in Figure 1d). Therefore, according to the metagrating
paradigm,”** an array of free-standing plasmonic metaatoms
(i.e., embedded in a homogeneous environment) with pitch a
= 855 nm is expected to inherit the same kind of sensitivity to
left—right symmetry breaking in the m = =+ 1 reflection orders,

https://dx.doi.org/10.1021/acs.nanolett.0c04075
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Figure 2. Plasmonic metagrating design. (a) Sketch of the plasmonic metagrating, consisting of a 1D array of cross-polarized Au-nanostrip
metaatom dimers on a sawtooth molded dielectric (CaF,) substrate. Linearly p-polarized plane wave illumination at normal incidence is assumed.
Inset shows the unit cell defined for 2D simulations: note the left—right inversion symmetry of the unit cell. (b, c) Static optical response of the
array in terms of (b) absorption and zero order of reflection and transmission and (c) first (+1 and —1) diffraction orders. Note that, due to unit
cell symmetry, +1 and —1 orders are excited with equal amplitude under normal incidence.

obeying the grating equation a sin® = mAi/n, precisely for &
+ 33% at 4 = Agq = 575 nm (ng = [65 = 1.2337 as in
Figure la).

With these guidelines at hand, and with the aim of
addressing real-world applications enabled by a flat-optics
large-area configuration, >~ we designed the plasmonic
metagrating of Figure 2a, made of a 1D array of Au nanostrip
dimers. To make our study more realistic, instead of a free-
standing metagrating, we assumed a sawtooth molded CaF,
dielectric substrate (with refractive index 1.43) supporting the
metallic nanostrips. The array pitch was optimized to address
the effects induced by the asymmetric environment and, in the
wavelength range of interest, we found optimized sensitivity of
the diffraction orders to symmetry breaking for a = 800 nm.
The optical response of the structure under p-polarized plane
wave excitation at normal incidence (electric field aligned with
the x-axis) exhibits a pronounced dip in the zero-order
transmission spectrum at around 580 nm wavelength (blue
curve in Figure 2b). This is ascribable to the extinction of the
EQ resonance of the nanostrip dimer metaatom (Figure 1b), as
discussed earlier. The structure also exhibits higher diffraction
orders, and in particular the +1 and —1 orders, both in
transmission and reflection, as detailed in Figure 2c.
Importantly, the two +1 reflection (transmission) orders are
degenerate at normal incidence and excited with the same
intensity as long as left—right optical symmetry is satisfied.

Here, we propose an all-optical modulation scheme enabling
a dynamical breaking of this symmetry (Figure 3a). The
metaatoms are illuminated by an ultrashort laser pulse, referred
to as the control pulse, p-polarized and impinging at an angle
of 45° with respect to the normal. Under these conditions, one
of the arms in the metaatom is directly exposed to the
incoming light, whereas the other arm is shaded from
radiation. Light absorption thus mostly takes place in the
nanostrip monomer exposed to radiation and is much less
effective in the other nanostrip. As a result, the spatial
distribution of electromagnetic power density across the
dimeric metaatom is highly inhomogeneous (see inset in
Figure 3a) due to the nonuniform pattern of the near fields
within the plasmonic structure. We thus need to define the
absorbed power density P, (7t) as a space- and time-
dependent variable, assigned locally and changing in time
throughout the photoexcitation. Its expression (for not too
high fluence, enabling one to disregard nonlinear interactions
within the control pulse) can be written as
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Figure 3. Photoinduced symmetry-breaking and diffraction manage-
ment. (a) Sketch of the all-optical modulation scheme. The p-
polarized control pulse at 600 nm wavelength impinges at 45° angle of
incidence and generates a highly inhomogeneous and transient
absorption pattern Py (7, t) (here depicted at time delay 7 = SO fs).
(b) First-order transient reflection spectra R,,(7) at 7 = 100 fs time
delay (dashed lines) after control pulse absorption, compared with
static (and degenerate) reflection spectra R}, (solid lines). (c) Same
as in panel b for transmission orders. (d) Spectra of the Dy figure of
merit for optical symmetry breaking in reflection, at different delays 7.
(e) Same as panel d for transmission Dy figure of merit.

Basi, 1) = A0

(1)

where the spatial information is enclosed in A(¥), representing
the inhomogeneous normalized absorption pattern of the
control pulse across the photoexcited metaatom, while its
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temporal evolution is given by the normalized Gaussian
intensity profile,

g(t) = V4 In2/zAt" exp[—4 In2(t — t,))*/At?],

with duration At, peaked at time £,. In the equation above, F is
the fluence of the control pulse and S is the cross-sectional area
of the plasmonic metaatom (in the xz-plane).

This expression for the absorbed power density represents
the source term in a set of coupled partial differential
equations, in the inhomogeneous version of the so-called
three-temperature model (3TM),”**” here referred to as the
13TM:

oN
= —aN-bN+ P, (7t
ot a abs(r ) (2)
00
= =-V(-«,VO) — G(6, — O, + aN
e ot ( K, e) ( e l) a (3)
99, V20, + G(®, — ©)) + bN
— L =k —
l()t 1 1 e 1 (4)

The equations above (refer to the Supporting Information,
Section 3 for further details) provide a semiclassical description
of the spatiotemporal dynamics of out-of-equilibrium noble
metal structures in terms of three energy degrees of freedom:
N(#t), the excess energy density stored in the population of
nonthermal electrons, directly generated by the absorbed
photons; ©,(7,t), the temperature of the population of thermal
hot electrons, generated by the relaxation of the nonthermal
population via electron—electron scattering; ©,(7,t) the lattice
temperature of the metal, which increases via electron—
phonon scattering involving both nonthermal and thermal
electronic populations. Note that the homogeneous 3TM,
originally introduced by Sun and co-workers,*® has been widely
used and extensively validated for metallic”® (and semi-
conduting®®) nanosystems upon ultrashort laser pulse
illumination, whereas the inhomogeneous version considered
in our work has been so far almost overlooked, with the
exception of a few recent papers.”>*°

For an inhomogeneous excitation, the spatial pattern of
N(7,t) becomes inhomogeneous with ©,(7t) and O,(7t)
evolving in time and space as in a diffusion process. The
excitations represent a spatiotemporal perturbation of the
permittivity of gold via the third-order nonlinearity of noble
metals, as described in the literature (see, e.g, refs 38 and 39
and references therein). Briefly, pulse absorption results in a
modulation of the electronic occupation number in the
conduction band, which is detailed by N and ©, As a
consequence, interband transitions are modulated, and a
modification of the absorption coeflicient, or equivalently of
the permittivity imaginary part Ae”, is then straightforwardly
computed following a semiclassical approach.*”*" The
corresponding real part Ag’ is obtained via Kramers—Kronig
analysis. The quantities of ®, and ©, directly influence both the
plasma frequency®* and Drude damping®~*® and hence the
intraband permittivity. The total (interband and intraband)
contributions to the permittivity arising from N, ©,, and O,
then result in a modulation of the gold permittivity Ae(N(7,t),
0,(7t),0,(#t)) = Ae(F,A,t), constituting an optically induced
perturbation.

Such a permittivity modulation can then be experienced by a
subsequent weak probe pulse, referred to as the signal pulse,
impinging at normal incidence with delay 7 with respect to the
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control pulse. The reflection and transmission orders for the
signal pulse are thus expected to evolve over the same time
scale as N, ©,, and ©,. Results of the numerical calculations are
reported in Figure 3 for realistic values of the control pulse
fluence, F = 2 mJ/cm? and duration (full width at half-
maximum in intensity), At = SO fs, readily achievable in
pump—probe experiments. It is worth pointing out that,
despite the angled excitation of the control pulse, if a
homogeneous interaction is assumed, the resulting photo-
induced optical perturbation would preserve the x-symmetry of
the unit cell. In this framework, higher diffraction orders would
be modified relative to the steady-state condition, yet
remaining strictly degenerate for symmetry reasons. On the
contrary, the highly inhomogeneous pattern for Ae causes a
sizable lift of the degeneracy between the +1 and —1 reflection
orders, with the dynamical R,;(4,7) and R_;(4,7) reflection
spectra departing from the degenerate R},(4) spectrum right
after the absorption of the control pulse (Figure 3b). The
transmission orders, T,;(4,7) and T_;(4,7), exhibit a similar
dynamic behavior (Figure 3c).

To quantify the optically induced transient imbalance
between the +1 diffraction orders, we define the following
metric:

R+1(/1’ T) - R—l(i) T)

D%, 7) = 2R%,(2)

©)

The D4(4,7) metric is similarly defined for the imbalance of the
+1 transmission orders.

Transient figure of merit spectra are shown in Figure 3d and
e for different values of the control-signal delay time. The Dy
(Dy) is zero in static conditions (i.e., for 7 = 0) and increases
up to ~20% right after the absorption of the control pulse, for
example, at around 7 = 100 fs (dashed curve in Figure 3d,e).
The recovery of the degenerate configuration, both in
reflection and in transmission, is found to take place in a few
tens of ps. Note also that Dy exhibits a contrast reversal across
the considered range of wavelengths, with negative peak at
around 500 nm and positive peak at ~605 nm (dashed curve in
Figure 3d). This reversal is in line with the results of Figure 1d,
where we have estimated the effects of opposite sign changes
of gold permittivity on the diffraction pattern of the metaatom
at the quadrupolar resonance. Indeed, when moving from
shorter to longer wavelengths in the considered spectral range,
the photoinduced permittivity modulation exhibits a sign
change in its real part, from negative to positive, around 550
nm at the initial steps of the dynamics (Figure S2). Also, note
that the peaks of Dy and Dy are retrieved at different
wavelengths, and a complete contrast reversal in transmission
is observed when tuning the wavelength from ~600 nm to
~670 nm (Figure 3e). This misalignment of spectra between
the two metrics indicates that the considered transient
imbalance cannot be explained as a simple power redistrib-
ution between reflection and transmission from +1 orders. In
fact, during the all-optical modulation, extra channels are
activated for the interaction of the signal pulse with the
dynamical metagrating, which are the modulation of direct
transmission (AT,) and reflection (AR,) orders, as well as
transient absorption losses (AA), as detailed in Figure S3.

To deepen our understanding of the mechanisms determin-
ing the recovery of the metaatom symmetry, we analyzed the
spatial distribution of the transient hot electrons temperature,
O,(7t) (Figure 4a). Note that the large electronic thermal
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Figure 4. Hot electron spatial diffusion. Spatial distribution of the electronic temperature increase A®, in the (a) disconnected dimer nanostrip and
the (b) connected geometry variant of the metaatom, at three different control-signal delays. (c) Temporal dynamics of hot carriers temperature
variation, shown in two exemplary points (refer to the panel insets) of both the disconnected (dashed lines) and connected (solid lines) structures.

conductivity of gold results in an ultrafast homogenization of
the temperature field within the individual nanostrips. The
bottleneck for an ultrafast recovery of a symmetric
configuration is clearly the nanogap between the nearby
metaatoms, resulting in a large temperature difference between
the two nanostrips.

We, therefore, investigated a variation of the geometry where
the two nanostrips are connected. Such a topological
modification has almost negligible effects on the static optical
response (see Supporting Information, section 4) but enables a
complete homogenization of the hot electron temperature in
the whole metaatom in about 2 ps (Figure 4b), a dramatic
improvement compared to the original disconnected config-
uration (Figure 4c). In the connected geometry, electronic
diffusion, governed locally by eq 3, is possible, and energy can
readily flow from the more excited arm to the one less exposed
to the control pulse illumination. Note that, although
homogeneous, @, is still very high (~2300 K) at 7 = 2 ps
(cf. Figure 4b), and the system is thus strongly out of
equilibrium (see also Supporting Section 3.3).

Since the imbalance of the diffraction orders is dictated by
the symmetry breaking, any symmetric perturbation would
leave Dy = Dy = 0. A substantial speed-up of the return to
balanced diffraction is thus predicted in the connected
configuration. To verify this, we performed transient optical
simulations for the plasmonic metagrating with connected
nanostrip metaatoms, following the same procedure described
above for the disconnected geometry. A side-by-side
comparison of Dg(4,7) for the two structures is shown in
Figure Sa and b. The connected structure (Figure Sb) returns
to the symmetric configuration much faster (~2 ps) than when
the gap is present (Figure Sa), where some tens of ps are
needed for complete recovery (cf. Figure 3d, dotted trace).
Interestingly, similar results hold in transmission (Figures
Sc,d), with a slightly more pronounced excursion for the Dy
metric in the connected configuration (Figure 5d), compared
to the Dy (see Figure Sb as well as Supporting Section §).
Finally, note the very different dynamics of the transient signal
in the disconnected (Figure Se) and connected (Figure Sf)
configurations. On the short time scale of few ps, the
disconnected configuration exhibits two distinct peaks, at
around 100 fs and 3 ps, respectively. These peaks well correlate
with the two contributions to the transient symmetry breaking
arising from nonthermal and thermal electrons, respectively
(dashed curves in Figure S6a,b). Such an interplay is at work
also in the connected configuration, but the contribution from
thermal carriers is much weaker and short-lived (solid curves in
Figure S6a,b).
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Figure S. Ultrafast symmetry recovery driven by electronic diffusion.
Maps of Dg(4,r) for the (a) disconnected and (b) connected
nanostrip metaatom configurations as a function of the signal
wavelength A and time delay 7. (¢, d) Same as in panels a and b for
the Dy(4,7) figure of merit. (e) Time section of the D map evaluated
at the peak wavelength of 4 = 590 nm for the disconnected structure.
(f) Same as in panel e for the connected structure.

This behavior can be explained as follows. For both
structures, the recovery of the original symmetry in the
metaatom is conditioned by the equilibration of temperatures
between left and right nanostrips. In the connected
configuration, this is fully achieved via ultrafast electron
diffusion, whose dynamics is dictated by the high photo-
induced temperature gradients and the high thermal
conductivity of the metal. Conversely, in the disconnected
configuration, electron diffusion is inhibited by the gap
between the two nanostrips. One thus needs to wait until
the much slower electron—phonon relaxation process, taking
place on the time scale of few tens of ps, has dissipated all the
electron excess energy into lattice heat. Moreover, due to the
long-lasting asymmetry in the electron temperatures, lattice
heating in the disconnected configuration turns out to be
asymmetric as well (compare dashed and solid curves in Figure
S6c). This prevents the full closing of the optical symmetry-
breaking window induced by the control pulse even after the
onset of electron—lattice equilibration. With its ultrafast
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relaxation to a symmetric state, the electrically connected
structure could serve as an ultrafast device, that is, switch, with
unprecedented speed, thanks to the rejection of electron—
phonon and phonon—phonon relaxation bottlenecks that are
typical of other all-optical modulation schemes. However,
cumulative thermal heating in the lattice and the substrate,
following repetitive absorption of several control pulses at a
high repetition rate, can nevertheless induce a contrast
reduction in the Dy and D7 signals that ought to be addressed
to enable real-world operation of the device. This could be
done, for example, by employing, for the dielectric substrate,
materials having higher thermal conductivity like BeO, as
suggested in ref 12.

In conclusion, we have introduced a novel approach for all-
optical light management, the dynamic spatiotemporal
modulation of plasmon-induced hot carriers. A plasmonic
metagrating with highly symmetric metaatoms supporting
degenerate +1 diffraction orders has been designed. The
excitation using fs-laser pulses is theoretically predicted to
induce a highly nonuniform permittivity modulation in the
individual metaatoms. This results in a transient symmetry
breaking of their diffraction pattern and an imbalance of their
+1 diffraction orders exceeding 20% under moderate fluence
(~2 mJ/cm?) of the control pulse. Since the dynamics of the
optical symmetry breaking is governed by the hot-electrons
temperature homogenization within the individual metaatoms,
the photoinduced symmetry breaking can be controlled by
tuning the geometry. We found that an electrically connected
configuration of the metaatom enables a substantial speed-up
of the return to balanced diffraction, taking place in about 2 ps.
Our theoretical results provide a novel approach for
reconfigurable metasurface engineering with unprecedented
ultrafast switching possibilities, for example, ultrafast dynamical
beam splitting. Our findings are also of importance for
advancements in hot-electron harvesting applications,47
including the optimization of plasmon-enhanced photocatalysis
and photodetection configurations, enabled by a refined design
aware of the ultrafast nanoscale inhomogeneities.
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