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ABSTRACT

In the past 20 years, we have reached a broad understanding of many light-driven phenomena in nanoscale systems. The temporal dynamics
of the excited states are instead quite challenging to explore, and, at the same time, crucial to study for understanding the origin of funda-
mental physical and chemical processes. In this review, we examine the current state and prospects of ultrafast phenomena driven by plas-
mons both from a fundamental and applied point of view. This research area is referred to as ultrafast plasmonics and represents an
outstanding playground to tailor and control fast optical and electronic processes at the nanoscale, such as ultrafast optical switching, single
photon emission, and strong coupling interactions to tailor photochemical reactions. Here, we provide an overview of the field and describe
the methodologies to monitor and control nanoscale phenomena with plasmons at ultrafast timescales in terms of both modeling and experi-
mental characterization. Various directions are showcased, among others recent advances in ultrafast plasmon-driven chemistry and
multi-functional plasmonics, in which charge, spin, and lattice degrees of freedom are exploited to provide active control of the optical and
electronic properties of nanoscale materials. As the focus shifts to the development of practical devices, such as all-optical transistors, we also
emphasize new materials and applications in ultrafast plasmonics and highlight recent development in the relativistic realm. The latter is a
promising research field with potential applications in fusion research or particle and light sources providing properties such as attosecond
duration.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0134993
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I. INTRODUCTION: TAMING THE NANOSCALE WITH
ULTRAFAST PLASMONICS

Surface plasmons, both propagating and localized (SPPs and
LSPs, respectively), are light-driven collective oscillations of free elec-
trons at the interface between a conducting material and the dielectric
environment. They are known for their unique feature to concentrate
light into deep sub-wavelength volumes well-beyond the diffraction
limit, thus providing unprecedented opportunities to control and
manipulate light at the nanoscale." ' The knowledge of both the spa-
tial and temporal structure of plasmonic fields can enable a wider
understanding and control of light-matter interactions at the nano-
scale. This allows, for example, to realize energy-efficient and faster all-
optical information processing or develop novel toolboxes for tailored
nanoscale photochemistry. In this context, recent advances in coherent
light sources, time-resolved optical measurements, nanotechnology,
materials science, and nanoengineering, as well as numerical simula-
tions have offered great opportunities to explore the interaction of
ultrashort femtosecond (fs) light pulses and plasmonic structures with
the highest possible precision and resolution, giving rise to the emer-
gence of ultrafast plasmonics."”'® This thriving research field aims at
the development of compact optical devices that can generate, control,
modulate, sense, and process ultrafast optical and electronic excita-
tions at the nanoscale.'” ** Furthermore, the unique potential of all
dielectric photonic materials or 2D materials, such as transition metal
dichalcogenides (TMDCs), has lately been recognized by the ultrafast
plasmonics community.” As a result, in the past decade, the field of
ultrafast plasmonics has become a rapidly growing field of study with
plenty of opportunities in fundamental science and practical
applications.

In general, ultrafast optical techniques are used to explore the
physical and chemical phenomena below 1 picosecond (ps) using
ultrashort light pulses, which are obtained with mode-locking techni-
ques and can reach attosecond (as) time duration.”® Such ultrashort
pulses allow to measure in real-time the fastest, including sub-fs, pro-
cesses taking place during chemical reactions as well as collective elec-
tron dynamics in atoms, molecules, and solids, allowing precise
spectroscopy and nanoscale metrology. Specifically, the interaction of

pubs.aip.org/aip/are

ultrafast pulses with solid-state nanostructures made of metallic mate-
rials or heavily doped semiconductors allows us to control the spatial
and temporal evolution of the optical near field associated with the
excitation of plasmons and their nonlinear optical properties.”” >’ In
general, the excitation of a plasmon is one of the fastest processes in
condensed matter physics. In fact, the timeframe of the plasmon exci-
tation, usually defined by the inverse of the plasmonic resonance spec-
tral width, is on the order of 100 as.”® The plasmon relaxation time,
the so-called plasmon dephasing process, is also ultrashort, in the 10
fs-1 ps range, where the main physical process involved is the electron-
electron (e-e) and electron-surface scattering [see Fig. 1(a)].
Subsequently, energy is dissipated via electron-phonon (e-ph) relaxa-
tion (1-100 ps) and phonon—phonon (ph-ph) (100 ps-10ns) scatter-
ing.”” "' In more detail, during the first 100 fs following Landau
damping (exponential decrease as a function of time of charge waves in
plasma or a similar environment),”” the non-thermal distribution of
electron-hole pairs decays either through re-emission of photons (radi-
ative decay) or through carrier multiplication caused by e-e interactions
(non-radiative decay). During this very short time interval 7,4, the hot
carrier distribution is highly non-thermal. The hot carriers, which are
electrons having energies larger than those of thermally excited electrons
at room temperature, will redistribute their energy by e-e and e-ph scat-
tering processes on a timescale 7, ranging from 10 fs to 100 ps. Finally,
the heat is transferred to the surroundings of the metallic structure on a
longer timescale ,;, ranging from 100 ps to 10 ns, via thermal conduc-
tion." Such ultrafast dynamics make plasmonic nanostructures promis-
ing for various applications, especially for enhanced spectroscopy,
photocatalysis, information processing, and quantum technologies.

These and many other applications require precise spatial and
temporal control over the optical responses of nanostructured materi-
als on both the fs and nm scales. To meet this requirement and to
have a detailed insight into the physical mechanisms involved, a num-
ber of theoretical models,"""" in particular finite element method
(FEM), finite-difference time domain (FDTD) method and time-
dependent density functional theory (TDDFT), have been devel-
oped.” > As well, experimental techniques, such as time-resolved
photo-emission electron microscopy (TR-PEEM) or photo-induced
near-field electron microscopy (PINEM), both fulfilling spatial and
temporal resolution requirements,”” °” have been widely employed to
investigate, and even shape, the ultrafast optical near-field dynamics of
plasmonic nanostructures.”’~** From an experimental point of view, it
is also common to employ optical pump-probe schemes, including x-
ray free electron lasers (XFELs), to study the ultrafast charge and spin
dynamics in plasmonic nanostructures, in particular those displaying
magnetic properties.”’ *” Full-field-resolved detection of the temporal
response of plasmonic nanostructures, as well as their nonlinear opti-
cal properties, in the mid-infrared regime has also been carried out
recently by employing time-resolved spectroscopy implementing
electro-optical sampling (EOS) detection scheme.”’ Together, recent
efforts in active manipulation of the optical response of nanostruc-
tured materials, rational design of the nanostructures and nanoscale
engineering of their environment, as well as material composition,
offer an exciting opportunity to develop ultrafast, all-optically recon-
figurable nanophotonic devices.” "

As a result of the aforementioned developments in the field, this
review showcases the most recent and important theoretical and
experimental advances in ultrafast plasmonics, and it is structured as
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FIG. 1. Conceptual illustrations of the different sections of the review. (a) lllustration of the timescales involving carrier relaxation processes following LSP excitation (the same
concept can be applied also to SPPs). First, non-thermal hot carriers are generated (1-100 fs). Afterwards, their energy dissipates into thermal energy via electron—electron,
electron-surface, and electron—phonon scattering, causing a rise in electron and lattice temperatures. The change in electronic temperature reflects in a change of the permit-
tivity of the structure. (b) In Sec. II, we give an overview of the most recent developments in modeling and experimental characterization of ultrafast plasmon dynamics, for
instance by performing optical pump-probe experiments. (c) Section || is dedicated to plasmon-driven chemistry. One of the main applications discussed is plasmon-
enhanced photocatalysis. (d) In Sec. |/, we introduce the reader to active ultrafast plasmonics, where materials possessing different properties (for instance, both plasmonic
and magnetic, the so-called magnetoplasmonic materials) are used to control spin dynamics at the nanoscale. (e) Section \/ is dedicated to the most common applications of
ultrafast plasmonics, in particular plasmon-driven switching of optical signals. (f) Section /I focuses on the rising field of relativistic plasmonics, where high intensity ultrashort
light pulses can excite strong plasma oscillations in metallic nano-tips resulting in matter ionization, and a consequent coherent light-driven acceleration of electrons.

follows. Section I gives a general introduction to the topic, followed by out-of-equilibrium timescales, from the attosecond to the microsecond
Sec. 11, where we provide a broad and updated overview of modeling timescale. We then continue with Sec. 11, which focuses on the chal-
and experimental characterization techniques used in the field of ultra- lenges and opportunities of ultrafast plasmon-driven chemistry with

fast plasmonics. These techniques can be applied to a vast range of = particular focus on plasmon-enhanced photocatalysis on timescales
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spanning from the ps to the us timescale. Section IV highlights the
most recent advances in ultrafast multi-functional plasmonics, provid-
ing insights on how to leverage on charge, spin, and lattice degrees of
freedom for active and ultrafast control of optical and electronic prop-
erties at the nanoscale, by utilizing either plasmon or phonon polari-
tons, on timescales of the order of 0.1-100 ps. Section V provides
insights into new materials and the most common applications of
ultrafast plasmonics, in particular on all-optical switching (AOS) on
the sub-ps timescale. Finally, Sec. VI gives a brief overview of the rais-
ing field of relativistic plasmonics, where laser intensity reaches
10'1-10" W/cm? For sake of clarity, a schematic overview of the
review main contents is shown in Figs. 1(b)-1(f). We conclude by giv-
ing our personal vision on the prospects of the several research areas
in ultrafast plasmonics covered in this review. Despite our best attempt
to report accurately the most important advances in the field and do
justice to all its novel developments and its diversity, the research area
is expanding so fast that there remains great latitude in deciding what
to include in this review, which in turn means that some areas might
not be adequately represented here. However, we feel that the sections
that form this review, each written by experts in the field and address-
ing a specific subject, provide an accurate snapshot of where this
research field stands today. Correspondingly, it should act as a valuable
reference point and guideline for emerging research directions in ultra-
fast plasmonics, as well as illustrate the directions this research field
might take in the foreseeable future.

Il. EXPERIMENTAL CHARACTERIZATION AND
MODELING OF ULTRAFAST PLASMON DYNAMICS

Metallic nanostructures featuring both SPPs and LSPs are highly
promising because of their ultrafast dynamics and potential to confine
the electromagnetic (EM) field in sub-nanometric spatial regions.”” *’
Understanding and controlling plasmons are crucial for advancements
in a wide range of applications, including sensing, spectroscopy, pho-
tocatalysis, nanoscale metrology, ultrafast computation, and renewable
energy.”'*” However, different lengths and time scales involved make
the study of these effects rather complex. To fully understand the
physics underlying ultrafast plasmonic processes, multiple experimen-
tal and modeling approaches have been developed over the last decade,
each one providing key insights into the general picture. In this sec-
tion, we provide a concise yet comprehensive overview of these experi-
mental and theoretical methodologies.

A. Experimental techniques

The ability to image plasmon near-fields, that is EM fields
between 1 and 10 nm from the plasmonic structures surface oscillating
with the period of few light cycles, is crucial to guide future directions
in ultrafast plasmonics research. Such techniques require both sub-
cycle time and sub-wavelength spatial resolution, spanning the so-
called nano-femto scale. One widely used approach is time-resolved
photoemission electron microscopy (TR-PEEM), which has been suc-
cessfully applied to image both SPPs and LSPs.”*’ In such experi-
ments, a short light pulse (called pump) excites plasmons in a
nanostructured material. A time-delayed phase-stable duplicate of the
first pulse then interferes with the plasmons and promotes photoelec-
trons to the vacuum through a multi-photon photo-emission process.
Electrons are subsequently collected using electron objective/projective
and an electron sensitive camera in a low-energy electron microscope,

REVIEW pubs.aip.org/aip/are

providing the necessary nm spatial resolution. In the past, this tech-
nique has been applied to image the dynamics of both LSPs and SPPs
in metallic nanostructures,”’”” providing also a way to understand
more deeply the most important factors in plasmon damping.”
Furthermore, TR-PEEM has been used to study nanofocusing of
SPPs,”” with many potential applications including heat-assisted mag-
netic recording,’”” or plasmon-induced electron emission.'”"'"
Recently, TR-PEEM was advanced by Davis et al. to include full vecto-
rial mapping of the plasmonic near-field,'”” as shown in Fig. 2(a).

In their experiments, a light pulse excites SPPs from grooves in
the sample that lead to non-trivial plasmonic fields. The plasmons
then interfere with the probe pulse that arrives on the sample with an
adjustable time delay and frees photoelectrons into vacuum. In con-
trast to previous approaches, they perform a set of two independent
measurements with orthogonal polarization of the probe pulses. This
allows to retrieve the full vectorial composition of the plasmonic field,
making possible the demonstration of plasmonic spin-momentum
locking, as well as excitation of plasmonic skyrmions. The proposed
vector microscopy promises the exploration of exciting phenomena
associated with spin-photon coupling and orbital angular momentum
(OAM) physics. Noteworthy, PEEM can be used not only for imaging
plasmon dynamics, but also to study charge carrier dynamics on semi-
conductor surfaces.'””"'"” Hence, we foresee that TR-PEEM will be
instrumental to unravel plasmon-generated hot-carrier dynamics on
surfaces of novel plasmonic media (e.g., heavily doped semiconduc-
tors) beyond the traditional noble metals.

Another efficient approach for plasmon imaging is the ultrafast
transmission electron microscopy (U-TEM).''""'"" In this case, the
sample is excited by a light pulse from a fs-laser source, and probed by
a time-delayed electron pulse generated by photo-emission inside an
electron microscope using the same laser source. While using TEM
nm spatial resolution is readily available, however, creating short elec-
tron pulses and keeping them from spreading in time before reaching
the sample is very challenging due to their intrinsic dispersion in vac-
uum.'"" For this reason, traditionally radio frequency cavities are
employed for the compression of electron pulses, but the need for
active synchronization leads to unavoidable timing-jitter of the com-
pressed pulses.'”''? A way to circumvent active synchronization is to
use the cycles of laser-generated THz-fields for electron compression
in an all-optical scheme.'"”"'** Such THz pulses can be generated
from the same laser source that is employed for photo-emission, giving
possibility to suppress timing jitter to sub-fs timescale.'”” U-TEM has
been successfully used to study acousto-optic dynamics in plasmonic
nanoparticles,””* and polaritonic strain waves in MoS, nanoflakes
propagating at approximately the speed of sound (7nm/ps).'”
Nevertheless, to date electron pulses inside a U-TEM are still around
two orders of magnitude too long to measure plasmon charge oscilla-
tions directly. However, when interacting with the sample, the elec-
trons inside an electron pulse can absorb a photoexcited plasmon or
excite a second plasmon through stimulated electron energy loss in a
quantum-coherent fashion, i.e., considering the wave nature of the
electron. Hence, via post selection of only the transmitted electrons
that have gained/lost energy, the plasmonic near-field can be imaged
using the photon-induced near-field electron microscopy (PINEM)
technique. Following the pioneering work of Barwick et al,”> PINEM
has been used for near-field imaging of many different nanostructures,
including metallic nanoparticles'>'*” and nanoantennas.'** """’
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contrast to conventional PINEM that images the time-averaged propagating SP envelope, two propagating SPs form a standing wave that can be imaged as a periodic modula-
tion of PINEM intensity. Holographic images obtained at different delays between the excited SPs are used to determine their phase and group velocities.”” Reproduced with
permission from Madan et al., Sci. Adv. 5, eaav8358 (2019); Copyright 2019 Author(s), licensed under a Creative Commons Attribution (CC BY) license. (c) Pump—probe spec-
troscopy employed to study the dynamics of single gold nanoantennas. Experimental differential transmission (upper) of the plasmonic dynamics when pumped by a 780 nm
wavelength laser is approximated using numerical simulations based on the three-temperature model (3TM) (lower). The colors represent different probe wavelengths.'®*
Reproduced with permission from Zavelani-Rossi et al., ACS Photonics 2, 521 (2015). Copyright 2015 American Chemical Society. (d) Ultrafast control of phase and polariza-
tion. Schematic of a plasmonic crystal consisting of gold nanoparticles on a layer of indium tin oxide (ITO), placed on a gold film. The pump—probe spectroscopy setup is used
to estimate the phase and polarization of the crystal, estimated from the reflected light using a liquid crystal phase retarder (LC) and a polarizer (POL), respectively. The polari-
zation dynamics (lower) are measured at different time delays when the crystal is excited by an on-resonance pump.'® Reproduced with permission from Taghinejad et al.,
Nano Lett. 18, 5544 (2018). Copyright 2018 American Chemical Society. (e) Ultrafast currents in a nanocircuit controlled by single-cycle light pulses. The carrier-envelope
phase (CEP) of the biasing pulses can be tuned to control the transfer of individual electrons in the nanocircuit. Interferometric current autocorrelations via two driving pulses
allow to study electron transport at sub-fs timescales.*® Reproduced with permission from Ludwig ef al., Nat. Phys. 16, 341 (2019). Copyright 2019 Springer Nature.
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Furthermore, the coherent interaction with the light field in PINEM
was used to study and prepare tailored quantum states of free-elec-
trons.””"*"""*? Although sub-optical-cycle resolution is not readily
available in current PINEM setups, which prevents at the moment the
measurement of plasmonic fields directly in space and time, plasmon
interference in PINEM can be used to reveal properties of plasmon
propagation and decay.”’ Recently, this direction was followed by
Madan et al., who used holographic plasmon imaging to quantitatively
measure phase and group velocity of SPPs with as and nm resolution
[see Fig. 2(b)].”” In contrast to conventional PINEM, where only one
optical pump pulse is used, they employed two pump pulses, of which
each launches a SPP [see upper panel in Fig. 2(b)]. By varying the time
delay between the pump pulses, they could control the plasmon inter-
ference pattern, allowing to measure the corresponding SPP propaga-
tion parameters [see lower panel in Fig. 2(b)]. Finally, phase-resolved
sampling of plasmonic fields using PINEM with as electron pulse
trains has just been demonstrated, allowing for even higher temporal
resolution and superior sensitivity, making such an approach promis-
ing for future studies of photonic nanostructures at ultimate dimen-
sions in space and time."*'"**

Beyond the possibility to generate coherent charge oscillations,
plasmon-generated hot charge carriers represent a rich source of local-
ized energy that can be harvested, for instance, either in photovoltaic
devices or supplied to adsorbed molecules to drive chemical reactions.
This change of electronic band-population induced by plasmon decay
leads to transient changes in the optical properties of a material that
can be tracked using short light pulses. To this end, optical pump-
probe spectroscopy is ideally suited to study the redistribution of elec-
tronic energy on sub-ps time scales. In such experiments, a light pulse
excites a sample (pump), and a second, time-delayed pulse is used to
measure changes in the optical response of the system (probe). Due to
stroboscopic sampling, the time-resolution in pump-probe experi-
ment is not limited by the response time of the detector, but rather
determined by the duration of the optical pulses that are used.'*” The
need to resonantly excite plasmons at different frequencies and detect
broad spectral signatures of transient states calls not only for the short-
est durations but also for broad tunability of pump and probe pulses.
In this context, the development and commercial availability of novel
laser sources and, in particular, next-generation optical parametric
amplifiers (OPAs) has greatly accelerated research in the field in the
last few decades, as they can provide ultra-tunable pulses with few-fs
time durations.'*>'*” Spectroscopy systems based on Ti:Sapphire tech-
nology are well established nowadays in many labs, as short pulses
below 10 fs can be directly obtained from the laser oscillator."**
Furthermore, Ti:Sapphire-driven OPA systems have been demon-
strated with carrier frequencies ranging from ultraviolet to mid- and
far-infrared."*”'>' More recent efforts also focused on developing
alternative systems based on ytterbium laser sources, as they can pro-
vide excellent stability and tunable repetition rate up to several hun-
dreds of kHz."””

In a pioneering study by Sun et al, pump-probe experiments
were performed to study the dynamics of hot electrons in thin gold
films.">® Since then, many works followed focusing on the nonlinear
optical response of metals'”* and, in particular, plasmonic nanostruc-
tures."”""""” Zavelani-Rossi et al. have used pump-probe spectroscopy
to investigate plasmon detuning and other physical mechanisms dom-
inating the nonlinear plasmon dynamics in individual plasmonic
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antennas [Fig. 2(c)],"”" and more recently, they have introduced novel

concepts for ultrafast active control of the optical response of plas-
monic metasurfaces’”’® and metagratings.”* In this context, it is worth
mentioning the pioneering work by Taghinejad et al., who demon-
strated the active ultrafast modulation of the phase, polarization, and
amplitude of light through the nonlinear modification of the optical
response of a plasmonic crystal that supports subradiant, high Q, and
polarization-selective resonance modes [Fig. 2(d)].'” Noteworthy, the
time-resolution of the pump-probe experiments can be pushed even
into the sub-fs timescale by employing high harmonic generation
(HHG)."”” ** Combining extreme ultraviolet attosecond pulses with
near infrared pumping, Niedermayr et al. recently studied nonequilib-
rium optical properties of aluminum, revealing few-fs dynamics of hot
charge carriers relevant for ultrafast plasmonics applications in the
UV."” By leveraging on nm-gap size in bow-tie plasmonic nanocir-
cuits, Ludwig et al. have shown sub-fs resolution by tuning the inter-
ference of carrier-envelope-phase-stable single-cycle infrared pulses
[see Fig. 2(e)]."*'*" Interferometric correlation measurements showed
control of the transfer of individual electrons between two metallic
nanocontacts, which can be further controlled by applying an external
dc bias over the gap.'®" It is worth to highlight here that all these stud-
ies open new avenues of investigating plasmonic integrated surfaces
for optical logics operating at PHz speed frequencies.

B. Theoretical models and methods

In parallel with the development of advanced technologies to
implement complex time-resolved experiments to access the ultrafast
dynamics in plasmonic systems, theory has been instrumental in cor-
roborating experimental findings and suggesting novel plasmon-
related phenomena that were subsequently probed experimentally.
Most of the models presented so far can be mainly grouped into three
broad categories: (i) those studies that employ a classical continuum-
based description of the nanoparticle (NP), whose optical response
is dictated by its shape and dielectric function; (ii) those that
describe the NP using jellium model, where the electronic wave-
function explicitly include only valence electrons, while the nuclei
and the core electrons are considered as a homogeneous frozen
background; and (iii) those that include explicitly the nuclear and
electronic structure using ab initio techniques. Classical
electrodynamics-based methods, such as FDTD'® and Time-
Domain Boundary-Element-Method (TD-BEM)""'** ' have
been used to investigate the real-time dynamics of plasmonic
materials [see Figs. 3(a) and 3(b)], even their interaction with
nearby molecules.'®>'®” Building on such descriptions, classical
models based on modified bulk dielectric functions in combination
with kinetics rate equations'®*"'”" have been extensively employed
to interpret pump-induced ultrafast nonlinear responses in plas-
monic systems.' """

In particular, the three-temperature model (3TM) was
used.'”*'"*'”* This rate equation model describes the energetic relaxa-
tion process of the nanostructure in terms of three degrees of freedom,
i.e., the density of excess energy stored in the hot carriers population
created by plasmon decay, the thermalized electron gas temperature
and the lattice temperature."”>'”* This approach has been successfully
applied to simulate the ultrafast transient absorption spectra of gold-
nanoparticles,”” making it possible to rationalize the findings of state-
of-the-art experimental data. Moreover, following the preliminary
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FIG. 3. Theoretical approaches aimed at investigating plasmon dynamics and plasmon-induced effects. (a) Sub-ps broadband dichroism recovery achieved utilizing spatial inhomo-
geneities of photogenerated hot carriers in a symmetric gold nanostructure. Schematic of the pump—probe spectroscopy used to measure the broadband dichroism dynamics of the
structure. The inset is an illustration of the inhomogeneous change in imaginary permittivity at different time delays. The dichroic ratio is (i) estimated using a numerical model based
on the FEM and a spatially dependent 3TM and (ji) determined from experimental dynamic measurements of polarization of the structure.”” Reproduced with permission from
Schirato et al., Nat. Photonics 14, 723 (2020). Copyright 2020 Springer Nature. (b) Time evolution of the incident and local fields nearby a gold nanocube featuring a side length of
10 nm whose time-resolved response is obtained by TD-BEM. The plasmon-induced local field is computed assuming two different dielectric function models, namely, Drude-Lorentz-
like (yellow curve) and the generic dielectric function approach (orange curve). The excitation pulse has a frequency of 2.07 €V and it is represented by a sinusoidal wave modulated
by a Gaussian envelope.'®" Reproduced with permission from DallOsto ef al., J. Chem. Phys. 153, 184114 (2020). Copyright 2020 AIP Publishing. (c) Plasmon-induced hot carriers
generation in a silver jellium NP having a diameter of 6 nm under resonant excitation at 3.5¢eV. The lower-left panel displays the hot electrons (red) and hot-holes (blue) distribution
per unit volume as a function of energy relative to the Fermi level. The relaxation channels for the hot carriers that were considered are shown on the right: electron—electron, electro-
n-photon (radiative recombination), and electron-phonon scattering.'”® Reproduced with permission from Liu et al., ACS Photonics 5, 2584 (2017). Copyright 2017 American
Chemical Society. (d) Real-time dynamics of the plasmonic response of a silver Ags61 NP by means of rt-TDDFT. The incoming pulse profile is shown on the left (green curve) along
with the NP dipolar time-dependent response (black curve). Electron density oscillations are shown on top at different time intervals (1-5) where the red and blue colors stand for
density increase and decrease, respectively. The lower right plot shows the time evolution of the total energy stored in the excited system and its decomposition in terms of non-
resonant transitions (“screened plasmon contribution,” purple curve), resonant transitions (“hot carriers contribution,” orange curve) and Coulomb energy (gray).'”® Rossi et al., ACS
Nano 14, 9963 (2020). Copyright 2020 Author(s), licensed under a Creative Commons Attribution (CC BY) license.
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approaches based on Lorentz oscillator model ™ and time-domain res-
onant-mode-expansion theory,” Lin et al. have developed various
active control approaches including coherent control techniques, "
polarization manipulation,”® and adaptive laser pulse shaping meth-
ods™ to control the ultrafast dynamics in complex plasmonic nano-
structure geometries.

A seminal work based on a jellium model by Manjavacas et al,
aiming at describing the plasmon-induced hot-carriers generation
rate dates back to 2014."”” Since then, other methodologies based
on a jellium-like description of the NP tried to develop a time-
resolved picture of the electronic dynamics upon plasmon excita-
tion, including, e.g., e-e and e-ph scattering effects [see Fig.
3(c)].17> 178184 Despite the undoubted usefulness of jellium models,
they cannot account for the real material atomistic structure (and
the resulting band structure), that has been shown to be relevant
for the quantitative estimation of transport properties, lifetimes, as
well as energy and momentum distributions of hot car-
riers.'”"*>"'% For this reason, there has been growing interest in
applying ab initio methods to nanometallic systems, despite their
higher computational cost. Most of these studies rely on approaches
such as DFT and others like the embedded correlated wavefunction
(ECW) method.'*'®” In this case the systems is split into two
regions, where the most interesting one is treated through high level
quantum mechanical theories in the presence of an embedding
potential obtained by a DFT calculation, mimicking the presence of
the surroundings. Different studies have described the time-
resolved electron dynamics by employing real-time Time
Dependent Density Functional Theory (rt-TDDFT), where the
response of the system is simulated by integrating in time the time-
dependent Kohn-Sham equations in the presence of an external
pulse [see Fig. 3(d)].””>'?""'”° Many Body Perturbation Theory
(MBPT) approaches used to calculate the self-energy of a many-
body system of electrons, such as the GW approximation, have also
been used to describe the e-e scattering contribution to the carrier
lifetimes,'*” also in combination with non-linear Boltzmann equa-
tions to model the time-resolved dynamics.'”® Along these lines,
more recently, first-principle real-time non equilibrium Green’s
function formulations fully including e-e and e-ph scattering have
been developed,'”” laying the foundation for upcoming promising
works in the field.

1. ULTRAFAST PLASMON-DRIVEN CHEMISTRY

Recently, our society is striving to do, in a few decades, what
nature has achieved in millions of years in order to address some of
humanity’s greatest challenges, for instance, decreasing the greenhouse
gas emissions and, at the same time, generating “green” energy. To
this end, designing photocatalysts based on plasmonic structures is a
promising method to achieve efficient light-to-chemical energy con-
version in the visible range of the electromagnetic spectrum.’>*""*""
As discussed in Sec. I, once the plasmon resonances have been excited,
the energy of the oscillating electron plasma decays either radiatively,
by re-emitting light (with a rate proportional to the nanoparticle’s vol-
ume) or non-radiatively, by generating energetic electron-hole pairs
(hot carriers).” Then, the temporal evolution of the hot carriers’ distri-
bution follows the well-known timeline, described by the three-
temperature model (see Sec. 11),'"*'”" which sets a time limit after
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which we can no longer extract the energy of the hot carriers, e.g., driv-
ing a chemical reaction, since that energy is lost as heat.

Despite the merits of metal plasmonic nanostructures (e.g., Ag,
Au, Cu), such as high tunability of their plasmonic resonances
throughout the visible range of the EM spectrum and their high
absorption cross sections, they also present unassailable deficiencies
for photocatalysis. Due to the free carriers in metal nanostructures,
almost half the time the energy of plasmon resonances is stored as
kinetic energy, which is lost at the rate of electron scattering in the
metal” (see Sec. 11). This means that, although metal plasmonic
nanostructures absorb much visible light, a large proportion is lost and
cannot be used for photocatalysis. Furthermore, the metals that are
best for plasmonics (Ag, Au, Cu) are not as catalytically active as con-
ventional metal catalysts, such as Pt, Pd, or Rh, leading to low photoca-
talytic efficiencies. Consequently, hybrid plasmonic structures have
been proposed to circumvent this issue.”””"* The combinations for
developing hybrid plasmonic photocatalysts are endless. In all of them,
a plasmonic nanostructure, which acts as an antenna capturing light,
can be paired with a catalytically active metal (Pt, Pd, etc.),””?" a
semiconductor, perovskites, or metal-organic frameworks, to name
just a few.””” *'" The idea is that, instead of using directly the plas-
monic nanoparticle to drive a chemical reaction, it could be used to
harness the visible light, generating hot carriers, which can be trans-
ferred to nearby semiconductor (such as TiO,), that would otherwise
not absorb light in the visible range. To export hot electrons to a
nearby semiconductor for any practical application, the charge transfer
process needs to be completed at a rate faster than the electron—
phonon scattering process. To facilitate hot electron injection, three
fundamental aspects need to be fulfilled: (i) sufficient initial hot elec-
trons energy to overcome the interfacial Schottky barrier, (ii) direct
contact between metal and the semiconductor, and (iii) minimal lattice
defects and impurities at the interface. The semiconductor then would
drive the chemical reaction. There are two mechanisms for charge
transfer from the metal nanoparticle to acceptor states (either belong-
ing to a molecule or to a semiconductor): a direct charge transfer upon
excitation by light (which is also at the basis of the so-called chemical
interface damping of the plasmon) and a sequential mechanism where
plasmons first decay into hot carriers through surface-assisted Landau
damping, and then tunnel to the acceptor states.”'"”'” Because of
the Schottky barrier formed at the metal nanoparticle/
semiconductor interface, the hot carriers are not likely to be trans-
ferred back to the metal.”'*'* In this context, ultrafast optical spec-
troscopy allows us to monitor directly the dynamics of hot carriers at
the metal-semiconductor interface,”’* and to design more efficient
plasmonic photocatalysts.”’> A seminal work in the field of hybrid
plasmonic nanostructures is the study of Wu et al,”'° who designed
hybrid Au-cadmium selenide (CdSe) nanostructures with a quantum
yield of 24% for light energy over 1eV. They highlighted the presence
of a direct charge transfer pathway from Au to the conduction band of
CdSe, by which the plasmon resonance in gold decays directly into
electron-hole pairs, with the electron localized in the conduction band
of CdSe. By performing ultrafast measurements, they were able to
monitor the dynamics of plasmon-induced hot carriers in the hybrid
Au-CdSe nanostructures. The charge transfer to the CdSe takes place
in 20 fs, consistent with the direct charge transfer mechanism, while
the back charge transfer, from CdSe to Au, took place in about 1.45 ps.
This seminal work showed that a high charge transfer quantum yield
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can be achieved through a direct charge transfer pathway, avoiding the
usual losses associated with plasmonic chemistry.”'®*'” Theoretical
modeling is also pivotal in characterizing the charge transfer mecha-
nism in some cases. Zhang et al. studied Au nanorods close to MoS,,
by combining rt-TDDFT with fewest-switching surface hopping for
non-adiabatic nuclear effects.”'® They were able to show the presence
of an indirect charge transfer process in which a fast plasmon decay
(< 30 fs) first led to hot carriers formation in the NP, followed by their
injection into MoS, within 100 fs (see Fig. 4).

Direct and indirect mechanisms can also coexist as shown by
Long et al. for Au nanoclusters close to a TiO, slab who also suggested
that the degree of coupling between the NP and the semiconductor
could strongly influence the type of mechanism observed.”'”

As opposed to the very fast dynamics of charge carriers in plas-
monic (hybrid) catalysts, that take place in the fs timescale, the motion
of nuclei in molecules happens on the ps timescale while the kinetics
of chemical reactions takes place on the microsecond to second time-
scale (9 to 15 orders of magnitude slower than hot carriers thermaliza-
tion).”’” The difference between the characteristic timescales of hot
carriers and chemical reaction dynamics is perhaps the most impor-
tant bottleneck in plasmonic chemistry.”>*'> This rough timescale
analysis illustrates why ultrafast optics is mostly used to probe the
dynamics of charge carriers in (hybrid) catalysts, and not in molecules:
chemical reactions simply do not proceed on such short timescales. Of
course, this does not mean that there are no processes taking place on
the fs timescale (or even faster) in molecules.””’ Starting with the well-
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known work of Zewail in fs chemistry,” this field has been a prosper-
ing one, investigating fundamental ultrafast processes in molecules.
Indeed, over the last few years there has been growing interest in
affecting chemical reactions at short time scales,””” for instance by
means of strong light-matter coupling, where the formation of hybrid
light-matter polaritonic states leads to a sub-ps rearrangement of the
molecular electronic energy levels that can in turn affect the subse-
quent photochemistry and reaction dynamics.””” ** To give an exam-
ple, optical cavities have been used to suppress or enhance chemical
reactions both in ground and excited states, resulting in interesting
chemical applications such as singlet fission”"’ and selective isomeriza-
tion.””" *** Despite the fact that strong light-matter coupling can also
be achieved using plasmonic systems,””” the field is still in its
infancy, in particular on the experimental side, especially if com-
pared to the use of polaritonic optical cavities, for which ultrafast
investigations already appeared.””* For these reasons, in what fol-
lows we omit a detailed discussion of ultrafast investigation of
chemical reactions modified by plasmon-molecule strong interac-
tions and we will focus on plasmonic chemistry related to chemical
reactions that are usually much slower than the electronic pro-
cesses taking place in heterogeneous catalysts (such as molecular
dissociation, desorption, diffusion).213 Thus, in the following, we
focus on the applications of ultrafast optical processes in plas-
monic (hybrid) catalysts, highlighting how ultrafast optics can
direct the design and understanding of the fundamental processes
taking place in these materials.”""*"’

' O"OOOOOOOOOOOOOOOOOOOOOOOGOGO"O

),

FIG. 4. Computational investigation of hot-electron injection from Au nanorods into MoS, combining rt-TDDFT and nonadiabatic molecular dynamics. (i) Optimized structure of
the Ausgo-(M0S,), system under study at 0K, and one representative geometry obtained from the molecular dynamics simulation run at 300 K. Thermal fluctuations leads on
average to an increase in the metal-semiconductor distance, thus reducing the strength of their interaction. (ii) and (iii) Charge density plots of plasmon-like states of the Aujog
nanorod corresponding to two close absorption peaks around 2 eV, which upon excitation quickly (< 30 fs) lead to the population of Au bulk-states (iv) from which electron
transfer to the acceptor state of MoS; (v) can then take place.”'® Reproduced with permission from Zhang et al., Chem 4, 1112 (2018). Copyright 2018 Elsevier Inc.
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In one exemplary study on Au/Pt core-shell NPs, Engelbrekt
et al. tracked the transfer of energy from the Au core to the Pt shell,
where chemical reactions can take place.””® By carefully monitoring
the Pt shell thickness through photoelectron spectroscopy, the authors
were able to finely control the content of Pt, from sub-monolayer to
multiple layers. The most important finding of this study is that the
energy of the plasmon generated hot carriers can be transferred on the
sub-ps scale to the Pt shell, where it can drive chemical reactions.
Although the addition of the Pt shell leads to a faster dephasing of the
plasmon resonance due to the collision of the electrons participating
in the plasmon resonance with the Pt electrons and faster charge trans-
fer, the electron density in the Au core and the localized surface plas-
mon resonance (LSPR) oscillator strength remain fairly constant. This
is important since it confirms that indeed the plasmon resonance is
only due to the electrons in the Au core, without contributions from
the Pt electrons. Moreover, the broadening of the AuNPs LSPR due to
the addition of Pt should not negatively influence the photo-catalytic
efficiency of Au/Pt NPs with broad-band excitation (such as solar
light). Engelbrekt et al. used both spectral and time domain data to get
information on the ultrafast response of the Au and Au/Pt core-shell
NPs. In the spectral domain, the authors were able to extract informa-
tion about the earliest time-dynamics, the plasmon dephasing time
[see Fig. 5(2)].”"° As expected, with increasing Pt content, the plasmon
dephasing rate increased due to interfacial damping. After the plasmon
dephasing on the fs scale, the dynamics of hot carriers could be tracked
directly in the time domain. The hot carriers” dynamics is character-
ized by a faster decay time, due to electron-phonon coupling (ther-
malization), and a slower decay time of the phonon-phonon coupling,
leading to the cooling of Au and Au/Pt NPs.

Another study highlighting the use of ultrafast optics to design
more efficient plasmonic photocatalysts was reported by Kumar
et al”*® The authors showed that gold nanoparticles (AuNPs) covered
with reduced graphene oxide (r-GO) are more effective than platinum
(Pt)-covered AuNPs at converting CO, to formic acid (HCOOH).
With a selectivity toward HCOOH > 90%, the quantum yield of
HCOOH using r-GO-AuNPs is 1.52%, superior to that of Pt-coated
AuNPs (quantum yield: 1.14%), when excited close to the surface plas-
mon resonance of the AuNPs, at 520 nm. The reason for the higher
quantum yield of the r-GO-AuNPs is the higher mobility of electrons
in the graphene monolayer, which favors a higher rate of electron
transfer to adsorbed CO,. By using TiO, as an electron acceptor, they
found an electron transfer time of less than 220 fs for the r-
GO-AuNPs, leading to a charge transfer rate eight times higher than
for AuNPs, and 4 times higher than GO-AuNPs [see Fig. 5(b)].
Therefore, by optimizing the ultrafast response of hybrid Au-GO plas-
monic nanostructures, the design of cheaper and more efficient photo-
catalysts could be achieved. Interestingly, Hoggard et al. also analyzed
the ultrafast charge transfer from AuNPs to graphene monolayers. By
monitoring the plasmon resonance linewidth of single AuNPs depos-
ited on graphene, they were able to extract a time of 160 fs for the
direct metal-graphene charge transfer, and estimate that such a trans-
fer has an efficiency of 10%.””" In a similar study, Sim et al.”’” studied
the ultrafast dynamics of plasmon generated hot carriers in AuNPs
combined with more traditional catalytic materials, such as Pt and Ni.
An important feature that was taken into consideration is the capping
agent or ligands on the metal nanoparticles. It was found that the
adsorbed molecules can influence the ultrafast dynamics of the
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plasmon generated hot carriers through, for example, direct metal-
molecule charge transfer.””*””” In particular, in this study by Sim
et al., the authors synthesized the bi-metallic Au/Pt and Au/Ni nano-
particles by annealing a 5 nm thick Au thin film fabricated by e-beam
evaporation, after which either Pt or Ni thin films, were deposited. By
looking at the different pump-probe measurements of the differential
transmission spectra, it was found that both Au/Pt and Au/Ni NPs
have significantly faster decay dynamics than bare AuNPs. The differ-
ential transmission spectra for the three different samples were fitted
with a two-temperature model (i.e., two decay components).

The faster decay component was assigned to the electron-
phonon coupling, which varied from a few hundred fs to ps, depend-
ing on the adsorbed energy density by the NPs, and a slower decay
component, assigned to ph—ph coupling.***' It was shown that the
more power is adsorbed by the NPs, the more energetic are the plas-
mon generated hot carriers, and consequently, the longer it takes for
them to lose their energy by e-ph coupling. By extrapolating the e-ph
coupling time to zero adsorbed power, the characteristic e-ph cou-
pling times were extracted, independent of the adsorbed power. This
quantity depends only on the material properties (electron-phonon
coupling constant and the electronic heat capacity) thus it can be used
to determine the influence of the composition material on the ultrafast
dynamics of hot carriers. For AuNPs, an e-ph coupling time of 0.9 ps
was found, whereas for both Au/Pt and Au/Ni NPs, a time of 0.4 ps
was determined. The slower, ph-ph coupling time was found to be
629 ps for AuNPs and 782 and 349 ps for Au/Pt and Au/Ni nanopar-
ticles, respectively. This longer relaxation time reflects the cooling of
nanoparticles through heat diffusion at the surface of the NPs and to
the substrate, thus it is intimately linked to the interfacial thermal
resistance of each NP.

An important advantage of plasmonic photocatalysts is the
dynamical tunability of their optical response not only based on the
shape of individual NPs, but also in 2D or 3D collections of plasmonic
NPs (i.e, metamaterials).”** Generally, the plasmonic properties of
individual metallic NPs considerably depend on their morphology,
shape, and size. For instance, it is well known that an increase in aspect
ratio and asymmetry leads to a redshift of dipolar resonances, whereas
more symmetrical structures typically display blueshifted and more
intense dipolar transitions.”** > Moreover, as the NP size gets bigger
and bigger, multipolar resonances appear and retardation effects start
to play a role. The latter typically induce an additional redshift of plas-
monic peak energies and a broadening of the transitions because of
radiative damping,**® Combining these single-NP features with 2D or
3D collections of structures opens up multiple ways of tuning the over-
all optical response of plasmonic photocatalysts.

In a remarkable study, Harutyunyan et al. showed the influence
of hot spots (tight spaces in between adjacent nanostructures with
enhanced EM fields) in the spectral and time domain response of plas-
mon resonance and hot carriers dynamics.”*’ As opposed to modify-
ing the plasmonic photocatalyst and form hybrid structures for
example, the authors changed the geometry of the plasmonic photoca-
talysts. They used Au disks deposited on an Au surface, with alumina
or TiO, spacers of varying thickness in between the two metal surfaces.
Based on the separation between the gold surfaces (i.e., the gap of the
hot-spot), and on the spacer composition, the authors observed anom-
alously strong changes to the ultrafast temporal and spectral responses
of the plasmon generated hot carriers [see Fig. 5(c)]. The authors
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FIG. 5. Ultrafast plasmon generated hot carriers’ dynamics and their interaction with adsorbed materials. (a-i) The broadening of the LSPR of gold nanoparticles (AuNPs) fol-
lowing the deposition of Pt layers. The inset shows the plasmon dephasing rate, extracted from the spectral domain optical response, in AuNPs (orange circle) and of Au@Pt

core—shell NPs. (a-ii) Time dynamics of surface plasmon resonance excitation and dephasing, in Au NPs and Au@Pt coreshell NPs, respectively.””®

Reproduced with permis-

sion from ACS Nano 14, 5061 (2020). Copyright 2020 American Chemical Society. (b-iii) The ultrafast charge transfer from reduced graphene oxide AuNP (r-GO-AuNP) to
adsorbed TiO,. (b-iv) The change of the charge transfer efficiency from Au NPs to TiO, due to the deposition of GO and r-GO, respectively, on AuNPs. The GO monolayer
improves the mobility of hot carriers.”*> Reproduced with permission from Nano Lett. 16, 1760 (2016). Copyright 2016 American Chemical Society. (c-v) Experimental setup
for monitoring the influence of hot spots on the ultrafast response of plasmon generated hot carriers. (c-vi) By decreasing the alumina spacer thickness from 8 to 4 nm, an
anomalous ultrafast response of the plasmon generated hot carriers appears due to the hot spot.”*’ Reproduced with permission from Harutyunyan et al., Nat. Nanotechnol.

10, 770 (2015). Copyright 2015 Springer Nature.

showed a large ultrafast (pulse width-limited) contribution to the hot
carriers’ decay signal in nanostructures containing hot spots, which
correlates with the efficiency of the generation of highly excited surface
electrons. This effect was attributed to the generation of hot carriers

from hot spots, with a much higher generation rate than outside those
hot points, thus suggesting that plasmonic nanostructures featuring
hot spots that are accessible to molecules, should be cleverly designed
for an efficient photocatalytic activity.
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Alongside the observed evidence through experimental studies,
the clarification of the mechanisms of reactions catalyzed by hot car-
riers is a rather complex task. It has been shown that local thermal
effects, hot carriers injection and electromagnetic coupling in confined
space can all actively contribute to the modification of reaction yields
and rates on the different timescales considered here.”"***"**
Theoretical modeling has the potential to provide original insights. To
give some examples, by employing coupled Boltzmann-heat equations
and Arrhenius law-based models it was recently suggested that
plasmon-induced local heating of the environment may significantly
affect chemical reaction rates.”””>>> As remarkable example, Huang
et al. and Yan et al. investigated the water splitting reaction close to
Au plasmonic nanoclusters by employing a nuclear-electron quantum
dynamics approach based on rt-TDDFT coupled to Ehrenfest dynam-
ics, showing that both the plasmon-induced local field enhancement
(FE) and a direct electron transfer to an antibonding orbital of a water
molecule, due to de-localized excitations, significantly affect the photo-
reaction dynamics (see Fig. 6).””"*"

Noteworthy, modeling has also highlighted situations where hot
carriers are not directly involved in plasmon-enhanced reaction. Spata
and Carter, by means of high-level quantum mechanical calculations
using the ECW embedding scheme, showed that the H, desorption

REVIEW pubs.aip.org/aip/are

from a Pd catalytic reactive center can be favored by coupling the
nano system with a plasmonic Al NP thanks to a purely electromag-
netic enhancement effect.””"

On similar grounds, ammonia NHj; decomposition on
ruthenium-doped copper NPs*” and carbon-fluorine bond activation
of CH5F in the presence of Al-Pd plasmonic nanostructures”” were
both shown to be enhanced under illumination. In both cases, the
analysis of the excited state minimum energy path (MEP) computed
through ECW revealed lower activation barriers compared to the
ground state pathways, thus justifying the speed-up of the reaction
rates under light irradiation. In those cases, the plasmon can enhance
the population of excited state species,””**”” possibly induce a decrease
in the energy barriers because of hot carriers related effects,””® or even
a simultaneous combination of both.

In addition to these relevant cases, the capability of plasmonic
platforms to photo-catalyze many other chemical reactions have been
efficaciously showcased over recent years. To give some examples, Au
nanoparticles up to~50nm in diameter have been successfully used
for bond cleavage reactions, such as H-H,”” 0-0,"" and C-C*°" scis-
soring, water splitting”*” and N-demethylation.”"” Au-Pd and Au-Pt
bimetallic nanoplates have proved to effectively catalyze photo-
reduction and photo-oxidation processes,”””*** whereas Au nanorods

\
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to Eherenfest dynamics. (a) Snapshot of

(A)

the Auyy cluster surrounded by water mol-
ecules (left panel). The white arrow dis-
plays the polarization of the incoming
electric field whose frequency and time
evolution are displayed on the right ().

Interestingly, upon excitation and in the
presence of the Au cluster, some OH
bonds break down, as shown by the time
evolution of the OH bond lengths of all the
water molecules surrounding the cluster
(ii), thus triggering the water splitting reac-

21 26 35 tion. Conversely, without the Au cluster

(iii), all the OH bonds oscillate over time,

remaining intact. (b) Local field enhance-

AN

ment (FE) as a function of excitation

Rate éps h
/7

energy in different spatial positions (corre-
) sponding to different water molecules) sur-
rounding the Au cluster (left panel). The
corresponding rate of water splitting evalu-
ated at the same spatial points (w1-5) is
shown on the right. Notably, the rate of
water splitting does not follow exactly the
43— field enhancement trend, indeed even
direct charge transfer excitations turned
| out to affect the reaction rate for some
water molecules depending on their dis-
tance to the Au surface.”” Reproduced
with permission from Yan et al., J. Phys.
Chem. Lett. 9, 63-69 (2017). Copyright
2017 American Chemical Society.

Label )

w4 wd

Appl. Phys. Rev. 10, 021318 (2023); doi: 10.1063/5.0134993
© Author(s) 2023

10, 021318-12

Zr€¥:20 G20Z ABN GL


pubs.aip.org/aip/are

Applied Physics Reviews

covered with Pd nanoparticles displayed the ability of speeding-up
Suzuki cross coupling reactions.”*>**° In addition, more complicated
Au-Pd superstructures featuring gold nanorods as core have also
proved to facilitate molecular oxygen activation and other carbon-car-
bon coupling processes.””’

Additionally, despite Au being one of the mostly employed noble
metal for plasmonic photocatalysts to date, other plasmonic metals
have also been used. For example, Ag nanocubes have been employed
for catalyzing ethylene epoxidation”®® and O, dissociation,”*” while
Ru-doped Cu NPs significantly boosted up NH; dissociation””’ and
methane dry reforming.””" To cite another well-known process, CO,
photoreduction has also being extensively investigated, even in the
presence of less conventional plasmonic metals, like Rh(Rhodium)-
based nanocubes’”’ and nanospheres,”’” thus not only resorting to
Au- or Ag-based materials.”’”” Clearly, the list of available examples is
already so vast that properly accounting for all of them would require
a standalone review on its own, going beyond the scope of this work.

Concluding this section, combining experimental and theo-
retical approaches to study ultrafast phenomena in (hybrid) plas-
monic photocatalytic materials is an invaluable and desirable tool
to catch a glimpse of the complex fundamental processes involved.
As a last example, ultrafast pump-probe optical measurements
have unraveled the energy flow in hybrid plasmon photocatalysts.
Although it was traditionally assumed that plasmon-generated hot
carriers are formed homogeneously throughout the volume of the
plasmonic material, recent ultrafast studies have shown that in
hybrid plasmonic materials (such as Ag/TiO,, Au/Pt) the energetic
charge carriers are formed predominantly at the interface of the
two materials, due to the interfacial energy states.””* *’° This
allows efficient charge transfer to adsorbed molecules, driving
chemical reactions. This paradigm-shift in plasmonic photocata-
lysts, enabled partly by ultrafast optics, opens the road to limit
increasingly more the losses associated with plasmonic chemistry,
and the design of novel plasmon-driven photocatalysts.””” *"*

IV. ULTRAFAST MULTI-FUNCTIONAL PLASMONICS

During the last decade, a new subfield of plasmonics, the so-
called active plasmonics,”*’*** has emerged, with the goal of tuning
plasmons using an external stimulus such as an electric or magnetic
field, or even a mechanical stress/acoustic excitation. As noticeable
example, instead of the conventional noble metals, the use of magnetic
or strongly correlated materials allows for an additional degree of free-
dom in controlling EM field properties.”*>**" In fact, these materials
enable light to interact with the spin of electrons. Thus, light can be
used to actively manipulate the magnetic properties of such materi-
als.”*>**° Plasmonic and magnetic properties can be combined in these
material at the nanoscale through various magneto-optical
effects.®”*%?%42%7  Burthermore, plasmonic modulation via lattice
vibrations is an additional method for active control of SPs.”* As a
result, multifunctional plasmonic materials that allow for dynamic
manipulation of light properties (e.g., amplitude and polarization) at
the nanoscale are critical features for future all-optical nanotechnolo-
gies based on active photonics. This section provides an overview of
recent studies of ultrafast dynamics in micro- and nanostructures with
magnetic, acoustic, and plasmonic functionalities, as well as how these
functions can be combined to obtain novel ultrafast phenomena at the
nanoscale.

REVIEW pubs.aip.org/aip/are

A. Ultrafast control of magnetism with plasmonics

Strategies for ultrafast all-optical control of magnetism have been
the subject of intensive research for several decades due to the poten-
tial impact on technologies such as magnetic memories”*” and spin-
tronics,””’ as well as the opportunities for nonlinear optical control
and modulation®”" in applications such as optical isolation and non-
reciprocity.””> One of the most intriguing challenges in this field con-
cerns the maximum modulation speed of nanophotonic devices and
the time limit for magnetization reversal (switching) in magnetoplas-
monic and, more in general, in magneto-optical devices. In the case of
plasmonic structures, this modulation speed depends on the e-ph
relaxation time, which in metals is a few ps, resulting in GHz range
bandwidth. Several strategies have been proposed to overcome this
limitation, for instance by exploiting nonlinear optical effects. In such
processes, no direct transfer of carriers into excited states occurs, that
is there is no time limitation for the excitation or relaxation processes,
and therefore, the phenomenon can take place in a virtually instanta-
neous manner and it depends only on the duration of the light pulse
exciting the structure.”” This possibility will be discussed in more
detail in Sec. V. Here, we focus on discussing the opportunity to
achieve ultrafast switching of magnetic degrees of freedom and related
applications in the framework of magnetic materials, such as Ni, which
can be combined with plasmonic structures””* " or be used directly
as plasmonic building blocks.”” "'

As highlighted in Sec. I, plasmonics enables confinement and
enhancement of EM radiation well below the diffraction limit. This is
a crucial feature for opto-magnetic applications in spintronics, where
deterministic control of nanometer-sized magnetic bits is a major
objective. Incorporating plasmonic nanostructures into magneto-
optical active materials dramatically improves pump-induced control
of the magnetization state at the ultrafast timescales. The fastest and
least dissipative way of switching the spin of electrons is to trigger an
all-coherent precession. Schlauderer et al. showed that THz EM pulses
allow coherent steering of spins by coupling the antiferromagnetic
material TmFeO; (thulium orthoferrite) with the locally enhanced
electric field of custom-tailored antennas [see Fig. 7(a)].”"” Similarly,
but using visible (PHz) radiation, Mishra et al. employed resonant EM
energy funneling through plasmon nanoantennas to influence the
demagnetization dynamics of a ferrimagnetic TbCo thin films [see Fig.
7(b)]. They demonstrated how Ag nanoring-shaped antennas under
resonant optical fs pumping reduce the overall demagnetization in the
underlying films up to three times compared to non-resonant illumi-
nation, and attributed such a substantial reduction to the nanoscale
confinement of the demagnetization process.”’ Very recently, they
have also devised a new architecture simultaneously enabling light-
driven bit downscaling, reduction of the required energy for magnetic
memory writing, and a subtle control over the degree of demagnetiza-
tion. To achieve these features, they employed in a magnetophotonic
surface crystal featuring a regular array of truncated-nanocone-shaped
Au-TbCo antennas showing both localized plasmon and surface lattice
resonance modes.””’

Another interesting approach to achieve ultrafast control of mag-
netism at the nanoscale is represented by the all-optical switching
(AOS) mechanism, where the optical laser pulses are used to deter-
ministically reverse the spin moment.””* **° This discovery could have
important technological implications, since, for example, switching the
spin magnetization by an ultrashort pulse could lead to much faster
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FIG. 7. All-optical plasmon-driven magnetization dynamics. (a) (i) Schematic of the gold bowtie antenna on TmFeOs. The structure is excited from the back side by an intense
THz electric field Ey, (red waveform) while a co-propagating near-infrared pulse (light blue) probes the induced magnetization dynamics in the feed gap between the two
lobes of the antenna. (i) Peak near-field amplitude in the antenna feed gap calculated by FDTD simulations for an incident THz waveform with a peak field amplitude of 1 MV
em~". (iii) Experimentally detected polarization rotation signal obtained for a peak electric THz field of 1 MV ¢cm~" on the unstructured substrate (black curve), and when prob-
ing the feed gap of the bowtie antenna structure resonantly using a THz waveform with a peak electric field amplitude of 0.4 MV cm ™" (blue curve). Inset: corresponding ampli-

tude spectra featuring two modes (at 0.09 and 0.82 THz).”* Reproduced with permission from Schlauderer et al., Nature 569, 383 (2019). Copyright 2019 Springer Nature. (b)
Schematic of Ag nanoring on Th,¢Co74. Pump—probe measurements was performed to determine the magnetization dynamics. The differential magnetization using an off reso-

nance (on-resonance) pump is displayed at the bottom left (right), showing a great enhancement of the demagnetization by the on-resonance pump.® Reproduced with per-
mission from Mishra et al., Nanoscale 13, 19367 (2021). Copyright 2021 Author(s), licensed under a Creative Commons Attribution (CC BY) license. (c) The schematic show
TbFeCo film with gold two-wire antennas excited by a laser pulse. AOS was achieved with a size of 53 nm using the nanoantennae to confine fields spatially. X-ray holography
is used to image the magnetic switching. The switching is shown to be both reproducible (i}~(iv) and reversible (v).*"” Reproduced with permission from Liu et al., Nano Lett.
15, 6862 (2015). Copyright 2015 American Chemical Society.

writing of magnetic bits in magnetic recording media. The origin of 7
the AOS was initially thought to be linked to the helicity (right or left

circular polarization state of the light pulse), i.e., the injected “photonic

sufficient to trigger the magnetization reversal.”’ By using a micro-

. 0308 . . . 309-311 1.
scope objective” "~ or nanopatterning of magnetic materials, bit
size can be reduced to a few hundred nanometers.

spin moment” (the so-called spin angular momentum, SAM, of light),
but subsequent investigations showed that solely fast laser heating was

In a seminal work, Liu et al. exploited LSPs in gold dimer-
nanobar nanoantennas on a TbFeCo alloy thin film to achieve a 50 nm
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AQS-switched spot size’'” [see Fig. 7(c)]. Thus, plasmonics can enable
AOS to become technologically relevant, since plasmons can allow to
reach bit sizes which can be used in heat-assisted magnetic record-
ing'” and allow deterministic ultrafast all-optical magnetization
switching at the nanoscale. Moreover, strong localization of the pump
pulse by SP excitation reduces the laser fluence required for the ultra-
fast demagnetization.” '

One of the possible ways for the photon to act on the spin
moment could be through an opto-magnetic effect, the inverse
Faraday effect (IFE). This non-linear opto-magnetic effect, discovered
in the 1960s, describes the generation of an induced magnetic moment
by a circularly polarized EM wave.’'” To explain the IFE in bulk mate-
rials, several models have been proposed recently. The deeper under-
standing of the origin of the IFE is still the subject of ongoing
investigations, and here we report the most relevant works in relation
to the topic of this review. Hertel developed a plasma model,”'® which
was recently used by Nadarajah and Sheldon to estimate the magnetic
moment that could be induced in a plasmonic Au nanoparticle.”"”
Popova et al. employed a four-level hydrogen model with impulsive
Raman scattering to show that such a process could lead to a net
induced magnetization.”'® Using relativistic electrodynamics, Mondal
et al. showed that there exists an EM wave-electron spin interaction
that provides a linear coupling of the photon SAM to the electron
spin, which then acts as an optomagnetic field that generates the
induced magnetization.”"” By using a second-order density matrix per-
turbation theory a quantum theory for the IFE was derived, by taking
into account also the optical absorption.”””**" Carrying out ab initio
calculations for bulk Au, Berritta et al. computed a moment of
7.5 x 10~ g, where g is the Bohr magneton, per Au atom by pump-
ing with circular EM radiation with a 10 GW/cm® intensity at
800 nm.””" Detailed measurements of the light-induced magnetization
in Au, however, are still very few. In an early pioneering investigation,
Zheludev et al. could measure an induced polarization rotation of
~12 x 107° rad in an Au film upon pumping with a laser intensity
of 1 GW/cm? and 1260 nm wavelength, a value that is within an order
of magnitude consistent with the ab initio calculated induced
moment.””” Recently, Cheng et al. reported the experimental optically
induced magnetization in plasmonic gold nanoparticles, with magneti-
zation and demagnetization kinetics that are instantaneous within the
sub-ps time resolution [see Fig. 8(a)]."*’ Under typical ultrafast pulse
excitation (>10GW/cm® peak intensity), the induced magnetic
moment 2.9 X 107 g or 0.95 iy per Au atom, ie., two orders of mag-
nitude higher than that predicted by theory for bulk Au.”*

All the above considerations were built upon exploiting the SAM
of the EM field. An optical beam can also carry a well-defined orbital
angular momentum (OAM).””"*** Combining OAM with plasmonics,
it has been demonstrated that sub-fs dynamics of OAM can be realized
in nanoplasmonic vortices.”"***** Hence, plasmonic vortices carry-
ing OAM can be confined to deep subwavelength spatial dimension
and could offer an excellent time resolution. The OAM can, therefore,
be expected to enter soon the developing area of magnetophotonics,
where the OAM could offer a new functionality to control the nano-
scale magnetism.””” Although there is an emerging understanding of
the IFE coupling of the SAM of a beam to the electron spin, a similar
understanding of the interaction of OAM with spin or orbital magne-
tism has still to be established. Recently, observations of interaction of
magnetism and an OAM vortex beams were reported.”””"*

REVIEW pubs.aip.org/aip/are

Karakhanyan et al. quantified numerically the relative contributions of
SAM and OAM of light to the IFE in a thin gold film illuminated by
different focused beams carrying SAM and/or OAM, by using a
hydrodynamic model of the conduction electron gas.””' The OAM of
light provides a new degree of freedom in the control of the IFE and
the resulting opto-magnetic field, which has the potential to influence
numerous research fields, such as all-optical magnetization switching
and spin-wave excitation. A recent work by Prinz et al. seems to point
in this direction, since they show that is possible to act on demagneti-
zation processes by using OAM.”*” These findings support a mecha-
nism of coherent transfer of angular momentum from the optical field
to the electron gas, and they pave the way for optical subwavelength
strategies for optical isolation that do not require externally applied
magnetic fields. It can already be perceived that taking both spin and
orbital degrees of freedom of photonic beams into account will
become paramount for the future development of ultrafast
magnetophotonics.

Plasmon-enhanced magneto-optical effects can allow to improve
by orders of magnitude the detection sensitivity of ultrafast magnetic
processes. Novikov et al” investigated experimentally the ultrafast
modulation of the SP-resonant transverse magneto-optical Kerr effect
(TMOKE) induced by a non-resonant 50 fs pump laser pulse in the
one-dimensional magnetoplasmonic crystal [see Fig. 8(b)]. They
observed the suppression of TMOKE in the SP-resonant probe from
1.15% to 0.4% by the demagnetization of the nickel MPC under a non-
resonant pump. The absolute TMOKE difference was around 20-fold
enhanced in the MPC compared to the plane nickel film, thus proving
the higher sensitivity of plasmonic systems to magnetization dynamics.
Furthermore, they demonstrated that the carrier dynamics induced by
the ultrashort light pulse affected the SP excitation process itself: the
laser heating induces the modification of the SP wavevector through
the modulation of the metal optical constants. As a result, a differential
reflectivity value as high as 5.5% is achieved in MPC in comparison
with 1.1% value in the plane nickel. Finally, it was shown that electron
thermalization and relaxation dynamics are slower in MPC relative to
the plane nickel, since e-ph relaxation times extracted from the differ-
ential reflectance were 800 and 260 fs for the MPC and plane nickel
film, respectively.

Similarly, Kazlou et al. recently demonstrated SP-assisted control
of spin precession phase in hybrid noble metal-dielectric magneto-
plasmonic crystals [see Fig. 8(c)].7**%** These results can be applied to
the development of new magnetoplasmonic devices, providing more
sensitivity to the magnetic order on the sub-ps timescale, where non-
thermal effects occur. In this framework, particularly interesting would
be the study of plasmon dephasing (happening on the timescale of few
tens of fs) on the spin dynamics in opto-magnetic-active nanomateri-
als.”” By exploring non-thermal pathways, where the intrinsic losses
due to heating can be overcome by exploiting the dynamics of the elec-
trons on sub-100 fs timescales, can open excellent perspectives in both
the fundamental and applied aspect of ultrafast magnetoplasmonics.

B. Ultrafast acousto-magneto-plasmonics

As mentioned at the beginning of this section, plasmonic modu-
lation by means of ultrafast lattice vibrations represents an interesting
approach for the active control of SPs, as lattice contraction can red-
shift the SP resonance frequency.”” In 1988 van Exter and Lagendijk
showed that SP excitation in silver in the Kretschmann geometry can
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Nature. (b-i) Inset: Model visualization of ultrafast all-optical modulation of SP-assisted transverse magneto-optical Kerr effect (TMOKE) in a one-dimensional (1D) nickel mag-
netoplasmonic crystal (MPC). The differential reflectance is displayed for plain nickel and for the nickel MPC. (i) Laser induced modulation of the SP-enhanced TMOKE in 1D
nickel MPC as a function of the pump—probe delay.*® Reproduced with permission from Novikov ef al., Nano Lett. 20, 8615 (2020). Copyright 2015 American Chemical
Society. (c) SP induced amplification of photomagnetic spin precession. A YIG:Co film with Au gratings, placed in an external in-plane magnetic field, that was excited by a 50
fs pump (left) displayed an increase in its specific efficiency of the spin precession (right), as opposed to such a film without the Au. Dots represent experimental data and the
full line is results from a numerical simulation.*** Reproduced with permission from Kazlou et al., ACS Photonics 8, 2197 (2021). Copyright 2021 Author(s), licensed under a
Creative Commons Attribution (CC BY) license.
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significantly amplify pump-probe signals compared to standard with similar measurements in plasmonic nanoparticles.”*” For
reflectivity measurements.””® An acoustic variation of the order of 4% example, Deacon et al. demonstrated that a highly localized acous-
in the lattice density altered the wavevector of the time-delayed SP tic resonance exists in the nanoparticle-on-mirror structure, near
probe pulses, causing a significant shift in probe reflectivity in the the nanoparticle’s narrow base.”*' This bouncing mode has an
Kretschmann configuration. They concluded that the intrinsic lifespan extremely variable period pertaining to the nanoscale morphology
of longitudinal phonons in silver at 42 GHz surpassed 100 ps based on attainable through matched plasmonic coupling by means of a
the decay duration of these thermo-acoustic oscillations, which was coupled mode whose optical field is likewise tightly contained
mostly governed by the finite (52%) acoustic reflection at the silver- within the nanoscale void beneath the facet. Due to this restriction
glass interface. Measurements of the mean free path (or lifetime) of on both, the plasmonic and acoustic modes are coupled to the gap
high-frequency phonons in solids, caused by the interaction between by the significantly improved acousto-optic coupling as is
ballistic and diffusive heat transport, are crucial for understanding the observed in comparison to conventional acousto-optic crystals,
nanoscale thermal characteristics of materials.”” impacting the SP resonance. Ruello et al. measured coherent GHz
Similar time-resolved experiments in thin gold and copper acoustic phonons in plasmonic gold nanoparticle superlattices
films”****” have revealed the contribution of short-lived nonequi- (NPSs), with a typical in-depth spatial extension of approximately
librium electrons to the buildup of mechanical stress driving the 45 nm, which is approximately four times the optical skin depth in
initial stage of thermo-acoustic expansion, which is consistent gold [see Fig. 9(a)].**
Appl. Phys. Rev. 10, 021318 (2023); doi: 10.1063/5.0134993 10, 021318-16
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FIG. 9. Ultrafast acousto-plasmonics. (a-i) Transmission electron diffraction (TED) pattern showing the Debye Scherrer rings (top figure) coming from the crystallized cubic
gold nanoparticles. In the middle figure, the transmission electron microscopy image (TEM) shows the mesoscopic hexagonal arrangement (hcp) with the two-neighbor plane
distance of 4.4 nm. The hcp arrangement is also well evidenced with small angle electron diffraction revealing the sixfold axis (bottom figure). (ii) Sketch of the gold nanopar-
ticles superlattices connected via mercaptosuccinic acid molecules. (iii) Optical microscopy view of a superlattice deposited onto a silicon substrate. (iv) AFM profile of the hex-
agonal shape superlattice (height H=180nm). (v) Sketch of the pump and probe experiments performed on these nanoparticles superlattice where coherent acoustic
phonons are generated and detected in the frontfront configuration. (vi) Top panel: plasmon resonance of the gold superlattice (experimental data, dots, and calculated, red
line). Middle and bottom panels: refractive index (real n and imaginary parts k) of the gold superlattice compared to those of bulk gold. The red symbols (square and circles)
are the refractive index values estimated with the photoacoustic response.”** Reproduced with permission from Ruello ef al., Phys. Rev. B 92, 174304 (2015). Copyright 2015
American Physical Society. (b) Schematic drawing of the acousto-plasmonic pump—probe experiment: surface plasmons propagating at the gold-air interface probe the reflec-
tion of acoustic pulses generated in the laser-heated cobalt transducer. (c) Measured acousto-plasmonic pump—probe interferogram showing a pronounced shift of the interfer-
ence fringes upon reflection of an ultrashort acoustic pulse. The inset illustrates the geometry of the plasmonic slit-groove interferometer.”** Reprinted with permission from
Temnov et al., Opt. Express 17, 8423 (2009). Copyright 2009 Optica Publishing Group.

The modeling of transient optical reflectivity suggested that pho-
nons are generated by ultrafast heating of the NPs aided by light acti-
vation of the volume plasmon polariton. Based on these findings, it
has been shown that it is possible to map the photon-electron-
phonon interaction in subwavelength nanostructures,”** *** which
provides interesting insights into the fundamental features of these
architectures.

Finally, it is worth mentioning that an interesting approach to
further boost research in ultrafast active plasmonics is represented by
the combination of acoustic, magnetic and plasmonic properties. In
this context hybrid gold-cobalt bilayer structures™ can be suitable
candidates for opto-magneto-acoustic switching experiments [see Figs.
9(b) and 9(c)].>***

V. ALL-OPTICAL SWITCHING APPLICATIONS AND NEW
MATERIALS

One of the main challenges in all-optical information processing
is the creation of an efficient and compact high-speed all-optical
switch, the equivalent of the transistor in conventional electronics. For
practical applications in integrated photonics, all-optical modulators
should ideally feature sub-ps switching times at f] control light ener-
gies, as well as switching contrasts greater than 10 dB and characteris-
tic sizes below 100 nm. To date, no engineered photonic structure that
can operate in the THz bandwidth range fulfills all these conditions. In
this context, plasmonics emerges as a suitable approach for all-optical
processes as plasmons can rapidly alter the complex refractive index of
a medium with an enhanced response.'”*”***>* While in Sec. IV, we
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discussed all-optical switching of magnetic degrees of freedom in the
context of multi-functional (mainly magnetoplasmonic) nanostruc-
tures, here we focus on the ultrafast switching of the optical response
(e.g., light intensity and polarization states) in plasmonic structures.
These are two distinct phenomena, as in one case we act on the spin
degree of freedom in materials, while in the second case, treated in this
section, we act on light properties by modulating the permittivity of
the material. Upon illumination of a metal by a light pulse (pump),
non-thermalized electrons are excited, which subsequently decay
through several processes, spanning different timescales, from the fs
up to ns range, leading to dynamic changes of the material permittiv-
ity. In the context of all-optical switching, a control light pulse is used
to vary transmission or reflection between high and low states, to
modulate the intensity of a signal pulse which carries the information.
Given that plasmonic resonators can spectrally tailor light dispersion,
wavelength regions showing negligible levels of “slow” temporal com-
ponents connected to e-ph and ph-ph scattering processes can be
attained, where only sub-ps responses dominate. By engineering nano-
structured gold, this approach has demonstrated differential transmis-
sion modulations up to>20% with temporal widths <300 fs at
~1mJ/cm?® pump fluence, as shown in Fig. 10(a).””* Both positive and
negative transmission changes can be observed, depending on the
probe wavelength, as enabled by the pump-induced shift of the reso-
nance spectrum. Considering the high electron densities present in
noble metals, their electron distributions cannot be substantially modi-
fied optically, preventing larger permittivity modulations.””" In this
scenario, indium tin oxide (ITO) arises as a promising material that
exhibits significantly smaller—but sufficiently high—excited electron
concentrations in the near infrared.””

Moreover, ITO also possesses an epsilon-near-zero (ENZ) region,
characterized by a permittivity spectrum with a zero crossing of the
real component, where optically induced variations of the refractive
index produce the strongest effects on resonant features.””">"*%**%
Coupling a thin ITO layer at its ENZ region to an array of gold nano-
antennas [see Fig. 10(b)] to modulate the plasmonic resonance has
revealed absolute transmission changes around 20% at a pump fluence
of only <1 mJ/cm” (equivalent to ~0.3 pJ per nanoantenna’s geomet-
ric cross-sectional area).””” The fastest reported plasmonic switch has
been achieved by exploiting gold’s high third order nonlinearity
through two-photon absorption (TPA).””* TPA influences the imagi-
nary part of the refractive index of a medium in a nearly instantaneous
manner. In a pump-probe configuration, the transmission of the
probe beam changes abruptly whenever a pair of pump and probe
photons are absorbed simultaneously, recovering its nominal value as
soon as the pulses no longer temporally overlap. The fundamental
time limit for this process is practically either the pulse duration or the
resonance bandwidth. The differential transmission temporal trace of
a Fano-resonant gold metasurface shown in Fig. 10(c), displays a tem-
poral width of only 40 fs, with a modulation depth of ~10% at 0.07
mJ/cm® pump fluence (~0.1 pJ per unit cell), which reaches 40% at
0.3 mJ/cm?® (~0.5 pJ per unit cell).” Similar performances have also
been measured in nonlinear dielectric nanostructures at Mie resonan-
ces [see Fig. 10(d)].””***** Outstanding differential (absolute) trans-
mission modulations greater than 100% (20%) at ~4 mJ/cm” pump
fluence, were also reported in ITO nanowires [see Fig. 10(e)].””*""

Another avenue to control the strength of light-matter coupling
to exceed losses could combine optical/plasmonic field properties of a
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resonator with the electronic excitations of an active material.”"”"

Layered materials with a 2D character such as graphene and TMDCs
have also been considered for all-optical processing devices, """
as they support strong light-matter interactions and display optical
nonlinearities enabling both atomic-scale and a sub-fs modulation of
light properties.””" ** In the past years, research efforts have been
spent to study ultrafast nonlinear optical processes in layered materi-
als, in particular TMDCs.'%”*7**%1 The most efficient nanoscale all-
optical switch has been obtained by using graphene as the nonlinear
element.”" Graphene is a nonlinear saturable absorber, meaning that
its transparency increases under intense light excitation due to photo-
generated carriers causing Pauli-blocking, with relaxation times in the
sub-ps range. To further enhance light-matter interactions, Ono
et al.”®" placed a graphene bilayer on top of a plasmonic waveguide
with a 30nm slot width [see Fig. 10(f)], significantly reducing the
required power for saturable absorption. They demonstrated a differ-
ential transmission increase greater than 100% at just 35 f] switching
energy, with a 260-fs temporal response. To reach sub-f] switching
energies, Nozaki et al. used a combination of a photonic-crystal nano-
cavity and strong carrier-induced nonlinearity in InGaAsP to demon-
strate low-energy switching within a few tens of ps. Switching energies
with a contrast of 3 and 10dB of 0.42 and 0.66 f], respectively, have
been obtained.” A combination of the last two approaches might
pave the way to reach sub-fs and sub-f] functionality at the same
time. Furthermore, low-dimensional material systems such as quan-
tum dots (QDs), graphene, and 2D semiconductors provide an
unprecedented avenue to revolutionize information and communica-
tions technologies via recently discovered optical nonlinear
properties.”* 7%

Nonlinear optics can be used for generating ultrashort pulses,
laser spectrum conversion, ultrafast optical switching, and all-optical
signal processing. By combining nonlinear optical processes in plas-
monic systems with the dynamics of exciton—polaritons, it might be
possible to achieve all-optical transistor functionalities with both PHz
bandwidth and sub-f] switching energy. To date, reaching these two
goals at the same time has not yet been demonstrated, although
switching mechanisms have been exploited in photonic systems made
of inorganic semiconductor and displaying exciton—polaritons
enabling transistor functionalities at cryogenic temperatures [see Figs.
11(a) and 11(b)].”" Interestingly, by replacing inorganic semiconduc-
tors with an organic semiconductor in an optical microcavity,
Zasedatelev et al. recently demonstrated that is possible to realize
room-temperature operation of a polariton transistor through vibron-
mediated stimulated polariton relaxation, with a sub-ps switching
time, cascaded amplification and all-optical logic operation, however
using micrometer-sized cavities [see Figs. 11(c)-1 1(£)].>8 They also
recently utilized stable excitons dressed with high-energy molecular
vibrations to allow single-photon nonlinear operations at ambient
conditions.”* This pivotal result might open new horizons for practi-
cal implementations like sub-fs switching, amplification and all-optical
logic at the fundamental quantum limit.

The linear Pockels electro-optic effect is another phenomenon
that has been exploited for the modulation of electromagnetic waves.
Burla et al”” built a Mach-Zehnder interferometer configuration
using two plasmonic slot waveguides filled with a nonlinear material,
whose refractive index could be controllably modified by applying an
external voltage between the metallic electrodes defining the
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FIG. 10. Ultrafast all-optical switching. (a) Cross-stacked gold nanowire network supporting a Fano resonance. Design, SEM (scanning electron microscopy) image (scale bar,
1 um), electric field enhancement distribution and ultrafast performance as measured through pump-probe spectroscopy (110 mOD corresponds to +22% transmission
modulation).”** Reproduced with permission from Lin et al., Nanoscale 8, 1421 (2016). Copyright 2016 Royal Society of Chemistry. (b) Array of gold nanoantennas coupled to
an ITO layer (SEM image in the inset; scale bar, 500 nm). A small variation in ITO’s refractive index causes a significant spectral shift of the resonance wavelength of the nano-
antennas, causing a dramatic change in the effective refractive index (An) and absorption (Ax) experienced by the incoming light.”*” Reproduced with permission from Alam
et al., Nat. Photonics 12, 79 (2018). Copyright 2018 Springer Nature. (c) Fano-resonant gold metasurface for sub-100 fs all-optical switching using TPA. IRF stands for instru-
ment response function.”*® Reproduced with permission from Ren et al., Adv. Mater. 23, 5540 (2011). Copyright 2011 Wiley-VCH. (d) Ultrafast switching in dielectric GaP nano-
structures designed as seen in the SEM image (left). The scale bar is 1 um. Dynamics of the system were evaluated using pump-probe spectroscopy with sub-10 fs laser
pulses, peak energy dependence of the differential reflectivity magnitude (middle) and the temporal dependence of the differential reflectivity (right).**” Reproduced with permis-
sion from Grinblat et al., Sci. Adv. 6, eabb3123 (2020). Copyright 2020 Author(s), licensed under a Creative Commons Attribution (CC BY) license. (e) ITO nanowires pumped
atits trans-LSPR in the near infrared (1500 nm wavelength) and probed in the visible range. SEM image (scale bar, 2 m), electric field distribution (scale bar, 200 nm), normal-
ized with regard to the incoming wave, and differential transmission spectrum at varying pump—probe delay time.”****" (i) Reproduced with permission from Guo et al., Nat.
Photonics 10, 267 (2016). Copyright 2016 Springer Nature. (i) Reproduced with permission from Guo et al., Nat. Commun. 7, 12892 (2016). Copyright 2016 Author(s), licensed
under a Creative Commons Attribution (CC BY) license. (f) Graphene layer coupled to a gold waveguide for enhanced saturable absorption. Schematic, SEM image (scale
bar, 2 um), and all-optical switching extinction ratio as a function of pump pulse energy.”®" Reproduced with permission from Schirato et al., Nat. Photonics 14, 37 (2020).
Copyright 2020 Springer Nature.

waveguides, following the Pockels effect. The system achieved efficient presented high power handling and high linearity, which are necessary
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modulation of a CW optical carrier signal injected into the waveguides qualities for a reliable performance. A similar concept has been later

up to a frequency of the applied electrical signal beyond 500 GHz, applied by Salamin et al,”* who used a plasmonic Mach-Zehnder

showing great potential for THz wireless applications. The device interferometer for the detection of THz waves. In this case, the THz
Appl. Phys. Rev. 10, 021318 (2023); doi: 10.1063/5.0134993 10, 021318-19
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FIG. 11. All-optical transistor. (a) Sketch of the experimental configuration in the work by Ballarini et al.*" The exciting laser beam is directed with an angle on the microcavity sam-
ple and partially reflected from the front distributed Bragg reflector (DBR). Polaritons are created within the microcavity plane and propagate with a finite velocity. The one-to-one
coupling with the external photons allows the observation of the polariton propagation through the emitted intensity from the back side of the sample. (i) Two-dimensional momen-
tum space image of the emission under high excitation power shows the polariton states created by two laser beams impinging at different angles (K¢ and K,) and same energy.
(ii) Polariton dispersion along the direction corresponding to K, = 0 of the upper panel. (iii) The transistor operation is briefly summarized. Address intensity plotted as a function of
the Address power for different intensities of the Control: green line (Ic = 38 ©W), black line (Ic = 19 1W), blue line (Ic = 12 W) and without control (light blue line). The red line
indicates the power of the Address for which a small change in the Control density brings the Address state from off (black circle) to on (green circle). (b) lllustration of the transistor
setup, with two address beams A and B and a control C active at the same location as A. The polariton propagation is indicated with arrows. (i) Emission intensity colormap with
both addresses as well as the control below the power thresholds required for resonance. (ii) Far field emission intensity image in momentum space. (jii) Similar image as (i) with
C slightly increased. The emission intensity here is about 20 times larger than in (i). (iv) Momentum space image, showing A and B with enhanced emission intensities whilst C is
negligible.”” Reproduced with permission from Ballarini et al., Nat. Commun. 4, 1778 (2013). Copyright 2013 Springer Nature. (c) Schematic of an all-optical organic polariton tran-
sistor. (d) lllustration of AND OR gate operations, with two control pulses regulating addresses | and II. The pump at lll is tweaked such that one (two) amplified addresses is nec-
essary to excite the structure at Ill. (e) Real-space photoluminescence of the transistor with the OR setup and (f) with the AND setup. Working operations are demonstrated in both
cases.”* Reproduced with permission from Zasedatelev et al., Nat. Photonics 13, 378 (2019). Copyright 2019 Springer Nature.
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wave played the role of the externally applied AC electric field in the
modulator. The detector performed THz time-domain electro-optic
sampling and could directly measure the electric field amplitude and
phase of the THz signal. More recently, Koepfli et al”® showed a
>500GHz bandwidth capability in a plasmonic-metamaterial-
enhanced graphene photodetector, which did not need of photonic
integrated circuits to operate, outperforming previous implementa-
tions including 2D materials”*’*** and easing integration possibilities.
Furthermore, by combining the photodetector with plasmonic
Mach-Zehnder modulators, they built a plasmonic-to-plasmonic link
showing record-breaking 132 Gbps PAM-2 and 128 Gbps PAM-4
data transmission for graphene.

A key aspect of high-speed optical device application is the capa-
bility of ultrafast modulation and large modulation depth of HHG.™”
Many of these materials possess ultrafast photoexcitation dynamics
and recovery time’”* to facilitate ultrafast control of nonlinear optical
phenomena. However, their ultrathin nature makes it challenging to
get reasonable efficiency in devices or to allow effective control of light
at the nanoscale. This inability to compress light in the nanometric
volume and a large momentum mismatch between the far-field pho-
ton and the excited optical mode, together with the ultra-thin material
thicknesses motivate research efforts to combine these materials with
plasmonic resonators and cavities to increase their light-matter inter-
actions.””””" The use of plasmonic cavities and resonators together
with low-dimensional materials leads to the generation of highly con-
fined and strong EM fields, which can produce nonlinear optical
responses such as harmonic generation (second and third harmonic
generations, SHG and THG) at relatively low excitation powers (< 3
mW).””” " For example, Ren et al. reported a SHG enhancement fac-
tor of almost 10-fold from AgInS, QDs embedded in a Ag nanopar-
ticles array under resonance excitation condition (when the LSPR of
the Ag nanoparticles’ array matches the excitation laser)."”* However,
the sensitivity of HHG may become even more prominent under har-
monic resonance condition, when the LSPR of the plasmonic system
overlaps well with the SHG wavelength of the nanomaterial due to the
dipole (SHG)—quadrupole (plasmon) interaction.

As demonstrated by Han et al., overlapping of the LSPR of Ag
nanocubes with the propagating SP on Ag film/Al,O; system
(nanoparticles on mirror system) with the SHG wavelength at
410 nm from WS, monolayer resulted in up to 300-fold enhance-
ment of SHG signal at an excitation power below 100 uW [see Fig.
12(a)].* Moreover, a 7000-fold enhancement in the SHG
response has been observed when using a plasmonic platform cou-
pled to a WS, monolayer.*”” At resonant coupling strength (when
the LSPR couples resonantly with the exciton, i.e., in the strong
coupling regime), photons confined in the nanometric volume
coherently exchange energy with excitons at a rate higher than that
of the dephasing processes (i.e., the rate at which photons escape
from the cavity or exciton de-phases) creating a nonlinear hybrid
quantum state, called polaritons. Such polaritonic states thus, open
new avenues like Bose-Einstein condensation,”’® polaritonic las-
ing,"”” optical parametric amplification,””” Rydberg excitonic phe-
nomena,’”® etc., in TMDCs to be investigated at near room
temperatures owing to the large exciton binding energies in them.
Investigation of ultrafast dynamics of these excitonic and polari-
tonic processes in 2D semiconductor/plasmonic heterostructures
is a growing research area with an opportunity to provide a deeper
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or new understanding of plasmon-exciton energy exchange effects
and nonlinear optical modulation on the ultrafast timescale under
deep-subwavelength optical confinement.’*”**>"*'” For example,
Tang et al.’'” studied the ultrafast dynamics of the nonlinear
response from WS, monolayer coupled to silver nanodisks in the
strong coupling regime. They observed that with increasing fluen-
ces, plasmon-exciton polaritons (plexcitons) become weaker. In
Fig. 12(b), it is shown a series of reflection spectra demonstrating
coherent plexcitons formation at 100 fs under various pump inci-
dent fluences. The upper and lower branch modes of the plexcitons
systematically shift toward the exciton resonance with increasing
fluence resulting in reduction of spectral splitting, and exhibit con-
siderable linewidth broadening, bringing about an apparent rise of
the splitting window (increasing valley). Their pump-probe mea-
surement unveiled a giant plasmon induced nonlinearity with
non-equilibrium exciton-plasmon processes over distinct time
scales governed by (1) repulsive Coulomb interaction between
excitons and (2) Pauli blocking resulting in excitonic saturation
and reducing exciton-photon coupling strength.””*

Plasmon induced strong exciton—polariton interaction at the
ultrafast timescale in 2D semiconductors is a promising candidate for
nano-light sources. For example, ultrafast exciton—polariton modula-
tion is an essential capability for an ideal on-chip nanophotonic device
(such as nanolasers). Conventional bulk nonlinear materials can
achieve modulation depth on the order of 1-10dB um™' with a
response time around picoseconds but require a high pulse energy in
the tens pJ range.'*'®*'” The current state-of-art graphene based
plasmonic modulators have achieved a modulation depth of 0.2dB
pm ™" with a switching energy of 155 fJ and have achieved a speed of
2.2 ps.”*"**” Importantly, 2D semiconductors such as black phospho-
rus and transition-metal dichalcogenides are also known for their
strong light-matter interactions and large third-order nonlinear opti-
cal susceptibilities near excitonic resonances.”'® ** Furthermore, the
excitons in these 2D semiconductors have been experimentally dem-
onstrated to interact with SPPs on a femtosecond timescale.””
Recently, Klein et al.*'' reported a modulation depth per unit length
of 0.04dB um ™" with a switching speed of 290 fs in WSe, based plas-
monic modulator with an excitation pulse energy of 650 fJ. The modu-
lation bandwidth approaching ~1 THz achieved by Klein et al. is very
promising for future ultrafast plasmonic amplifiers and switching
applications.

In addition to their outstanding capability of light-trapping and
concentrating/amplifying an EM field in nanometric volumes, plas-
monic nanostructures can also convert light into electrical energy by
generating hot electrons.

As mentioned in Sec. I1], upon optical absorption and plasmon
excitation in the nanostructures, the decaying plasmon field transfers
accumulated energy (via Landau damping) to the conduction band
electrons. The efficiency of hot electron generation depends on multi-
ple factors.”” Among them, the most important one is the LSPR effect.
At the LSPR resonance frequency the photon excitation produces the
maximum number of highly energetic electrons ready to escape the
metal surfaces. Thus, hot electrons can transfer into the unoccupied
states of nearby semiconductors, when put in contact with the metal
nanostructures that are being resonantly excited at the LSPR fre-
quency**’ (see also Sec. III). For example, Shan et al.””' demon-
strated direct evidence of plasmonic hot electron transfer from a gold
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FIG. 12. Application of ultrafast plasmonics in low-dimensional semiconductors. (a-i) Normalized SHG intensity map of a monolayer WS, integrated in a plasmonic nanocavity
with a scanning step of 200 nm. The curve is the SHG intensity line profile along the white dashed line. Inset shows an optical micrograph of the hybrid system where the black
dots are the Ag nanocubes. (ii) SHG enhancement factor with different Ag nanocubes under fixed excitation laser with wavelength of 820 nm.*** Reproduced with permission
from Han et al., ACS Photonics 7, 562 (2020). Copyright 2020 American Chemical Society. (b) Transient reflection spectra of the WS,/Au-nanodiscs plexciton system mea-
sured at 100 fs at different fluence rate. The gray dashed line is the unaffected probe spectrum by probe pulse at —1 ps.*"” Reproduced with permission from Tang et al.,
Light: Sci. Appl. 11, 94 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution (CC BY) license. (c-i) Schematic of pump—probe measurements on
Au grating/MoS,/Al,04/Au sandwiched heterostructure to demonstrate plasmonic hot electron transfer from a gold grating to the MoS, monolayer. (i) Pump wavelength depen-
dent injected hot electron densities using the previous setup from (d) and corresponding efficiency for the heterostructure with 700 nm grating period.**' Reproduced with per-
mission from Shan et al., Light: Sci. Appl. 8, 9 (2019). Copyright 2016 Author(s), licensed under a Creative Commons Attribution (CC BY) license. (d) A diagrammatic model to
describe the hot electron induced symmetry breaking and probing SHG in a Au/2L WSe; hybrid system.’* Reproduced with permission from Wen et al., Nano Lett. 18, 1686

(2018). Copyright 2018 American Chemical Society.

grating to a MoS, monolayer, that occurs at ~40 fs with a maximum
efficiency of 1.65%. The coupling between LSP of Au grating on top
and SPP of Au film underneath [see Fig. 12(c)] facilitated coherent
energy exchange and created a strong out-of-plane electric field, which
decreases the radiative damping rate of LSPR and accelerates exporta-
tion of hot electrons into MoS,. The net energy produced in the cou-
pling process (the SP energy otherwise produces heat) is recycled to
generate hot electrons via LSPR of the gratings. As a result, pumping
of hot electrons and the consequent injection into the MoS, mono-
layer was amplified as shown in Fig. 12(c).

Harvesting plasmonic hot electrons into a semiconductor has
multi-faceted applications. They can be used for light harvesting and
optoelectronics,zm‘l’;k’ probing mobility via Frohlich interaction,
and photocatalysis as well as H, evolution.””>*** Due to strong spatial
confinement of 2D semiconductors, injection of hot electrons may
introduce additional effects, which are unseen in bulk systems. For
example, a giant bandgap renormalization in WS, (550 meV) at room
temperature,””” and semiconducting to metallic phase transition in
monolayer MoS, ”***” have been reported in the literature. Plasmonic

hot electrons can also be used to break the inversion symmetry in 2D
semiconductors leading to the observation of SHG signal. Controlling
SHG is fundamental to nonlinear optical applications, which requires
a non-zero second order susceptibility tensor only observed in a non-
centrosymmetric system. Therefore, generating SHG signal in a cen-
trosymmetric bilayer TMDCs systems was endeavored via breaking
the inversion symmetry by an external electric field."’ However, this
method of controlling SHG cannot occur at ultrafast timescale, since
required voltage is typically high and at high operating frequencies
current becomes unsustainable. Wen et al.”** reported the symmetry
breaking in bilayer WSe, using plasmonic hot electron injection,
which works on a similar principle but at an ultrafast timescale [prin-
ciple of SHG from bilayer WSe, is schematically presented in Fig.
12(d)]. The injected electrons create an asymmetric electric field inside
the bilayer, causing a symmetry breaking and induce SHG signal,
which is also aided by the presence of LSPR induced strong local field
at the proximity. The recorded rise and fall time of hot electrons were
119 fs and 1.84 ps, respectively, indicating great promise for ultrafast
nonlinear applications.
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VI. ULTRAFAST PLASMONICS AT HIGH INTENSITIES,
FROM THE STRONG FIELD TO THE RELATIVISTIC
REGIME

In the former sections, light pulses with low intensity were uti-
lized to trigger reproducible plasmon-driven physical and chemical
processes in various types of nanostructures. When laser intensity
reaches 10''-10'® W/cm?, irradiation of nano-objects in vacuum leads
to the emission of low energy (1-100eV) electrons.”’’ *** Under cer-
tain conditions, these electrons can interact with a resonant state of
the nanostructures themselves, ie., either LSPs*** or SPPs,”” which
can further accelerate them up to 1keV. In addition to providing
insight into the fundamental processes that take place in this
regime,”*** these electrons are well suited for various applications,
such as U-TEM, as already discussed in Sec. I1.**

By increasing the laser intensity further, the material starts to be
significantly ionized and optically damaged. This way sub-optical cycle
metallization of SiO, nanospheres has been demonstrated by measur-
ing an increased cutoft energy of the emitted electrons in few-cycle
laser pulses around 2 x 10"* W/cm? intensity."”* Already at these low
ionization levels, the temporal change of electron density plays an
important role as it strongly limits the resonance in time (when the
plasma frequency is equal to the laser frequency) and sets the field
enhancement factor to about 3 when the critical electron density is
surpassed. If the laser intensity is further increased beyond the optical
damage threshold, the plasma, that optimally is still nm sized, domi-
nates the interaction with the laser pulse. This is a hot, overdense (n,
> Ngip Where n, is the critical density) and spatially strongly inho-
mogeneous plasma, which quickly expands in space and reaches um
extension within a few ps after its generation. A fundamental laser
property in the ultrahigh laser intensity regime determining the gener-
ation time of the plasma is the high-dynamic-range temporal intensity
contrast.””” It describes the laser intensity at a certain time instant nor-
malized to the peak temporal intensity of the pulse. In practice,
depending on the details, 10°-10"° times lower intensity than the peak
value can ionize the target and generate plasma. For typical lasers,
these levels are reached not only ps, but even ns before the fs laser
pulse and thus the limited contrast of modern high-intensity lasers
strongly limits their application for nanophotonics and, therefore, also
the number of published papers. Various methods such as the genera-
tion of the second harmonic and the utilization of the so-called plasma
mirror can improve the contrast of lasers at the cost of lower pulse
energy. Another alternative is light sources based on Optical
Parametric Chirped-Pulse Amplifiers (OPCPA), which typically have
excellent contrast.”’

Atomic clusters, an intermediate form of matter between mole-
cules and solids, with typical diameters of a few nm, have been used as
target to investigate laser—cluster interactions. Clusters are generated
by a gas jet plume, originating from a cryogenically cooled gas nozzle,
expanding into vacuum and cooling during expansion. The interaction
of moderately high intensity laser pulses (10'°-10"7 W/cm?) with gas-
phase cluster targets have been investigated under different conditions.
Coulomb explosion of hydrogen clusters has yielded protons with
8keV kinetic energy in good agreement with expectations.”’
However, xenon cluster explosions have produced xenon ions with
kinetic energies up to 1 MeV, much beyond ion energies from molecu-
lar or small cluster targets."*” This is explained by the fact that the
expansion of the clusters reduces the electron density to a point where
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the plasma frequency is resonant with the laser frequency. By applying
deuterium clusters Ditmire et al. have observed D-D fusion from
Coulomb exploding clusters and created large number of fusion neu-
trons (10> neutrons/J laser energy) with a table top laser.""’

At an intensity of about 10" W/em? (at ~1 um wavelength), a
free electron starts to oscillate in the laser field with relativistic velocity,
therefore this value is the relativistic intensity limit. Due to the
demanding temporal contrast requirements, only a few works have
been performed at such a high intensity with nanoobjects. One of the
existing lines of investigation studied the interaction between the high
fields of the laser and propagating surface plasmons [Fig. 13(a)]. To
this end, optical gratings were utilized as targets representing nm
extension in one dimension and nm modulation in another one, as
schematically shown in Fig. 13(b). Certain high-order harmonics are
predicted to be generated at the wavelength of the grating period and
its harmonics by attosecond electron bunches parallel to the target sur-
face in the case of perpendicular laser incidence.”*" It has been con-
firmed experimentally by Cerchez et al.,""” by showing that high-order
harmonics with parameter-dependent spectral composition from grat-
ing targets can be emitted under grazing emission angles separated
from the laser fundamental radiation. Grating targets irradiated by
5 x 10" W/cm? laser intensity under resonant conditions resulted in
the generation of 100 pC electron bunches with 5-15MeV energy
along the target surface by propagating relativistic surface plasma
waves. *° Flat targets under the same conditions produced much less,
lower energy electrons as shown in Fig. 13(c). Resonant excitation of
surface waves on thin grating targets also increases the laser absorption
and proton energies by a factor of 2.5 from the target normal sheet
acceleration as demonstrated by Ceccotti et al.**’

Another line of experiments focused in the generation of volu-
metric plasmas that are simultaneously dense and hot. In general, a
relativistic laser pulse interacting with solid matter creates a layer of
plasma at the surface of the material, which stays overdense for the
typical time duration of the pulse (5-100 fs). Once established early in
the interaction, this overdense plasma prevents the remaining of the
incoming laser pulse to penetrate and heat it up deeper than typically
a few 100 nm. Effectively, this limits the volume of matter that is effi-
ciently heated and challenges the creation of extreme laser-generated
plasmas. However, it has been shown that this constraint can be clev-
erly avoided when an array of vertically aligned nanowires, shown in
Fig. 13(d), is used as laser target.*** The incident laser pulse propagates
along the space between the nanowires, which are about 10 um long,
producing higher electron density (100n.), higher temperatures
(multi-keV), higher laser absorption, and increased x-ray radiation
than when utilizing flat targets under the same conditions. This
technique has been utilized to accelerate ions and realize deuterium-—
deuterium fusion with increased neutron yield."*”*"’

The last type of investigations is based on single 2D and 3D
nanotargets. Numerical simulations have predicted attosecond elec-
tron bunches with relativistic energy from the interaction of (over-
dense) plasma nanodroplets with relativistic intensity laser
pulses.””"*** The interaction is described by a two-step model as illus-
trated in Figs. 13(e) and 13(f)."*"* The first step is the nanophotonic
emission of relativistic electrons from the target by the localized sur-
face plasmon and the enhanced local fields. This step is mainly gov-
erned by the Mie theory and the emission directions correspond to the
angles of maximum field enhancement. The second step is
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FIG. 13. Different types of relativistic surface plasma experiments. (a) lllustrates the principle of SPP-based electron acceleration. The laser pulse produces plasma on the
grating surface (dark red-yellow) and under optimal angle of incidence generates a SPP (represented by black electric field lines) that accelerates electrons (green dots)
along the surface. (b) Setup for generating propagating surface plasmons along a grating. (c) Angularly resolved electron emission measured when using a flat surface
(top) and a grating (bottom) as targets. A filter placed in front of the detector cut off electrons with energies below 1.3 MeV. The upper and the right bottom panels have
been amplified 2x and 4x compared with the bottom left to highlight features in the signals.*® Reproduced with permission from Fedeli et al., Phys. Rev. Lett. 116,
015001 (2016). Copyright 2016 American Physical Society. (d) Measured single-shot x-ray emission when utilizing an array of nanowires (red), shown in the inset, and a
flat surface (blue) for comparison. Notice that besides the increase in signal corresponding to the K, line, the array of nanowires shows a strong He-like Ni signature,
highlighting the high degree of ionization and plasma density.*** Reproduced with permission from Purvis et al., Nat. Photonics 7, 796 (2013). Copyright 2013 Springer
Nature. (e) and (f) show the first and second step of relativistic electron acceleration from nanodroplets. First, (€) an electron bunch is extracted and accelerated by LSP

away from nanodroplet in a direction determined by Mie scattering for every half cycle of the driving laser. Then, (f) the bunches are further accelerated in the laser propa-
gation direction by vacuum-laser acceleration.
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vacuum-laser acceleration (VLA) of these electrons that co-propagate
with the laser pulse. Electrons propagate in two main directions on the
two sides near the laser direction. This final angular distribution of the
electrons is mainly determined by VLA, although the first step has also
some influence. Utilizing few-cycle laser pulses, a relativistic isolated
attosecond electron bunch is generated on one side, though the pro-
cess is carrier-envelope phase (CEP) dependent.””” These nanodrop-
lets, after the electrons are removed by the laser, have been suggested
for Coulomb-explosion-dominated ion acceleration to (laser intensity-
dependent) few MeV-few 10 MeV ion energy using two-cycle laser
pulses.”

In an experiment [Fig. 14(a)], nanotips with 100nm tip
diameter have been irradiated with 6 x 10'° W/cm? intensity sub-
two-cycle pulses and measured intensity-dependent electron prop-
agation angle, corresponding to the relativistic ponderomotive
scattering angle.””* This supports the VLA process, though, slight
direction change was also detected when the target size was
changed. The electron energy spectrum was broad, peaked at
3-5MeV and extended up to 9 MeV [Fig. 14(b)], indicating relativ-
istic electron bunches with charges up to 100 pC (~10° electrons)
injected and accelerated within a half optical cycle [in fair agree-
ment with the simulations shown in Fig. 14(c)]. CEP dependence
of the propagation angle as well as angular distribution have been
demonstrated as shown in Fig. 14(d). Strong indication of >TV/m

pubs.aip.org/aip/are

fields accelerating the electrons has been presented that signifi-
cantly surpasses former values.

VII. CONCLUSIONS AND FUTURE PERSPECTIVES

In this review, we have explored the current state and future
prospects of the field of ultrafast plasmonics, ranging from fundamen-
tal science to technological aspects. We have focused the reader atten-
tion to the state-of-the-art of modeling methods and experimental
techniques that have been developed over the last decade to unveil the
interaction of ultrafast pulses with nanostructured optical materials
made of noble metals, highly doped semiconductors, and hybrid plas-
monic-dielectric/low-dimensional semiconductors and/or molecular
systems. To this end, we have showcased most recent works to
uncover the light-matter interaction with the highest possible spatial
and temporal resolutions. The ability to measure and understand the
ultrafast response of materials on the nanoscale is crucial for future
development of functioning devices. Therein, pushing the time-
resolution of experiments by employment of ever shorter probe pulses,
even below one femtosecond, will allow to directly study fundamental
material responses on the level of the cycles of light. Further, it is now
possible for experimentalists to correlate such fundamental processes,
like absorption or emission of light, at the single-particle level, promis-
ing many exciting discoveries in ultrafast plasmonics related to the
quantum nature underlying the excitation of the material."”’
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FIG. 14. Acceleration of electrons from isolated nanotips in the relativistic nanophotonics regime. (a) Setup for relativistic electron acceleration using nanotips. The incident pulse is
focused on tungsten nano-needles. Scintillating screens are used to detect the generated electron beams. (b) Experimental energy spectrum of the accelerated electrons, with the
red and blue curves representing the results of two typical single-shots. (c) Particle in a cell simulation of the emitted electron bunches, with the predicted energy spectra of eve?/
bunch as an inset. (d) Correlation between asymmetry in the measured (full squares) and simulated (open circles) electron emission direction and CEP of the driving laser.**
Reproduced with permission from Cardenas et al., Sci. Rep. 9, 7321 (2019). Copyright 2019 Author(s), licensed under a Creative Commons Attribution (CC BY) license.
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In addition, because of the different length and time scales
involved in the plasmon relaxation dynamics, we have pointed out
that only a proper synergistic cooperation between state-of-the-art
experimental and theoretical methods can be effective for achieving an
understanding of such complicated dynamical processes. From a theo-
retical standpoint, the current scientific interest is directed toward
extending real-time ab initio methods in combination with multiscale
approaches, so to make it computationally feasible the analysis of phe-
nomena that span different length and time scales, such as hot carriers
transport properties of plasmonic materials, thus not only focusing on
plasmonic absorption and subsequent generation of hot carriers.'*'*’
This aspect, which cannot be adequately treated without an appropri-
ate inclusion of the real material atomistic structure,'”” is crucial for a
rational design of plasmonic nanomaterials with applications in pho-
tocatalysis, energy storage, and so forth. We have also showcased how
plasmonic nanostructures have an unprecedented potential to convert
light into chemical energy, addressing thus fundamental issues of our
modern society, such as decreasing the atmospheric greenhouse gasses
and developing new technologies for sustainable energy production.
To this end, understanding the ultrafast dynamics of non-thermal (or
hot) charge carriers as well as the electron-phonon and phonon-
phonon interactions is crucial for developing new efficient plasmonic
catalysts. Although the hot carrier dynamic in purely plasmonic sys-
tems has been unraveled by ultrafast spectroscopy, this is not yet the
case for more complex (and relevant) interfaces, such as hybrid plas-
monic catalysts (i.e., metal-metal, metal-semiconductor, or metal-
perovskite systems).””” Thus, exploring the phonon dynamics and hot
carrier relaxation mechanisms in plasmonic hybrid systems will help
decode the roles of temperature and non-thermal charge carriers for
driving and enhancing chemical reactions. This new direction of
research can lead to completely new plasmonic hybrid materials in the
upcoming years with exciting properties for energy conversion.””
Furthermore, we have shown how the combination of nanophotonics,
magnetoplasmonics, and spintronics opens new possibilities for the
practical implementation of magnetic field-controllable nanoscale
devices for ultrafast data processing and storage. In this context, plas-
monics might enable all-optical magnetization switching to reach the
atomic scale.”” *** By exploiting the non-thermal dynamics of the
electron gas, we expect that novel plasmon-driven phenomena can
be discovered and controlled for the duration of the laser pulse (sub-
10 fs), where the microscopic degrees of freedom, such as the spin, can
be strongly coupled to the amplitude, frequency, and polarization of
the plasmonic field. This direction is still unexplored and can become
a rising research line in the upcoming years, as it might unveil novel
pathways to control spin dynamics in the non-thermal regime also
with metallic nanostructures, thus overcoming the intrinsic limitations
placed by Ohmic and other losses, opening excellent opportunities
toward plasmon-driven ultrafast magneto-optics. We have also shown
that plasmonics can serve as an important tool to push toward low-
power all-optical ultrafast processing applications. Pure plasmonic
platforms already offer the possibility of sub-100 fs all-optical modula-
tors, however at the cost of relatively high control energies and offering
only low switching contrasts. Recent investigations that combine plas-
monics with other nonlinear elements, such as graphene, ITO, or
ultrathin semiconductor materials with strong excitonic effects, sug-
gest a promising path toward the development of efficient ultrafast all-
optical switches. A route that has not yet been addressed for this
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purpose is the formation of hybrid systems incorporating high-index
dielectric nanoscale resonators, which could help bringing down the
required control powers due to their low losses, high optical nonlinear-
ities, and field confinement abilities. We have also summarized some
representative nonlinear optical applications of low-dimensional semi-
conductors incorporated with plasmonic materials, which offer great
promise for novel ultrafast optical applications.'>*>**® Although their
ultrathin thickness and large momentum mismatch with photon pro-
vide a major challenge to tame light into nanometric volume, we pre-
dict new breakthrough experiments combining these materials with
plasmonic and dielectric nanophotonic systems in coming years, thus
driving the field into new directions. In particular, special emphasis
should be given to controlling the optical damage threshold, influence
of intrinsic (such as doping, crystal structure, and vdW supercell) as
well as extrinsic (such as electric field, strain) parameters on nonlinear
optical properties in this novel class of materials, and finally, care must
also be taken to developing novel device fabrication processes that pre-
serve the materials’ properties. Finally, we gave a snapshot of ultrafast
plasmonics in the relativistic realm. The latter is a promising field of
science with potential applications in fusion research, or as novel parti-
cle and light sources providing properties such as attosecond duration
that is not available from other sources nowadays.
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