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ABSTRACT: Nonlinear optical plasmonics investigates the emission of
plasmonic nanoantennas with the aid of nonlinear spectroscopy. Here we
introduce nonlinear spatially resolved spectroscopy (NSRS) which is capable
of imaging the k-space as well as spatially resolving the THG signal of gold
nanoantennas and investigating the emission of individual antennas by wide-
field illumination of entire arrays. Hand in hand with theoretical simulations,
we demonstrate our ability of imaging various oscillation modes inside the
nanostructures and therefore spatial emission hotspots. Upon increasing
intensity of the femtosecond excitation, an individual destruction threshold
can be observed. We find certain antennas becoming exceptionally bright. By
investigating those samples taking structural SEM images of the nanoantenna
arrays afterward, our spatially resolved nonlinear image can be correlated with
this data proving that antennas had deformed into a peanut-like shape. Thus,
our NSRS setup enables the investigation of a nonlinear self-enhancement process of nanoantennas under critical laser excitation.
KEYWORDS: Nanoantennas, Plasmonics, Imaging, Third Harmonic Generation, Self-enhancement

Nonlinear optical properties of plasmonic nanostructures1

have attracted attention in recent years, as it is certain
that the local enhancement of the optical field can cause highly
nonlinear effects inside the structures. This in turn, in
combination with suitable nonlinear materials, would then
funnel the fundamental light into the nonlinear optical hot
spots, which then might emit nonlinear radiation. This could
include not only second- or third-harmonic light;2−5 also sum-
or difference-frequency generated light, four-wave mixing, or
optical rectification processes might be favorably enhanced.
Subsequently, using optical nanoantennas for boosting the re-
radiation of the light that was generated by this nonlinear
optical process, extremely high absolute nonlinear optical
efficiencies might be obtained.6−10 As nonlinear optical
materials, polymers,11 semiconductors such as quantum wells
and quantum dots,7 dielectrics such as ITO,2,8 along with gold
itself which has a quite high optical nonlinearity might be
used.8,12−14

Key to high nonlinear conversion efficiency is the exact
knowledge of the spatial, spectral, and temporal/phase
properties of the local optical light fields. Different attempts
to control15 and to measure these properties have been
reported.16−18 For example, Hanke et al.19 scanned a variety of
nanostructures such as double dots, double ellipses, and rods
with a gap through the focus of a femtosecond laser beam and
recorded the third-harmonic generation (THG) intensity as a
function of laser focus position. They also investigated the
dependence of that nonlinear light intensity as a function of
shape and found that extremely elongated shapes are beneficial

for THG efficiency. However, they did not image the entire
structure under light illumination, and they did not detune the
exciting laser with respect to the plasmonic resonances.
Aeschlimann et al. carried out spatiotemporal as well as
phase pulse shaping to control the emission of light from
plasmonic oligomers.20 They utilized photoemission electron
microscopy (PEEM) to analyze the spatial origin of the light
emission. In the work by Wolf et al.,17 k-space imaging was
utilized, which revealed the directionality of the emitted THG
light. Kauranen and Zayats, Chen et al., Drechsler et al., Krauth
et al., Metzger et al., and Wegener et al.1,21−25 have studied
second-harmonic generation (SHG) and THG emission of
plasmonic nanostructures depending on shape, material,
spectral detuning, pulse duration, etc. However, in most of
those cases, the local microscopic origin was also not spatially
imaged but mostly derived by using linear or nonlinear optical
simulations. Butet and Martin analyzed the mode structure of
SHG light in plasmonic gold rods and dimers.26

Here, we thus introduce a spatially and spectrally resolved
nonlinear microscopic imaging technique which allows us to
study plasmonic nanostructures and their nonlinear optical
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emission, in our case for THG of gold nanoantennas. We
illuminated an entire array of nanostructures simultaneously via
our wide-field illumination setup and image the nonlinear
response. In addition, we characterize the nanostructures
carefully with respect to their spectral response, and we have
the ability to spectrally tune our optical parametric femto-
second laser source over the plasmonic resonances. By
investigating those samples by taking SEM images, our method
allows for correlated structural and nonlinear optical measure-
ments that might lead to improved antenna shapes in the
future with extremely high nonlinear conversion properties.
Figure 1a gives an overview of the setup. As pump laser, we

use an Yb:KGW solid state laser that has an average output
power of about 2.1 W, a repetition rate of 44 MHz, a
wavelength of 1025 nm, and a pulse duration of approximately
170 fs. The laser beam (orange arrow) passes through a fan-
out nonlinear periodically poled lithium niobate (PPLN)
crystal placed inside a fiber-feedback optical parametric
oscillator (OPO).27 In that way we are achieving laser pulses
that exhibit a tunable wavelength range in the near-infrared
from about 1300 to 1900 nm, appearing with averaged output
power of up to 550 mW (red arrows). To adjust power and
focus position, the laser beam passes through a continuous ND
filter wheel and a focusing lens. If the sample is placed at the
focal point (beam waist approximately 15 μm) of the lens, very
high local and temporal peak intensities of up to 70 GW/cm2
can be achieved. Such high power induces nonlinear effects on
the sample, which generate light at a different wavelength (blue
arrows).
A scanning electron microscope (SEM) image of a typical

sample is shown in Figure 1b. Gold nanoantennas are arranged

in lattices to enhance the linear response. Typical dimensions
are equal thickness and width of 50 nm, length of 400 nm, and
periodicity of about 1000 nm. When exciting resonances inside
the nanorod, nonlinear optical effects occur. We are
particularly interested in THG, exhibiting a three times shorter
wavelength than the corresponding linear response. Such
nonlinear emission patterns can now be analyzed using our
technique of spatial imaging.
To efficiently collect the nonlinear signal, a 100× objective

of numerical aperture (NA) 0.9 is placed directly behind the
sample. Focusing is assisted by a feedback-controlled high-
precision piezo stage with 0.1 nm resolution. Figure 1c depicts
the detailed beam paths of our two imaging modes. The upper
part illustrates real space imaging, while the lower part shows
our possibility to access the k-space. An explicit explanation is
given in the Supporting Information. The switching between
real-space and Fourier imaging obtained by the 2f−2f setup, as
well as the iris at the accessible Fourier plane, allow one to
induce controlled manipulation of the nonlinear image by
cropping single k-space orders. The corresponding effects are
mainly used for characterizing various imaging artifacts, as
demonstrated in Figure S1. The nonlinear emission is small
compared to the remaining signal and the linear response of
the sample. To obtain exclusively the nonlinear signal, optical
filters are placed directly in front of the CCD camera at the
back focal plane. For our highly sensitive measurements, we
use a combination of a PIXIS 256E camera and a SP2500
spectrometer from Princeton Instruments, easily allowing
switching between the imaging and spectroscopy mode just
by rotating an optical grating from first to zeroth order.

Figure 1. Schematic setup in (a) provides the possibility to focus pulsed laser light at different wavelengths onto a sample. As shown in the SEM
image in (b), we use arrays of plasmonic rod antennas. Resonances inside the nanorods lead to nonlinear effects such as third-harmonic generation.
The according emission pattern can be imaged with the help of a 2f−2f microscopy setup combined with a CCD camera. The microscope uses a
100× objective as well as a corresponding tube lens (TL) that collect the hitherto infinity corrected beams. The detailed insight (c) depicts the 2f−
2f setup, consisting of two imaging lenses of different focal lengths f1 and f2. The measurements on the right in (c) demonstrate that we can
individually distinguish between single antennas and their nonlinear emission hotspots. Irregularities like those are a suitable way to characterize the
resolution of the setup and its ability to identify single exceptionally bright or dark emission hotpots or even missing plasmonics. Fourier space
measurements are possible, as well, by adding a so-called Bertrand lens.
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A typical real-space measurement result is depicted on the
right in Figure 1c. We excite the antenna lattice resonantly and
image the emerging nonlinear signal. A color-map indicates the
strength of the imaged THG signal with spatial resolution in
the x−y direction. The yellow hotspots correspond to the
nonlinear emission centers of the nanoantennas. Revealing all
the spatial artifacts, this method grants new opportunities to
study the nonlinear resonance properties of nanoantennas.
Irregularly bright antennas can be identified. The k-space
measurement exposes the periodicity of the emission and can
be analyzed for optimizing accuracy and avoiding systematic
imaging faults such as low-pass filter effects.
For a correct interpretation of the generated images, an

understanding of the nonlinear emission pattern of nano-
antennas is fundamental. The exact location of the single
emission hotspots goes along with the internal electric field
inside the nanostructures. Due to this fact, the common
emission in dipolar oscillation is located in the center of the
antennas. Additionally, far-field imaging of further resonances
inside the antennas is proven possible. Slightly varied
parameters, exemplary excitation wavelength, are able to
fundamentally change the distribution of emission hotspots,
as it was analogously discussed using k-space studies.17

Beside the common dipolar resonance, we are dealing with
the instance of a higher mode resonance, namely, third-order,
since the second-order excitation is dipole-forbidden.28 The
according modes are characterized by different charge

oscillations and THG emission hotspots that are illustrated
in Figure 2a. As demonstrated in the schematic spectrum in
Figure 2b, the third-order resonance peak is positioned at
much shorter wavelengths. To obtain a sufficiently large
nonlinear response, separate nanoantenna lattices with
adjusted configurations have been manufactured. Consisting
of significantly longer antennas arranged in according arrays,
we shift the resonance up to the working region of our OPO
(1300−1900 nm). Linear extinction measurements performed
by an Fourier transformation infrared (FTIR) spectrometer are
plotted in Figure 2b and indicate that the peak of the first-
order resonance of common short antennas exhibits a nice
accordance to the spectral position of the third-order peak of
three times longer ones. However, the latter gives only poor
linear response, which makes excitation of the localized surface
plasmons difficult. To overcome this, we are using the highest
available incident laser power for our spatially resolved
nonlinear measurements, reaching up to about 550 mW.
Additionally, Figure 2b depicts the relative phase between

first- and third-order mode, which is a crucial parameter for
further imaging studies as well. When changing the incident
driving frequency, the plasmonic response of the material
performs a phase shift of π at the resonance peak. Since we are
exciting the third-order resonance, this phase shift affects this
mode exclusively and its relative phase to the coexisting dipolar
mode changes. The coexistence of the two oscillation modes
leads to interference effects. If the phase difference between the

Figure 2. In a nanorod, different plasmon oscillations arise. They are characterized by electric field and charge density, as graphically illustrated in
(a). The resonance spectrum of a gold nanorod consists of various resonance peaks. (b) The dominant one is the first-order resonance with the
trivial dipolar mode predominating. At shorter wavelengths, the third-order resonance can be observed, consisting of coexisting dipolar and third-
order oscillation mode. Constructive or destructive interference, depending on their changing relative phase, governs this process. The images on
the right in (b) are the results of FEM simulations, that confirm the strongly wavelength-dependent THG emission. Depending on the exact
spectral position on the resonance, different spatial emission modes arise, as depicted in blue on the gold nanoantennas. (c) Linear plasmonic
extinction using FTIR extinction measurements (blue: antenna length 400 nm, red: antenna length 1300 nm). Third-order mode excitation was
realized by switching to three times longer antennas, with the third-order resonance situated around 1535 nm. (d) Spatial nonlinear THG emission
around 512 nm when exciting the nanoantenna array. The fundamental wavelength is tuned over the third-order resonance peak. The coexistence
of the differently interfering modes, as illustrated in the insets, can be directly imaged.
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first-order and the third-order oscillation vanishes, the central
emission hotspot is governed by destructive interference. The
according emission hotspot cancels out. For constructive
interference, the electric field vector positioned in the middle
of the antenna at third-order oscillation mode is parallel to the
one in dipolar mode, which is given at an overall phase
difference of π. In this regime, the central hotspot dominates
the THG emission. However, exactly at resonance, the three
hotspots can be spatially observed with approximately equal
intensity. Our simulation show good accordance with this
intuitive explanation. The corresponding results are depicted
next to the schematic spectrum and show data for three
spectral positions of interest.17

Three different spatially resolved measurements of the third-
order resonances of antennas with length 1300 nm are
depicted in Figure 2d. The wavelength is chosen to be
positioned below (1495 nm), at (1535 nm), and above (1555
nm) the third-order resonance peak, as also indicated in (b).
Slight changes of the excitation wavelength change the
detected spatial THG emission fundamentally. This behavior
is originated in the occurrence of both the dipolar oscillation
mode and the third-order mode, simultaneously. The insets are
again accentuating the simplified model given above. Dipolar
and third-order oscillation modes in either constructive (+) or
destructive (−) coexistence, dependent on their relative phase,
are merging into the measured emission pattern. Our
measurements jointly with the spatial simulations not only
prove the functionality of the setup; this wide-field imaging
also opens up a chance for experimental verification of

theoretical studies concerning charge configuration and electric
fields, even in more complex nanostructures.
Regarding the high power density focused on the sample, it

is crucial to investigate the excitation threshold of the
plasmonic nonlinear optical efficiency in more detail. Insights
into spatial information can now be gained using our imaging
technique. Since we are able to choose a suitable lattice
constitution with high nonlinear response, it does further allow
a real-time observation of the THG emission. We are able to
reduce the integration time of the CCD camera below 1 s.
Reaching an excitation threshold of the nanoantennas, such
time-resolved imaging becomes necessary due to a dynamic
evolution of the nanoantennas response. When the nano-
antennas are close to their destruction threshold, their THG
emission was found to exhibit unexpected features, which
would remain hidden without spatial imaging.
Figure 3a plots three excerpts of time-resolved measure-

ments. The measurements were performed to execute a
controlled intensity increase of the nanoantenna lattices.
During this destructive process, single antennas exhibit
extremely nonlinear behavior. The THG image of Figure 3a
proves reproducible bright THG generation of the antennas at
a critical excitation level. The images are dominated by a
Gaussian laser beam profile. As expected, the interesting effects
are first detected in the center, where the power density is
highest. In this specific measurement, the incident laser
intensity is increased in a range between 50 mW and 200
mW. As one can see, nearly every antenna is enhancing its
nonlinear light emission intensity significantly before it
becomes dark, while the exact moment is randomly spread

Figure 3. Before breaking, the individual plasmonic structures exhibit unexpected behavior. (a) Spatial images of the nanoantennas nonlinear
emission upon overexcitation are depicted. They are excerpts of a time-resolved measurement of in total 90 s, while for each image the THG signal
was integrated for 1 s. During the measurement, the excitation power was persistently increased. The spatial Gaussian beam profile governs this
measurement. In addition to a collectively rising emission, single antennas are further enhancing their intensity at critical excitation. This effect
remains concealed when not evaluating spatial images but only looking at the total emitted intensity. The measurement was carried out resonantly
at 1535 nm and up to a laser power of 200 mW. Antennas of width 50 nm and length 400 nm are used. The temporal trend of the emission
intensity of some single, exemplary marked nanoantennas is extracted and plotted in (b).
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over several seconds. The time-spread conceals this novel
effect when doing common measurements of total signal
intensities without spatial resolution. Exemplarily, three
different antenna intensities were plotted as a function of
measurement time in Figure 3b. The according antennas are
additionally identified with red, orange, and yellow circles. The
three evaluated antennas show the mentioned behavior
noticeably in the plots. Their individual total intensity is
increasing, followed by a short plateau at a high nonlinear
signal level. Afterward, the THG intensity drops again and the
antenna becomes dark. This transitory effect showing up at a
precise destruction has not been reported before, to the best of
our knowledge. We observe only a few individual antennas that
become dislocated by peeling off the substrate. In our THG
measurements, they can be seen as instantly vanishing emission
hotpots. These antennas are probably affected by imperfections
in the production process, reducing their stability. A video of
the data can be accessed in the Supporting Information. The
process of destruction with the two temporal regimes of THG
emission enhancement and the subsequent vanishing of the
emission can be interrupted at any time by stopping the
excitation momentarily. Proceeding in that way, the achieved
emission pattern freezes directly in the current constitution.
Followed by an excitation with lower intensities far beneath the
critical limit, it is possible to retain the THG efficiencies and
further analyze the plasmonics nanostructures. The bright
antennas maintain their emission properties. However, the
already dark ones remain permanently destroyed.
Microscopic insight can be achieved by the use of scanning

electron microscopy (SEM). The measured THG emission can
be studied and compared to the actual plasmonic structures, in
order to find the origin for the unusual detected high nonlinear
signal. Figure 4a shows a correlation of SEM image and THG
measurement. The latter relies on a targeted manipulation of
the structures. Therefore, the incident laser is precisely focused
on single antennas to evoke the brightest possible emission
hotspot. Adjusting laser power, the width of the focal point and
its position offer a chance to roughly pick out an individual
antenna to reach a critical nonlinearity. The procedure was
stopped right before the plasmonic emission ceases to exist.
The exact moment is not easy to predict, since every antenna
acts individually. The superimposed THG image in Figure 3a
is an interpolated measurement at an incident wavelength of
1550 nm. The outstanding antennas with high THG emission
manifest themselves as the extremely bright yellow spots. They
are surrounded by unaffected antennas, as they are still in their
initial shape as produced. Antennas that show the essential
enhancement of their emission do all have a similar shape like a
peanut. Their gold material is rearranged, so they now exhibit a
smaller, strangulated waist and thicker ends. The antennas run
through a self-induced shape transformation, adjunct to a
nonlinear ef f iciency enhancement. This is taken to the extreme
until the connection in the middle is severed and the structure
separates into two dots. One can also observe this case in the
right excerpt of Figure 4a, where an antenna that has already
lost its nonlinear response is marked in red. Its resonance is
now shifted far away to different wavelengths, so we do not
record any nonlinear response anymore. This “peanut” shape
transformation process is seemingly reproducible.
Further, the resonance spectrum of these single antennas is

evaluated in Figure 4b. The plot depicts the THG emission in
dependence of the fundamental wavelength of the incident
laser beam. The single-antenna intensity was extracted from

the raw data of the CCD chip by integrating over the area of
one antenna, while paying attention to slight shifts caused by
dispersion. It is noteworthy that the combination of spectral
and spatial evaluation comes with several difficulties to
consider. An example for such a systematic error is the second
peak in the spectrum of the unaffected antenna, which is
originated in some remaining low-pass filter oscillations that
have been numerically evaluated. Spatial artifacts of the bright
dots are able to conceal the comparably small emission centers
in the surroundings. The maximum intensity of the different
enhanced sites cannot be predicted quantitatively until now.
The error-bars show the standard deviation, while they are
positioned around the mean intensity of the six antennas. For

Figure 4. Scanning electron microscopy (SEM) allows the correlation
of these unusual THG properties with the actual shape of the
antennas. (a) Interpolated THG emission measurement at a
fundamental wavelength of 1550 nm, where the antennas were
previously exposed to trigger the highest THG efficiency possible.
Two different sections of the sample are displayed (left: 4 × 3
antennas, right: 3 × 2 antennas). The superimposed SEM images
depict a self-induced, reproducible deforming of the nanorods, while
destroyed antennas sever into two dots. Examples for antennas with
different properties are marked with arrows. As seen in a spatial
evaluation of the spectrum (b) of the single antennas, their nonlinear
resonance is both red-shifted and enhanced. For comparison, the
spectrum of an unaffected nanoantenna is plotted as well. The second
peak at 1650 nm stems from systematic imaging errors due to low-
pass filter effects. The error bars are representing the intensity
standard deviation of the evaluated antennas. The spectral imaging
position of the THG measurements of (a), as well as of Figure 3, is
marked in the plot.
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demonstration purposes, explicit values of three highlighted
antennas were also plotted and marked with green and blue
indicators. In addition to the much higher resonance, we
observe a significant red shift of the THG emission spectrum.
The maximum is positioned at a fundamental wavelength in
the range of about 1590 to 1620 nm. The width of the
deformed antenna resonance covers the original peak, too.
Hence, the enhancement we see in Figure 3a is just due to an
off-resonant response of the deformed antennas. The
deformation most likely originates from heat generation of
the plasmonics due to the resonance in the femtosecond time
domain. Such local heating processes were previously
modeled,29−31 and self-optimization processes of plasmonics
due to strong electric fields have been identified, too.32 We
suppose that this self-modification of the antennas encourages
the emission into the far field. First simulations reveal that the
resulting shape of the modified antennas is a more suitable
resonator for the emerging THG wavelengths. Analogously to
already investigated bow-tie antennas,33 that partly resemble
the observed deformed shape, this could be one reason for the
observed enhancement.
In summary, we carried out spatially resolved imaging of

nonlinear plasmonics and gained several new insights. By
analyzing the nonlinear emission distributions inside the
antenna, we observed a strong dependence on the spectral
position of the pump laser relative to the antenna resonance.
Especially when dealing with third-order resonance, we obtain
either one, two, or three emission hotspots per antenna.
Different emission patterns originate from the coexistence of
the first- and third-order resonance modes. Their varying
relative phase specifies whether interference is occurring in a
constructive or destructive fashion. In the spectral region
around the third-order resonance peak of the structures, the
phase changes by a value of π; thus a fundamental change in
the nonlinear emission occurs.17 Understanding these effects
grants new opportunities to influence the nonlinear far-field
and study the field distributions in plasmonic nanostructures.
We further studied the nonlinear spatial behavior of antenna
arrays upon increasing pump laser intensity. When carrying out
time-dependent measurements on a level of seconds, we
discovered an unexpected critical behavior of single antennas
before breaking. The individual antennas enhance their THG
emission for several seconds. A correlation of this increasing
THG efficiency with the actual microscopic structure shows a
reproducible change of shape of the abnormally bright
antennas. A deformation of the gold material to a peanut
shape is observed. This self-configuration can be triggered by
precise overexcitation to yield the highest possible nonlinear
response.
Further simulations could verify our hypothesis for the

origin of the plasmonic deformation. A profound under-
standing of acting forces and currents inside the gold material,
as well as local heating and melting in the femtosecond time
domain, is inevitable for explaining such novel effects at critical
excitation. Further, the increasing THG efficiency can be
explained by these methods. A deeper insight into the
individual behavior of plasmonic nanoantennas can offer
opportunities to systematically increase their third-harmonic
response. Such can be done either directly in the production
process or afterward as a postprocessing of the sample using
well-defined laser treatment. Using the common fabrication
technology of electron beam lithography it is possible to obtain
nearly every shape of nanostructure. By varying different

parameters, artificially deformed antennas in that observed
peanut shape can be produced. THG intensity measurements
can give information about the emission properties and allow a
subsequent comparison. Exaggerating structure characteristics
that show high nonlinear intensities can lead to iteratively
improved nonlinear nanoantennas.
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