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ABSTRACT: Tailoring not only the linear but also the nonlinear
properties of plasmonic structures has been a longstanding idea.
The plasmonic dolmen structure with its many degrees of
freedom in design has been of particular interest. We are
investigating this system in detail in the retarded weak-coupling
regime, the so-called plasmonic analog of electromagnetically
induced absorption. While it is generally expected that the
enhanced absorbance leads to an increased nonlinear generation,
we find that the details are more complex. A thorough wavelength
and polarization resolved study reveals two distinct nonlinear
contributions. Our nonlinear spectroscopy method exhibits a
surprisingly high sensitivity to minute structural asymmetries. Our
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experimental results are corroborated by finite-element simulation. We envision that our findings will stimulate further research
into phase tuning, structural symmetries, and manipulation in nonlinear plasmonic systems in order to fully exploit the ability to

tailor the linear and specifically the nonlinear optical properties of the nanostructured matter.
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electromagnetically induced absorption

In recent years, advances in the nanofabrication processes
enabled the investigation of a vast variety of different
nanostructures designed in order to tailor or attempt to tailor
the linear and nonlinear properties of plasmonic systems,'*
ranging from rod antennas,’ split-ring resonators,”’ bowtie
antennas®~ to more complex structures such as
oligomers,“’12 twisted-crosses,13 metamaterials,M’15 and meta-
surfaces.'®"” In the course of these investigations, second
harmonic %eneration (SHG),”"**° third harmonic generation
(THG),”*"** and four-wave mixing (FWM)>*~*° have been
performed on single nanostructures”’ *' as well as on
arrays.”” > The materials of choice varied from noble metals
such as gold or silver’® to the implementation of semi-
conductors to plasmonic systems’ > as the appropriate choice
of the material offers an additional tuning parameter of the
optical response. Of particular interest has been the hybrid-
ization of two or more modes in such structures.””~**

The nonlinear conversion efficiencies are linked to the
quality factor of the utilized modes and therefore to their
intrinsic line width and local near-field strength.'® So-called
plasmonic dark modes are thus of particular interest as they
exhibit the largest field enhancements. However, these modes
cannot be excited by incident plane waves due to a zero net
dipole moment. Importantly, due to reciprocity, they also
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cannot radiate to the far-field. Consequently, in order to
benefit from the favorable properties of these dark modes, in-
and out-coupling of far-field energy is required. The general
idea to achieve this relies on plasmon hybridization, that is, the
near-field mediated coupling between a bright and a dark
plasmonic mode. One archetype system is the so-called
plasmonic dolmen structure depicted in Figure 1. The
structure consists of a single rod antenna stacked on top of a
pair of rod antennas that are rotated by 90° with respect to the
single rod. If designed correctly, the bright dipolar resonance of
the rod energetically coincides with the dark out-of-phase
oscillation of the dipolar modes (the quadrupolar mode) of the
nanorod pair. The hybridization of these modes leads to the
emergence of two resonances in the far-field spectrum for light
polarized along the dipolar antenna. These modes split around
the common resonance wavelength of the original modes,
opening a transmittance window at the position of the former
transmittance minimum of the bare dipolar rod antenna. This
phenomenon has therefore been compared with the atomic
physics concept of electromagnetically induced transparency
(EIT) and has been coined its plasmonic analog.”> The main
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Figure 1. (a) Mode coupling scheme of the EIA structure. A direct
excitation is solely possible for the dipolar mode I1). The quadrupolar
(12)) and dipolar mode are coupled via the complex coupling constant
k. (b) Tilted scanning electron microscope overview image of the
nanoantenna array. The scale bar is 400 nm. (c) Geometry of the 3D
plasmonic structure. The dimensions of the dipole rod are I} = 450
nm, w, = 120 nm, h; = 60 nm, and the dimensions of the quadrupole
rods are I, = 400 nm, w, = 80 nm, h, = 40 nm. The vertical distance d,
= 120 nm and the center-to-center distance d, = 270 nm. The
displacements of the dipole ranges from 0 to 140 nm.

benefit afforded lies with the optical access to the dark mode.
The new hybridized modes “inherit” the properties of the
original modes, and consequently, the quality factor of these
new modes is higher compared to the dipolar resonance. The
new modes can therefore be considered “partially dark,” since
energy that is stored in the originally dark quadrupole mode
can thus be exchanged between the mode and the far-field.

The coupling of the plasmonic modes and the resulting
spectral features can also be understood using the well-known
energy level diagram in direct analogy to atomic physics, as
depicted in Figure la. The dipolar mode of the single rod is a
bright transition and is represented by the transition from state
[0) to I1). The dark quadrupolar mode is represented by state |
2) to which a dipolar transition is forbidden. A direct excitation
from 10) by applying an external electromagnetic field at
frequency @, is only possible for the dipole mode 1) but not
for state 12), which is associated with the two quadrupole rods.
Both excited states offer a decay rate y; and y, for the dipole
and quadrupole state, respectively, where y, is much smaller
due to the nonradiative nature of the mode. In general, state |
2) of the quadrupole can be energetically detuned by the
energy difference § with respect to state |1). Coupling between
the two excited states, in the most general case described by a
complex coupling coefficient ke'”, allows for the indirect
excitation of the dark state [2). In atomic physics, the two
distinct excitation paths of mode I1), namely, the direct
excitation [0) — |1) and an indirect one 10) — 11) — 12) — 1),
interfere. In the conventional EIT scheme, these two excitation
paths interfere destructively, which leads to the opening of a
transmission window, which also happens with its plasmonic
analog.*’

This concept has been used extensively over the last years
and can also be transferred to other geometries, which might
be structurally more complex, such as dense particle clusters or
similar.***” Other coupling mechanism of different modes
reaching even into the strong coupling regime that have been

investigated recently are, for example, the coupling of a
nanoantenna resonance with a molecular vibration.*® Tt is less
well-known that the destructive interference in the case of
plasmonic EIT can be turned into constructive interference by
appropriate design of the coupling mechanism. In that case,
one will in fact not observe an increased transmittance but an
enhanced absorbance of the coupled system.”” This phenom-
enon is termed the plasmonic analog of electromagnetically
induced absorbance (EIA), as it is also known in atomic
physics. In plasmonics, the phase tuning is achieved via
retardation effects. If one increases the vertical distance
between the dipole and the antenna pair, the so-called quasi-
static approximation is no longer valid and a propagation
induced phase shift ¢ can be accumulated. This behavior can
in fact be captured by the complex coupling coefficient
introduced earlier. Another example of such an anti-Hermitian
coupling has been investigated on an array of densely
positioned plasmonic nanoantennas, which allows for spatially
manipulating light in the deep subwavelength scale.”””’

Recently, it has been suggested that such induced
absorbance systems could be ideally suited for nonlinear
optics. The reasoning is as follows: In bulk macroscopic
nonlinear optics, large absorbance leads to high nonlinear
signals as the absorbance is the key parameter characterizing
conversion efliciencies. Microscopically speaking, the nonlinear
susceptibility is determined by the linear absorbance of the
systems being indicative of the optically excitable transition in
the medium, which are capable of enhancing the conversion
efficiency. In analogy, it has been suggested that the EIA
structure should be an ideal plasmonic geometry for nonlinear
experiments as it offers large absorbance and a simultaneously
narrow line width due to the quadrupolar contributions to the
observed resonances.”

We report third harmonic (TH) spectroscopy results on the
EIA structure. As mentioned above, this structure should lead
to large nonlinear signals as the absorbance is highly increased
in such a plasmonic system. We analyze this model carefully in
theory and experiment and extract a very detailed assessment
of the nonlinear properties. In fact, the overall conversion
efficiencies are similar to comparable plasmonic systems, such
as planar dolmen structures. The nonlinear conversion
efficiencies in plasmonic systems are governed by a number
of different properties, which are the line width, the
modulation depth, and the effective oscillator strength.
Optimization of one quantity might be detrimental for another,
and in our case, we deal most likely with a trade-off between
line width and oscillator strength. In investigating the
polarization state of the TH, we find that two distinct TH
contributions of similar magnitude exist, one polarized along
the dipole axis and one perpendicular to it. The latter is highly
surprising as the coupled modes should not have any dipole
moments perpendicular to the dipole antenna axis and should
therefore not be able to radiate TH polarized along this
direction.”® We ascribe this observation to structural
asymmetries, mainly a different length of the quadrupole
antenna arms, which is barely detectable in the linear response.
Interestingly, our nonlinear investigations of these complex
plasmonic structures can help to detect very minute
asymmetries in the system and reveal information more
sensitively about the detailed structure than the linear optical
response alone. Apart from the THG, we also observe weak
SHG. In electric dipole approximation, SHG requires broken
inversion symmetry of the system. The relative roles of broken

DOI: 10.1021/acsphotonics.9b00938
ACS Photonics XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acsphotonics.9b00938

ACS Photonics

a) by

excitation

ff-OPO +——————— >

1320 - 1800 nm

b) LINEAR
0.8
\
\
\ 7
7
2 i \ .
- g oaf A
cC \ /
o L /
= 0.0
- 08
: \
o \ P
O: ’ RS
- @ o04f A S5
= AN
g |
: P /
ol Moo
21 0.0
©|
£
€l
a|
C
ol
=
0.0
1300 1600

Wavelength (nm)

ssgresfesencasene »| Spectrometer

Third Harmonic

C) NONLINEAR
TH wavelength (nm)
433 533 633

400

0.471 300
200

0.2 ¢

_’

0.0 T 0
400

0.471 300

1 200

0.2 ¢

0.0 h"

1100

Absorbance

(*n*e) JuswadueyUd H1

400

1 300

1200

1 100

0.0 0
1300 1600 1900
Wavelength (nm)

Figure 2. (a) Scheme of the experimental setup. (b) Linear spectra for the three different coupling strengths of the EIA structure. The dashed,
dotted, and solid lines indicate transmittance, reflectance, and absorbance spectra, respectively. Blue SEM image, structure shows no coupling;
green SEM image, coupling is introduced; red SEM image, coupling is maximized. With increased coupling, the second mode at 1700 nm due to
the excitation of the quadrupole becomes more pronounced. This is most visible in the absorbance spectrum (solid lines). (c) Resulting nonlinear
TH spectroscopy results. With emergence of the second mode in the absorbance spectrum, also the nonlinear response exhibits a second peak in
the TH enhancement. This second TH peak at about 1700 nm is small for weak coupling (green) and is dominant when going to the largest

coupling (red).

inversion symmetry in the design of the plasmonic structures
and the influence of surface defects and imperfections are still
under debate in the literature. Evidence for both phenomena
has been reported.’ These findings clearly merit further
detailed investigations.

An exemplary tilted overview scanning electron microscope
image of our nanostructure array is presented in Figure 1b.
The nanoantenna arrays are fabricated using standard electron
beam lithography on an ultraviolet transparent glass substrate.
The different arrays have a size of 100 X 100 um’. The
material of choice is gold as it offers high-quality resonances
and chemical stability as well as ease of fabrication.””>> The
dimensions of the plasmonic structures as shown in Figure 1c
are as follows: the dipole antennas exhibit a nominal length of
450 nm, a width of 120 nm, and a height of 60 nm, while both
lower rods forming the quadrupole are 400, 80, and 40 nm in
length, width, and height, respectively. The vertical distance
between both rod antennas is 120 nm and the center-to-center
distance between the quadrupole rods is 270 nm. As spacer
layer between the different layers, IC1-200 is used. In the x-

and y directions, the periodicity of the single nanostructures is
set to 700 nm to avoid coupling among the nanostructures and
to shift Rayleigh anomalies out of the spectral region of
interest. The coupling strength k of the system is determined
by the displacements of the dipole rod with respect to the
center position of the quadrupole rods toward the end of the
quadrupole arms and grows with increasing symmetry breaking
by increasing the displacements.

Our experimental setup for the nonlinear spectroscopy is
sketched in Figure 2a. A femtosecond Yb:KGW oscillator at a
repetition rate of 44 MHz and 180 fs pulse duration®® is used
for pumping a fiber-feedback optical parametric oscillator
(OPO).>’** The OPO signal output is used as exciting
fundamental wave in our nonlinear spectroscopy measurement
and offers a tuning range in the near-infrared from about 1320
to 1800 nm with pulse durations of around 200 fs. The
resulting OPO signal pulses exhibit a Gaussian shape and are
nearly Fourier-limited. More details can be found in Figure S1
of the Supporting Information. The output power is set to a
constant level of 25 mW for all excitation wavelengths using a
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neutral density filter disc wheel. In principle, more power could
lead to an increased signal-to-noise ratio; however, it comes at
the risk of sample degradation. Thus, the used value was found
to be a good trade-off. The OPO beam is focused onto the
sample with the polarization set along the dipole long axis (x
direction) to ensure the most efficient excitation of the
plasmonic system. In order to avoid parasitic TH signals that
could be generated on optics used in the experimental setup
and would influence the measurement results, a RG715/2 mm
filter (Schott) is placed in front of the sample to eliminate this
potential source of distortion. The generated TH signal in
transmission is collected using a second lens and separated
from the remaining OPO signal beam with a heat absorbing
filter (Schott KG5/6 mm) and subsequently coupled into a
spectrometer (Acton 2500). The spectrometer is equipped
with a grating and a Peltier-cooled charge coupled device
(CCD) camera (Pixis 256E) to detect the TH signal in the
visible spectral range.

Figure 2b depicts the linear spectra (transmittance T,
reflectance R, and absorbance A) of our investigated dolmen-
type structure arrays. The three different panels represent the
linear measurement results for three different coupling
strengths, with increasing coupling from top to bottom. The
transmittance and reflectance have been measured utilizing a
Fourier-transform infrared (FTIR) spectrometer (Bruker
Vertex 80), equipped with a microscope (Hyperion 3000).
The resulting absorbance A can then be calculated using A = 1
- T-R

In the uncoupled regime (blue bordered SEM image), we
observe just a single plasmon resonance centered around 1500
nm, originating from the single dipole rod. When increasing
the coupling strength by shifting the dipole rod out of the
center position (green SEM image), a second mode is
emerging. This mode is best visible when inspecting the
absorbance spectrum. When further increasing the coupling
strength (red bordered SEM image), this absorbance feature is
further growing in amplitude. It is interesting to note that the
transmittance, reflectance, and absorbance spectra have
distinctly different shapes and relative amplitudes. By now, it
is well established that the local field-enhancement and in
particular the local linear dipole moments of the plasmonic
resonances are the source of the nonlinear radiation. In most
plasmonic systems, transmittance, reflectance, and absorbance
follow very similar trends and therefore one can in fact not
differentiate which describes the nonlinear response best. In
the case of EIA, as clearly evidenced by the spectra, there are
significant differences in between the spectra. The relative
absorbance shows sizable changes around 1700 nm, whereas
the relative changes in the transmittance are comparably small.
The absorbance, or energy dissipation, is in fact most
representative for the near-field enhancement in the plasmonic
structure, and thus a correlation of the TH enhancement with
the absorbance spectra that represent the linear optical
susceptibility y(w) of the sample is expected.

In order to further investigate these issues, we perform TH
spectroscopy measurements on the three arrays with different
coupling strengths. To obtain the full TH enhancement curve
of our plasmonic structures, we sweep the OPO signal
wavelength in steps of 10 nm from 1320 to 1800 nm over
each linear spectrum, and the generated TH spectrum is
recorded for each fundamental wavelength. We then spectrally
integrate over each of the TH spectra to obtain a single scalar
value describing the measured TH enhancement at each

wavelength point. In order to account for slight variations of
the pulse parameters (e.g., intensity or pulse duration) and any
wavelength-dependent influence of the experimental setup
(e.g, filters, detectors, or focusing optics), we additionally
measure the generated TH intensity spectrum of a bare 5 mm
thick glass substrate (avoiding the observed interference of the
TH signal of the bare thin sample substrate) for each
fundamental wavelength. These spectra are also spectrally
integrated and then used as normalization for the previously
measured TH spectra of our nanoarrays. In addition, the
resulting TH intensities are multiplied by a wavelength-
dependent factor accounting for the dispersion of the gold
nonlinearity, which was obtained by measuring the TH
response from a bare gold film and referencing it to the
substrate.”” We do not expect the substrate or the spacer layer
of our sample to influence the TH measurement as their
nonlinearity is comparably small.

The resulting TH enhancement curves as a function of the
fundamental wavelength of our plasmonic sample with respect
to the substrate are plotted in Figure 2c for the three different
coupling strengths. Furthermore, each panel shows the
respective absorbance spectrum. In the uncoupled case, we
obtain a single peak in the nonlinear regime corresponding to
the single dipole resonance with an enhancement factor of
around 100 obtained at 1510 nm. With increasing coupling, we
observe the emergence of a second peak with relatively small
amplitude (around 30 at 1670 nm), which is associated with
the second mode in the linear spectrum, while the first peak in
the TH enhancement at around 1520 nm remains almost
unchanged in spectral position and amplitude with an
enhancement factor of around 100. For strongest coupling,
we observe a sizable TH enhancement of about 365 at 1680
nm, corresponding to the second mode. This is a three times
stronger signal than at the higher energy mode at around 1500
nm. In comparing the linear spectra, we find that the TH
enhancement curve indeed follows the absorbance spectra. The
mode at around 1680 nm exhibits the strongest TH
enhancement, which matches with the significantly larger
amplitude in the absorbance response of this mode compared
to the higher energy mode. This behavior is not found in the
transmittance nor reflectance spectra, which exhibit distinctive
spectral features, as can be seen when closely inspecting the
spectra in Figure 2b. Thus, our EIA scheme allows one to
clearly corroborate the influence of the absorbance on the TH
efficiency of the plasmonic structure. It should be noted that
the linear absorbance spectra can also be fitted using a coupled
harmonic oscillator model. This very simple model can quite
easily estimate the TH response of the coupled system. For
more information, please refer to the Supporting Information.

Next, we are inspecting the polarization state of the radiated
TH response. We choose the array with the largest
displacement and thus with the strongest coupling for this
in-depth investigation. A polarizer is added between the sample
and the spectrometer in order to resolve the polarization state
at each wavelength point. We measure the TH signal of the
EIA sample in dependence of the polarizer angle @ in steps of
10° from 0° to 360° and normalize each TH spectrum to the
TH emitted from the bare substrate. For the reference
measurement, the polarizer angle is set to 0°, corresponding
to the x axis of our system and the polarization of the exciting
fundamental electric field as the signal generated by the sample
is known to be polarized along the fundamental light field. We
would like to note that for the perfectly symmetric structure,
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Figure 3. Top panel: TH spectroscopy results for the strongest coupling array. Lower panels: TH emission coils as a function of the analyzer angle.
The black data points depict the measurements, and the blue solid line is a fitting function. In the first regime (greenish), the polarization of the
nonlinear response is solely oriented along the x axis (same as the exciting electric field). In the second regime (light blue), the TH emission coils
start to open (at about 1580 nm) and to rotate clockwise. This is a result of two contributions in the TH signal with perpendicular polarization and
a phase between them. The largest opening of the coils is obtained at around 1660 nm. In the third regime (gray), the TH coil closes again and
rotates slightly back. The largest rotation is recorded at around 1690 nm with a rotation larger than 45° indicating a stronger TH signal along the y
axis. Note that some of the TH emission coils are scaled by a factor of 2 or 3 to account for the significant differences in the TH intensities.

no TH contribution polarized along the quadrupole wires is
expected. Furthermore, a change in the polarization direction
of the radiated TH for different displacements of the dipole
rod and thus the coupling strength is also not expected.

A selection of the recorded polarization states is depicted as
polar plots in Figure 3 (black data points), showing the
orientation of the TH emission in the xy plane as a function of
the polarizer angle and are scaled to their relative TH intensity.

Note that some of the emission coils are scaled in order to

account for the significant intensity differences.

Most generally, we have to assume two TH contributions of
the sample, which are projected onto the analyzing polarizer:
one polarized along the x and the other one along the y axis. As
the incident radiation is coherent, also the radiated TH signals
will be coherent resulting in an interference of the two
contributions when taking the polarization-analyzing measure-
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Figure 4. Top panels depict a comparison of the x-polarized TH emission obtained in the experiment (a) and by finite element simulation (b)
assuming the design parameters. The red shift of the simulated TH response can be explained by the illumination geometry in the experiment (see
Figure SS in the Supporting Information). The lower panel compares the TH contribution in y polarization. Here, an additional asymmetry of 20
nm in the length of both quadrupole rods has been added to the simulation. The measurement and the simulation show a high qualitative

agreement.

ment. The recorded TH signal in dependence of the analyzer
angle (0) will therefore be described by

Irpc(60) « 1A(8) + B(O)F

The strength of the contributions polarized in the x direction
will be proportional to cos(#) and in the y direction to sin(6).
When assuming a phase ¢ between the TH contributions, we
obtain

() « A*[cos(8)]* + B*[sin(6)]*
+ 2AB cos(0) sin(0) cos(¢)

A and B are the amplitudes of the electric field radiated along
the x and y axes, respectively. The x- and y polarization
components of the TH radiation exhibit a cosine and sine
dependence on the polarizer angle 6, respectively. The
function can be fitted to the experimental data, plotted as a
solid blue line. From the fit, the respective amplitudes and the
phase between the contributions can be extracted.

The top panel of Figure 3 illustrates again the TH
enhancement curve as a function of wavelength as well as
the absorbance of the nanoarray. Furthermore, three different
regions are marked. In region I (light green), we find that the
TH emission is polarized along the x axis and the intensity is
increasing from 1340 to 1460 nm and then decreasing again for
longer wavelength. In regime II (light blue), the emission coil
starts to open at around 1600 nm and rotates clockwise. This
rotation is the result of a contribution in the TH response with
polarization along the y axis, while the opening can be
explained by a phase ¢ between the two TH contributions. In
general, the rotation visualizes the ratio of the fitting
parameters A/B and thus the relative strength of both
contributions. The maximum in the opening is observed at
around 1660 nm showing a value of ¢ close to 90°. In region
111 (gray), the emission coil starts to close again, but yet further
rotation toward the y axis is observed, which reaches a
maximum at 1690 nm and then starts to rotate back toward the

x axis. Further closing of the emission coil is observed when
further increasing the excitation wavelength. The strongest
rotation with a value of over 45° is recorded at 1690 nm,
indicating an even stronger nonlinear response in the
perpendicular polarization (with respect to the excitation
wavelength). Moreover, the corresponding phase ¢ is plotted
as a green dotted line in the upper panel of Figure 3, indicating
a monotonically increasing phase ranging from 0° to almost
180° over the fundamental tuning range, while the first
nonvanishing value of ¢ is observed at 1580 nm.

In general, and without any prior knowledge about the exact
geometry of the structure, one cannot make any predictions
about the polarization of the radiated TH signal and the
relative strength. Using symmetry arguments, one can
formulate general statements which contributions to an overall
signal are allowed. Which contributions are nonzero, however,
cannot be predicted using solely mathematical symmetry
considerations. In our case, we have experimentally found that
there are two contributions present, polarized along the x and y
axis, respectively. From the detailed measurements depicted in
Figure 3, we can decompose the overall signal and plot the
contributions individually. The results are plotted in Figure 4a.
We see that the contribution polarized along the x axis exhibits
two peaks of enhanced TH generation, closely matching the
shape of the absorbance spectrum. The contribution polarized
along the y axis exhibits only one yet very prominent peak
coinciding with the long wavelength mode. From this, we can
in fact deduce the origin of the nonlinear contributions: The
TH is radiated from local linear dipoles that drive the
nonlinear ones, as has been shown in several publications.>”
Thus, the presence of a nonlinear emission points to the
existence of two local linear dipole moments, one pointing in
the x and one in the y direction. The x direction is dominated
by the emission from the dipolar rod. Both hybrid modes of
the coupled EIA structure have net dipole moments along this
direction, and thus both modes are radiating. In a symmetric
situation, one would not expect a net dipole moment in the y
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direction as the two linear dipoles, which are associated with
the two quadrupole wires, cancel each other out as they
oscillate out of phase in the coupled system. The observation
of a contribution polarized along these quadrupole wires is
now a definitive indication of a structural asymmetry in this
direction, that is, a length difference in the quadrupole wires or
an unequal excitation strength in the coupling to the dipolar
mode. This enables the coupled collective mode to exhibit a
net dipole moment in the y direction and thus explains the
radiated TH signal. It should be mentioned that this
contribution is not caused by the in-phase oscillation of the
two quadrupole rods, as this mode is energetically detuned to
around 1480 nm as can be seen in Figure S3 of the Supporting
Information. In addition, we can also rule out the influence of
higher-order modes in the wavelength region of the TH, as
there are no prominent modes present (Figure S4 of the
Supporting Information). Moreover, we do not expect to
observe any influence of the orientation of the individual gold
grains, which have a size of roughly 25 nm, leading to an
effectively pseudoamorphous state.

To support our conclusion of the influence of additional
structural asymmetry, we performed finite-element simulations
using the commercially available program COMSOL to
investigate the influence of different types of structural
asymmetry.

First, we performed COMSOL simulations using the design
parameters from the experiment, given in Figure 4b. As
expected, such a perfectly symmetric structure only leads to an
emission along the long axis of the dipole («x axis), as seen in
the upper panel. However, when introducing asymmetry to the
structure (in addition to the already introduced asymmetry by
shifting the dipole to quadrupole rod end), TH emission in the
y direction is obtained. Here, we have assumed an asymmetry
in the quadrupole rod lengths of 20 nm. The upper panel of
Figure 4b depicts the absorbance and the simulated TH
emission polarized along the dipole long axis. The simulated
absorbance matches the spectral shape of the measured
absorbance. Only a slight red shift of the spectra is observed
as well as a lower modulation depth of the high-frequency
mode. When comparing the experimental TH enhancement
curves with the simulation, very good agreement can be
noticed. The relative intensities are matching, and only a slight
red shift of the simulation results with respect to the
experimentally obtained data is observed. This red shift can
be explained by the angled illumination geometry of the FTIR
microscope, which is used for measuring the linear spectra.
This illumination is different from a normal incidence plane
wave excitation, which is the case for laser illumination in the
nonlinear setup. We thus in fact expect a spectral shift between
the two spectra (Figure SS in the Supporting Information
illustrates that a linear plasmon resonance measured with the
FTIR setup is red-shifted with respect to the same resonance
measured with the OPO as the white light source). When
comparing the y polarization, we also find a very good
agreement between experiment and simulation in relative
height and spectral width. It should be mentioned that both
TH enhancement axes in the simulation do have the same
scale. Hence, by assuming the above-mentioned structural
parameters, the relative TH intensities obtained for the
different polarizations can be accurately predicted. As a matter
of fact, even such small asymmetries, as assumed in the
simulation, can tremendously influence the nonlinear response
of the plasmonic system.

In the following, a more detailed picture of our simulation
results is described. Figure 5 demonstrates the influence of
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Figure 5. Simulated symmetric (left) and asymmetric (right)
quadrupole rod length sweeps. In both cases, the linear absorbance
spectra exhibit an increased splitting for increasing quadrupole rod
length. From the linear response alone, it is hard to distinguish if only
one quadrupole rod or both are increased in length. The lower panel
depicts the corresponding TH emissions in the y direction. Here, only
the asymmetric quadrupole length tuning shows a response due to the
additional asymmetry in the system. This way, the nonlinear response
reveals more information than the linear spectra can.

quadrupole rod length tuning on the linear and nonlinear
optical spectra of the EIA structure. Both, symmetric and
asymmetric rod length tuning are performed. As can be seen in
the upper panels, the linear absorbance spectra exhibit very
similar spectral shifts of the two different modes when
increasing the quadrupole rod length from 380 to 420 nm in
the symmetric as well as the asymmetric rod length tuning
(detuning of rod length from —40 to 40 nm). Both modes shift
red and the spectral splitting is increasing. Consequently, by
solely observing the linear absorbance spectra, one cannot
easily differentiate between the symmetric and the asymmetric
structure, and the same holds true when investigating solely the
x polarization of the nonlinear response at the TH wavelength
(cf. Figure S6 in the Supporting Information). However, while
the symmetric quadrupole length tuning leads to zero TH
emission along the y axis, as the quadrupole is perfectly
symmetric and thus completely dark, the asymmetric tuning
leads to such a radiation of the TH into the far-field. This is
illustrated in a direct comparison in the lower panel of Figure
5. Interestingly, the strongest TH signal in y polarization is not
obtained for the strongest asymmetry. We suspect that this is

caused by the decreasing quality factor Q = A% of the

quadrupole resonance and the reduced spectral overlap of
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both modes. Thus, the y-polarized TH intensity radiated in the
y direction is a compromise between adding additional
asymmetry to the system and therefore allowing for radiation
into the far-field and keeping the quality factor of the
resonance high.

As another example of the influence of the additional
asymmetry, Figure 6 illustrates the simulation results on the
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Figure 6. Simulated asymmetric dipole position sweep. The linear
absorbance spectra indicate almost no change when shifting the
dipole out of the center toward one of the quadrupole rods. The same
is observed in the TH response in the x direction. Again, the TH
signal polarized along the y axis of the system reveals an increased
intensity with increasing shift of the dipole out of its center position.
Obviously, the nonlinear response reveals more information about the
structure than the linear spectra and thus can be used to detect
asymmetries in structure.

influence of the shift in the x direction of the dipole out of the
center position toward one of the quadrupole rods. In the
linear absorbance spectra, hardly any change is visible when
increasing the shift from 0 to 50 nm. The same holds true for
the x polarization of the TH emission (center panel of Figure
6). Again as depicted in the lower panel of Figure 6, a TH
signal in y polarization is emerging as soon as displacing the
dipole rod in the x direction, as the coupling to the two
quadrupole rods becomes asymmetric, which leads to a
partially bright quadrupolar mode. Within our simulation
parameters, an increase in this TH contribution is observed for
further increasing displacement of the dipole rod. However,
here the TH intensity in the y direction is not as strong as it is
in the asymmetric tuning of the quadrupole rod length. It
should be mentioned that the orientation of the angular
emission of the TH signal changes when shifting the dipole rod
in the x direction due to the increasing y-polarized TH
radiation and the relative phase ¢ between both contributions.

The simulations results shown in Figures 5 and 6 underpin
that the radiated TH polarized along the y axis stems from a

length difference of the two quadrupole wires. Inspection of
SEM images indeed suggests a consistent length difference
between the two wires. We note that due to the polymer
overcoat and the accompanied lower resolution, a quantitative
evaluation of the SEM images is not possible. In order for the
effect to persist, this “defect” needs to be identical for every
individual dolmen structure. Indeed, we find that the left wire
is always approximately 20 nm shorter than the right one. We
ascribe this effect to the sequential exposure of the elements,
which occurs in the same order, causing this effect. Accidental
or deliberate misalignment of the two layers would rather
result in a warping of the two layers with respect to one
another. This warping will manifest itself in a Moire-like
pattern, which would make the resulting nonlinear response
even more complex, as can be seen in similar systems studying
fluorescence.”” Further possible asymmetries are, as already
noted above, a rotation of the dipole around its center position
in the xy plane. It should be mentioned that every fabricated
nanostructure will of course exhibit a superposition of the
introduced asymmetries as a consequence of the imperfections
in the fabrication process as well as in the measurement setup.
In principle, even more sophisticated methods can be used to
perform the simulations in which the propagation of the TH
signal from the near- to the far-field is taken into account.”"**

Our findings indicate that the nonlinear response can resolve
geometrical asymmetries or structural imperfections, which
hardly manifest themselves in the linear regime, but which are
unambiguously present in the nonlinear regime. Recently, it
has also been shown that symmetry breaking can enhance the
third-order nonlinearity in nanotips using high field
gradients.”>**

In conclusion, we have performed TH spectroscopy on the
plasmonic analog of EIA. This structure offers several distinct
tuning parameters, which can be used to manipulate the linear
as well as the nonlinear optical response of the system. Our
findings indicate that the linear properties can hardly resolve
structural asymmetry which, however, manifests itself un-
ambiguously in the nonlinear response of the system.
Additionally, our study provides further insight into the
influence of coupling strength and phase relations in the
nonlinear optical response of complex plasmonic structures.
We envision that our findings will stimulate further research
into phase tuning, structural symmetries, and manipulation in
nonlinear plasmonic systems in order to fully exploit the ability
to tailor the linear and specifically the nonlinear optical
properties of nanostructured matter.
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