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ABSTRACT Plasmonics has emerged as an important research field in

nanoscience and nanotechnology. Recently, significant attention has been
devoted to the observation and the understanding of nonlinear optical processes
in plasmonic nanostructures, giving rise to the new research field called nonlinear
plasmonics. This review provides a comprehensive insight into the physical
mechanisms of one of these nonlinear optical processes, namely, second harmonic

generation (SHG), with an emphasis on the main differences with the linear

Ruled by
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response of plasmonic nanostructures. The main applications, ranging from the

Nonlinear and
coherent

nonlinear optical characterization of nanostructure shapes to the optimization of laser beams at the nanoscale, are summarized and discussed. Future

directions and developments, made possible by the unique combination of SHG surface sensitivity and field enhancements associated with surface plasmon

resonances, are also addressed.
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onlinear optics (NLO) was born only

1 year after the invention of the

laser:' in 1961, Franken et al. re-
ported the first observation of a nonlinear
optical process, namely, the generation of
second harmonic light (SHG) from a quartz
crystal pumped by a ruby laser beam.? Since
this first observation, a lot of work has been
devoted to the development of new theo-
retical models and experimental methods
for NLO.>* These efforts have led to the
1981 Nobel Prize in physics shared by
Bloembergen and Schawlow for their con-
tributions to the development of laser spec-
troscopy. The advances in NLO have been
shaped by the evolution of modern optics,
and nonlinear optical processes have been
investigated in a huge variety of optical
devices, ranging from optical fibers to pho-
tonic crystals, in addition to nonlinear crys-
tals specifically designed for NLO. During
the past decades, nanophotonics and, more
particularly, plasmonics have emerged as
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vivid fields of research, triggered by the
promises of new applications and the sup-
port of recent technology developments.’
Indeed, plasmonic nanostructures have the
unique ability to localize electromagnetic
fields in nanoscale volumes, far beyond the
limit established by diffraction, permitting
control of the properties of light at dimen-
sions much smaller than its wavelength.®”
The optical properties of plasmonic nano-
structures are intimately linked to the phy-
sical phenomenon called localized surface
plasmon resonances (LSPR), which corre-
sponds to the collective oscillations of the
conduction electrons over a static ionic
background. The combination of the strong
near-field intensity obtained with plasmonic
systems and the intrinsic nonlinearities of
metals readily results in efficient nonlinear
optical processes, which have given rise
to the new research field of nonlinear
plasmonics.® Various nonlinear optical
processes, including SHG,”~'? multiphoton

MRATARNTS

* Address correspondence to
jeremy.butet@epfl.ch.

Received for review July 15, 2015
and accepted October 16, 2015.

Published online October 16, 2015
10.1021/acsnano.5b04373

©2015 American Chemical Society

10545

WWwWW.acsnano.org



excited luminescence,”®~ ' third harmonic generation

(THG),"®2° or four-wave mixing (FWM),%’*? have been
observed in plasmonic nanostructures, underlining
their great potential to design advanced nonlinear
nanosources of light and to manipulate light at small
scales. Nonlinear plasmonics is obviously at the frontier
between NLO and plasmonics, and every progress
made in the field requires merging ideas and para-
digms from these two domains, as well as the devel-
opment of new specific approaches. The large variety
of concepts discussed in nonlinear plasmonics, derived
from either NLO or plasmonics, not only enriches the
domain but also makes it more complex. The aim of
this review is to provide the reader with a comprehen-
sive discussion of SHG in plasmonic nanostructures.
Differently from the broader scope of the review
recently published by Kauranen and Zayats® we
choose here to focus on a single nonlinear optical
process, namely, SHG, and give an in-depth overview
of its basic features and applications. As opposed to
odd nonlinear processes involving odd powers of the
fundamental field amplitudes and sensitive to volume
effects, SHG is appealing due to its sensitivity to
centrosymmetry, providing a unique tool to investi-
gate metallic nanostructures.

This review is organized as sketched in Figure 1. The
origin of SHG from plasmonic nanostructures is dis-
cussed first, providing a clear insight into the physical
mechanisms at the origin of SHG in plasmonic nano-
structures and emphasizing the main differences
with the linear response. The aim of this review is
not to report all the details of the microscopic de-
scription of SHG but rather to give a clear view on the
specificity of SHG and its applications, ranging from
nonlinear optical characterization of plasmonic nano-
structures to the optimization of laser beams at the
nanoscale. Although the discussion is kept at a basic
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VOCABULARY: second harmonic generation (SHG),the
nonlinear optical process whereby two photons at the
fundamental frequency are converted into one photon at
twice that frequency; hyper-Rayleigh scattering (HRS),
corresponds to incoherent SHG and is often used for the
measurement of the second-order nonlinear “cross section”,
also termed “first hyperpolarizability”, of nano-objects in
solution, with its incoherent nature stemming from the
random orientation of the nano-objects, whether they are
nanoparticles or molecules, induced by the Brownian
motion; centrosymmetry,in point group theory, an object
is centrosymmetric if its properties at point (x, y, z) and
(—x, —y, —2) are identical irrespective of the (x, y, z) point;
nonlinear polarization,the electromagnetic source of the
nonlinear wave produced as a response of the medium
to the incident electromagnetic field, scaling with the
nonlinear susceptibility which describes the medium;
nonlinear susceptibility,a tensor describing the non-
linear response of a material to an exciting incident field;
retardation effects,effects observed due to the spatial
variation of the electromagnetic field over a wavelength,
manifesting themselves when the illuminated nanostruc-
tures have sizes non-negligible as compared to the wave-
length; multipolar radiation,the intrinsic nature of the
emission from a finite size electromagnetic source is
multipolar, i.e., includes dipole, quadrupole, octupole,...
orders—in most physical problems, for sources with sizes
much smaller than the wavelength of the incident light,
the electric dipole order largely dominates over higher
orders;

level, the reader is provided with all the tools and
concepts required for understanding the peculiarity
of SHG in plasmonic nanostructures. This review
should be useful for those entering this field of
research, experts in NLO interested in plasmonics
for the design of new optical devices, or biologists
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Figure 1. Outline of this review with the different links between fundamental principles of SHG in plasmonic nanostructures
and practical applications. Reprinted from ref 9. Copyright 2010 American Chemical Society. Reprinted with permission from
ref 10. Copyright 2010 American Physical Society. Reprinted from ref 11. Copyright 2011 American Chemical Society.
Reprinted from refs 12, 147, and 182. Copyright 2012 American Chemical Society. Reprinted from ref 150. Copyright 2014

American Chemical Society.
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Figure 2. SHG from a 50 nm spherical gold nanoparticle in
water. (a) Fundamental near-field intensity induced by an
incident planewave (1 = 800 nm). (b) Schematics explaining
the surface origin of SHG. (c) Spatial distribution of the
nonlinear polarization over the nanoparticle surface. (d) SH
near-field intensity shown in a log scale. All the computa-
tions have been performed with a surface integral equation
(SIE) method.

and chemists looking for new optical sensing tech-
niques.

Origin of SHG in Plasmonic Nanostructures. SHG is a non-
linear optical process of the second order,>* whereby
two photons at the fundamental frequency w (cor-
responding to the frequency of the incident light) are
converted into one photon at the second harmonic
(SH) frequency Q = 2w.2® Within a classical electro-
magnetic description, the source to the SHG light is
the nonlinear polarization P(2) oscillating at the SH
frequency.®* In the electric dipole approximation, the
nonlinear polarization results from the interaction of
the fundamental electric field E(w) with the nonlinear
medium, the properties of which are given by the
second-order nonlinear susceptibility tensor X(Z) (see
Figure 2):

P(Q) = 7? : E()E() m

The second-order nonlinear susceptibility ¥ is a
third-rank tensor, and its elements describe the elec-
tronic and the symmetry properties of the considered
nonlinear material. Plasmonic nanostructures are
made of lossy materials, and these elements are, in
general, complex valued. The first step to describe SHG
is to determine the properties of the second-order
nonlinear susceptibility. It is well-established that
SHG is forbidden in centrosymmetric media in the
electric dipole approximation.?*~?” Indeed, if the sign
of the applied field is changed, the sign of the polari-
zation must also change:

—P(Q) = 7 : (-E(@)(—E() 2

) . (
= ¥9: E(w)E(w)

Comparison with eq 1 leads to P(Q2) = —P(Q), which
can only occur if P(Q2) = 0, demonstrating that the
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nonlinear susceptibility ** must vanish in centrosym-
metric media. In the main plasmonic metals (gold,
silver, copper, or aluminum), the atoms are organized
in a face-centered cubic lattice, which is a centrosym-
metric unit pattern, and SHG is thus forbidden in the
bulk of these metals in the electric dipole approxima-
tion. As a consequence, a lack of centrosymmetry is
required for allowing the emission of SH light. This
necessary symmetry breaking can be induced either by
the medium or by the electromagnetic field properties.
In the first case, the centrosymmetry is locally broken at
the metal surface because of the finite dimension of
the atomic lattice. This property gives rise to surface SHG
(see Figure 2b).2* 27 When the surface anisotropy is
neglected, only the ¥ |, x(fﬁu, and XfﬁL = xhzﬁ” com-
ponents of the nonlinear susceptibility ¥ do not
vanish. Here, 1 denotes the normal component per-
pendicular to the interface and |l denotes the tangential
component. For plasmonic metals, the 4%, compo-
nent of the nonlinear susceptibility is the largest
component of the surface nonlinear susceptibility by
at least 1 order of magnitude.?* ° The amplitude of
the %2, component of the nonlinear surface suscept-
ibility has been measured for different flat metallic
films at a pump wavelength of 800 nm, leading to the
following values: 2.3 x 10~ " cm?/statvolt for gold, 3.2 x
107 '3 cm?/statvolt for silver, 1.5 x 10~ "> cm?/statvolt for
copper, and 30 x 10~ '3 cm?/statvolt for aluminum.>®
The nonlinear surface susceptibility of aluminum is 1
order of magnitude higher than that of other metals,
explaining the recent interest in nonlinear plasmonics
based on aluminum.”®*'32 Beyond the electric dipole
approximation, the spatial variation of the electro-
magnetic field can also break the centrosymmetry,
and nonlocal bulk terms are theoretically possible.*?
Although plasmonic materials are not always crystal-
line, one can write for cubic materials:

Poui(r, Q) = BpukE(@, NIV-E(w,r)]
+ Vpu V- [E(r, @) - E(r, w)] (3)
+ Opuik[E(w, )+ VIE(w, 1)

where Boui Ybule and Obulk are physical parameters
related to the metal properties describing the electric
quadrupole and magnetic dipole interactions. Here,
the term “nonlocal” refers to the field gradient involved
in these contributions (the nonlinear polarization at
one point depends on the fundamental electric field at
other points) as opposed to the dipolar local surface
contribution for which the nonlinear polarization at
one given point of the surface depends on the funda-
mental electric field at this point only. Contrary to the
surface contribution, which spreads over a few atomic
layers only (i.e., several angstroms), the bulk contribu-
tion extension is limited by the finite penetration depth
of the electromagnetic field in the metal (i.e., tens of
nanometers). Bulk contributions are naturally included
in the hydrodynamic model and free-electron theories
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of metals?**3>73? but have also been included in surface
formalisms.*®**! However, the experimental separation
of bulk and surface contributions is not an easy task
due to the presence of “bulk-like” surface contributions
induced by the fast field variation at the metal
interface.*>*® This challenge has been recently tackled
using the two-beam SHG configuration for a flat gold
film?® and the fitting of SHG from gold nanospheres
with full wave computations,® demonstrating that the
bulk contributions are weaker than the surface terms
and the ¥'Z, component, in particular.®?° Although
the ¥ . component of the surface susceptibility is
sufficient to describe most of the experimental results,
both surface and bulk effects should be ideally taken
into account for an accurate description of the systems
at hand since both could be observed, depending on
the experimental conditions.?®%°

Another important fundamental question relates to
the electronic origin of SHG. The hydrodynamic model
considers that the nonlinearity arises from the motion
of the conduction electrons only,>#*373° although
electronic transitions from the d-band to the conduc-
tion sp-band may also contribute significantly to the
nonlinear susceptibility, a consequence of the high
density of states in the d-band.** Furthermore, the
time-dependent density functional approach has re-
vealed that electronic surface states enhance the
nonlinearity.*>*¢ The influence of nonlinear quantum
tunneling on the SH conversion yield from strongly
coupled nanoparticles has also been recently investi-
gated.*’#® Although the exact electronic origin of
SHG in metals is still under investigation, the surface
contribution is involved in all of the derived theore-
tical models and indubitably plays an important role
in SHG.

Multipolar SH Emission. The difference between the
linear and SH responses of metallic nanoparticles is
explained by the centrosymmetry sensitivity of SHG.
The sources of SHG are distributed over the nano-
particle surface (see Figure 2), and if the nanoparticle
shape is centrosymmetric, the SH intensity vanishes in
the far-field in the electric dipole approximation; that
is, the SH wavelets generated by the SH sources distri-
buted over the nanoparticle surface perfectly cancel
each other out in the far-field. Therefore, additional
physical mechanisms are required for the observation
of SHG, and the centrosymmetry must be broken a
second time but at a larger scale. As discussed pre-
viously in the case of the microscopic origin of SHG, this
second symmetry breaking must be induced either by
the geometry, by the nanoparticle shape, or by the
field variation over the plasmonic source and requires a
physical description beyond the electric dipole approxi-
mation. Since SHG is a nonlinear process involving two
electromagnetic waves, the fundamental incident
wave and the wave scattered at the SH frequency,
retardation effects can arise both at the excitation and
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Figure 3. Multipolar emission from perfect nanospheres.
(a) Experimental evidence of the SH quadrupolar emission
from 150 nm gold nanoparticles and (b) corresponding
near-field intensity. (c) Experimental evidence of the inter-
ference between dipolar and octupolar emission in the SHG
from 100 nm gold nanoparticles and (d) corresponding
near-field intensity. Panels (a,b) reprinted from ref 9. Copy-
right 2010 American Chemical Society. Panels (c,d) rep-
rinted with permission from ref 10. Copyright 2010
American Physical Society.

emission stages. SHG can therefore be understood by
considering the different modes (dipole, quadrupole,
and so on) involved in the process. At the first order of
retardation, the most efficient mechanism for a dipolar
SH emission is the E; + E;, — E; channel. Here, the
standard formalism is used: the two terms on the left of
the arrow refer to the nature of the two exciting
fundamental modes, whereas the right term describes
the SH emission mode. Explicitly, this £; + E; — E;
mechanism corresponds to a dipolar SH emission E;
arising from the combination of an electric dipole
mode E; and an electric quadrupole mode E,. This SH
dipolar emission requires therefore retardation at the
excitation stage. In this framework, the E; + E; — E,
channel, which can be the dominant contribution in
noncentrosymmetric nanostructures, is forbidden in
centrosymmetric nanostructures since the parity is not
conserved. Retardation effects are obtained with the
introduction of the quadrupolar mode E, in the de-
scription of the interaction between the nanoparticle
and the incident field at first order. On the other hand,
the quadrupolar SH emission can be excited without
any retardation in the field at the fundamental fre-
quency (Figure 3a,b). This latter mode corresponds to
the £, + E; — E, channel and corresponds to a
quadrupolar SH emission E, arising from the interac-
tion of an electric dipole mode E; with itself. Neglecting
all resonance enhancements, the dipolar and quad-
rupolar emission modes have the same dependence
with the scattering parameter x = ka, where a is
the nanostructure size, that is, for a nanosphere, its
diameter, and k is the fundamental wavevector.
Both retarded E; and E; modes scattered at the SH
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frequency scale with an x° dependence contrary to the
nonlinear nonretarded £; mode scaling with x* as a
purely surface response and the linear Rayleigh scat-
tering mode scaling with k*a®. This difference is a direct
consequence of the requirement of retardation effects
in SHG from centrosymmetric nanostructures. How-
ever, the relative weight of these multipoles in SHG can
be modified by the proximity of surface plasmon
resonances. Dipole and quadrupole surface plasmon
resonances indeed have a different energy. The multi-
polar nature of the SHG from spherical metallic nano-
particles with various sizes and made of different ma-
terials has been widely discussed in the literature.**—>*
In particular, it has been experimentally demonstrated,
using hyper-Rayleigh scattering, that even and odd SH
modes are perfectly decoupled when the SH intensity
is collected perpendicularly to the direction of the
incident fundamental laser beam. In this specific ex-
perimental configuration, even and odd SH emission
modes are selected using an analyzer since they are
polarized perpendicular and parallel to the scattering
plane, respectively. Interference between multipoles has
nevertheless been observed too for SHG (Figure 3c,d).'°
This multipolar nature is an important feature of the SHG
response from metallic nanostructures and has been
investigated for nanoparticles with varying shapes as
nanorods, which are centrosymmetric despite a lower
symmetry than that for spheres, for example.>>>°
Shape Effects in Basic Geometries. Because of the centro-
symmetry rule, the design of nanostructures with non-
centrosymmetric shapes has become essential. Nowa-
days, both top-down and bottom-up approaches have
been optimized for the fabrication of nanoparticles
with excellent reproducibility. The SHG response
from chemically synthesized and lithographed nano-
particles with various geometries has been investi-
gated (Figure 4). Almost any shape can be designed,
and such geometries include, for instance, gold nano-
stars,% silver triangular nanoprisms,®’ holes in metallic
films,%27%% curved nanorods,®” split-ring resonators
with U-shape,®®~7° metal—dielectric nanodisks,”’
gold T-dimers,”? nanocups,'" chiral G-shaped nanoparti-
cles,”>~78 chiral helix,”* 8" L-shaped nanoparticles,'#%> %>
or gold nanotips.8% These various nanoparticle
shapes exacerbate specific features of the nonlinear
response and were thus designed for different pur-
poses. For example, L-shaped nanoparticles are basic
plasmonic elements with noncentrosymmetric shapes
and are efficient to increase the overall SHG intensity in
the backward and forward directions. Split-ring reso-
nators support magnetic modes sustaining also high
SHG intensities, besides being the elementary consti-
tutive elements for a huge variety of metamaterials.
Chiral nanostructures have also been designed; the
SHG response from these structures depends on
the handedness of the incident light leading to
the so-called SH circular dichroism.””#%°° Superchiral
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(C) 30° nanocup (f)

0° nanocup

E

Figure 4. Examples of structures the SHG of which has been
studied. Chemically synthesized nanoparticles: (a) 20 nm
gold nanoparticles, (b) silver nanoprisms,®’ and (c) gold
nanocups.'' Lithographed nanoparticles: (d) L-shaped nano-
particles,’” (e) gold split-rings,”® and (f) chiral G-shaped
nanoparticles.73 Panels (a,b) reprinted with permission from
ref 61. Copyright 2009 Elsevier. Panel (c) reprinted from
ref 11. Copyright 2011 American Chemical Society. Panel (d)
reprinted from ref 12. Copyright 2012 American Chemical
Society. Panel (e) reprinted with permission from ref 70.
Copyright 2012 American Physical Society. Panel (e) rep-
rinted from ref 73. Copyright 2009 American Chemical
Society.

metasurfaces combine the chirality of light with that of
nanostructures and induce strong SH intensities.”’ Be-
sides the study of nanostructures, that of nanoholes in
metal nanofilms has also been performed as reciprocal
systems in the sense of Babinet principle for nano-
structures. The possibility to observe extraordinary
light transmission, where the transmitted intensity is
much higher than the one expected from the geo-
metric aperture area, has driven this research.’? In
comparison with nanoparticles, nanoholes and nano-
cavities can support higher incident peak intensities
due to the fast heat dissipation in the metallic film,
resulting in a higher damage threshold.

It is interesting to note that a noncentrosymmetric
shape does not necessarily result in a stronger SHG
intensity, and further symmetry issues can arise despite
the lack of centrosymmetry. For example, the nonlinear
efficiency of noncentrosymmetric decahedra with five-
fold symmetry is identical to that of centrosymmetric
spheres with identical sizes due to the cancellation
of the nonlinear emissions from their different facets.**
A symmetry relation often encountered in this frame-
work, and particularly in the case of nanoparticle
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Figure 5. SHG from coupled nanoparticles: (a) gold nanoan-
tennas and (b) gold T-dimers. Panel (a) reprinted with permis-
sion from ref 98. Copyright 2010 Optical Society of America.
Panel (b) reprinted from ref 72. Copyright 2007 American
Chemical Society.

arrays, is the mirror symmetry. If a mirror symmetry is
actually present, then the SH wave propagating along
the forward and backward directions is polarized in the
symmetry plane due to the spatial reversal of the
nonlinear polarization and cancels in the other direc-
tion.””?*~% A dramatic consequence arises when the
nanoparticle array exhibits two orthogonal mirror
planes: the SH intensity vanishes in these directions,
although the constituting nanoparticles are not
centrosymmetric.'? This particularity must be kept in
mind for the design of nanostructure arrays. It may also
result in surprising observations for coupled nano-
structures (Figure 5). One could naively think that the
high fundamental field observed in narrow gaps®’
induces a strong SHG. Actually, this is not the
case, and the reverse, the silencing of the SHG from
plasmonic nanoantennas, has been pointed out.?®
Although the strong field enhancement observed
in the gaps at the fundamental wavelength results
indeed in a strong nonlinear polarization,” the non-
linear polarization vectors standing at each sides of the
nanogap are out of phase and their contributions
to the SH wave tend to cancel out in the far-field
region.”®?° This silencing of the SHG response is
partially suppressed in nanogaps with noncentrosym-
metric geometries, as those observed in gold nanopar-
ticle dimers with T-shapes’? or structures composed of
two arms with different sizes."°*'®" This silencing is a
direct consequence of the symmetry properties of SHG
and, as such, is not detected for third-order nonlinear
optical processes such as THG and FWM.'®'® These
examples further emphasize one more time the unique
properties of SHG.

In this review, a clear separation has been made
between the centrosymmetry breaking induced by the
nanoparticle shapes and the electromagnetic fields.
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Figure 6. Plasmon enhancement of the SHG from (a) silver
film'® and (b) Al nanospheres with different sizes.'°® Panel
(a) reprinted with permission from ref 103. Copyright 1974
American Physical Society. Panel (b) reprinted with permis-
sion from ref 108. and Copyright 1999 American Physical
Society.

The distinction is, however, not unambiguously de-
fined since both effects are deeply interconnected.
The case of spherical nanoparticles is a good example
to illustrate this remark. For the smallest nanoparticles,
the origin of the SH response is their nonperfectly
symmetric shape (Figure 4a), but as the nanoparticle
size increases, the role played by the retardation effects
becomes more important.'® The transition from a
dipolar SH emission induced by shape effects to a
quadrupolar SH emission induced by retardation is a
good example of the interconnection between the
geometry of the nanostructure (size, shape, etc.) and
the properties of the electromagnetic fields at both the
fundamental and SH frequencies.'®?

Plasmon Enhancement and Advanced Nanostructures for
Efficient SHG. Equation 1 clearly emphasizes that SHG
increases nonlinearly with the fundamental electric
field amplitude. The basic idea behind nonlinear plas-
monics is to use the enhanced electric field associated
with plasmon resonances to increase the strength of
nonlinear optical effects (Figure 6).2 The first plasmon
enhancement of SHG was reported in 1974 for surface
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plasmon polaritons propagating at the surface of a
silver film (Figure 6a).'°® In one of the first experiments
in nonlinear plasmonics, it was observed that the
reflected SH intensity increases by several orders of
magnitude when the incident angle permits surface
plasmon polaritons to launch, demonstrating that they
have the ability to increase the nonlinear signal.'® The
LSPR enhancement of SHG from metallic nanoparticles
has also been theoretically predicted and experimen-
tally confirmed.’®*'% Due to the LSPR enhancement,
SHG from plasmonic nanostructures is much higher
than that from the best chromophores'® and compar-
able to that from nanoparticles made of nonlinear
materials as potassium niobate (KNbOs), lithium nio-
bate (LINbOs), barium titanate (BaTiOs), potassium
titanyl phosphate (KTiOPO,4, KTP), and zinc oxide
(Zn0)."”” In plasmonic structures with nanometer sizes,
an enhancement of the SH intensity is clearly observed
when the wavelength of the incident light matches the
resonant wavelength of a LSPR (Figure 6b)."%%° How-
ever, SH emission spectra are much more complex
than the corresponding linear spectra since multiple
resonances may be observed. Resonances can indeed
occur at either the fundamental or the SH frequencies.
This multiple resonance response has been observed,
for instance, in the SH emission from aluminum
spheres with the fundamental/SH photons matching
the dipolar E; or quadrupolar E, wavelengths (see
Figure 6b). For the manipulation of the SHG resonance
enhancements, Fano resonances have appeared to
be particularly efficient. Fano resonances arise from the
coupling between optical dark and bright modes.' "%~ 22
These particular resonances are characterized by their
asymmetric line shapes that arise from the interaction
between a narrow plasmonic dark mode and a broad
plasmonic bright mode. This interaction results in the
ability to tailor the fundamental near-field distribution
over the different nanoparticles and then in the control
of the driven nonlinear surface polarization.'”>'?* The
underlying control mechanism is then based on the
mastering of the coupling strength.

To increase the SHG in nonlinear crystals, it is
necessary to satisfy the phase-matching conditions in
order to ensure an efficient energy transfer from the
fundamental wave to the SH wave, by the use of
birefringence, for example. However, this important
paradigm of NLO is not anymore applicable to plas-
monic nanostructures since their dimensions are much
smaller than the wavelength. It is therefore necessary
to find other means for a high nonlinear conversion at
the nanoscale. Indeed, SHG from plasmonic nanostruc-
tures must be considered as a nonlinear scattering
phenomenon and not as a phase-matched process.
In this context, the design of multiresonant nano-
structures has been proved to be a very efficient
approach, substituting phase matching with mode
matching (see Figure 7). Indeed, the fundamental
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wavelength (for example 4 = 800 nm) is twice the SH
wavelength (4 = 400 nm in this case), and both waves
are well separated spectrally. The electromagnetic
properties of a plasmonic system can be specifically
optimized at these two wavelengths in order to reach an
efficient excitation at the fundamental wavelength and
a maximal emission at the SH wavelength. Figure 7a
shows an example of such a multiresonant nanostruc-
ture optimized for SHG at 400 nm, the so-called double
resonant antenna (DRA).3' The DRA was made of
aluminum, instead of gold, in order to prevent LSPR
damping induced by the interband transitions at the
SH frequency'®® and to exploit the high nonlinear
surface susceptibility of aluminum.3® Numerical simu-
lations have revealed the resonant behavior of the DRA
at both 400 and 800 nm, and experimental results
confirmed that the SH intensity from the DRA is higher
than that from a simple nanoantenna with only one
resonance at the fundamental wavelength (800 nm).*"’
Other designs, such as multiresonant log-periodic
optical antennas'®® and mode-matched V-shaped
nanoantennas,’®” have been also proposed in order
to increase the SHG efficiency. However, these nano-
structures operate in the near-infrared since they are
fabricated in gold. Indeed, the high losses associated
with the interband transitions in gold for a wavelength
shorter than ~500 nm do not permit well-defined LSPR
to be observed in this spectral range. The design
of multiresonant structures has also been combined
with Fano resonances at the fundamental wave-
length.""%""" Indeed, an optical dark mode can be
efficiently excited at the Fano resonance through its
coupling with an optical bright mode.""®""" A stronger
near-field enhancement is associated with such a dark
mode, due to its ability to store the electromagnetic
energy at the nanoscale.* Consequently, SHG bene-
fits from the presence of a Fano resonance at the
fundamental wavelength.*®~"3° Another approach
used for the optimization of SHG from nanoparticle
arrays is to combine active elements (nanoparticles
with noncentrosymmetric shapes) and passive ele-
ments (nanoparticles with centrosymmetric shapes).’*"
The LSPRs of the active and passive particles are at
distinct wavelengths, but the passive particles modify
the electromagnetic modes of the total array and
enhance the SHG from the active nanoparticles.'®’
Furthermore, the yield of SHG from a nanoparticle
array depends not only on the nanoparticles' geometry
but also on their spatial organization.'? Hybrid nano-
structures, composed of a plasmonic part for the
enhancement of the electric field and another material
with a noncentrosymmetric atomic lattice for efficient
SHG, were proposed for an even stronger nonlinear
conversion at the nanoscale.">*'33 In a clever design,
tetragonal BaTiOs; nanoparticles were covered with
gold nanoshells, resulting in a SH intensity much higher
(~100 times) than that of a simple (nonresonant) gold
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sphere and much higher (~500 times) than that of a
bare BaTiO5 nanoparticle.'**

Single Nanoparticle Detection. As emphasized in the
previous section, SHG is very sensitive to the nanopar-
ticle shape. Despite recent advances in nanofabrication,
it is still impossible to produce extended nanoparticle
assemblies with the exact perfect same design, and
small shape deviations are always observed, irrespec-
tive of the fabrication technique. For this reason, the
response of a single nanoparticle can dramatically
differ from the behavior of an ensemble or array of
isolated (i.e., noninteracting) nanoparticles. Therefore,
single nanoparticle measurements are mandatory for a
full understanding of the nonlinear response. In the
linear regime, single nanoparticle experiments have
been performed with different methods like dark-field
measurements as well as spatial modulation spectros-
copy,”® in order to remove the strong incident
light.**"37 In SHG experiments, the challenge is quite
different. In this case, the incident light is easily
removed with optical filters since SHG occurs at half
the wavelength of the incident light. However, the SH
signal is much weaker, down to few hundreds to just a
few photons/s, than the signals observed for other
nonlinear optical processes like two-photon photo-
luminescence, for example. Long acquisition times,
up to hours, are required even though femtosecond
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lasers are used to increase the nonlinear conversion.
These laser sources provide a high peak power with a
weak energy per pulse, allowing for long experimental
acquisition times without inducing sample damages.
The first observation of SHG from single metallic
nanoparticles was reported in 2004."*8 Jin et al. depos-
ited silver nanoparticles on a SisN4 thin film and
performed a scan of the sample recording the SH
intensity as a function of the sample position. Markers
were used for both the optical measurements and the
electronic microscopy in order to correlate the morphol-
ogy of the nanoparticles with their nonlinear signal. This
experiment demonstrated, in particular, that the silver
nanorods are efficient only when the incident wave is
polarized along their long axis (Figure 8a).'*® However,
the interaction between a single nanoparticle and the
substrate breaks the centrosymmetry, and the intrinsic
SH response of a single nanoparticle cannot be directly
measured since this symmetry breaking competes with
that induced by the nanoparticle shape. To alleviate this
problem, one can embed the nanoparticle in a homo-
geneous medium, either gelatin or a polymer, PAA, for
example, in order to re-establish the centrosymmetry
in the vicinity of the nanoparticle (Figure 8b).%"'*° When
the nanoparticle concentration is low enough and a
sensitive detection scheme is used,’*® maps of the SH
intensity reveal the positions of single nanoparticles in
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the transparent matrix. Recording consecutive 2D
maps for several positions of the sample along the
laser beam gives access to their 3D spatial distri-
bution.”™® Similarly to two-photon microscopy, this
technique exploits the intrinsic nonlinearity of SHG,
which results in a narrower spread function of a laser
beam since the spatial distribution of *(w) is obviously
narrower than that of /(w). These experiments have
been performed with 150 nm spherical gold nano-
particles.”'3 Since nanospheres are invariant by rota-
tion, there is no need for the measurement of their
orientation. This is no longer the case for noncentro-
symmetric nanoparticles (see Figure 8c). The SHG from
single nanocups embedded in a thin silica matrix has
been recorded as a function of the incident power and
the nonlinear efficiency correlated to the nanocup
orientation."" Although the SHG vanishes for nanocups
oriented normally to the incident beam, a tilt of the cup
is easily observed thanks to a magnetic dipolar mode
arising at the fundamental wavelength."' In these
experiments, the SH intensity has been recorded in
the far-field region. The SHG from single gold nano-
particles has also been investigated in the near-field
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region using an optical fiber for the excitation and
compared to the atomic force microscope topology.'’

Nonlinear Characterization of Structural Properties. We
now turn our attention to the practical applications
of SHG in plasmonic nanostructures and consider first
the nonlinear optical characterization of structural
properties. Indeed, as a consequence of the influence
of centrosymmetry, SHG varies considerably with the
nanostructure shape, opening the way to in situ ultra-
sensitive nonlinear optical characterization techni-
ques. Indeed, SHG is able to reveal any small
deviation from perfectly symmetric shapes'®'*? and
small surface roughness."*~ ' This is very appealing
since SHG can reveal defects that do not modify the
linear response at all but are encoded in the SH
emission pattern (see Figure 9a)."**~ ' For some
specific nanoparticle geometries, beam shaping and
polarization state definition are necessary for a good
coupling between the incident laser field and LSPR, as
demonstrated in the case of the nonlinear optical
characterization of gold nanotips with cylindrical vector
incident beams with azimuthal and radial polarizations
(see Figure 9b)."*” What is even more interesting is that
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SHG can provide useful information on the chemical
synthesis of plasmonic nanoparticles, beyond the char-
acterization of finalized samples. Indeed, the in situ
monitoring of the different synthesis steps is important
for a good control of the final nanoparticle shapes and
size dispersions.'*®'? For example, the growth of gold
shells on silica cores has been simultaneously moni-
tored with UV—visible spectroscopy and HRS during the
chemical synthesis of gold nanoshells (see Figure 9¢).'*®
These experiments have shown that the SH intensity
rises to a maximum before the complete closure of the
gold shells. This was attributed to the surface rough-
ness and the nonsymmetric hot spot distribution over
the nanoparticle surface.”® This approach has been
also used for monitoring the chemical synthesis of gold
nanostars®® and gold nanoparticles aggregation,'®’
demonstrating its range of applications.

Another challenge in nanophotonics is the evalua-
tion of distances as small as a few nanometers using
optical waves. This demanding task can be performed
by using the interaction between plasmon modes
since the coupling strength changes significantly with
the distance, allowing the design of plasmon nanorulers,
the optical responses of which vary with the confor-
mation of the different nanoparticles that compose
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them.">2~"%7 In order to observe biological and chemical
processes with the best spatial resolution, it is impor-
tant to design compact plasmon nanorulers.'>?~ "%’
Following an approach proposed in the linear regime
by Liu et al,’*® a nonlinear plasmon nanoruler, com-
posed of only three nanorods instead of five for its
linear counterpart, has been recently designed.'?
Taking advantage of the symmetry properties of SHG,
the conformation and the nanorod position can be
unambiguously determined.'?®
Laser Beam Characterization. The introduction of this
review emphasizes that NLO is deeply connected with
research in the physics of lasers. SHG from plasmonic
nanostructures may therefore be used in laser beam
characterization. We already mentioned that it is pos-
sible to tailor the incident laser beam properties in
order to guarantee a strong coupling between the
investigated nanostructures and the incident electro-
magnetic field, but the inverse is also true: it is possible
to use SHG from single nanostructures to probe the
properties of highly focused laser beams much below
the diffraction limit with a high accuracy. Let us first
consider the determination of the spatial features of
the laser beam. Figure 10a shows how the longitudinal
component of a strongly converging Gaussian (HG0O0)
beam can be probed with the SHG from a single gold
nanotip."*® The tip is moved in the laser spot, and the
map of the SH intensity reveals two positions for which
the coupling between the gold nanotip and the incident
laser beam is excellent. These positions correspond to
the ones with a strong longitudinal component of the
incident electric field, emphasizing that the vector
nature of the incident electric field can be probed at
the nanoscale using SHG."°
On the other hand, the observation of SHG from
plasmonic nanoparticles requires the use of ultrashort
(femtosecond) laser systems. To satisfy the conjugated
observable principle, ultrashort femtosecond pulses
(~30 fs and shorter) have a very large bandwidth (up
to several hundreds of nanometers). Due to the dis-
persive optical elements used in experimental setups,
the different spectral components of femtosecond
pulses do not reach the sample at the same time,
and the SHG is not very efficient (see the green curves
in Figure 10b)."%%'8" Accanto et al. have proposed
to use a preconditioning scheme, before the experi-
mental setup, in order to compensate the unfavorable
effects of dispersion in nonlinear plasmonic experi-
ments.'®%"®" After several optimization rounds, the SH
intensity is increased by several orders of magnitude
(see the black curves in Figure 10b), demonstrating
that the SHG from plasmonic nanoparticles can be
used to check the temporal features of femtosecond
laser pulses with a spatial resolution of ~100 nm.'%'¢
Nonlinear Plasmonic Sensing. Applications benefiting
from the fundamentals and basic ideas exposed above
can then be envisaged, like nonlinear plasmonic
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sensing. Before discussing how the SHG multipolar
nature can be used in sensing, it is worth saying few
words about the current developments in nonlinear
plasmonic sensors. Indeed, one of the most promising
applications in plasmonics is the sensing of chemical
and biological entities, making use of the SPR-
enhanced sensitivity.'®~ 1% Quickly, in the past, it
has been realized that SHG from plasmonic nanostruc-
tures can be used to monitor chemical processes and
to detect biological and chemical toxins with excellent
sensitivity and selectivity.'””® SHG and HRS from gold
nanoparticles were used to detect “spectroscopically
silent” heavy metal ions (Pb?>"),'”" diagnose single-
base-mismatch DNA hybridization,'”? selectively detect
and identify Escherichia coli bacteria with gold nano-
rods,'”® detect Alzheimer's disease biomarkers,'”* or
detect breast cancer cells using the SHG from oval-
shaped nanoparticles.'”® All these examples demon-
strate the extensive versatility of the method for
applications. They are based on the same simple
scheme. The gold nanoparticles are first functionalized,
that is, capped with specific molecules or biomole-
cules. The capping agent is selected for its high affinity
with the targeted chemical/biological species in order
to make chemical bonds between the nanoparticles.
Since the SH signal from small nanoparticle aggregates
strongly differs from the nonlinear signal from a collec-
tion of noninteracting nanoparticles, the presence of
the target species induces a dramatic increase of the
SH intensity. In his review on the second-order non-
linear optical properties of nanomaterials, Ray provides
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the reader with a very informative table, where he
compares the detection limit of this approach with the
detection limit of other assays based on nanostruc-
tures.'’® This comparative study reveals that SHG is
very efficient for the detection of Escherichia coli
bacteria or the tau protein but is less efficient than
surface-enhanced Raman scattering'’® and real-time
polymer chain reaction'”” for the detection of DNA/
RNA. It is also less efficient than nanoparticle-based
surface energy transfer'’® and electrochemical ap-
proaches for the detection of mercury.'”® These tests
clearly show that SHG is a method of choice for
plasmonic sensing and is appealing for the develop-
ment of new strategies.

Nevertheless, in order to increase further the sensi-
tivity and the detection limit of nonlinear plasmonic
sensors, several methods based on the specificity of
the SHG response have been proposed. The compar-
ison between different plasmonic sensors is not
straightforward, though, and a universal performance
indicator is required. For this reason, a figure of merit
(FOM) has been introduced as the ratio between the
sensitivity, expressing the spectral shift of the LSPR
induced by a given variation of the refractive index of
the surrounding medium, and the surface plasmon
resonance full width at half-maximum (fwhm).'6%'8°
A LSPR shift is indeed more difficult to observe on a
broad resonance. The width of the LSPR is related to
the total losses of the plasmonic system and can be
decomposed into intrinsic (ohmic) and scattering
losses.'®! Thus, it is of importance to decrease the total
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losses in order to reduce the LSPR width and to
increase the FOM for the optimization of plasmonic
sensors. One possibility, among others, is to design
plasmonic sensors based on high-order LSPR, such as
quadrupolar modes, in order to reduce the scattering
losses and therefore the resonance fwhm.'®? However,
these modes are weakly radiative and thus difficult to
observe in the linear regime due to the presence of
strong dipolar modes in the same spectral range. As
discussed previously, quadrupolar modes E, naturally
appear in the SHG response from centrosymmetric
nanoparticles since a description beyond the electric
dipole approximation is mandatory,'08109183-189 ¢ 5
result, SHG is a well-suited optical tool to monitor the
evolution of the quadrupolar LSPR, in particular, its
shift."®2 The case of 60 nm silver nanoparticles is a good
illustration of the benefit provided by this approach
since the quadrupolar LSPR has a FOM = 9.5, while the
dipolar LSPR has a FOM = 3.8 only. A FOM twice as large
can be obtained by switching from the linear to the
nonlinear response.'® More complex nonlinear plas-
monic sensors, combining the SHG properties with
that of Fano resonances, have also been designed.
Interestingly, the coupling between the dark and
bright modes at a given fundamental wavelength
varies with the refractive index of the surrounding
medium. As a consequence, the distribution of the
nonlinear polarization over the nanostructure surface
changes with the changes of the refractive index of
the surrounding medium. The SH far-field emission
pattern is then modified accordingly.'** Fano reso-
nance enhancement of the SHG response in plasmonic
nanostructures permits the design of very sensitive
plasmonic sensors because a small variation of the
refractive index of the surrounding medium leads to a
strong asymmetry in the SH response. This strategy is
promising to push further the detection limit of plas-

monic sensors.'?*

CONCLUSIONS AND OUTLOOK

In this review, the basic principles of SHG have been
summarized, emphasizing the role played by symmetry
in both the origin of the nonlinearity (local surface versus
nonloncal bulk contributions) and the shape depen-
dence of the scattered SH wave. The relationship
between the specific properties of SHG from plasmonic
nanostructures and some advanced applications has
been outlined. Despite the significant amount of theo-
retical and experimental works devoted to the SHG
from plasmonic nanostructures, the electronic origin
(the relative contributions of the conduction and core
electrons) has not yet been unambiguously deter-
mined. We believe that it will be possible to reach such
a description in the near future by the combination of
the latest electronic structure methods with nonlinear
theory."®® This point is particularly important for the
development of sensing applications based on SHG
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that combine surface sensitivity and electronic
dependence."’ This is rather appealing in the context
of recent applications based on hot electrons in chemis-
try and photovoltaics, for example.'?>~1%*

In parallel to nanophotonics, the recent develop-
ments in electromagnetic metamaterials and meta-
surfaces have proposed new directions for applications
and for the design of new optical elements.'”>~ %7 In
that context, concepts developed in the linear regime
are currently extended to NLO and, more specifically,
SHG.'®72%" In those artificial materials, the metallic
parts are simultaneously responsible for the nonlinearity
and for the control of the nonlinear radiation. The
unique properties of such metamaterials break some
important paradigms of NLO, such as the requirement
of phase-matching conditions for an efficient nonlinear
conversion of incoming light. For example, Suchowski
et al. have shown that the phase-matching condition is
automatically satisfied in an optical zero-index meta-
material, opening a new way for the design of non-
linear optical components.2°2

This review has focused on nanostructures made
of the most common plasmonic metals (gold, silver,
copper, and aluminum), but new materials supporting
LSPR have recently emerged. Among those, graphene
is probably one of the most promising thanks to its
strong coupling to electromagnetic radiation and
unique electronic properties.?>2%* Very few works
discuss SHG from graphene, and our understanding of
the underlying physical phenomena does not yet reach
that of SHG in common plasmonics systems.2%>~28
In the future, the unique properties of graphene will
probably open up new possibilities and applications in
nonlinear plasmonics, beyond those reported in this
review.
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