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ABSTRACT: We investigate the efficiency of second-
harmonic generation (SHG) over the transition from
capacitive to conductive coupling in orthogonal L-shaped
dimer gold antennas. By tuning both the gap and antenna
length, the bonding and antibonding resonances are individ-
ually addressed. Results on the intensity and polarization of
SHG are compared quantitatively with microscopic numerical
simulations taking into account the nanoscale nonlinear surface
dipole distribution, elucidating the interplay between symmetry
at macroscopic and microscopic levels and optical resonance
effects. Microscopic modeling reveals strong cancellations of

- = - » 90°
—W- 00072
Large gaps 3 Ein >N e P
(>60 nm) ‘g_ — & /LN K\,\ \A} g

0°
= oo

Ultra-small « )
&l 00000

polarization-resolved SHG from L-Shaped antennas Angle for maximum SHG

nonlinear dipoles by capacitive coupling in plasmonic nanogaps, resulting in only small changes in SHG efliciency despite large
local field enhancement in the gap. Experimentally, irreproducible polarization properties are obtained in a range of parameters
associated with strong optical near fields in the gap of the antennas, which is interpreted as a consequence of nanoscopic
asymmetries inherited from the fabrication process. Our results demonstrate that nanoscopic defects can either strongly impact
the nonlinear optical emission or have a barely detectable influence depending on the excited optical resonance and associated
optical near-field distribution. These results provide useful design rules to optimize the design of nonlinear plasmonic

nanostructures.
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D 1 etallic nanoantennas supporting surface plasmon (SP)

resonances efficiently convert free radiation fields into
localized oscillating electric fields.'~* This ability to confine and
enhance the electric field has placed these nanostructures at the
heart of many applications such as plasmon-enhanced spec-
troscopy,” controlling light directivity,> and photodetection.’
Concentration of optical fields is even more important when
considering nonlinear optical interactions, as the latter are more
sensitive to the electric field strength. The influence of surface
plasmons on second-harmonic §eneration (SHG),”™ " third-
harmonic generation (THG),"*" four-wave mixing (FWM),"®
and strong-field photoemission'” has been clearly demon-
strated, and a lot of effort has been put into the design of
metallic nanostructures with optimized nonlinear properties.'®
In order to enhance nonlinear conversion efficiency, designs
such as doubly resonant'’ or multiresonant plasmonic
nanostructures”””' and metallic nanostructures supporting
Fano resonances””’ have been investigated. It has been
shown that plasmonic nanostructures can enhance the
nonlinearities of their constituent metal,”**~* but they can
also boost or switch nonlinear light emission from their
surrounding.”” >’ Enhanced nonlinear optical response has
now been proposed for a variety of applications, among which
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detection of optically trapped nanoparticles,”””" high-resolution
near-field imaging,32 modulation and switching,33 or coherent
control of light scattering.”

Integration of single nanoantennas into ultrathin, planar
optical metasurfaces has raised great interest for the potential of
altering the phase and polarization of electromagnetic waves,
with applications such as flat lenses, meta-holograms, and
polarization elements.*>* Whereas initial studies were aimed
at achieving new linear optical properties, research efforts now
address the nonlinear response of these nanostructured
plasmonic surfaces.””~* It has been shown that the efficiency
of harmonic generation can be strongly influenced by the
geometric arrangement of elements in a metasurface.*”*> Next
to these collective effects, a precise understanding of nonlinear
light emission in the optical near field of a single nanoantenna
is necessary to optimize the nonlinear conversion efficiency of
individual nanoantennas and metasurfaces. In particular,
whereas the nonlinear optical response of a nanostructure
generally benefits from the enhancement of its linear response,
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Figure 1. (a) Orthogonal gold dimer antennas deposited on a glass substrate (n, = 1.5). (b) SEM images of several antennas identified on d (scale
bar = 100 nm). (c) Scattering spectrum measured on a disconnected antenna showing the antibonding and bonding modes (respectively A and B).
(d) Raw SHG spatial intensity map acquired on an entire array with an incident E-field at 900 nm polarized along the antibonding axis. The squares

are used for antenna identification and data processing.

the electric fields induced at the fundamental and harmonic
frequencies can have different symmetries.'”** Cancellation of
nonlinear dipoles only nanometers apart can therefore result in
a complete silencing of the SHG in these structures.”* From a
general point of view, the influence of optical resonances and
symmetries at both macroscopic and microscopic levels has
been pointed out in the literature.**™* However, these
combined effects depend sensitively on design parameters
such as resonance length and feed gap, and disentangling their
respective influence is necessary to draw eflicient design rules
for nonlinear nanostructures. Furthermore, fundamental
limitations in fabrication techniques such as e-beam lithography
strongly affect the results of SHG experiments and their
agreement with theoretical models.*’

Here, we investigate second-harmonic generation from both
conductively and capacitively coupled L-shaped gold antenna
dimers, focusing on the intensity and polarization of the
emitted SHG for different resonance conditions. The geometry
of the orthogonal dimer was chosen for its direct relationship to
linear dimer antennas,™ however with an important difference
that both the bonding and antibonding hybridized modes of the
orthogonal dimers are radiative. In comparison, cancellation of
the linear dipoles produces a dark, nonradiating antibonding
mode in the parallel dimer antenna. The possibility of optically
addressing the symmetry properties of the nonlinear suscept-
ibility has motivated several studies of SHG from L-shaped
antennas.”***”*" The combined influence of geometrical
effects and local field distribution has been pointed out in the
case of SHG from arrays of T-shaped nanostructures.”” Beside
these two important factors, the additional role of surface
plasmon resonances on SHG from metallic nano-objects needs
to be systematically investigated.
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In this context, our current study brings together several
important elements by (i) covering a wide range of single
antennas designed to address both bonding and antibonding
resonances, (ii) analyzing these antennas through quantitative
single-particle extinction spectroscopy and nonlinear optical
microscopy to precisely attribute the response, and (iii)
interpreting the results through extensive electrodynamical
simulations. Exploring a complete parameter space of optical
excitation and antenna morphology (gap, length) over the
transition from conductive coupling to capacitive coupling
allows us to disentangle the influence of local field enhance-
ment, particle macroscopic symmetry, and local microscopic
symmetry on the SHG.

Our experimental results are compared with numerical
simulations of the SHG emitted by an L-shaped antenna.
The nonlinear scattering model is based on the assumption that
only electric field components normal to the nanoparticle

8,41,47,52 .
ALATS as 1s

surface contribute to the nonlinear polarization,
discussed in more detail in Supporting Information Section S3.
While there is still an open debate on which components to
assume for best describing the SHG process in gold
nanoantennas, this approach has been used with very good
results in the case of far-field SHG microscopy.”*"*"*”** More
complex experiments such as SHG near-field microscopy, in
which the interaction of the emitted SHG with the environ-
ment is expected to have a strong influence, could demand
more complex theoretical approaches.53 In particular, a time-
domain implementation of the hydrodynamic model has been
recently developed to provide a nonperturbative description of
the nonlinear coherent interaction between light and plasmonic
nanostructures.” This sophisticated model provides a self-
consistent numerical solution, free from any approximation,
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Figure 2. (a) Total detected SHG for an incident E-field at 900 nm and linearly polarized at 45° (A-axis). (b) Same for an excitation at —45° (B-
axis). (c) Ratio of A/B excitation efficiencies obtained from a and b. (d, e) Calculated excitation efficiency corresponding to geometries of a and b,
with (f) calculated ratio of A/B excitation efficiencies, for internal fields S nm below the nanoparticle surface. The dashed lines correspond to the
condition of resonant excitation of the antibonding (d) or bonding (e) mode of the antennas deduced from antenna cross-section calculations

detailed in Supporting Information Figure S4.

which is more accurate, in particular for the description of the
near-field distribution of the nonlinear sources.

While many of the observed dependencies are successfully
explained by the microscopic description of the nonlinear
surface dipole distribution over a large range of antenna
dimensions, deviations from the theoretical behavior show up
for strong capacitive coupling in large fluctuations of the
polarization properties of the SHG emission. These effects are
attributed in our work to a large energy concentration in the
gap region combined with nanoscale local asymmetries, which
cause imperfect silencing of SHG.

B RESULTS AND DISCUSSION

Figure la shows the principle of the experiment. L-shaped
antennas, composed of two gold rods of equal length L (L
between 120 and 220 nm) and thickness t = 50 nm, were
fabricated by electron beam lithography on a glass substrate
(see Experimental Section). By systematically varying the gap
width, two different situations have been investigated, in which
the antenna arms are either conductively or capacitively
coupled. The antennas were fabricated in a square array with
a mutual spacing of 4 ym, large enough to prevent interparticle
electromagnetic interactions. Figure 1b shows SEM images of
several representative antennas, which will be investigated in
detail in the following. The linear optical properties of all the
antennas investigated in this work have first been characterized
by spatial modulation spectroscopy using a setup optimized for
detection in the infrared spectral range®™*® (see Supporting
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Information Section S1). Figure 1c shows extinction spectra of
a disconnected antenna consisting of two nanorods of 200 nm
length with a gap of around 12 + 5 nm. For linearly polarized
incident light with polarizations of —45° and 45° (respectively
labeled as B-axis and A-axis in the following), we observe
different optical resonances, the low- and high-energy modes
corresponding to the bonding (B) and antibonding (A) modes,
respectively, as defined by the charge distributions of the
modes.’™*’ For the selected antenna A6, the antibonding mode
A overlaps with the femtosecond laser excitation wavelength at
900 nm.

Following the linear spectroscopic characterization, we
measured the SHG emission over the entire array. The second
harmonic generated by single nanoantennas was studied using a
Ti:Sa femtosecond laser oscillator at a wavelength of 900 nm
(see Supporting Information Section S2). The investigated
antennas were placed on a nanopositioning stage and raster
scanned in the laser beam focus (NA = 0.8). The incident
power at the back of the microscope objective was kept
constant at 1 mW, corresponding to an average intensity of 10°
W/cm? while the polarization of the incident light could be
controlled using a half-wave plate. Light generated at the
second-harmonic frequency was collected in epi-collection
configuration with a dichroic mirror and SHG bandpass filter
and was detected using a photon multiplier in photocurrent
mode. In part of the experiments, the polarization of the SHG
was analyzed using a polarizer placed in front of the detector.

Figure 1d shows an SHG spatial intensity map for an incident
polarization along the A-axis and unpolarized detection. For
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Figure 3. Extinction cross sections (a) and polarization-resolved SHG intensity (b) for selected antennas A1—A4. SHG was measured at 900 nm
fundamental wavelength. (c) Calculated polarization-resolved SHG intensity for antenna geometries corresponding to b, for excitation polarized
along A (45°, antibonding configuration, red) and along B (—45°, bonding configuration, black). (d, e) Corresponding dipole distributions (red
arrows) for Al (d) and A3 (e) for A and B polarizations. Color scale indicates vector length increasing from blue to red.

each antenna, the total SHG intensity in Figure 1d was
integrated over the spot area and plotted as a single value,
resulting in the corresponding two-dimensional parameter map
shown in Figure 2a. The SHG intensities collected when the
antennas were excited with incident polarization along the B-
axis are shown in Figure 2b. Both maps were normalized to the
highest intensity found in the configuration of Figure 2a. For
polarization along A, the highest intensities of SHG are
obtained for antennas with arm lengths in the 180—200 nm
range, corresponding to the resonant excitation of the
antibonding mode at 900 nm. When the polarization of the
incident wave is rotated to the B-axis, a different set of antennas
produced the highest SHG, as shown in Figure 2b. This
situation corresponds to a resonant excitation of the bonding
mode, as can be seen from single-particle extinction spectra
such as shown in Figure 3a and in Supporting Information
Figure S2. These results clearly show that the SHG is
resonantly enhanced by the plasmon resonance at the excitation
wavelength. As shown in Supporting Information Figure S4, the
wavelength of the antibonding mode is not much affected by
the gap width, and therefore the excitation efficiencies of the
antennas in Figure 2d do not change much with gap spacing.
The situation is very different in Figure 2e. In this case, the
wavelength of the bonding mode is strongly dependent on the
gap width and the SHG efficiency clearly varies a lot with gap.
We note that the bottom left group of connected antennas
around L = 130 nm, G = —80 nm (antenna AS in Figure 1b)
closely resembles a single nanorod positioned at an angle of
—45° (B-axis) with a longitudinal resonance wavelength
overlapping with the pump wavelength, which explains the
additional resonant enhancement in this area. While Figure 2a
and b emphasize the response of antennas with the highest
intensities, additional information on excitation efficiency over
a wider range of parameters is obtained by taking the ratio of
the SHG intensities obtained in the A and B configurations,
shown in Figure 2c. Even for antennas with low SHG yield, the
ratio between the two polarizations is well-defined, and a
transition in excitation polarization efficiency occurs between
the A and B resonances (more information about signal-to-
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noise ratio in our experiment is provided in the Supporting
Information Section S2). Similar results are found for different
arrays with nominally the same design parameters (see
Supporting Information Figure S7), within the intrinsic
limitations of the e-beam fabrication tolerances (+10 nm).

Model results are shown in Figures 2d—f for the normal
component of the nonlinear polarization 72 while a
comprehenswe presentation of the other surface components
)(5,2, and )(ppn is given in Supporting Information Section S3.2.
The normal component quantitatively describes most of the
experimental observations. It predicts the enhancement of SHG
following the A and B resonances and the flipping of the A/B
intensity ratio (visible as a transition from red to blue colors in
Figure 2c and f). A ver?r similar response is calculated for ;(I(,;Z,
(Figure S11), while )(n does not show agreement at all with
experimental data. These calculations serve to compare
qualitative behaviors and assume equal material susceptibilities.
However, their absolute contribution critically depends on the
magnitudes of the normal and tangential nonlinear material
susceptibilities, which as yet are unknown. Therefore, it is not
possible to include all three tensor components into a single
SHG response.

Notably, reducing the gap from 60 nm down to <20 nm
results in only a factor of ~2 increase of the SHG intensity at
resonance for the bonding mode, while the corresponding near-
field enhancement in the gap region exceeds more than an
order of magnitude (see Supporting Information Figure S3). As
will be discussed in more detail below, this is a consequence of
the cancellation of most of the nonlinear field components in
the gap region, resulting in a strongly silenced SHG.

Next to the excitation characteristics of Figure 2, a full
polarization analysis was done for selected antennas Al—A4,
corresponding to the condition that an eigenmode is resonantly
excited with the appropriate wavelength and polarization.
Figure 3a shows the corresponding extinction spectra, and the
polarization-resolved SHG intensity is shown in Figure 3b.
Antennas resonant with the antibonding mode (Al and A2)
show a stronger overal SHG intensity for the A excitation
condition, while the antennas resonant with the bonding mode
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Figure 4. (a) Total detected SHG for an incident E-field at 900 nm and linearly polarized at 0° (horizontal). (b) Computed total SHG in the same

configuration as a.

(A3 and A4) show a stronger SHG for the B excitation
condition. Despite these variations in excitation efficiency
consistent with Figure 2, excitation along either A or B results
in SHG emission polarized predominantly along the symmetry
axis of the L-shaped antennas, i.e., the A-axis. This behavior is
confirmed by global studies of emission intensity along A and B
directions, shown in Supporting Information Figures S9 and
S10.

The calculated relative intensities and polarizations of SHG,
shown in Figure 3¢, are in general good agreement with the
experimental results, with some deviation mainly for the
bonding modes of A3 and A4, where the experiment shows a
more polarized emission along A than the calculation. The fact
that the SHG is polarized along A even for an excitation along
B can be understood at a microscopic level by considering the
fact that the distribution of the nonlinear sources that are
ultimately responsible for the second-harmonic emission can
have a very different symmetry from that of the fundamental E-
field."”** In particular, whereas the electric field for a resonant
excitation of the bonding (B) mode is antisymmetric with
respect to the symmetry axis of the antennas, the polarization
induced at 2w in each antenna arm is symmetric and flipped
with respect to @, resulting in a total nonlinear polarization
orthogonal to the incident polarization. This effect is illustrated
in Figure 3d,e which shows the distribution of induced dipoles
at the second-harmonic frequency corresponding to antennas
Al (d) and A3 (e). Large nonlinear dipoles are created at
resonance for small gaps for the B mode. For ideal geometries,
these nonlinear sources in the gap cancel* and the remaining
SHG is polarized along the symmetry axis of the antennas.

Selection rules can also be inferred from the global symmetry
of the nonlinear susceptibility tensor y®.*” For the L-shape
geometry, it reduces to C,, when the substrate—air asymmetry
is taken into account.”*> The only in-plane nonzero tensor
elements for these symmetries are 2 M e, and 4,
where the first index indicates the SHG polarization and the
latter two indices represent the polarizations of the two incident
fields. For incident fields along either A or B only, the
individual tensor elements ¥}, and y{¥; are addressed and
SHG is polarized along A in both cases. The A/B ratio in
Figure 2c thus directly gives the ratio of the susceptibilities
2% /7 %5 In the case of a resonant excitation of the
antibonding mode, the measured ratio is consistent with
previous results obtained in the same configuration.”® The
scaling of the y® elements is furthermore in qualitative
agreement with the nonlinear oscillator model, which predicts
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that the nonlinear susceptibility is proportional to the product
of the linear susceptibilities of the two incident fields, ){fﬁc) x
I)(j(l))(,(cl)l.7’9 According to this model, the nonlinear susceptibility
is expected to follow the bonding and antibonding resonances
for incident light along B and A, respectively.

Exploring a wide parameter space of antenna gaps and
lengths allows us to monitor the gradual transition from L-
shaped to more symmetric structures and the associated change
of symmetry group. This is clearly the case for antennas with
short arm lengths, such as antenna AS shown in Supplementary
Figure S10. Here, the SHG emission is predominantly polarized
along B. This behavior is consistent with the fact that the
morphology of these antennas is very close to a nanorod
oriented at —45° (B-axis).” However, even for “normal” L-
shaped antennas such as A3 and A4, it can be seen that both the
experimental and calculated SHG emission at resonance is not
fully polarized along the predicted symmetry direction (A-axis),
but a significant fraction is emitted along the B-axis polar-
ization, which shows that full electrodynamic calculations are
essential to understand the detailed SHG polarization
distribution.

The case of SHG excitation along A and B is of interest, as it
allows selective driving of the pure eigenstates of the L-shaped
antenna, providing a measurement of the individual 22 tensor
elements associated with these modes. A different regime is
provided by excitation along one of the antenna arms, where
directions A and B are equally excited. In the linear case,
excitation along X has been shown to result in gap-dependent
effects such as polarization conversion.”” In an intuitive picture,
driving along one antenna arm should lead to SHG polarized
along this antenna for large gaps, while near-field coupling will
set up a more complex superposition of eigenstates for small
capacitive gaps and for connected antennas.

Figure 4a shows the absolute intensity for excitation along X.
Markedly, the highest SHG is not obtained for the smallest
capacitive gaps, but rather for uncoupled antennas. The reason
for this difference is the fact that for small gaps only the pure B
mode contributes to the SHG, which is excited with only half of
the intensity in Figure 4. For large gaps, both the A and B
modes are degenerate and both modes therefore contribute to
the SHG for horizontal excitation, resulting in a larger overall
intensity than for small-gap antennas. The case of polarization
along X therefore shows that the SHG intensity is not primarily
governed by the near-field enhancement associated with narrow
gaps, which can be attributed to strong silencing effects, as will

be discussed further below.
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The emission polarization for excitation along the horizontal
antenna is further investigated by taking a number of full
polarization maps for selected antennas. Figure Sa shows
polarization-resolved SHG intensities for four conditions
corresponding to disconnected antennas with large gaps (>20
nm), small gaps (<20 nm), ultrasmall gaps (<10 nm), and
connected rods (gap <O nm). The ultrasmall gaps were
fabricated by helium ion beam milling of connected antennas
(see Experimental Section). Both the cases of conductively
coupled antennas and capacitively coupled antennas with large
gaps yield very reproducible results. The former consistently
generate an SHG polarized along A, whereas the latter yield an
SHG polarized parallel to the fundamental wave. The situation
of capacitively coupled antennas with small and ultrasmall gaps
is more complex, and, as shown in Figure 5b, the measurements
performed on 15 different antennas with nominally the same
design morphologies have produced very different results.

This extreme sensitivity of the SHG polarization to the gap
width is illustrated in Figure 6, showing the calculated weight of
the nonlinear sources arising from dipoles located in the gap.
For this purpose, we individually analyzed the total energy and
net dipole moment of the gap region, defined as the quadrant
of the antennas closest to the gap, and the rest of the antenna
(see Figure 6a). The results displayed in Figure 6b show that
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the fraction of energy contained in the gap in the regime of
small gaps is several orders of magnitude larger than in the rest
of the antenna. However, as can be seen in Figure 6¢, the net
dipole is strongly suppressed because of cancellation of dipoles
of opposite sign. As more energy is drawn into the gap, the
cancellation of nonlinear dipoles is enhanced, and therefore the
SHG is reduced for smaller gaps at resonance. Thus, despite the
strong field enhancement, capacitive nanogaps are generally not
advantageous for the SHG efliciency.

Very importantly, the exact cancellation of the nonlinear
dipoles strongly depends on the details of the shape of the
antenna gap. As the gap width is decreased, the nonlinear
polarization dramatically increases in the gap region due to the
strong local electric fields (Figure 6a), and the local symmetry
of the gap region directly dictates the ability of the nonlinear
dipole distribution to cancel. Compared to the symmetric
nanostructures considered in the theoretical calculations, the
structures obtained using lithography and/or helium ion milling
are generally not ideal and contain deviations from perfect local
symmetry. Similar effects were observed in numerical studies
where the polarization of SHG for a single linear nanoantenna
was found to depend strongly on nanoscale morphology.*’
Here, we show that the influence of local asymmetry due to
local defects in the gap morphology is not so important if the
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optical near fields in the gap are small, as is the case for large
gaps, or for small gaps in the antibonding configuration.
However, the effect of small irregularities is strongly increased
in the case of enhanced optical near fields in the gap (see Figure
2b).

The precise mapping of SHG for a wide range of antenna
lengths and gaps and for different polarizations has enabled
direct characterization of the various modes on the SHG
response. The resonant enhancement of SHG follows the
resonance conditions at the fundamental wavelength, in
agreement with the anharmonic oscillator model. Comparison
with microscopic modeling shows how local field distributions
and cancellation of nonlinear sources in the near field produce a
macroscopic response in agreement with group theory over a
range of parameters. However, the macroscopic symmetry rules
lose validity when the nanoantenna parameters are gradually
scaled away from the L-shape geometry toward a different point
symmetry, while the microscopic model correctly predicts the
properties in this regime.

An important point, which was already pointed out in several
studies, but which is still cause for misunderstandings in the
field, is that the overall emitted SHG intensity does not increase
with local field enhancement for a locally symmetric nanogap.
On the contrary, increased concentration of energy in the gap
region means that effectively the SHG is more strongly
suppressed for narrow gaps by exact cancellation of local
dipoles. In reality, such silencing is never perfect in nano-
fabricated structures, resulting in an unpredictable and strongly
varying SHG response in both intensity and polarization even
for high-quality e-beam and HIM structures as presented in this
study. Our results show that nonlinear emission from
nanostructures of fixed macroscopic symmetry can present
very different robustness with respect to fabrication imprecision
depending on the excited optical resonance and associated
optical near-field topography. This extreme sensitivity of the
SHG polarization to local defects in the gap region is a
limitation for the complete control of SHG for strongly coupled
orthogonal antennas and will impact, for example, the use of
plasmonic gap antennas for nonlinear metasurfaces. Such
sensitivities of SHG to local defects were pointed out in
other studies.***”! Our current work specifically addresses the
combined interplay of strong interactions and optical resonance
and shows that the influence of local defects depends strongly
on the excited optical resonance and associated optical near-
field distribution.

Provided that better control on a sub-20 nm gap is achieved,
orthogonal plasmonic antennas could provide original plat-
forms in which the coupling strength between the two antenna
arms and its modification upon a change in the dielectric
properties of the gap region are detected through a
modification of both the intensity and polarization of the
emitted SHG. Such enhanced control may be provided by
alternative fabrication techniques such as helium ion beam
milling7 to improve SHG control in plasmonic nanostruc-
tures.”>® However, advanced fabrication techniques such as
ion-beam milling are ultimately limited by the grain defects of
the polycrystalline material itself, which at this scale critically
limits the accuracy that can be achieved. In this respect, a
further option to be considered that could achieve even higher
quality structures would be the use of single-crystalline material
as a starting point for fabrication of nanostructures.’”
Ultimately, schemes exploiting sensitivity of SHG properties
to symmetry breaking of the local environment could be of

1598

interest, e.g, as modalities for optical sensing, as nonlinear
scattering has been shown to be more sensitive to local
refractive index changes than linear properties.””®" Also the
rational design of nanoscale asymmetries could result in
significant enhancement of the efficiency of nonlinear antennas
for parametric light sources.''"*!

B CONCLUSIONS

In conclusion, we have shown experimentally and through
simulations that both the intensity and polarization of the
emitted SHG are highly sensitive to the coupling between the
antenna arms. By combining single-particle linear and nonlinear
microscopy and microscopic modeling accounting for the
nanoscale nonlinear surface dipole distribution, the role of the
surface plasmon eigenmodes and the morphology of the
antennas were independently addressed. Both experiments and
microscopic modeling showed qualitative overall agreement
with tensor symmetry rules, but revealed deviations in parts of
the parameter space showing that full electrodynamical
calculations are required to quantitatively understand the
SHG response. By analyzing the balance between local energy
concentration and cancellation of nonlinear dipoles in the
nanometer-scale gap, it is understood that for narrow gaps the
SHG becomes extremely sensitive to small variations in the
local symmetry of the nanostructure as more energy is drawn
into the nanogap. We indeed observe such a strong variation of
the SHG intensity and polarization experimentally for antennas
with similar design parameters for small gaps, revealing the
large role of small irregularities in the fabricated antennas in the
overall SHG response. Further control over local field
enhancement and nanogaps requires a next generation of
tools and materials with improved accuracy and reduced
defects, for example using single-crystalline materials, which
may fully exploit the delicate balance of local field enhancement
and cancellations of SHG at the nanoscale for applications.

B EXPERIMENTAL SECTION

Nanoantenna Fabrication. Nanoantennas were fabricated
by electron beam lithography (JEOL 9300FS) at an
accelerating voltage of 100 kV and a writing current of 1 nA.
The borofloat glass substrate was coated with a MMA (250
nm)/PMMA (150 nm) bilayer resist. A 20 nm thick conducting
copolymer layer (Espacer 300Z) was used to prevent charging
during electron beam exposure. After exposure, the resist was
developed in methyl isobutyl ketone/isopropyl alcohol (1:1)
for 60 s. The 2 nm Cr and 50 nm Au thick films were
evaporated at a pressure of 5 X 10° mbar. The lift-off was done
manually by soaking in N-methyl-2-pyrrolidone for 20 min.
Selected antennas were milled using a Zeiss OrionPLUS helium
ion microscope operating at 30 keV voltage, 0.9 nA current, 10
um aperture, and 10 ps dwell time. Gaps in the L-shape were
milled using 600 repeats of the base dose of 6.154 ions/cm” at a
spot size of 1 nm and a designed gap width of 5 nm. The high
aspect ratio of the cut resulted in actual gap widths of around
10 £ 2 nm.

Linear Optical Characterization. The linear optical
properties of all the antennas investigated in this work have
systematically been characterized using spatial modulation
spectroscopy (SMS) following the method presented in ref
37. Light from a broadband supercontinuum source (Fianium)
was spectrally filtered and was focused onto the sample using
an achromatic Cassegrain reflective objective with a numerical
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aperture (NA) of 0.5. The setup covers a broad spectral range
in the near-infrared from 700 to 1800 nm. The input
polarization was defined using a polarization filter. Light
reflected from the metallic antennas was collected and analyzed
using a second polarizer.”” A drawing of the SMS setup is
shown in the Supporting Information Figure S1.

SHG Experiment. The second-harmonic generation from
L-shaped antennas has been investigated on a homemade
nonlinear optical microscope. Light from a femtosecond
oscillator (Coherent, Chameleon Ultra II, 80 MHz, 680—
1080 nm, 150 fs) is focused on the metallic antennas using a
50x, NA = 0.8 microscope objective. Nonlinear emission was
collected in epi-collection, separated from the incident infrared
excitation using a dichroic mirror, and sent to a photodetector
(photomultiplier tube operated in analog detection mode). The
signal was spectrally filtered using two different types of filters:
a broadband low-pass filter (BG39) and a narrow bandpass
filter centered at the SHG wavelength (typically 10 nm spectral
width). A drawing of the experimental setup is presented in
Supporting Information Figure SS.

Nonlinear Scattering Model. A detailed discussion of the
nonlinear scattering model is presented in Supporting
Information Section S3. In short, electric field distributions S
nm inside from the nanoparticle surface were calculated with
COMSOL 4.4b using an adaptive mesh with very fine meshing
of the surface in the gap region down to 0.1 nm separation.
Very fine meshing was necessary to achieve sufficient
convergence of SHG for small capacitive antenna gaps of <20
nm. Subsequently, the nonlinear dipoles py(r, 2@) at each
surface discretization cell were obtained from the square of the
(complex) field component normal to the surface multiplied by
the nonlinear susceptibility 72,
2DE,(x, 0" a(x)

nnn

Py (1 20) = (1)
Finally, the radiation from each nonlinear dipole was
propagated into the far field to obtain the total SHG intensity.
As the nonlinear sources are complex, the phase information
that governs the far-field radiation is taken into account in our
calculations. Both the influence of the substrate and numerical
aperture of the microscope objective are included in the
simulations, as explained in Supporting Information Section S3.
A comprehensive comparison of the SHG associated with
different components, ;(,%2 and ){IS}%,)I, of the nonlinear
susceptibility tensor is provided in Supporting Information
Section 3.2.
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