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Shaping the nonlinear near field
Daniela Wolf1,2, Thorsten Schumacher1 & Markus Lippitz1

Light scattering at plasmonic nanoparticles and their assemblies has led to a wealth of

applications in metamaterials and nano-optics. Although shaping of fields around

nanostructures is widely studied, the influence of the field inside the nanostructures is often

overlooked. The linear field distribution inside the structure taken to the third power causes

third-harmonic generation, a nonlinear optical response of matter. Here we demonstrate by a

far field Fourier imaging method how this simple fact can be used to shape complex fields

around a single particle alone. We employ this scheme to switch the third-harmonic emission

from a single point source to two spatially separated but coherent sources, as in Young’s

double-slit assembly. We envision applications as diverse as coherently feeding antenna

arrays and optical spectroscopy of spatially extended electronic states.
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W
hen a noble metal nanostructure is excited by ultrafast
laser pulses, nonlinear optical effects such as higher
harmonics generation or multiphoton-induced

luminescence can be observed1–4. The correlation between
linear and nonlinear response5,6, the spectral dependence of the
nonlinear signal7,8 and the use of nanoantennas to boost optical
nonlinearities9,10 has been investigated in detail. Although the
linear response of plasmonic nanostructures is well understood
and almost any desired field distribution can be realized by
well-chosen arrangements of multiple particles11–13, the spatial
origin of nonlinear signals such as second-harmonic14,15 and
third-harmonic generation (THG)16–18 is still under debate.
Spatial features that are below the diffraction limit of the
fundamental wavelength can still be resolved at the shorter
wavelength of the higher harmonic signals15,19. However, real-
space imaging does not give access to the coherence properties of
different emitting spots. In Young’s double-slit experiment20, the
coherent emission from two slits interferes due to the wave nature
of light and a characteristic pattern of dark and bright stripes can
be observed in the far field. The emerging Fraunhofer diffraction
pattern corresponds to the Fourier transform of the apertures21.
The shape and intensity distribution of the interference pattern in
the far field is thus uniquely related to both width and separation
of the slits, as well as their relative phase.

We set out to control the spatial distribution of third-harmonic
emission in a plasmonic nanostructure. A schematic overview of
the experiment is given in the introductory Fig. 1. In analogy to
Young’s experiment, the emission properties manifest in the
far field interference pattern, allowing a reconstruction of
the nonlinear near fields. Using this method, we prove that it is
the field inside the structure and not the external hotspots that
cause THG. As illustrated in Fig. 1, we show that the emission of

a gold rod can be switched between a configuration with one
single and two separated sources when the excitation wavelength
is tuned over a higher-order plasmon resonance. Our results are
supported by calculations of the emission patterns using single
dipoles, as well as simulations of the linear and nonlinear fields
using a finite element method.

Results
Nonlinear plasmonic analogue of a single slit. To introduce our
experimental technique, we first discuss the nonlinear
plasmonic analogue of a single slit as illustrated in Fig. 2a. A
single 270-nm-long gold nanorod on a glass substrate is
illuminated by a focused beam of short near-infrared laser pulses,
leading to THG. Other nonlinear signals are filtered spectrally
(see Supplementary Fig. 1). At 1,170 nm wavelength, the
fundamental dipolar plasmon mode is excited resonantly in this
rod, as can be seen in Fig. 2a from the field distribution calculated
with a finite element method. Regarding the THG, the field inside
the particle is the crucial parameter17. The internal field is highest
right in the centre of the rod, which is in stark contrast to the field
outside the particle, peaking at the ends of the rod. As the
nonlinear material polarization is proportional to the third power
of this internal field1, the calculation predicts that the
third-harmonic signal is emitted from the centre of the
structure for this geometry. In free space, the angular radiation
pattern would be that of a free dipole, that is, of toroidal shape
with the nanorod being on the symmetry axis. The air–glass
interface refracts and reflects part of this emission so that a typical
two-lobed angular pattern remains in the direction of the glass
substrate22. We detect this angular emission pattern by imaging
the back focal plane of the microscope objective that collects the
light emitted into the substrate (see Methods section). The field
distribution in the back focal plane is the Fourier transform of the
sample plane21, corresponding thus to the Fraunhofer pattern in
the classical diffraction experiments. The finite acceptance angle a
of the microscope objective given by the numerical aperture
NA¼ n sin (a) limits the observable region in reciprocal space to
|k/k0|oNA, with n being the refractive index of the substrate and
k0¼ 2p/l the wave vector in free space. As shown in Fig. 2b, we
find good agreement between the measured emission pattern of
the nanorod and the calculated pattern of a single dipole oriented
parallel to the interface, corresponding to emission from the
centre of the particle. Assuming two dipoles oscillating in phase
as in Fig. 2c, corresponding to emission from the ends of the rod,
clearly yields a different radiation pattern (for full emission
patterns, see Supplementary Fig. 2 and for quantitative analysis
see Supplementary Fig. 3). We therefore conclude that it is the
high field inside the gold structure that causes THG. The
emission properties of a single resonantly excited nanorod can
simply be described by a single dipole oriented parallel to an
interface (see Supplementary Fig. 4).

Nonlinear plasmonic analogue of Young’s double slit. We now
turn to the nonlinear plasmonic analogue of Young’s double-slit
experiment. In the classical experiment, a double-slit assembly is
illuminated by spatially coherent light. In our plasmonic
analogue, we exploit the coherence of the third-harmonic
emission from two spatially separated nanorods excited by the
same laser focus (Fig. 3a). Each nanorod emits similar to a single
dipole, as confirmed by numerical simulations. For a pair of
identical rods, an interference pattern is superimposed on the
dipolar radiation pattern of the individual rods. As shown in
Fig. 3b for a distance of 930 nm, again we find good agreement
between the patterns from experiment and dipole model,
regarding both the position of the extrema and the intensity
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Figure 1 | Nonlinear near field and emission control. Slightly tuning the

excitation wavelength over a plasmon resonance drastically changes the

local fields and thus the far field response of a simple plasmonic structure.

In our experiment, we switch between a configuration with one single and

two separated emitting centres. In analogy to classical diffraction

experiments, the coherent emission from different sources leads to

characteristic interference patterns in the far field. We exploit this effect to

determine the position and relative phase of emitting centres in a single

plasmonic nanoparticle and the concomitant nonlinear near fields.
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distribution as well. To further analyse the data, we project the
back focal plane images onto the kx axis, which retains all
relevant details on the interference process (for the full data set,
see Supplementary Fig. 5). The resulting intensity profiles for
two different rod distances are shown in Fig. 3c, corresponding to
the typical intensity patterns in the classical experiments. The
number and especially the exact position of the minima in Fig. 3d
depend strongly on the separation of the emitting centres but
agree well between measurements and simulations for rod pairs
with distances between 330 and 930 nm. It is noteworthy that the
gap between the two particles is always larger than 60 nm so that
plasmonic coupling can be excluded. The careful analysis of
the interference pattern thus allows us to accurately measure
the emitter distance. That way, this experiment further confirms
the centres of the rods as sources of the nonlinear signal (see also
Supplementary Figs 2 and 3).

Nonlinear emission properties of a long rod. This fact becomes
even more apparent when instead of two short rods a single
long rod is investigated. We demonstrate that the nonlinear
emission and near field can be switched between one and two
emitting centres by slightly tuning the fundamental wavelength.

The experiment is summarized in Fig. 4. The angular emission
pattern of a 925-nm-long gold rod at an excitation wavelength of
1,320 nm clearly displays the characteristic interference pattern of
a double slit where both apertures emit in phase (see Fig. 4a).
With the method presented above, the separation of the emitting
centres can be determined to approximately 600 nm, as indicated
in the scanning electron microscopic image. When the funda-
mental wavelength is tuned to 1,420 nm, we obtain an angular
pattern that deviates only slightly from a single dipole, implying a
dominant emission from the centre of the rod (see Fig. 4c). Our
conclusions are confirmed by numerical simulations of equivalent
rod structures as shown in Fig. 4a,c.

We take the emission patterns at 490 and 425 nm TH
wavelength as templates for the states 1j i and 2j i, respectively,
and fit the patterns at all other wavelengths by a linear
superposition 1� að Þ 1j i þ a 2j i (see Supplementary Note 1 for
explanation of the fitting method). As shown in Fig. 4b, the
weight a obtained in this way displays a steep transition within
25 nm at the third-harmonic wavelength between a single
emitting spot in the centre (state 1j i) and two in-phase spots
with well-defined separation (state 2j i).

To explain the switching of the emission pattern, we need to
consider in more detail the modes of the fundamental field. The
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Figure 2 | Localizing the emission from a single nanorod. (a) Schematic representation of the measurement method. A single gold nanoparticle is excited

by infrared light from the air side and the generated third harmonic is detected through the glass substrate. Inset: electric field and resulting third-harmonic

field of a nanorod excited at the fundamental plasmon resonance calculated with a finite element method. The linear field inside the particle is scaled up by

a factor of 10 for better visibility. (b,c) Measured back focal plane image of a 270-nm-long rod compared with two hypotheses: (b) the emission stems from

one spot in the centre, modelled as one dipole or (c) the emission stems from the end surfaces, modelled by two equal, in phase dipoles, separated by

d¼ 270 nm. Shown is always one half of the symmetric emission pattern. Excitation wavelength is 1,170 nm.
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modes of long nanorods resemble standing waves, where only odd
modes can be excited optically in our configuration23. Here, the
dipolar mode is shifted far into the infrared, while the third-order
mode shows a resonance in the wavelength regime where the
experiments are carried out (see Fig. 4d). When the excitation
wavelength is tuned over a plasmon resonance, the phase changes
by p. In the vicinity of the third-order resonance, the phase of the
third-order mode undergoes this change, whereas the phase of the
dipolar mode is unaffected. Tuning the fundamental wavelength
over the third-order resonance thus changes the relative phase of
the two modes by p. It is noteworthy that the third-order
resonance of the investigated structure is red-shifted compared
with the calculation due to fabrication inaccuracies. The field
distribution of the dipolar and the third-order mode can be
described by a single dipole and by three counter-oscillating
dipoles, respectively. We always excite both modes with varying
efficiency and observe their superposition. For wavelengths below
the resonance, the overall phase between the modes vanishes. In
the dipole picture, the single dipole and the inner dipole of the
third-order mode oscillate against each other and cancel. As only
the outer dipoles remain, this corresponds to the double slit
behaviour. Above the resonance, the overall phase between the
modes is p. Hence, the single dipole and the inner dipole of the

third-order mode add up so that the centre dipole dominates. The
nonlinear third-order process of THG amplifies amplitude and
phase differences of the fundamental field inside the rod and thus
drastically changes the third-harmonic emission properties (see
Supplementary Fig. 6). Evidently, the generated near field switches
accordingly as demonstrated by the numerical simulations shown
in Fig. 4, whereas only slight changes are observed in the linear
near field. The same switching behaviour is observed when tuning
the plasmon resonance via the length of the nanorod and keeping
the excitation wavelength fixed (see also Supplementary Fig. 6).

Discussion
In summary, we have localized spatially the third-harmonic
emission centres of a single plasmonic nanorod by analysing
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Figure 3 | Interference in the emission of two rods. (a) Scanning electron

microscopic image of a pair of 270-nm-long nanorods; scale bar, 500 nm.

The centre distance is varied between 330 and 930 nm. According to the

finite element method calculations, the particles act as two separated

dipoles oscillating in phase. (b) Measured and calculated radiation patterns

for 930 nm distance with intensity projection onto the kx axis. (c) Measured

(red squares) and calculated (black lines) intensity profiles for 330 and

930 nm distance, corresponding to cuts through the distance-dependent

intensity projection shown in d. The squares and dashed lines indicate the

positions of the minima from measurement and calculation, respectively.

The error bars correspond to an increase to three times the noise level

above the respective minimum.
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Figure 4 | Switching of nonlinear emission and near fields. (a,c) The

emission pattern of a 925-nm-long rod depends on the excitation

wavelength. The two states 1j i and 2j i differ in the number of emitting

spots, as indicated in the scanning electron microscopic images and the

calculated TH fields. (b) We observe a transition within a wavelength range

of about 25 nm for the weight a of state 1j i (red dots). The error bars are

three times the s.d. of the fit. The black line is a guide to the eye.

(d) Calculated absorption cross-section (black line) and phase of the third-

order mode (red line) of a 925-nm-long rod. Insets: linear field distributions

at the fundamental and third-order resonance.
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interference in the far field. The experiment unambiguously shows
that it is not the high field around the tips of the nanorod, but the
standing waves inside the rod that cause the emission at the third-
harmonic wavelength. This allows us to control and tune the optical
near field patterns at the third harmonic solely by slight variations
of the incoming field. Although optical near fields at the
fundamental wavelength are affected as well, the optical nonlinearity
drastically amplifies the effect. We demonstrated a switching of the
emission centres by a wavelength shift of only 25 nm.

Our experiments open up a new direction for nanophotonics24.
The local field around plasmonic nanostructures can not only be
sculptured by well-chosen arrangements of many nanoparticles,
but with a similar efficiency also by an engineered distribution of
the fundamental field inside a continuous piece of metal. Owing
to the high optical nonlinearities of noble metals16, a conceivable
field strength at the third harmonic is obtained, resulting in
unprecedented control over the placement of light sources on the
nanoscale. We envision applications as diverse as coherently
feeding antenna arrays25 or optical circuits26,27 and optical
spectroscopy of spatially extended electronic states28.

Methods
Experimental set-up and sample fabrication. The signal output of a Ti:Sapphire
pumped optical parametric oscillator (76 MHz, 150 fs, 1,050–1,450 nm) is focused
onto the sample with an infrared lens (NA 0.55), leading to a spot size of B1.5 mm
on the sample. The gold nanostructures are fabricated on 170-mm-thick glass
coverslips using electron beam lithography followed by metal evaporation and
lift-off. All structures are 60 nm wide and 30 nm high. Their length is 270 nm for
the short rods and 925 nm for the long rod. The polarization of the excitation is
chosen parallel to the long axis of the nanorods. Excitation powers are 2.5 and
10 mW for the short and long rods, respectively.

The transmitted light and the generated higher harmonic is collected by an oil-
immersion objective (NA 1.35). The near-infrared excitation light is eliminated with a
Schott KG5 filter. A back focal plane image is acquired on the charge-coupled device
camera by placing an additional lens (focal length 150 mm), acting as a Bertrand lens,
in front of the spectrograph. For the measurements at 1,170 nm excitation wavelength,
a narrow bandpass filter transmits only the third harmonic at 390 nm and the back
focal plane images are acquired using the spectrograph with a mirror instead of a
grating. For the wavelength-dependent measurements, the bandpass filter is removed
and a grating disperses the light. The convolution of spatial pattern and emission
spectrum has little influence, as the emission spectrum is very peaked. To locate the
structures, the sample is scanned with a piezo stage and the emitted light is detected by
an avalanche photodiode. In this case, the Bertrand lens is removed.

Simulation methods. To calculate the radiation patterns, we assume a dipole in air
(n¼ 1) at a height of 15 nm above the glass interface (n¼ 1.5). We calculate the
fields from the Fresnel coefficients and project the resulting intensity distribution
onto the back focal plane22,29. When two to four dipoles are considered, all dipoles
emit with the same amplitude and phase. The fields from the individual dipoles are
superimposed to obtain the total field, which is again projected onto the back focal
plane.

For the finite element calculations, we use the commercial software package
‘Comsol Multiphysics’. The simulations for the linear (at o0) and nonlinear
(at 3o0) response are performed in frequency domain and separated into two
models. In both, the dimensions of the structures are identical and matched to
those in the experiment. As dielectric function of gold, we use the data reported by
Johnson and Christy30. For the linear response, we assume a plane wave excitation
and solve Maxwell’s equations for the given boundary value problem. The shown
linear field distributions are the absolute values of the electric field E(o0) in a plane
15 nm above the substrate (n¼ 1.5). The third-harmonic polarization is calculated
as described in previous work17 from PTHG;loc � w3

AuE3
loc � P3

loc. To obtain the
third-harmonic fields around the structure, we use the third-harmonic polarization
as surface boundary value at the gold structures and solve the system at 3o0. The
third-harmonic field plots show the absolute values of the nonlinear electric field
E(3o0) in the same plane as the linear fields before.

In Supplementary Table 1, we provide information about which simulation
method has been used in the individual graphs in this paper.
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