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ABSTRACT: We introduce a new concept that enables
subwavelength polarization-resolved probing of the second-
harmonic near-field distribution of plasmonic nanostructures.
As alocal sensor, this method utilizes aluminum nanoantennas,
which are resonant to the second-harmonic wavelength and
which allow to efficiently scatter the local second-harmonic
light to the far-field. We place these sensors into the second-
harmonic near-field generated by plasmonic nanostructures
and carefully vary their position and orientation. Observing the
second-harmonic light resonantly scattered by the aluminum
nanoantennas provides polarization-resolved information
about the local second-harmonic near-field distribution. We
then investigate the polarization-resolved second-harmonic
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near-field of inversion symmetric gold dipole nanoantennas. Interestingly, we find strong evidence that the second-harmonic
dipole is predominantly oriented perpendicular to the gold nanoantenna long axis, although the excitation laser is polarized
parallel to the nanoantennas. We believe that our investigations will help to disentangle the highly debated origin of the second-
harmonic response of inversion symmetric plasmonic structures. Furthermore, we believe that our new method, which enables
the measurement of local nonlinear electric fields, will find widespread implementation and applications in nonlinear near-field

optical microscopy.
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S ubdiffraction limited super-resolution microscopies have
revolutionized the field of optical microscopy and are
providing scientists with the ability to observe and manipulate
matter at length scales much smaller than the wavelength of
light. Among others, stimulated emission depletion (STED)
microscopy’ and photoactivated localization microscopy
(PALM),” for example, enable imaging of biological samples
down to nanometer length scales. Furthermore, time-resolved
two photon photoemission electron microscopy enables
femtosecond temporal resolution with simultaneous nanometer
spatial resolution.” Scattering near-field optical microscopy
(SNOM), which uses the strongly confined evanescent field of
a nanoscale tip to image subwavelength features on a surface,
even allows one to measure spectrally resolved molecular
response functions.” Additionally, because of its high
sensitivity to localized electromagnetic fields it has been widely
used to study the electric near-field distribution of plasmonic
nanostructures,é’7 which are of great importance, for example,
for refractive index sensing based on plasmonic antennas,”” "’
plasmon-enhanced vibrational s.pectroscopy,u’12 enhancement
of nonlinear optical effects,"”™"> and coupling of single
quantum emitters to plasmonic cavities.'® Hence, there has
been great interest in understanding the linear optical near-field
of plasmonic nanostructures using SNOM, which has been
realized even in a polarization-resolved fashion."”
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However, in contrast to the linear optical fields, the nonlinear
optical near-fields generated by plasmonic nanostructures
barely have been studied in a spatially resolved fashion on a
subwavelength scale,'® although there have been numerous far-
field spectroscopic investigations of the nonlinear optical
response of plasmonic nanostructures.””'”*° Information
about the spatial distribution of the nonlinear near-fields of
plasmonic nanostructures is key to unravel the microscopic
mechanism that leads to second-harmonic (SH) generation
from inversion symmetric plasmonic structures, which still is
under debate. Furthermore, we can provide a design recipe for
how different plasmonic elements or other nanoscale systems
can be efficiently coupled to the nonlinear near-field of
plasmonic nanostructures.

In this Letter, we propose and realize a new method that
enables probing the local nonlinear SH field of plasmonic
nanostructures in a polarization-resolved subwavelength
fashion. We utilize SH resonant aluminum nanoantennas as
local sensors to probe the SH near-field of gold dipole
nanoantennas.’”*’ As a consequence of their SH resonant
behavior, the aluminum nanoantennas scatter the local SH field
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much stronger when compared to the SH signal that is directly
emitted from the gold nanoantennas. This circumstance
warrants an efficient far-field background suppression com-
monly required in subdiffraction limited microscopies.””*”

In contrast to most of the above-mentioned subdiffraction
limited microscopies, the experiments carried out here are
ensemble measurements of plasmonic nanoantenna arrays.
However, our method still allows gathering subwavelength
spatially resolved information about the localized nonlinear
near-fields, similar to previous studies of the linear optical near-
field of three-dimensional plasmonic structures.*’

The physical mechanism behind our SH near-field mapping
technique is sketched in Figure la. First, in the gold dipole
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Figure 1. (a) Sketch of the physical mechanism of SH near-field
probing of gold nanoantennas. (b) Measured 1 — Transmittance
spectra of a gold (orange) and an aluminum (blue) nanoantenna array
as well as measured SH spectroscopy (green, diamonds) of the gold
nanoantenna array plotted over the fundamental excitation wave-
length. The top axis shows the corresponding SH wavelength. The
insets show SEM images of a single gold and aluminum nanoantenna
element, which have a length of about 200 and 100 nm, respectively.
Their nominal width and height are both SO nm. (c) Measured
polarization-resolved SH intensity of the gold nanoantenna array at the
peak of the SH response at 1060 nm. We find the polarization of the
emitted SH signals almost perfectly oriented perpendicular to the gold
nanoantennas.

nanoantennas, which are designed to be resonant to our laser
excitation frequency @, two photons resonantly create a SH
polarization in an off-resonant virtual state. From this virtual
state in the gold nanoantennas, the SH polarization either can
decay into absorption or it can be directly radiated to the far-
field with the latter having a quite weak efliciency because the
off-resonant virtual state does not efficiently couple to the far-
field. However, when introducing aluminum nanoantennas
close to the gold nanoantennas, which are resonant to the
virtual state of the gold nanoantennas, and hence to the SH
wavelength, SH energy can be transferred to the aluminum
antennas before direct scattering or absorption occurs. The
efficiency of this process, and hence the coupling rate k,,
between the gold and the aluminum nanoantennas, strongly
depends on the spatial coordinates x and y of the aluminum
nanoantenna with respect to the gold antenna, as well as on the
orientation angle @ of the aluminum antenna. Subsequently,
from the excited state in the aluminum antennas SH energy can

efficiently be radiated to the far-field.
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The plasmonic nanoantenna arrays are fabricated by electron
beam lithography (EBL) on fused silica substrates. In order to
fabricate hybrid gold—aluminum plasmonic nanostructure
arrays, we utilize a two-step EBL process. First, we fabricate a
large set of identical gold dipole nanoantenna arrays. These
nanostructure arrays have a lattice constant of 500 nm and an
area of 100 X 100 um? see Figure 1 for the corresponding
geometrical parameters of the antenna elements. Second, for
the subsequent experiments to probe the local SH field of the
gold dipole nanoantennas we position in a second EBL process
aluminum nanoantennas next to the already existing gold
nanoantennas, and carefully vary their position and orientation.

In advance to the measurements of the local SH near-field
distribution of gold dipole nanoantennas, we characterized the
far-field linear and SH response of the individual systems, that
is, the response of a bare gold and a bare aluminum
nanoantenna array, respectively.

We measured transmittance spectra T using a broadband
white light source polarized along the long axis of the
nanoantennas. The corresponding measured 1 — T spectra of
a gold and an aluminum nanoantenna array are shown in Figure
1b. We find a longitudinal plasmon resonance at about 1040
and 520 nm of the gold and the aluminum nanoantenna array,
respectively. Hence, as desired the linear optical response of the
aluminum nanoantennas is resonant to the SH response of the
gold nanoantennas.

We also performed SH spectroscopy of the individual
nanoantenna arrays. Therefore, we focused sub-30 fs laser
pulses tunable from 920 to 1120 nm under normal incidence
on the nanoantenna arrays using an achromatic lens with a focal
lens of 75 mm, which leads to a focus spot diameter of about 50
um on the nanoantenna arrays. As in the transmittance
measurements the polarization of the incident laser light was
oriented along the nanoantenna axes. The generated SH signals
radiated in forward direction were collected using a fused silica
lens, then filtered to remove the fundamental laser light,
analyzed by a polarizer, and measured using a Peltier-cooled
charge-coupled device camera attached to a spectrometer.
Finally, to obtain a scalar value describing the SH intensity, the
measured SH spectra were integrated, and normalized to a SH
signal generated on a quartz substrate in reflection.*"**

In Figure 1b, the normalized SH intensities from a gold
nanoantenna array together with its transmittance spectrum are
shown. As in earlier work on third-harmonic (TH) generation
we find the peak of the SH intensity slightly red-shifted with
respect to the linear optical far-field spectrum.*’ Noteworthy,
the measured SH signals investigated here are found to be
about an order of magnitude weaker when compared to
measured TH signals from the same gold nanoantenna arrays,
which we predominantly attribute to the isotropy of the poly
crystalline metals as well as to the inversion symmetry of the
overall antenna geometry, which we further discuss below.
Most surprisingly, in contrast to the radiated TH signals from
gold nanoantenna arrays, which are highly polarized along the
nanoantenna long axes (not shown), we find the polarization of
the SH intensity to be strongly oriented perpendicular to the
gold nanoantennas with a ratio of the two orthogonal
polarization components of about 250 to 1. To quantitatively
measure this polarization behavior we analyzed the SH signals
using the aforementioned polarizer and rotated it in 10° steps
over 360° and simultaneously recorded the transmitted SH
intensity. A corresponding polar SH intensity distribution is
shown in Figure lc.
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We also performed SH spectroscopy of a bare aluminum
nanoantenna array. We find the SH response at least 3 orders of
magnitude weaker as compared to the SH response of the
resonant gold nanoantenna array, see Figure S1 in the
Supporting Information. The main reason for the very weak
SH response of the aluminum nanoantennas is that they are not
resonant to the excitation laser wavelength. Hence, in the
following it is reasonable to neglect the weak SH signals
generated by far-field excitation in the bare aluminum
nanoantennas. Noteworthy, there is still the possibility that
the SH response of the aluminum nanoantennas contributes to
the overall SH response, because the near-field of the gold
nanoantennas at the fundamental wavelength also enhances the
SH response of the aluminum antennas. However, simulated
near-field distributions, which are shown in the Supporting
Information Figure S2, show that the fundamental near-field on
the surface of the gold nanoantennas is much stronger when
compared to the fundamental field at the position of the
aluminum nanoantennas. This underlines that the correspond-
ing process is most likely not a relevant mechanism in our
experiments. Furthermore, our experimental findings cannot be
described when assuming that the near-field of the gold
nanoantennas is driving the SH response of the aluminum
nanoantennas, which we will explain further below.

It is interesting and unexpected that we observe a SH signal
at all. In dipole approximation, SH generation of inversion
symmetric structures, such as the gold dipole nanoantennas, is
forbidden by symmetry.*"*® To date, the origin of the SH
response of inversion symmetric plasmonic structures still is
under debate. Possible mechanisms for the origin of the SH
response are local symmetry-breaking defects on the surface of
the antennas.'” Furthermore, the substrate breaks the
symmetry normal to the propagation direction and hence
symmetry-allowed tensor elements could contribute to a
nonvanishing second-order response. Finally, also higher
order magnetic dipole or electric quadrupole contributions
might play an important role for SH generation of inversion
symmetric plasmonic structures.*®

In order to shine some light on these unanswered questions
and to demonstrate our new method, in the following we are
going to probe the local SH near-field of inversion symmetric
gold dipole nanoantennas using the aluminum nanoantennas as
local SH near-field sensors.

In the first SH near-field experiments, we are going to probe
the x-component of the local SH near-field, that is, the field-
component along the gold nanoantenna long axis. Hence, we
align aluminum nanoantennas in a parallel fashion with respect
to the gold nanoantennas. In Figure 2a, we illustrate the
corresponding experiment; Figure 2b shows corresponding
scanning electron micrographs (SEM) of a fabricated sample.

In the experiment, we again focus sub-30 fs laser pulses
polarized along the gold nanoantenna long axis on the hybrid
gold—aluminum nanoantenna arrays, however, this time we
keep the excitation wavelength fixed at 1060 nm, which is close
to the peak of the SH response of the gold nanoantennas. As
mentioned before, because only the gold nanoantennas are
resonant to the laser wavelength, the incident laser light almost
exclusively interacts with the gold nanoantennas and not with
the aluminum nanoantennas. Hence, solely at the gold
nanoantennas SH radiation is generated. Subsequently, SH
energy is transferred from the gold nanoantennas via the SH
near-field to the aluminum nanoantennas and from there
efficiently scattered to the far-field. Notably, the SH signals
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Figure 2. (a) Graphical illustration of the experiment: Probing the x-
component of the local SH near-field of gold nanoantennas. (b)
Colored-tilted SEMs of a corresponding sample.

radiated from the aluminum antennas are polarized parallel to
the aluminum nanoantenna long axes due to their SH resonant
behavior. The efficiency of the SH energy transfer from the
gold to the aluminum antennas strongly depends on the precise
position and orientation of the aluminum nanoantennas. In
particular, SH energy can only be transferred when the
aluminum nanoantenna axis is oriented in a parallel fashion
with respect to a field component of the SH near-field of the
gold nanoantennas (see sketch in Figure 2a).

In the following, we shift the aluminum nanoantennas in
small steps of nominally 20 nm along the gold nanoantennas,
that is, from a centered position with an aluminum antenna
offset x; &% 0 nm to x; & 190 nm and with a constant offset in
the y-direction y, of about 125 nm, see Figure 2 and the SEM
images in Figure 3a. This shift does almost not influence the
plasmon resonance and the field-enhancement of the gold
nanoantennas, which can be inferred from electrodynamic near-
field simulations at the fundamental wavelength and measured
linear optical spectra of the corresponding nanoantenna arrays,
which are shown in the Supporting Information in the Figures
S2 and S3, respectively. Hence, the SH generation in the gold
nanoantennas is expected to be equally efficient for the different
nanoantenna arrays. For every nanoantenna array, we measure
the x-polarized SH intensity and normalize it to the x-polarized
SH signal radiated from a bare gold nanoantenna array without
aluminum nanoantennas. The corresponding measured SH
intensities are plotted in Figure 3a over the aluminum antenna
offset x;, which has been extracted from SEM images. We find a
peak in the radiated x-polarized SH intensity at x; & 80 nm. For
x; = 0 nm, as well as for large aluminum antenna offsets x, the
SH intensity approaches the weak x-polarized SH intensity
radiated from the bare gold nanoantenna array.
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Figure 3. (a) Measured x-polarized SH intensity as a function of the
aluminum antenna offset x;. The black dashed line corresponds to a
fitted dipolar intensity distribution using eq 2. The insets below show
exemplary colored SEM images. (b) Dipole field intensity distribution
of the x-component of a static electric SH dipole p,,, oriented along
the y-direction. The white and gray dashed lines indicate the position
and orientation of the gold and aluminum antennas, the gray arrow
shows the geometrical shift of the aluminum antennas in the
experiment.

In the following, we would like to analyze the behavior of the
measured x-polarized SH signals and in particular, the peak in
the SH generation intensity that appears at x; ~ 80 nm. We will
see that the radiated SH signals can be described by a SH near-
field distribution of a SH dipole that is oriented along the y-
direction and located in the center of the gold nanoantennas.

In order to understand and describe the experimental results
in the most straightforward way, we utilize a single static
electric dipole at 2w. Despite the simplicity, this model
describes the observed behavior of the radiated SH signals very
well. The electric field of a static electric dipole is given by"

1 ( SR 1 )
4w, 1 r? P

Eg,(r) =
2"’ M
where €, is the vacuum permittivity, p,,, corresponds to the SH
dipole moment located in the gold volume of the nano-
antennas,”’ and r is the spatial coordinate.

In Figure 3b, we dlsplay the x-component of the near-field
intensity I, o (E%, ) for a SH dipole that points toward the
y-direction in the plane of the dipole nanoantennas (z = 0)
derived from eq 1, together with the experimental arrangement
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of the gold and the aluminum nanoantennas. The gray arrow
indicates the shift of the aluminum antennas. On this path, we
start from a field node at x; = 0 nm, move toward and over a
SH field maximum, and reach near zero SH intensity for large
offsets x), very similar to the results of the experiment.

Equation 1 also allows to analytically derive an expression for
the x-component of the SH near-field intensity I, where we
obtain

2.2
1 2
L, (%1, 3,) & ——5cp
% 1 (x12 +ylz R @)

This expression displays a fit-function for the measured SH
intensities. The fitted SH intensity distribution is plotted in
Figure 3a together with the measured SH intensities. The free
parameters in this fit are the distance in y-direction between the
center of the gold and the aluminum nanoantennas y, as well as
an overall amplitude, corresponding to the magnitude of the
SH dipole moment p,,. Overall, we find good agreement
between the experiment and the dipolar model. In particular,
the dipole equation describes the peak in the radiated x-
polarized SH intensity at an intermediate aluminum antenna
offset x; of about 80 nm.

It should be stressed that the overall shape of the
measurements from Figure 3a cannot be described by a SH
dipole oriented along the gold nanoantenna long axis.
Furthermore, an additional contribution to the SH response
from the aluminum nanoantennas driven by the enhanced near-
field of the gold nanoantennas at the fundamental wavelength
can also not describe the measurements of Figure 3a. The two
just described scenarios would lead to a maximum in the x-
component of the SH near-field intensity for x; = 0 nm, which
we do not observe in the experiment and hence they can most
likely be excluded as possible explanations.

In the next step, we are going to probe the y-component of
the SH near-field distribution of the gold nanoantennas by
placing aluminum nanoantennas close to the gold nano-
antennas, which are oriented along the y-direction, hence
perpendicular to the gold nanoantennas. In particular, we probe
the y-component of the SH near-field at x, = 0 nm, that is,
centered with respect to the gold nanoantennas, and at different
positions y, of the aluminum nanoantennas. Figure 4a
illustrates the corresponding experiment, and SEM images of
a fabricated nanoantenna array are shown in Figure 4b.

Similar to the experiments above, we shift the aluminum
nanoantennas in small steps of nominally 10 nm from a large
distance y, of about 155 nm to almost contact with y, & 75 nm,
which corresponds to a gap distance As ranging from 80 to 0
nm; see the inset and the SEM images in Figure Sa. The
position of the aluminum antennas has almost no influence on
the plasmon resonance of the gold nanoantennas, which can be
deduced from simulated near-field distributions and measured
linear optical transmittance spectra, which are shown in the
Figures S2 and S4, respectively. For the different gap distances
g we measure the y-polarized SH intensity for excitation at
1060 nm, which are also depicted in Figure Sa. Noteworthy,
because the antenna arrays studied in Figures 3a and Sa are
located on two different samples, the overall SH intensity can
vary and therefore a quantitative comparison of the absolute SH
signal strength between the two experiments is limited, even
though the antennas have been fabricated with nominally equal
parameters.
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Figure 4. (a) Graphical illustration of the experiment: Probing the y-
component of the local SH near-field of gold nanoantennas. (b)
Colored-tilted SEMs of a corresponding sample.

We find a large increase of the y-polarized SH signal strength
for decreasing gap distance As. In order to analyze the observed
behavior, we use the model introduced above, however, now we
are studying the y- instead of the x-component. The
corresponding near-field intensity IZDW is shown in Figure 5b.
In accordance with the experiment, we find a strong increase in
the y-component of the near-field intensity IZDa,,y when moving
the aluminum antennas toward the center of the gold
nanoantennas.

The functional behavior of this increase can be once more
derived from the dipole eq 1. For the y-component of the near-
field intensity IZDw,y at x, = 0 nm we obtain

1
IZD‘”:J’(yZ) & _np;(u
b3 (3)

According to eq 1 the y-component of the near-field intensity
1123,0,}, increases with decreasing gap distance as 1/y5. In our
analysis, however, we use the exponent n as a free fit parameter
in addition to the overall amplitude p,,. The fit to the y-
polarized SH intensities using eq 3 is shown in Figure Sa
together with the measured SH signals. The fit delivers n ~ 5.2,
which is quite close to the expectation. The small difference can
be attributed to the simplified model that we used to describe
the SH near-field of the gold nanoantennas, which does not
take the precise geometrical parameters of the nanoantennas
into account. Also, for a very small gap distance As of below
about 20 nm the gold nanoantennas begin to feel the presence
of the aluminum nanoantennas, that is, a change in their
dielectric environment. This leads to small variations in the
linear optical response of the gold nanoantennas, which also
influences their nonlinear optical 1'esponse,51’52 see Figure S4
for the linear optical spectra of the corresponding nanoantenna
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Figure S. (a) Measured y-polarized SH intensity as a function of the
gap distance As between the gold and the aluminum nanoantennas.
The black dashed line corresponds to a fitted dipolar intensity
distribution using eq 3. The insets below show exemplary colored
SEM images. (b) Dipole field intensity distributions of the y-
component of a static electric SH dipole p,, oriented along the y-
direction. The white and gray dashed lines indicate the position and
orientation of the gold and aluminum antennas and the gray arrow
shows the geometrical shift of the aluminum antennas in the
experiment.

arrays. However, our simple and straightforward model gives a
very intuitive explanation of the general observations from the
experiments.

It is important to note that the measured y-polarized SH
intensities from Figure Sa can also not be described and
modeled by a SH dipole that is aligned parallel to the gold
nanoantenna long axis, which would exhibit for all gap distances
As a field node at x, = 0 nm.

Recapitulating, the near-field SH measurements strongly
indicate that the SH dipole of the gold nanoantennas is
predominantly oriented in a perpendicular fashion with respect
to the gold nanoantenna long axis, although we excite the
nanoantennas with light polarized along the nanoantennas.
Here, we would like to briefly discuss a possible reason for the
origin of this polarization behavior. There are two important
facts that have to be taken into account: First, when measuring
linear transmittance spectra of a bare gold nanoantenna array
for an incident polarization that is oriented perpendicular to the
gold nanoantenna long axis we also find a weak plasmon
resonance that is located in our SH wavelength range. This
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plasmon resonance can boost the SH emission in the
perpendicular polarization direction.”® Second, the longi-
tudinal plasmon resonance occurs at a wavelength of about
1040 nm. Hence, the generated x-polarized SH field at about
520 nm drives the longitudinal plasmon resonance far above its
localized plasmon resonance frequency. Therefore, the
longitudinal plasmon cannot follow the fast oscillation of the
SH field and hence, the emission along the gold nanoantenna
long axis is suppressed and diminished by the longitudinal
plasmon resonance. These two contributions, the enhanced SH
emission supported by the perpendicular plasmon resonance
located at the SH wavelength and the suppression of the SH
emission by the longitudinal plasmon resonance, can be
captured in a simple oscillator model of the nonlinear
response>” and can explain the about 2 orders of magnitude
difference in the SH signal of the two polarization components.

To summarize, we introduced and demonstrated a novel
method that allows probing of the local second-harmonic near-
field of plasmonic nanostructures in a polarization-resolved
fashion. As a local sensor, this method utilizes oriented and
hence polarization sensitive aluminum nanoantennas that are
resonant to the second-harmonic field. As an example, in this
Letter we presented measurements of the polarization-resolved
second-harmonic near-field distribution of gold dipole nano-
antennas. In the near-field measurements, we find an intriguing
and unexpected polarization behavior of the SH response of the
gold nanoantennas. Beyond the measurement of the nonlinear
near-field of dipole nanoantennas, this method could also be
used to study the nonlinear near-field distribution of more
complex plasmonic structures, for example, plasmonic split ring
resonators. We believe that our novel method, namely the use
of resonant plasmonic nanoantennas as local sensors for the
measurement of nonlinear local electric fields, will find
widespread implementation and applications in scanning
near-fleld optical microscopies for nonlinear nanoimaging.
Furthermore, this work paves the way toward more complex
plasmonic elements with engineered nonlinear optical proper-
ties for photonic integrated circuitry.
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Figure S1, measured raw spectra of second-harmonic
generation from a bare gold and a bare aluminum
antenna array. Figure S2, simulated electric near-field
distributions of the antenna geometries investigated in
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spectra of the nanoantenna arrays investigated in Figure
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spectra of the nanoantenna arrays investigated in Figure
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