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ABSTRACT: Because of its high surface and interface sensitivity, the
nonlinear optical technique of second harmonic generation (SHG) is a
designated method for investigating nanostructured metal surfaces. Indeed, the
latter present a high surface-to-volume ratio, but even more importantly, they
can exhibit strong near-field enhancements or “hot spots”. Hot spots often
appear as a result of geometric features on the nanoscale or surface plasmon
resonances, which are collective electron oscillations on the surface that, on the
nanoscale, can readily be excited by light. In the last 10 years, near-field hot
spots have been responsible for dramatic developments in the field of nano-
optics. In this Feature Article, the influence of hot spots on the SHG response
of nanostructured metal surfaces is discussed on both the microscopic and
macroscopic levels. On the microscopic level, the nanostructured metal surfaces
were characterized by scanning SHG microscopy, complemented by rigorous
numerical simulations of the near-field and of the local electric currents at the

fundamental frequency. On the macroscopic level, SHG-circular dichroism and magnetization-induced SHG characterization

techniques were employed.

1. INTRODUCTION

Nowadays, second harmonic generation' (SHG) has become a
widespread technology, mostly in the form of green laser
pointer light. Indeed, these pointers contain a diode laser that
emits light at the near-infrared wavelength of 1064 nm, which is
then converted to 532 nm green light by a frequency-doubling
crystal. To function, such crystals need to fulfill very restrictive
requirements; for instance, they must have the same refractive
index at both the fundamental and the second harmonic light
frequency. Light propagating through the crystal can give rise to
SHG along its entire length of propagation. However, unless all
of this second harmonic light propagates in phase, it will
interfere destructively with itself and will cancel out. This is
called the phase-matching condition, and it is so restrictive that
very few bulk materials can achieve optical SHG. Contrary to
bulk materials, though, all material surfaces are SHG-active.
Unfortunately, conversion efficiencies for surface SHG in
metals are on the order of 107'*. However, this factor can be
significantly improved upon nanostructuring the metal surfaces,
thereby enabling very high near-field enhancements. Moreover,
it is possible to concentrate the near-field enhancements in the
gaps between the nanostructures, where embedding strongly
nonlinear materials can ensure an additional enlargement of the
frequency conversion. Although significant effort has thus been
devoted to enlarging the SHG signal from nanostructured
interfaces, it should be noted that the importance of surface
SHG extends well beyond a mere frequency conversion factor.

Understanding the surface sensitivity of SHG is very intuitive
because, by definition, the surface breaks the symmetry of the
material. More generally, within the dipole approximation, the
SHG process is allowed in all materials that lack a center of
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symmetry (i.e., the noncentrosymmetric materials, those where
changing the sign of the Cartesian coordinates affects the
material). For instance, centrosymmetry is broken at the
surfaces and interfaces of materials, which allows SHG to be
surface/interface-sensitive down to the atomic monolayer.2
Additionally, centrosymmetry can be broken by externally
applied electric® or magnetic* dc fields, though in the case of
the latter interpreting the results might require a degree of
caution.® This type of field sensitivity allows SHG to image
ferroelectric® and ferromagnetic’ domains successfully. More-
over, the centrosymmetry is broken by chirality—the handed-
ness of nature. Consequently, second harmonic equivalents of
optical rotatory dispersion (ORD) and circular dichroism (CD)
have been observed and are designated as SHG-ORD® and
SHG-CD,” respectively. These nonlinear equivalents are
typically several orders of magnitude more sensitive than
their linear counterparts; consequently, SHG is successfully
employed for the study of chemistry, pharmacology, and
biology, where the chirality of the organic molecules plays an
important role. More generally, even if the molecules are not
chiral, their ordering can break the centrosymmetry. It follows
that SHG is successfully employed to probe the growth of
molecular monolayers, the layer-by-layer growth of molecular
films, and the orientation and supramolecular ordering of
adsorbed molecules. Recently, much interest has been devoted
to the case where molecules are adsorbed on the surfaces of

Received: June 19, 2012
Revised: ~ August 13, 2012
Published: August 14, 2012

dx.doi.org/10.1021/1a302485c | Langmuir 2012, 28, 15454—15471


pubs.acs.org/Langmuir

Langmuir

Invited Feature Article

nanostructured metal films, which exhibit very inhomogeneous
optical near-fields.

1.1. “Hot Spots” in the Optical Near-Field. Let us
consider the electric field in the vicinity of a nanostructured
metal surface that is illuminated by visible light from the point
of view of approaching molecules. Far from the surface, these
molecules would experience the electric field of light itself,
which can be incident from the source, reflected from the metal
surface and scattered, or diffracted, from the nanostructures.
Close to the metal surface, the electromagnetic oscillations of
light drive the electron density within the nanostructures, and
in turn these variations in electron density constitute the source
of a very inhomogeneous surface electric field—the near-field."’
Because of its inhomogeneity, molecules placed in the near-field
are subjected to electric forces with varying strengths and
directions. If we were to connect all of the molecules and
nanostructures, with imaginary lines drawn along the direction
of these electric forces, we would obtain an image of the electric
field lines. This visualization would show that the electric field
lines become very concentrated in certain regions on the metal
surface—the regions of near-field enhancement or “hot spots”.
Hot spots can occur at the corners and tips of nanostructures
because of the geometric confinement of the field lines. This
confinement is referred to as “the electrostatic lighting rod
effect”, with its physical principle being similar to that of St.
Elmo’s fire at the tip of a lightning rod. Another main reason for
the occurrence of near-field hot spots is the surface plasmon
resonance phenomenon.

Surface plasmons are coherent electron oscillations that exist
at the interface between two materials, where the real part of
the dielectric function changes sign across the interface, for
instance, a metal—dielectric interface such as a gold sheet in air
(Figure la). On the nanoscale, these electron oscillations can
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Figure 1. (a) Schematic diagram representing the surface plasmon
resonance, whereby a coherent oscillation of the surface charges can
occur at a metal/dielectric interface. Such surface plasmon resonances
can be readily excited by the electric field of light. (b) This electric
field can efficiently drive the electron cloud of a gold nanoparticle. It
follows that the plasmonic waves oscillate at the frequency of the
incident light.

be excited very efficiently with light in the visible range of the
electromagnetic spectrum, and an intuitive way to visualize the
process is to consider a spherical nanoparticle (Figure 1b).
Indeed, in response to the electric field of light, the electron
cloud of the nanoparticle oscillates at the frequency of light and
can reemit light at that same frequency, providing an additional
electric field source for nearby molecules.

Consequently, within hot spots, the optical response of
molecules can be extremely enlarged.'"'> A particularly
spectacular example is surface-enhanced Raman scattering
(SERS),"* whereby the Raman signal can be increased by up
to 14 orders of magnitude.'*'® This enlargement is due in part
to the fact that the molecules are subjected to a highly
enhanced near-field, which, as it was mentioned above, is itself

due to variations in the local electron density. This varying local
electron density can also have an effect on the molecules via
mechanisms of charge transfer, for instance, with the highest
occupied molecular orbital or the lowest unoccupied molecular
orbital. These charge transfers can lead to SERS or to
electrochemical reactions. Thermochemical aspects can also
play an important role in hot spots because the usually elevated
temperature within hot spots can be a decisive factor in
whether a given reaction is favorable or unfavorable; both
chemical transformations'® and catalytic reactions'”'® have
thus been reported. The near-field can also trigger photo-
chemical reactions'®™>* and could induce two-photon photo-
polymerization.*** The variety of chemical reactions that
occur within hot spots is increasingly being used for chemical
and biosensing applications.”>*® Because such applications
require the use of optical near-field enhancements at the
surface, their study can greatly benefit from a surface-specific
optical technique such as second harmonic generation.

1.2. Second Harmonic Generation from Spherical
Metal Nanoparticles. Let us consider again the illuminated
spherical metal nanoparticle in Figure 1b. The system can be
modeled as a driven harmonic oscillator, where the driving
force is provided by the electric field of light (E). This field
repels the electron cloud causing charge separation across the
nanoparticle. The charge separation, also referred to as induced
polarization, is responsible for the restoring force on the
oscillating electron cloud; this is the attractive force exerted by
the positively charged side of the nanoparticle. When the
driving force is still in the linear regime of the restoring force,
the charges oscillate linearly and the induced polarization can
be written as P = !)-E, where the proportionality term V) is
the linear electric susceptibility. However, upon increasing the
driving force, for instance, by increasing the intensity of
incident light, the charge oscillator enters the nonlinear regime.
In practice, this means that the oscillating charges start
exhibiting a complex motion, one that can be mathematically
described as a series of higher harmonics. Henceforth, higher
harmonics appear in the expression for induced polarization

P(0) = sV E(0) + #¥: E(0) E(0)
+ 79 :E(0) E(0) E(@) + .. 1)

where )((2) and )((3) are nonlinear susceptibilities associated with
the emission of second and third harmonic light, respectively.
Because the second harmonic term is the first of the nonlinear
harmonics, it is often the largest nonlinear optical contribution.
Nevertheless, second harmonic emission usually requires
considerable light intensity, which is why it was demonstrated
only after the invention of the laser. It is very straightforward to
see how the two associated electric field terms at the
fundamental frequency produce an induced polarization at
the second harmonic frequency. Simply consider that for plane
waves the time dependence is often represented by complex
exponential functions plus complex conjugate terms. The
second harmonic then appears as a consequence of ¢”'¢*
), Although the high light intensity is a necessary condition
for the SHG process, it is not a sufficient condition.

Let us consider the effect of inversion symmetry on the
induced polarization at the second harmonic

PQ2w) = )(i;;f)= E(w) Ei(o) @)
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where w is the frequency of incident light and i, j, and k are the
Cartesian indices. Under inversion symmetry, all Cartesian
indices change their sign; therefore, all vectors in eq 2 change
their sign. It follows that

~B2w) = 10+ (~E(0))(~E(0)) = B@w) =0 ()

which means that, within the dipole approximation, second
harmonic light is forbidden in all materials where inversion
symmetry can be applied (ie., the centrosymmetric materials).
In fact, one of the best examples of a centrosymmetric material
is a spherical gold nanoparticle.

Gold has a face-centered-cubic crystal structure, which means
that it is centrosymmetric. Moreover, the spherical shape of the
nanoparticle is also centrosymmetric. It follows that, in the
absence of externally applied electric or magnetic fields, the
canonical example of plasmon local field enhancements should
not give rise to any second harmonic signal. However,
experimentally it has been demonstrated that surface plasmon
resonances do give rise to an enhanced second harmonic
signal.”” Additionally, a strong second harmonic signal was
observed from 4 nm large gold clusters,®® from gold colloids
with sizes ranging from S to 22 nm,” from gold nanoparticles
with an 11 nm diameter,*® and from silver nanoparticles with a
40 nm diameter.”" Interestingly, in the latter work, polarization
measurements demonstrated that, although forbidden in the
dipole approximation, the second harmonic signal is precisely
of dipolar origin.

The “forbidden” signal can be explained by small deviations
in shape from the centrosymmetry of the nanoparticles. This
process of dipolar SHG is in fact quite general because such
symmetry deviations at the surface can also be observed in
nanorods®® and nanodecahedra.®® In fact, the latter inves-
tigation went further and compared the SHG signal with that of
spherical nanoparticles as a function of size, within the range 17
to 150 nm. It was shown that above 50 nm, spherical and
decahedral nanostructures exhibit similar SHG behavior, which
indicates a common origin, namely, multipolar contributions
and retardation effects. However, below 50 nm, the SHG signal
was clearly of dipolar origin. Please note that here the term
“multipolar” is not employed in the context of Mie theory,
where it designates multipolar plasmon modes. Instead,
multipolar refers to nonlinear sources, such as bulk currents.
The contribution of these bulk-specific nonlinear sources
naturally increases with the size of the nanoparticles. Indeed,
the idea that different SHG mechanisms are at work depending
on the size of the plasmonic nanoparticles was also
experimentally confirmed upon studying gold nanoparticles
within the range of 10 to 150 nm>*** and silver nanoparticles
within the range of 20 to 80 nm.* A theoretical model based
on phenomenological parameters was also proposed to account
for this size dependence.”’

To summarize, for smaller gold nanoparticles the SHG signal
is of dipolar origin and originates from the (nonperfectly
spherical) surface of the nanoparticles, where plasmon field
enhancements also occur, whereas for larger nanoparticles the
SHG signal contains multipolar terms and has been attributed
to retardation effects. We can intuitively understand this trend,
considering that upon increasing the size of the nanoparticles,
the surface-to-volume ratio decreases. At infinity, the nano-
particle size increase leads to the case of a continuous film made
of centrosymmetric gold, where the surface and volume SHG

terms are indeed attributed to dipolar and quadrupolar
contributions, respectively.

1.3. Second Harmonic Generation from Continuous
Metal Films. In this subsection, we consider the influence of
near-fleld enhancements on the SHG signal from continuous
metal films. In continuous metal films, the SHG source terms
are related to the surface and the bulk of the film. While it is
intuitively immediately understandable that the surface breaks
the symmetry, we could think of the bulk contributions as
related to the gradient of electric fields throughout the light-
penetration depth. The polarization at the second harmonic
frequency can then be written as

P2w) x P°2w) + P(2w)
= )(ijk: E}(CU) Ek(w) + )(ijkl Ej(a))VkEl(w) (4)

where y;; and y;; are second- and third-rank susceptibility
tensors, respectively, and i, j, k, and | represent any of the
Cartesian coordinates X, Y, and Z. The coordinate system is
oriented so that X and Y are in the plane of the sample, with Y
along the direction of S polarization and Z perpendicular to the
sample. The first term in eq 4 is the surface-specific electric
dipole contribution, as indicated by index D. Within this term,
the susceptibility tensor y;; contains 27 terms. However, the
number of terms is greatly simplified depending on the
symmetry of the surface. For instance, in the case of an
isotropic surface such as that of an amorphous continuous gold
film, there are only three independent tensor components:
Xzxw Xxxz and Y777 The second term in eq 4 includes the bulk-
specific electric quadrupole and magnetic dipole contributions
indicated by the index Q. As with the term “multipolar” that
was discussed above, please note that, here, the terms “electric
quadrupole” and “magnetic dipole” do not designate plasmon
modes within Mie theory but instead refer to bulk-specific
nonlinear sources. Experimentally, the bulk-specific term in eq
4 can be addressed by canceling the surface contributions, for
instance, through periodically stacking thin films, whereby all
interfaces interfere destructively.”® In the bulk-specific suscept-
ibility, the tensor y;;; contains 81 elements, which again can be
greatly reduced by the symmetry of the material. For instance,
in the case of the m3m symmetry group to which the face-
centered-cubic crystal structure of gold belongs, there are only
four independent tensor components: yxxxx Yxyryw XYxxyy and
Xxyxy- Although eq 4 has only two terms, both of these are
tensor products, and manipulating them to show the influence
of near-field enhancements requires tensor calculus. This type
of calculus is not particularly challenging but is perhaps
unfamiliar to the reader, especially in the case of the second
term. For this reason, we can express this term using vector
calculus:

Z ¢E(@)VE(w)

%

+ BT B(0) E(0) [E(w)- V]E(0)

+ Xxvvx
Although at first glance this equation is rather complex, it

simplifies considerably when a particular system is considered.
For instance, in an isotropic medium such as a sputtered thin

film made of gold, yyxxx — Yxvrx — Yxxvy — Xxyxy = 0 and
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Figure 2. Preparation of a nanostructured plasmonic surface. (a) We start with a Si wafer. (b) A double resist layer is spin-coated on the wafer. (c)
Exposure: the nanostructures’ pattern is drawn on the resist with electron beam lithography. (d) Development: a solvent removes the resist within
the pattern. (e) Drying of the resist produces a mask. (f) The mask is subjected to metal evaporation. (g) Lift-off: all of the resist is removed in a

solvent bath. (h) The sample is ready for measurements.

therefore the first term vanishes. This can be easily verified by
applying 3-fold and 4-fold symmetry to the yyyxx tensor
component. In a cubic crystalline structure, however, such as a
single-crystalline gold film, there is no cancellation and the first
term will contribute to the bulk SHG response, depending on
the crystal orientation. The second term will be present in most
cases, though it vanishes for circularly polarized light. Indeed,
for circularly polarized light the scalar product of the electric
field with itself is constant and the gradient of a constant is
zero. If we consider a single plane wave excitation, the third
term is zero because we can write by Fourier transform
F[E(r,t)-V](k, w) = [E(k, w)ik], which is zero for a
transverse electromagnetic wave, with k being the wave vector
of the source polarization. The fourth term is proportional to
the total charge density, and it is simply given by Maxwell’s
equations. Now that we have discussed each individual term, we
can introduce the near-field enhancement terms.

If we assume that B, (w) = L(w) E(w), where L(w)
represents the near-field factors for the fundamental frequency
and E,,(20) = L(2w) E(2w), where L(2w) represents the
near-field factors at the second harmonic frequency, it then
follows through vector calculus that

P, (20) = L(2w) L* () PQ2w) (6)

Henceforth, the intensity at the second harmonic can be
expressed as

120) x IL2w) L*(0) PQw)I* (7)

This relationship implies that, in metal nanostructures, we
could expect correspondence between the distribution of local
field enhancements at the fundamental frequency and the SHG
sources. However, whether there is any SHG signal at all is
determined by a consideration of eq 5 and by symmetry
arguments. Although symmetry was discussed in relation to the
crystallographic unit cell in continuous metal films, the
formalism is quite general and can be successfully applied to
the symmetry of molecules in molecular films. But what about
the symmetry of nanostructures at a nanostructured metal
surface?

1.4. Second Harmonic Generation from Nanostruc-
tured Metal Surfaces. Nanostructured metal surfaces do not
owe all of their optical properties to the nature of the metal
involved. Instead, the geometry and arrangement of the
nanostructures endow the surfaces with macroscopic proper-

ties, which can be quite counterintuitive. For instance, chirality
can be a key parameter, as a negative refractive index in
artificially structured chiral materials was predicted®® and
reported.*>*" More generally, because a metal surface can be
artificially nanopatterned by methods such as electron beam
lithography (EBL, see Figure 2), virtually all possible symmetry
arrangements can be studied with second harmonic generation.
Of particular importance is the geometry of the surface unit
cells, which can be designed to achieve very high near-field
enhancements, for example, due to coupling phenomena
between nanostructures.

When two plasmonic nanoparticles are placed in close
proximity to each other, plasmonic coupling takes place and can
lead to SHG enhancements. Such enhancements were reported
upon numerically simulating two silver nanorods separated by
28 nm* and two gold nanorods separated by 30 nm.*
Moreover, it was theoretically shown that in coupled plasmonic
nanostructures the overall SHG is related to the electro-
magnetic energy per unit length stored in the gap area between
the nanostructures.** Experimental work on nanowires has also
demonstrated enhanced SHG due to plasmonic coupling
between nanostructures.*>* In particular, it has been shown
that, upon aggregating gold nanoparticles by means of
molecular binding, the second harmonic signal is significantly
enlarged.*” Although such an assembly of nanoparticles is
random, more ordered configurations have also been studied,
such as a regular array of nanocylinders.* Besides direct
coupling and possible retardation effects, an ordered chain of
nanoparticles can support propagating plasmons, a phenomen-
on that has also been followed by SHG.**° An alternative
geometry for studying the interaction of propagating plasmons
with nanoparticles consists of using continuous films as a
support for the propagating plasmons and employing the
nanoparticles as scatterers.”’ Strong local field enhancements
are also present at rough surfaces on continuous films, and in
these systems, SHG also proves to be a successful probe.”> The
reason for this success is that surface roughness can be regarded
as an abundance of symmetry-breaking defects that are
localized at the sample surface, and such defects are well-
known sources of SHG.>*** From defects enhancing the near-
field on the surface of a unit cell to macroscopic properties of
the nanostructured interface, symmetry sensitivity governs the
SHG response. However, because methods such as EBL offer
great freedom in designing a surface, a single sample can often

dx.doi.org/10.1021/1a302485c¢ | Langmuir 2012, 28, 15454—15471



Langmuir

Invited Feature Article

(a) Azimuthal rotation
Sample of the sample

RG66S5 Filter BG39 Filter
A/4 wave plate

Analyzer
A =400 nm

>

Polariz/er
A =800 nm

Electromagnet

~ Analyzer
Polarizer

(C) Sample ‘-.]

Microscope

objective g M

A/4 wave plate é

Dichroic mirror

BG39 Filter

RG665 Filter ‘.

A =400 nm

Polarizer

A =800 nm

Figure 3. Schematic diagram of the second harmonic generation experiments. (a) Rotating the sample reveals surface symmetry properties. (b)
Applying an external magnetic field probes surface/interface magnetization. (c) The microscope configuration shows the surface distribution of

second harmonic sources.

exhibit several symmetries simultaneously. How do we
distinguish between them in practice?

As we have seen in the previous subsection, the symmetry of
the system under study is reflected in the tensor components of
the nonlinear susceptibility. According to eq 2, the last two
indices of y;; relate to the direction of the incident light
polarization whereas the first index relates to the direction of
light polarization at the second harmonic. It follows that we can
address specific tensor components by selecting the orientation
of the polarizer and the analyzer in an SHG experiment.
Moreover, rotational symmetry can be monitored by mounting
the sample on an automatic rotation stage and by following the
SHG intensity as a function of the rotational angle (Figure 3a).
The symmetry of the sample is then reflected in the symmetry
of the recorded SHG pattern. Additionally, chirality is typically
investigated by using a quarter-wave plate in order to switch
between left- and right-handed circularly polarized incident
light. A difference in SHG intensity, depending on the direction
of circularly polarized light, is an indication of chirality,
especially if that difference reverses upon measuring the mirror
image of the sample geometry. Furthermore, time-reversal
symmetry breaking is investigated by externally applying a
magnetic field to the samples and monitoring the variation in
the SHG intensity as a function of the applied magnetic field
(Figure 3b). In these experiments, it is considered that
magnetization in the sample results from electric current
loops; reversing the direction of magnetization is then
equivalent to reversing the direction of time, which causes
the electric currents to flow backward. Although all of these
methods are suitable for examining the macroscopic properties

of nanostructured metal surfaces, near-field properties are best
studied in a microscopy configuration (Figure 3c).>>**

While SHG microscopy can be employed to detect single
nanoparticles,””® where the hot spots coincide with the
position of the nanostructures, the technique is particularly
interesting in the case of ordered arrays, where the pattern of
hot spots can differ significantly from that of the underlying
geometry, due to coupling and geometric confinement of the
near-field. In this case, SHG microscopy allows us to locate the
hot spots, to study their origin and to manipulate them. All of
these, as well as the resulting macroscopic properties, will be
the subject of the following sections. Please note that this
Feature Article is not intended to be an exhaustive review of
SHG from plasmonic nanostructures. Instead, it is structured as
a compilation of useful insights into the dependence of the
SHG signal on near-field enhancements, based on direct
experience, for the development and possible applications of
the technique.

2. LOCATION AND PHYSICAL ORIGIN OF THE
SECOND HARMONIC HOT SPOTS

Although studying the macroscopic properties of nano-
structured metal surfaces with second harmonic generation
(SHG) does not impose any particular restrictions on the
samples, studying the near-field enhancements in appreciable
detail does. Because the resolution limit of an optical SHG
microscope is approximately 200 nm, this value was chosen for
both the width of the line and the separation distance of our
nanostructures (Figure 4a). The sample was grown on a
Si(001) substrate capped with 100-nm-thick SiO,. A S-nm-thick
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Figure 4. Rather than showing a G-shaped signal, the SHG
microscopy reveals a pattern of clearly defined hot spots. (a) The
dimensions and depth profile of the nanostructures are presented. The
four G-shaped nanostructures are arranged into a unit cell that
constitutes the “fruit fly” of our investigations. Schematic diagrams of
the (b) G-shaped and (c) mirror-G-shaped periodic arrays. The
corresponding SHG microscopy images are shown in (d) and (e),
respectively. The white arrows indicate the direction of the linear
polarization. The color-coded intensities increase from purple,
following the rainbow order of colors.

Ti film served as an adhesion layer for the nanostructures,
which were made of 25-nm-thick gold. The gold nanostructures
were arranged in periodic arrays, whereby the unit cell
consisted of four G-shaped nanostructures, each rotated at
90° with respect to its neighbors (Figure 4b). Additionally, an
array of mirror-G-shaped nanostructures was prepared in order
to study the effects of chiral symmetry breaking (Figure 4c).
The geometry of these G-shaped designs can be resolved with
bright-field and dark-field microscopy under white light
tungsten halogen illumination. Consequently, it was anticipated
that the designs should also be resolved by SHG microscopy.

SHG microscopy was performed with a commercial laser
scanning microscope (LSM 510, Zeiss). The light source for
this instrument is an ultrafast Ti/sapphire system operated at
800 nm wavelength with a repetition rate of 80 MHz and a
pulse width of approximately 200 fs on the microscope stage.

The incoming laser pulses are focused with an oil-immersion
objective having 100X magnification and a 146 numerical
aperture. Because of the high numerical aperture for linearly
polarized light, the focal spot is elliptical, with the 1/¢* waist
measuring 330 nm in the polarization direction and 440 nm in
the orthogonal direction, whereas for circularly polarized light,
a round focal spot with a 1/¢* waist of 370 nm is obtained. The
second harmonic radiation that is generated in the focal point is
separated from the reflected incident light by means of a
dichroic mirror and is then directed through an additional color
filter before reaching a photomultiplier tube. To form an image,
the laser is scanned over the surface of the sample with Galvo
mirrors. Typically, images are recorded with a resolution of 512
pixels X 512 pixels, following a two times line averaging and a
102.4 ps pixel dwell time. Interestingly, rather than displaying
the expected G-shaped geometry of the samples, the recorded
SHG images yielded quite surprising results.

2.1. Highly Localized Sources of Second Harmonic
Light: Hot Spots. Figure 4d shows the SHG microscopy
results for the array of G-shaped nanostructures. The
polarization of incident light is indicated with a white arrow.
The color-coded intensities follow the rainbow order, starting
with purple for the lowest intensity. More details about the
experimental conditions can be found in refs 61 and 62. The
figure shows four regions of highly intense second harmonic
sources, or hot spots, within each unit cell. More specifically,
the four hot spots appear to be situated along the main diagonal
of the unit cells. Interestingly, this pattern of hot spots is
mirrored upon imaging the array of mirror-G-shaped
nanostructures (Figure 4e). The four hot spots themselves
are quite large, and that makes it difficult to pinpoint their
location on the sample. Determining the precise location of the
hot spots is the first step toward understanding their origin.

We have seen that the SHG technique is very sensitive to
symmetry. In some complex systems, it can happen that the
technique is in fact too sensitive. The challenge then is to
identify the main contribution. The nanostructured metal
surface in Figure 4 reflects, diffracts, and scatters light. Because
of the 3D nature of the nanostructures, there are a large
number of interfaces that can interfere constructively and
destructively. Additionally, near-field enhancements at the
surface of these nanostructures could play an important role.
For instance, it is possible that the hot spots originate from
electric near-field maxima or perhaps from magnetic near-field
maxima, or perhaps still, rather than originating from field
maxima, the hot spots might originate from the regions of
maximal gradients because gradients also break the centrosym-
metry of the material. To understand the role of the near-field
enhancements, rigorous numerical simulations were performed.

2.2. Numerical Simulations in the Near-Field Match
the SHG Hot Spots. Figure Sa,b shows the SHG microscopy
images for the unit cells of G-shaped and mirror-G-shaped gold
nanostructures, respectively. To evaluate the role of the near-
field enhancements in these unit cells, two independent
numerical simulations were performed. First, the electric
current in the nanostructures was calculated at 1 nm below
the air/gold interface (Flgure 5c,d). These calculations were
performed with MAGMAS,**** an in-house Maxwell equation
solver. Second, the electric near-field was calculated at 1 nm
above the air/gold interface (Figure Se,f). The latter
calculations were performed by means of RSoft’s DiffractMOD
commercial software.® Both simulations assumed monochro-
matic wave excitation at a wavelength of 800 nm and periodic
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Figure S. The pattern of experimentally recorded second harmonic
hot spots matches the pattern of numerically simulated local field
enhancements at the fundamental frequency. (a, b) SHG microscopy
(400 nm) from a unit cell of G-shaped and mirror-G-shaped
nanostructures, respectively. The direction of light polarization is
indicated with a white arrow. (¢, d) Corresponding numerical
simulations of the electric currents at the fundamental frequency
(800 nm), recorded 1 nm below the air/gold interface. (e, f)
Numerical simulations of the electric (near-)fields at the fundamental
frequency (800 nm) recorded 1 nm above the air/gold interface. The
color-coded intensities in all panels follow the rainbow order. In the
numerical simulations, the regions of highest intensity have been
highlighted with white circles.

boundary conditions, which significantly reduces the simulation
time. More details regarding the simulation conditions can be
found in ref 66. For all simulation results, the regions of highest
intensity are indicated with white circles. It is then clearly
apparent that the pattern of second harmonic hot spots
matches the pattern of local electric current and electric near-
field enhancements at the fundamental wavelength. We can
then identify the locations of the SHG hot spots: they are
situated at the edges of segments that are perpendicular to the
direction of light polarization.

Although the data presented in Figure S are unambiguous,
they are also unusual. Indeed, we have seen that usually the
SHG signal is subject to strict symmetry rules, which causes
second harmonic optical responses to be quite different from
linear optical responses. It is then fully justified to ask, could the
data presented in Figure S constitute a mere coincidence? So
far, we have compared SHG experimental results and
theoretical simulations of the near-fields. To investigate the
influence of the near-field on the SHG further, experimental
data on the near-field distribution are required as well.

2.3. Experimental Mapping of the Near-Field Matches
the SHG Hot Spots. We now turn our attention to
nanostructures made of another metal—nickel. Nickel can
support near-field enhancements just as gold does; however,
the absorption in nickel is much stronger at 800 nm. The larger

absorption has important consequences for mapping the
regions of near-field enhancements at the nanostructured
nickel surface, as we shall soon see.

Figure 6a presents a numerical simulation of the electric
currents in the unit cell of G-shaped nanostructures made of
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Figure 6. Plasmon-assisted subwavelength laser ablation pinpoints the
location of the SHG hot spots. (a) Theoretical simulation of the
electric currents in the nickel G-shaped nanostructures. The highest
electric field enhancements are indicated with full white circles. The
simulation also reveals two regions with a rather high field
enhancement, indicated with dashed white circles. (b) The pattern
of SHG hot spots obtained for a laser power of 0.98 mW. The white
arrow indicates the direction of the incident light polarization.
Following illumination, the sample was examined with AFM and the
results are shown in (c). Four nanobumps are clearly distinguishable,
demonstrating the position of the SHG hot spots on the sample
surface. Furthermore, upon increasing the laser power to 1.23 mW, the
SHG microscopy also reveals in (d) the enhancements within the
dashed white circles in (a). Although these additional hot spots are
well resolved in terms of shape and contrast, they are rather large.
Consequently, pinpointing their location on the sample surface
remains a challenge. However, upon examining the sample after
illumination with AFM, in (e), the location of all SHG hot spots is well
resolved and corresponds perfectly to the simulation results. These
data establish a clear relation between simulations of the near-field at
the fundamental frequency, second harmonic emission, and nanoscale
shape transformation. This relation suggests a physical mechanism for
the origin of SHG from nanostructured surfaces.

nickel. The pattern is rather complex; consequently, for clarity,
white circles were drawn to emphasize the most intense hot
spots, which are situated along the main diagonal of the unit
cell. A similar arrangement of hot spots is clearly visible upon
imaging with SHG microscopy, as shown in Figure 6b.
Interestingly, following the microscopy experiment, an identical
arrangement of hot spots also became clearly visible on the
sample surface itself (Figure 6¢). The atomic force microscopy
(AFM) picture in Figure 6c demonstrates that the SHG hot
spots have been imprinted on the sample surface, precisely
matching the locations indicated by the numerical simulation.
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Figure 7. SHG emission occurs as a consequence of light locally driving the electric charges in the nonlinear regime. (a) In response to the incident
light's electric field, the electron density oscillates in the plasmonic hot spots. (b) The resulting charge separation is shown by means of a numerical
simulation of a G-shaped gold nanostructure. (c) Red circles indicate the location of the highest electric currents associated with the oscillating
charges. At low laser intensity, the charges oscillate in the linear regime; when the laser intensity becomes comparable to the local field intensity, the
charges oscillate in the nonlinear regime and second harmonic light can be detected, as shown in (d). Furthermore, Ohmic losses that are due to the
local electric currents increase the temperature of the material within the plasmonic hot spot above that of the rest of the nanostructure.
Consequently, the temperature within the hot spot can increase to above the melting point, and hydrodynamic processes can take place, as
represented in (e). A nanobump and back-jet can then be observed precisely in the plasmonic hot spots, whereas for the rest of the nanostructure the
temperature remains below the melting point and therefore there are no nanobumps. (f—k) Scanning electron microscopy of the G-shaped gold
nanostructures reveals that with increasing laser power a nanobump forms, grows, and results in the formation of back-jets that eject spheres of
metal. The direction of light polarization is indicated with the red arrow.

However, this match concerns only the most intense hot spots.
What about the rest of the simulation pattern?

Upon further examination of the simulation in Figure 6a, we
notice that, besides the four hot spots along the main diagonal,
there are two off-diagonal hot spots that are next in intensity
and have been highlighted with dashed circles, for clarity.
Perhaps they do not contribute to the patterns in Figure 6b,c
because they are less intense. If this is so, then the contribution
from these off-diagonal hot spots should be revealed upon
increasing the incoming laser power. Indeed, whereas in Figure
6b the SHG microscopy was performed with an average power
of 0.98 mW, increasing the power to 1.23 mW clearly reveals
the off-diagonal hot spots (Figure 6d). The location of these
off-diagonal hot spots seems to match that of the simulation
results; however, because of the limitations on optical
resolution, the SHG hot spots are quite large, making the
comparison somewhat difficult. Remarkably though, subse-
quent imaging with AFM pinpoints the location of the off-
diagonal near-field enhancements in excellent agreement with
the simulation results. Further increases in the incident laser
power imprint even more of the hot spots in Figure 6a,
although at the price of great damage in the locations of the
four main hot spots. We see therefore that this imprinting
constitutes an experimental method for mapping near-field
enhancements. It is certainly destructive, but its ease of use,
robustness, and high resolution make it very attractive for the
fast mapping of near-field enhancements. More details
regarding this method can be found in ref 67.

We began this subsection by searching for experimental
evidence to corroborate the link between near-field enhance-

ments at the fundamental frequency and SHG emission. We
found such evidence in the nanobump surface imprinting.
However, this evidence also raises new questions, namely, what
is the physical mechanism responsible for the nanobumps and,
ultimately, could this mechanism shed light on the link between
near-fleld enhancements of the fundamental frequency and the
second harmonic emission?

2.4. Physical Mechanism for the Origin of SHG Hot
Spots in Near-Field Enhancements. Modeling a spherical
gold nanoparticle as a driven harmonic oscillator (Figure 1b)
proves to be very useful in describing plasmon excitations. It
also proves very useful in describing second harmonic emission,
as we discussed in the Introduction section of this article. We
shall now take this model a few steps further and demonstrate
that it can provide an explanation of both SHG emission and
nanobump formation.

In the driven harmonic oscillator model in Figure 1b, the
electric charges on the nanoparticle are driven by the electric
field of light. A similar mechanism can be envisioned to take
place in the hot spots of a nanostructured gold surface, as
illustrated in Figure 7a. It follows that, within these hot spots,
the electric field of light can split the charges. The charge
separation within the hot spots was verified by numerical
simulations performed with MAGMAS (Figure 7b). Moreover,
the oscillating charges constitute a local electric current, which
is maximal within the hot spots; this local current was also
calculated with MAGMAS (Figure 7c). For increasing incident
light intensity, this harmonic oscillator enters the nonlinear
regime and SHG occurs from the hot spots, as shown in Figure
7d. However, the local electric currents also locally heat up the

dx.doi.org/10.1021/1a302485c¢ | Langmuir 2012, 28, 15454—15471



Langmuir Invited Feature Article

AFM
(f)
j (k)

Charges Hotspots Hotspots
simulation  experimental

Figure 8. Beyond the G-shaped geometry. (a) AFM image of a star-shaped gold nanostructure before illumination. (b) For horizontally polarized
light, a numerical simulation indicating the charge distribution at the surface of the nanostructure is shown. (c) The resulting electric currents are
shown. The hot spots were experimentally observed by means of second harmonic generation microscopy, as shown in (d). (e, f) SEM and AFM
images show the effects of plasmon-assisted laser ablation. (g—k) On the second row, for vertically polarized light, the images are organized in a
similar manner.

Figure 9. Outputs A and B of a golden U-shaped nanostructure can be either simultaneously on or simultaneously off depending on whether the
linearly polarized light is perpendicular or parallel to the nanostructure in (a) and (b), respectively. The outputs can also be switched on individually
with circularly polarized light, which is rotated left-handed for B and right-handed for A in (c) and (d), respectively. (e) Scanning electron
microscopy (SEM) image of the nanostructures. The U-shaped nanoelement is highlighted in yellow for clarity. Next, SHG microscopy shows the
hot spots due to local field enhancements by plasmons for the linearly polarized light, (f) perpendicular and (g) parallel to the U-shaped
nanostructures, and for the circularly polarized light, (h) left-handed and (i) right-handed. The color-coded intensities increase from purple through
blue, green, yellow, red, and white. The locations of the SHG hot spots are displayed by superposing them on the SEM micrographs. For clarity, the
presence or absence of hot spots on the U-shaped nanostructures is indicated by full or empty white circles, respectively.

gold surface, because of the Joule heating effect. If the incident pulses, whereby the response to an individual light pulse is lost.
light intensity keeps increasing, this local heating could locally To demonstrate this individual response, illumination was
melt the surface within the hot spots. Subsequently, within the performed with single light pulses with a duration of 60 fs.

hot spots, in response to the impact from intense laser pulses, In Figure 7f, scanning electron microscopy of the G-shaped
hydrodynamic processes could take place. These hydrodynamic gold nanostructures demonstrates that, in response to a single
processes are analogous to the back-jets, which are observed femtosecond pulse, nanobumps can form in the hot spots. As
from a surface of water, upon impact from a pebble. As the the laser pulse power increases, the nanobumps rise further
reader certainly knows, following the impact, a column of water (Figure 7g) and start forming a column, which is visible in
surges upward and often that column ejects a droplet of water. Figure 7h. Further increasing the laser power reveals a
A very similar process can be observed in our gold G-shaped nanodroplet shaping up at the end of the column (Figure 7i).
nanostructures, as schematically illustrated in Figure 7e. It is In Figure 7j, it can be seen that the nanobumps are hollow.
precisely the surging column of molten material that creates the Finally, in Figure 7k, the nanodroplet has flown away, leaving a
nanobumps in Figure 6ce. However, in these figures, the very sharp cone of gold at the point of detachment. More
nanobumps resulted from the impact of hundreds of light details about these experiments can be found in ref 68. It
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should be noticed that illumination with single femtosecond
pulses extended over an area of 6 X 6 yum® (i.e. it covered an
array of 4 X 4 nanostructures). However, hydrodynamic
processes are observed only in the hot spots; the remaining part
of the G-shaped nanostructures does not show signs of melting.
It is clear, therefore, that the physical mechanism at work is
related to the near-field enhancement in the hot spots, but so
far, we have considered only G-shaped nanostructures. Is the
physical mechanism related to hot spots in general or just to the
specific hot spots in G-shaped nanostructures?

Figure 8a presents the AFM micrograph of a 25 nm thick,
gold, star-shaped nanostructure before illumination. In Figure
8b, a numerical simulation demonstrates that, under the
influence of light’s electric field, a charge separation occurs at
the vertical tips of the star, highlighted in red dashed line.
Correspondingly, local current maxima can be observed in the
numerical simulation (Figure 8c). Second harmonic micros-
copy, in Figure 8d, reveals two clearly distinguishable hot spots
whose location seems to match that of the hot spots in the
numerical simulations. After illumination, the SEM and AFM
micrographs in Figure 8e,f, respectively, confirm that the
location of the two nanobumps indeed matches that of the
near-field hot spots. A similar match is observed for the vertical
polarization, whereby the hot spots are situated on the
horizontal edges of the star (Figure 8g—k). Therefore, in star-
shaped nanostructures too, visualizing the hot spots as effective
“quasi-particles” and evoking the model of the driven harmonic
oscillator allow us to understand the SHG emission and the
nanobumps intuitively. It seems that this model extends beyond
the G-shaped geometry and that it is quite general. However,
one of the main reasons for which the model is so intuitively
appealing is that it considers linearly polarized light as the cause
of an oscillating driving force. It might seem, therefore, that it is
limited to linearly polarized excitation. This is not the case, and
to demonstrate this, we now turn our attention to circularly
polarized light.

2.5. Manipulating the Near-Field and SHG with
Circularly Polarized Light. For linearly polarized light, the
amplitude of the electric field varies whereas its direction
remains constant; for circularly polarized light, the amplitude of
the electric field remains constant whereas its direction rotates.
Consequently, upon switching the illumination of a nanostruc-
ture from linear to circular polarization, the behavior of the
electric field of light changes and so does the force on the
charges. However, the charges are still driven away from the
electric field of light; the latter causes them to oscillate across
the nanostructures for linearly polarized light and to rotate
around the nanostructure for circularly polarized light. The
motion of the charges under circularly polarized light can be
illustrated in the case of subwavelength, U-shaped nanostruc-
tures.

Figure 9 demonstrates that the two branches (A and B) of a
golden U-shaped nanostructure give rise to second harmonic
hot spots, which can be selectively switched depending on the
polarization state of light. The nanostructure is 600 nm long,
400 nm wide, and 25 nm thick. The line is 200 nm wide.
Further details regarding the sample growth and illumination
can be found in ref 69. For linearly polarized light, both hot
spots can be switched off or on in Figure 9a,b respectively. For
circularly polarized light, the hot spots can be switched
individually depending on the direction of circular polarization,
as indicated in Figure 9c,d. The actual measurements were
performed on the sample surface that is illustrated by an SEM

image in Figure 9e. For clarity, the U-shaped nanostructures are
highlighted in yellow. In the case of horizontally polarized light,
the SHG microscopy image in Figure 9f demonstrates that
there are no clear hot spots from the U-shaped nanostructures.
This absence is emphasized by placing empty white circles in
front of branches A and B. Conversely, in the case of vertically
polarized light, the SHG micrograph in Figure 9g demonstrates
that there are two clear hot spots situated at A and B. The
presence of the hot spots is emphasized with full white circles.
More importantly though, in the case of circularly polarized
light, A and B can be switched individually, as the SHG
micrographs in Figure 9h,i demonstrate. One way to a look at
this selective switching of hot spots depending on the direction
of circularly polarized light is to consider that the polarization
rotates the charge density along the achiral U-shaped path. The
hot spots could then be explained in terms of accumulated
charge density at the end of this particular path. To test this line
of reasoning, we will take it a step further and examine the case
where there is no end to the path—a ring,

In Figure 10a, we consider ring-shaped gold nanostructures.
For linearly polarized illumination, near-field enhancements can
be expected and those should give rise to SHG hot spots. For
circularly polarized light, though, if the charge density is indeed
rotated along the rings, there should be no hot spots. Instead,
we can expect the near-field to be distributed over the entire
surface of the rings. Numerical simulations of the near-field 1
nm above the gold/air interface are shown in Figure 10b,c for
linearly and circularly polarized light, respectively. Additionally,
second harmonic microscopy images for linearly and circularly
polarized light are shown in Figure 10d,e, respectively. Both the
simulations and the microscopy images demonstrate that, for
circularly polarized light, the near-field enhancements and the
resulting SHG emission are much more homogeneous than for
linearly polarized light. These results constitute evidence
indicating that the charge density rotates in response to the
rotating electric field of circularly polarized light. Moreover, a
careful examination of Figure 10c reveals that the near-field
pattern is chiral; the handedness of its chirality reverses upon
illumination with the opposite direction of circularly polarized
light.70 Because the structure itself is not chiral, the only
explanation for the presence of chirality in Figure 10c is that the
chirality of light has been imparted to the charge distribution
(i-e., the charges are responding to the circular motion of the
electric field of light).

We have seen that for circularly polarized light the circular
motion of the electric field of light is imparted to the charge
distribution of nanostructures. Consequently, a nanostructure
that is not chiral can acquire a chiral charge distribution. But
what about chiral nanostructures? If the charges are indeed
rotating because of circularly polarized light, then the chiral
geometry of the nanostructure should produce the effect of a
ratchet wheel, favoring circular motion along one direction and
hampering it along the other. Metal surfaces that are
nanostructured with chiral geometry should therefore exhibit
very strong circular dichroism effects. To test this idea, we start
by considering ratchet-wheel-shaped nanostructures.

3. MACROSCOPIC SECOND HARMONIC SURFACE
PROPERTIES

In the previous section, we discussed second harmonic

generation from the building blocks of nanostructured metal

surfaces. We saw that the polarization of the incident light

drives the charge density within single nanostructures, whereby
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Figure 10. (a) Schematic illustration of the SHG emission from
square-ring gold nanostructures depending on the polarization state of
light. In response to linearly polarized incident light (red arrow), near-
field enhancements of the electric field cause SHG hot spots on the
surface. For circularly polarized incident light (red oriented circle), the
electric near-field enhancements cause a more homogeneous SHG
emission from the surface of the nanostructures. (b, c) Numerical
simulations of the electric near-fields in a plane immediately above the
air/gold interface. The state of polarization is indicated by white
arrows. (d) SHG microscopy pictures for horizontal linearly polarized
light revealing hot spots that are arranged along the direction of
polarization. (e) SHG microscopy for circularly polarized light shows a
homogeneous SHG response from the surface of the square rings.

near-field enhancements can provide the source for the optical
nonlinearity, resulting in highly localized SHG emission: hot
spots. Consequently, although modern nanopatterning techni-
ques allow us to endow metal surfaces with virtually any
possible symmetry, the occurrence of SHG hot spots can
effectively reduce the complexity of the nanopatterned surface
to a collection of periodically arranged quasi-particles. It follows
that a nanopatterned metal surface with a given geometric
symmetry might not necessarily display that symmetry in the
SHG response. As a rule, understanding the macroscopic SHG
response from a nanopatterned metal surface requires an
understanding of the microscopic response. To illustrate this
point, we shall focus on chiral symmetry breaking. In the
previous paragraph, we speculated on the interaction of
circularly polarized light with ratchet-wheel-shaped nano-
particles; in the next paragraph, we put that speculation to
the test.

3.1. Chiral Nanostructured Metal Surfaces with
Decoupled Nanoelements. In Figure 1la, atomic force
microscopy pictures illustrate the geometry and dimensions of

star-shaped nanostructures. The tips of the stars have been
curved so that the overall shape resembles a right-handed
ratchet wheel. As we have seen while discussing square-ring-
shaped nanostructures, upon illumination with circularly
polarized light, such a ratchet wheel geometry should favor
charge rotation along one direction while hampering charge
rotation along the opposite direction. This dependence on the
direction of circularly polarized light should be reversed in the
case of a left-handed ratchet wheel (Figure 11b). The reversal is
clearly visible in the theoretical simulations of the near-field
pattern (not shown here, see ref 71) as well as in the
experimental SHG microscopy results, which are shown in
Figure 1lc—f. Indeed, upon illumination with circularly
polarized light, the periodic arrays of right- and left-handed
star-shaped nanostructures in Figure 1lc,d, exhibit a clear
difference in SHG intensity—the left-handed stars yield more
intensity. In these figures, the direction of circularly polarized
light is indicated with an oriented circle. Moreover, upon
reversing the direction of circularly polarized light, the
difference in SHG intensity, depending on the handedness of
the structure, is reversed as well—the right-handed stars yield
more intensity (Figure 11ef).

The second harmonic generation circular dichroism (SHG-
CD) in Figure 1lc—f illustrates the manner in which the
symmetry properties of the nanostructures can be reflected in
both the microscopic and the macroscopic SHG responses.
However, the macroscopic dependence in this case is a very
simple one: it is a direct consequence of summing the
microscopic response from the individual building blocks. This
case is simple in the sense that the individual building blocks do
not influence each other. As we shall see next, when coupling
between the nanoparticles occurs, the macroscopic SHG
response is far from trivial.

3.2. Chiral Nanostructured Metal Surfaces with
Coupled Nanoelements. Let us consider the macroscopic
SHG-CD response from three arrangements of chiral
nanostructures: G-shaped, mirror-G-shaped, and rearranged.
These three are shown respectively in the scanning electron
microscopy pictures in Figure 12a—c. For clarity, the borders of
the nanostructures have been highlighted in yellow. Because the
samples were grown on a nontransparent substrate, the
macroscopic SHG-CD can be evaluated in reflection, using
the experimental configuration in Figure 3a, and more details
on the exact experiment can be found in ref 72. The essential
element in Figure 3a is the quarter-wave plate, which is rotated
to switch between left- and right-hand circularly polarized light.
For every angle of this rotating quarter-wave plate, the SHG
intensity can be recorded, and within this record, the chirality
appears as a difference in the SHG intensity depending on the
direction of circularly polarized light. Figure 12d shows a polar
plot of such a record that was obtained from the G-shaped
nanostructures. There are four lobes in the figure, oriented
along the angles for which the quarter-wave plate produces
exactly circularly polarized light. For emphasis, in the figure
these angles have been marked with oriented red and green
circles. It is immediately apparent that there is a difference
between the size of the lobes depending on the direction of
circularly polarized light, which is an indication of chirality. The
presence of chirality is further confirmed upon measuring the
SHG response of the mirror-G-shaped nanostructures, which is
presented in Figure 12e. Here again there is a clear difference in
lobe size, and compared to the results in Figure 12d, this
difference is reversed, exactly as we would expect from chirality.
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Figure 11. Toward a metamolecular surface: individual nanostructures confer their chiral second harmonic properties to an entire surface. Atomic
force microscopy of (a) right-handed and (b) left-handed curved star gold nanostructures. (c, d) SHG microscopy recorded with left-handed
circularly polarized light reveals a difference in intensity depending on chirality. As expected, for right-handed circularly polarized light, in (e) and (f)
the difference in SHG intensity is reversed. SEM micrographs are shown in the insets.

Quite surprisingly, though, upon measuring the SHG signal
from the rearranged nanostructures as a function of the quarter-
wave-plate rotation angle, no such difference can be observed.
Indeed, all four lobes in Figure 12f appear to have the same
size. Consequently, according to the macroscopic SHG signal
recorded in Figure 12f, the nanopatterned metal surface in
Figure 12c¢ is not chiral.

To understand the absence of a chiral signature in the
macroscopic SHG response, it is necessary to examine the
microscopic SHG emission. Figure 12g—1 presents SHG
micrographs. The data are organized such that, in each column,
the micrographs correspond to the nanostructure arrangement
on top of that column, whereas in each row the direction of
incident circularly polarized light is identical. It can then be
seen that, for the G-shaped nanostructures, the pattern of SHG
hot spots differs depending on the direction of circularly
polarized light. Additionally, this difference in the hot spot
pattern is reversed in the case of the mirror-G-shaped
nanoparticles. However, in the case of the rearranged
nanoparticles, there is no obvious difference in SHG hot
spots, depending on the direction of circularly polarized light.
As we have seen in the previous section, the pattern of SHG
hot spots can be related to near-field enhancements.
Consequently, in the case of G-shaped and mirror-G-shaped
nanostructures, the chirality that is observed in the microscopic
SHG can be attributed to a chiral near-field coupling between
the four Gs at the center of each unit cell. At variance, in the
case of the rearranged Gs, the near-field bears no obvious sign
of chirality; therefore, no chiral signature can be seen in the
macroscopic SHG response.

The data shown in Figure 12 prove that knowing the
symmetry of a nanostructured metal surface is insufficient for
understanding the macroscopic SHG properties of that surface.
In addition, the microscopic SHG emission and the near-field
distribution must be taken into account. We have seen that,
regarding SHG circular dichroism, both the macroscopic and
the microscopic emissions can be studied with the help of a
quarter-wave plate. Nanostructured metal surfaces, however,
yield other very unusual macroscopic SHG properties, which
are much more challenging to understand and require SHG
microscopy techniques that are unavailable at the moment.

3.3. Asymmetric Second Harmonic Generation. Figure
13a shows a schematic diagram of a macroscopic SHG property
that can be observed from nanostructured gold surfaces:
asymmetric SHG. In the experiment, linearly polarized light is
incident on the sample, and the detection selects linearly
polarized SHG from the sample. The sample itself is rotated
azimuthally, and for every angle of sample rotation, the SHG
intensity is recorded. Because the sample is 4-fold symmetric, a
4-fold-symmetric SHG response is observed. However, the four
peaks themselves are not symmetric. Instead, the polar plot of
SHG as a function of the sample rotation angle resembles a
ratchet wheel (i.e., it exhibits a sense of rotation). Interestingly,
upon measuring the mirror-G-shaped nanostructures, the
ratchet wheel of the SHG response seems to rotate in the
opposite direction (ie., the sense of rotation reverses). The
actual SHG data can be seen in Figure 13b, where the red curve
is associated with the signal from the G-shaped nanostructures
and the black one is associated with the signal from the mirror-
G-shaped ones. It can clearly be seen that, in each of the four
main peaks, the black curve is asymmetric, hence the sense of
rotation. At variance, for the red curve, the asymmetry reverses.
These data indicate that we can determine the chirality of the
nanostructured metal surface through an SHG experiment
whereby the sample is rotated. Because these nanostructures
are large compared to the wavelength of light, it is likely that,
upon sample rotation, their orientation comes to play an
important role. However, this effect of the orientation is not
always visible (i.e., it is not present in all polarizer—analyzer
configurations).

It should be noted that the asymmetric SHG property is not
exhibited for arbitrary directions of the polarizer and the
analyzer but only for very specific ones (Pjy—Sour)- As we have
seen earlier, the directions of the polarizer and the analyzer are
used to select specific sets of nonlinear susceptibility tensor
components. Consequently, this particular macroscopic SHG
property is not only due to microscopic SHG sources but,
within these microscopic SHG sources, to a specific set of
nonlinear susceptibility tensor components. To provide
evidence of this origin, a microscopic SHG technique that is
capable of discriminating a great number of specific tensor
components is required but is currently lacking. The lack is
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Figure 12. Chirality in the SHG response due to the coupling of four nanostructures. (a—c) SEM pictures of the samples with G-shaped, mirror-G-
shape, and rearranged nanostructures, respectively. The yellow lines have been added around the edges of the structures in order to improve the
visibility. (d—f) SHG microscopy results obtained for right-handed circularly polarized light corresponding to the SEM pictures. (g—i) SHG
microscopy results, obtained for left-handed circularly polarized light. For the G-shaped and the mirror-G-shaped nanostructures, there is a clear
difference in the SHG hot spot pattern depending on the direction of circular polarization and on the handedness of the nanostructures. This
difference is due to the chiral coupling at the center of the unit cells. For the rearranged nanostructures, no difference in the SHG pattern can be
observed depending on the direction of circularly polarized light. (j—1) SHG- circular dichroism results demonstrate that the properties of the hot-
spot patterns translate into macroscopic properties of the entire nanostructures surface. The outlined lobes indicate SHG intensity as a function of
the angle of quarter-wave plate rotation; the wave plate positions for left- and right-handed circularly polarized light are indicated with oriented

circles.

mainly due to technological reasons that should be overcome in
the near future. Understanding the asymmetric SHG property
constitutes good motivation for such a technological develop-
ment, and so does the next SHG property that we shall
examine, which involves the presence of magnetization.

3.4. Asymmetric-Magnetization-Induced Second Har-
monic Generation. The macroscopic SHG property that is
schematized in Figure 14a has a lot in common with the above-
mentioned asymmetric SHG, and it is just as puzzling. As in the
case of Figure 13a, linearly polarized incident light and second
harmonic light are involved. As in the case of Figure 13a, the
sample is being rotated azimuthally, and as in the case of Figure
13a, the sample consists of G-shaped nanostructures. However,
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here, instead of being made of gold, the nanostructures are
made of nickel. Because nickel is a ferromagnetic material, the
direction of its magnetization is controlled with an electro-
magnet. More details on the sample growth and its magnetic
characterization can be found in ref 73. As in the case of Figure
13a, upon rotating the sample, the SHG response exhibits a 4-
fold-symmetric pattern with asymmetric peaks. Surprisingly,
though, here the asymmetry of the peaks reverses depending on
the direction of magnetization within the nanostructures.

The actual SHG data are shown in Figure 14b, where the
scale covers the 90° rotation of the sample, which is
representative of the full scale because the sample is 4-fold
symmetric. While the red dots indicate the magnetization-
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Figure 13. (a) Schematic diagram of asymmetric SHG, a macroscopic property of the nanostructured surface. Upon azimuthal rotation of the
sample, for linearly polarized light, the resulting SHG pattern resembles a ratchet wheel with a different sense of rotation and a different phase
depending on the handedness. For this experiment, the polarizer was oriented along the horizontal direction whereas the analyzer was positioned
along the vertical direction. (b) Actual SHG intensity data as a function of the azimuthal rotational angle of the sample. On each peak, for the mirror-
G-shaped nanostructures, the plot shows that the SHG intensity peaks are asymmetric, with the asymmetry reversing for the G-shaped
nanostructures, hence the resemblance to a ratchet wheel.
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Figure 14. Macroscopic magnetization-induced second harmonic generation property of the G-shaped nickel nanostructured surface. (a) Schematic
diagram of the experiment. Upon azimuthal rotation of the sample, in the presence of an externally applied magnetic field and for linearly polarized
light, the resulting SHG pattern resembles a ratchet wheel. This wheel has a different sense of rotation and a different phase depending on the sign of
the magnetic field. Because the sample is 4-fold symmetric, a rotation from 0 to 90° is representative of the whole angular range. (b) The SHG peak
for a positive magnetic field is asymmetric. This asymmetry reverses with the sign of the magnetic field. Interestingly, the asymmetry in these samples
is unaffected by chirality as illustrated by the graphs in (c), which correspond to the mirror-G-shaped samples.

induced SHG for an externally applied magnetic field of 158 that whereas for gold G-shaped nanostructures the asymmetric
mT, the black squares indicate the magnetization-induced SHG SHG constitutes a chiral effect, for nickel G-shaped
for an opposite magnetic field: —153 mT. There is clear peak nanostructures the asymmetric SHG constitutes a magneto-
asymmetry in the two SHG signals, which is emphasized with optical one. Clearly, in both cases, the asymmetry is due to the
arrows within the figure. Because this asymmetry looks similar interplay between specific nonlinear susceptibility tensor
to that in Figure 13b, where it is due to chirality, a sample with components. Determining those can be attempted by
mirror-G-shaped nickel nanostructures was also measured indentifying the sample symmetries; however, we have seen
(Figure 14c). The data in Figure 14c look remarkably similar throughout this article that taking into account the near-field
to those in Figure 14b. Consequently, it seems that chirality enhancements is absolutely essential.

does not affect the samples made of nickel; SHG-CD from Asymmetric SHG highlights the necessity for developing new
these samples could not be measured either. It is very puzzling SHG microscopy techniques and suggests that novel SHG
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properties remain to be uncovered; for instance, a gold/nickel
bilayer might yield a magneto-chitral effect, whereby the
asymmetric SHG could be switched both by magnetization and
by chirality. It should be noted that all of the data that have
been discussed throughout this article were reported in the last
3 years. A similarly fast development can be noted in the output
of several other research groups in the field. Consequently,
many advances concerning the SHG properties of nano-
structured plasmonic surfaces are to be expected in the near
future. Extrapolating from the data that have been discussed in
this article, in the next section, we shall focus on some of the
most promising candidates.

4. SUMMARY AND OUTLOOK

During our investigation of the role of plasmons in SHG from
nanostructured metal surfaces, we have seen that the
experimental micrographs at the second harmonic match the
numerical simulations of the near-field at the fundamental
frequency. To explain this observation, we invoked an
intuitively appealing model whereby the hot spots constitute
quasi-particles whose shape and field anisotropy, combined
with intense near-fields, provide the source of the optical
nonlinearity and cause local frequency doubling. This model
has important implications for mapping plasmonic hot spots at
nanostructured metal surfaces. Indeed, at the frequency at
which plasmons are excited, reflection, diffraction, scattering,
antenna effects, and interferences all contribute to the optical
noise from which the near-field signal is to be extracted. Of
course, there are elegant and efficient methods for extracting
signal from a noisy environment; however, it might be
advantageous to avoid the whole problem by detecting the
second harmonic light that originates from the plasmonic hot
spots. A mere color filter would then be sufficient to improve
the signal-to-noise ratio of the experiment dramatically.
Compared to other techniques for mapping near-field enhance-
ments in metal nanostructures, such as apertureless scanning
near-field optical microscopy,”* cathodoluminescence,” and
electron energy loss spectroscopy,’® the resolution of SHG
microscopy is hampered by the diffraction limit of light.
However, generally speaking, whereas there are indeed
methods to map the plasmonic field enhancements with
increasingly high resolution, they come at corresponding
increases in cost, measuring time, and complexity. These
factors are very important because as a result of the high
sensitivity of nanostructured plasmonic surfaces to small
variations in geometry, these surfaces are excellent candidates
for investigation by the combinatorial discovery approach.”” In
this approach, many slight variations on a desired entity (such
as a device or material) are fabricated and then individually
characterized to see if they are adequate for the job. The
approach has been very successful at finding new drugs and
other chemical compounds. In the case of plasmonic
nanostructures, arrays of thousands of elements with varying
parameters can be prepared and then their individual local field
enhancements can be mapped. Obviously, the combinatory
discovery approach requires speed and ease of use, which is
where the method of SHG microscopy can be of great value.
The potential benefits of this method invite future research,
especially to determine the limits of its applicability. Because
understanding the link between microscopic and macroscopic
SHG properties is a key objective, novel methods for
microscopy’® and for analyzing the far-field SHG response’**°
are necessary.

Taking this model a step further, we have seen that ultrafast
laser pulses can cause very intense local currents and heating,
melting, and hydrodynamic processes that result in nanobump
and nanojet formations in the near-field hot spots. Combined
with SHG microscopy, these nanoimprints can further improve
our capability to map plasmonic hot spots. Indeed, although
visualizing the SHG signal is hampered by the diffraction limit
of light, the nanoimprints that light causes can be studied well
beyond that limit by means of scanning probe techniques. In
addition to providing a technique for mapping the hot spots,
these nanoimprints also constitute a writing technique for
molding the metal surface. Similarly, whereas the SHG
microscope can constitute a tool for visualizing the near-field,
it can also serve as a method for manipulating it. We have seen
that linearly polarized light has a different effect on the near-
field than circularly polarized light. In particular, the latter can
induce chirality in the near-field of achiral nanostructures, such
as rings. The chiral near-field is even more pronounced when
circularly polarized light is incident on chiral nanostructures,
such as the G-shaped ones. In the future, this chiral near-field
can find important chemical, biological, and pharmaceutical
applications in chiral synthesis by providing the means for
asymmetric (iie., enantioselective) catalysis.®" In turn, materials
consisting of a single enantiomer are sought after for their
nonlinear optical properties.

Finally, we have seen that unexpected nonlinear optical
properties are revealed from nanostructured metal surfaces. For
instance, rearranging nanostructures can switch the SHG
circular dichroism of the surface. Moreover, upon the azimuthal
rotation of a sample whose surface is composed of G-shaped
gold nanostructures, an asymmetric SHG response appears, in
relation to the chirality of the nanopattern. Additionally, a
similar asymmetric SHG response is observed in the case of G-
shaped nickel nanostructures, this time in relation to the
direction of magnetization. A variety of other such properties
can be expected to be uncovered in the future. In every case, we
can expect that they will originate in the interplay between
symmetry considerations and, especially, the near-field
enhancements.
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