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Surface plasmon polaritons visualized by nonlinear optical microscopy
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Figure 1: Four wave mixing is a
nonlinear optical process (2ω1-
ω2=ωFWM). The efficiency of
this conversion is material
dependent and illustrated by
the χ3 value.
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Figure 2: Coupling of light in
gold nanoholes generates
surface plasmons (SP) and
localized surface plasmons
(LSP)(not shown). The
plasmons create strong local
electric fields.(1)

Figure 3: FWM image of nanoholes. Many holes
cannot be clearly distinguished due to the optical
resolution limit. Different intensities of the holes
could originate from different shapes or
interference in higher hole densities.
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Figure 4: Extinction spectrum of randomly patterned nanoholes with
a diameter of 150 nm. The maximum is connected to a higher
absorption due to SPP generation at the gold air interface. The
second minimum indicates the so called extraordinary optical
transmission (EOT).
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Visualizing the near-field in the far-field 
in a nonlinear optical experiment!

Figure 5: Schematic of SPP visualizing experiment. One laser beam at wavelength λ1 is fixed on a
nanohole and excites SPPs. The second beam λ2 scans over the surface and probes the SPPs. The
electric field of the SPP interferes with the incident light at λ2 and generates FWM. The FWM
maps the presence of the SPP emanating from the hole without near-field probes.
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Figure 6: Schematic of the
experimental setup. λ2 enters
the microscope through a laser
scanning unit and is transmited
through the dichroic mirror
(DM) close to the objective lens.
λ1 enters the microscope
through a different port and is
reflected by the DM. This way λ2

can be scanned independent of
λ1. Both beams are temporally
overlapped.

Result

Figure 9: FWM image of a single nanohole illuminated by λ1 (1064nm) and scanned
by λ2 (817nm). The FWM is detected at 663nm. The image is saturated to highlight
the area of interest. The inset shows the center area of the picture on a logarithmic
scale to indicate the illuminating focus and the hole in it. The major part of the
background signal around the hole is luminescence from the gold film.

Comparing the simulation in relation to the experimental data!
Assumption:
• Intensity [a.u.] for all beams in the hole is due to enhancement Ihole = 25 
• Without enhancement Ifilm = 1
• Data from experiment (taken from Figure 9)

Comparing the maximum intensity in the hole related to the SPP intensity in the 
film.

In this measurement (t=1.5h) the statistical amount of signal photons was:

¼  photons/pixel
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Figure 10: Simulation, a) showing |E|2 of SPP generated at the hole in a 40nm gold film when illuminated
with a planar wave at 800nm. b) Intensity profile along the yellow line in a), zoomed in to highlight the
ripples.
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Shorter pulses more signal

𝐼𝐹𝑊𝑀 = 𝐼𝑝𝑢𝑚𝑝
2 ⋅ 𝐼𝑝𝑟𝑜𝑏𝑒

Figure 11: Graph comparing the peak power of a femto- versus picosecond
laserpulse at the same average power.

Four wave mixing depends on ~I3 to the excitation power. Thus, a 10
times shorter pulse would already result in nearly 1000 times more signal.

Detection of outcoupled SPPs
Instead of measuring the weak interference of the film-SPP with a
focused laser beam, one can use again the localized plasmon
enhancement effect to detect the outcoupled SPP at a different hole.
Change from a single hole sample to a film with different hole densities.
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Figure 12: Top: Schematic of experiment to measure the SPPs by
detecting the FWM signal at surrounding holes.
Bottom: Illustration on a scanning electron image to highlight the
expected different FWM emission due to resonant/nonresonant
SPP coupling.

Existing methods for 
SPP visualization

Figure 8: Near-field optical image. The interference
with directly transmitted light through the film allows
to determine the wavelength, phase and decay length
of the SPPs emanating from a nanohole. Field of view:
7.5 μm x 7.5 μm.(3)

Figure 7: Visualizing the SPP by nonlinear
photoemission electron microscopy (PEEM).
One laser source launches the propagating
surface plasmons through a linear interaction,
and the second subsequently probes the SPP
via two-photon photoemission.(2)
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HighQ: 7ps, 76MHz
λ1:1064nm
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