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Abstract
Point source excitation and point detection in the near-field provides new perspective to study
the near-field optical phenomena of plasmonic nanostructures. Using the automated dual-tip
scanning near-field optical microscope (SNOM), we have measured the optical near-field
response of a dipolar emission near the edge of a monocrystalline gold platelet. The image
dipole method was used to analytically calculate the interference pattern due to surface plasmon
polaritons excited at the position of aperture tip and those reflected from edges of the gold
platelet. The near-field enhancement was observed on the edges of the gold platelet. Our results
verify that automated dual-tip SNOM is an intriguing technique for quantum plasmonic studies
where deterministic coupling of quantum emitters and the detection of the near-field
enhancement are of great interest.

Keywords: plasmonics, image dipole, surface plasmon polaritons, near-field, aperture SNOM,
dual-tip SNOM

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasmonic systems provide unique platforms to manipulate
light propagation at subwavelength scales due to excited sur-
face plasmon polaritons (SPPs) at a dielectric/metal interface
[1]. However, to fully exploit SPPs for on-chip integration, the
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absorption losses of plasmonic platforms should be overcome.
One of the approaches to reduce scattering losses is to improve
the quality of metallic structures by decreasing its roughness.
In addition, a particular structural shape and material proper-
ties of the structure can be chosen to minimize ohmic losses
[2–4]. Monocrystalline gold platelets are a suitable platform
for future quantum plasmonics [5, 6]. For instance, a quantum
emitter close to the edge of a monocrystalline gold platelet was
investigated in the far-field to show the potential of mono-
crystalline gold platelets as multi input/output platform for
quantum plasmonic [7]. However, far-field characterization
techniques cannot resolve the SPPs propagation paths on
monocrystalline gold platelets. The near-field scanning optical
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microscope (SNOM), as a well-established near-field tech-
nique has been vastly used to characterize SPPs near-field
patterns on the surface of metallic films, such as gold platelets
[6, 8, 9]. The two operation modes of aperture SNOM are
illumination and collection modes. In the illumination mode,
the aperture tip illuminates a sample through a subwavelength
aperture. The evanescent waves that pass through the sample
or are scattered, are collected with a microscope objective in
the far-field. The emitted radiation from an aperture tip near a
gold or silver film acts as a point source for the excitation of
SPPs. The scattering, reflection, or interference of SPPs due to
the structured plasmonic material is manifested in a modified
emission pattern [10]. The collection mode is used to image
beyond the diffraction limit in the near-field. In the collection-
mode SNOM, light is often focused on the sample through
an objective, and the aperture tip maps the near-field distri-
bution over a sample. Using the aperture SNOM, SPP modes
in plasmonic interfaces, waveguides or nanostructures have
been mapped [11–17]. Moreover, scattering SNOM gained its
popularity while it can produce near-field images with better
spatial resolution than the aperture SNOM [18, 19]. In addi-
tion, the scattering SNOM provides direct access to the phase
of the field in comparison with the aperture SNOM, where the
phase retrieval of the field is not straightforward [20]. How-
ever, for both aperture SNOM and scattering SNOM, due to
the complex nature of the image formation, a thorough ana-
lysis of acquired near-field images remains a very challenging
task [21, 22].

A single-tip SNOMhas demonstrated its feasibility for ana-
lyzing the propagation of SPPs excited at metal-dielectric sur-
faces and the SPPs propagation and scattering by periodic
arrays of surface scatterers at telecom wavelengths [23, 24].
The near-field detection of SPPs using the single-tip SNOM
requires far-field illumination. As a result, the diffraction lim-
ited far-field illumination obscures the details of the near-field
interference pattern due to only SPPs excitation [6, 8, 25–27].
Unlike single-tip SNOM, a dual-tip SNOM allows point-
source excitation at the desired position of a sample, elim-
inating the effect of the far-field illumination on the mapped
near-field pattern [28–30]. Hence, dual-tip SNOM is a suitable
instrument to investigate SPPs propagation and their interfer-
ence pattern in the near-field.

The automated dual-tip SNOM has already been used to
map the near-field response of a dipolar emission near planar
[31] and nanostructured photonic systems [32]. In this work,
the dipolar emission from the excitation tip excited SPPs near
the edge of a hexagonal gold platelet, while the automated
detection tip mapped the corresponding near-field pattern. We
have observed both the interference pattern due to the excited
SPPs at the excitation tip position with the reflected SPPs
from the edge of the goldplatelet, as well as, the SPPs excited
along the edge of the gold platelet. We show that the analytical
image dipole method is well suited to describe the interference
pattern. We demonstrate that the analytical calculation is in
excellent agreement with numerical and experimental results.
Furthermore, we managed to extract the SPPs wavelength
from the near-field interference pattern.

2. Results

2.1. Dipolar emission at an air-metal interface

Figure 1(a) shows an electric dipole p= (px,py,pz), located
at distance z= d from an dielectric-gold interface, oscillating
with a constant frequencyωwhich gives rise to an electric field
distribution E. The electric field radiated by such a dipole can
be written in a cylindrical basis (Eρ,Eφ,Ez) as, [33, 34]

En = 2ℜ
[
exp(ikSPPρ)√

kSPPρ
exp(ikz,n|z|)exp(ikz,1|d|)exp(−iωt)

]
Mv⃗

[
px cosφ+ py sinφ+ pz(sgn(d)

kSPP
kz,1

)

]
,

(1)

where kSPP = 2π
λ0

√
ϵ1ϵ2
ϵ1+ϵ2

is the propagation constant of SPPs

with the radiation wavelength λ0 in free space. k0 = 2π
λ0

is
the wave vector in vacuum and the dielectric constants of
the dielectric and metal correspond to ε1 and ε2, respect-
ively. The subscript n can take the values 1 or 2 and
refers to the material that contains the dipole (1) and the
material on the opposite side of the interface, which does
not contain the dipole (2). Constant kz,n

2 = k0
2ϵn− kSPP

2

indicates the exponential decay of SPPs from an inter-
face into the dielectric or metal depending on the n value.
The root is chosen such that Im(kz,n)> 0. The constant

M=− 1
2

(
kz,1kz,2√
2πϵ0

)(
kz,1ϵ2−kz,2ϵ1

ϵ12−ϵ22

)
e(−iπ/4) is called coupling

coefficient [34]. The vector v⃗= ρ̂− sgn(z)
(
kspp
kz,n

)
ẑ denotes the

polarization of SPPs waves. The distance of the dipole from
the interface d is defined to be positive when the dipole is loc-
ated above and negative if it is located below the interface on
the z-axis.

The angular dependence of SPPs propagation on the xy
plane is determined by the angle φ.

A semi-analytical approach based on the image dipole
method was proposed to calculate the emission pattern due
to excited SPPs by a dipole on planar geometries with edges
[35]. In the proposed image dipole method, the SPPs reflected
from edges can be substituted by SPPs originating from image
dipoles. The positions of the image dipoles are calculated by
mirroring the original dipole over all edges. The second-order
images are neglected due to the attenuation of the amplitude
of the second image dipole induced by the first one.

The proposed image dipole also works for magnetic dipoles
and not only for the electric ones. In particular, the field of
a magnetic dipole with moment m can be derived from the
field of an electric dipole moment µ by simply performing the
substitution [36]:

[E,H,µ0µ,ϵ0ϵ,µ]→ [H,−E, ϵ0ϵ,µ0µ,µm]. (2)

Figure 1(b) illustrates an in-plane electric dipole (red
arrow) and its image dipoles (green arrows) relative to
the edges of a hexagon-like gold platelet. The position of
the original dipole corresponds to the aperture position of the
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Figure 1. (a) Coordinate of a dipole emission above the gold
platelet at a height z= d. The red arrow represents an electric
dipole. The radial position of the excited SPPs is ρ and their angular
dependence is indicated by φ. (b) Schematic of the dipole image
method. The red arrow shows the position of the in-plane original
dipole (emission from the excitation tip) and its orientation. The
green arrows are the images of the original dipole relative to the
gold platelet edges. (c) Angles θ and ϕ of a magnetic dipole
representing the dipolar emission from the excitation tip.

Figure 2. Artistic view of excitation and detection fiber tip on the
edge of a gold platelet.

excitation tip of the dual-tip SNOM (figure 2). The edge next
to the excitation tip is numbered (1). The electric field intensity
distribution on a plane z= d above the air-gold interface is cal-
culated using equation (1). The electric field intensity of SPPs
is the result of the interference between the electric field of
SPPs generated by the original dipole p0 and six image dipoles
p1−6, is given by,

|E|2 = C

∣∣∣∣∣
6∑

n=0

exp(ikSPPρn)√
kSPPρn

×
(
p(x,n) cosφn+ p(y,n) sinφn+ p(z,n)

)(kSPP
kz,d

)∣∣∣∣2 ,
(3)

where C= |Mv⃗exp(2ikz,1d)exp(iωt)|2 and n is the number of
the dipoles. p(x,n), p(y,n), p(z,n) are the x, y and z components of
the image dipoles and can be expressed as, pn = p0Γexp(iδ),
Γ being the reflection coefficient of the metal and δ the phase
shift between the excited and reflected SPPs. The reflection
coefficient and the phase shift should be taken into account
since the amplitude and phase of the reflected SPPs change
upon the reflection and depend on the dielectric constant of
the gold platelet, the surrounding medium, and the incidence
angle with which they hit the edges [37]. For normal incidence
of the SPPs upon the edges of the gold platelet Γ = 0.15 and
δ = 0.35π [35]. It should be noted that for a gold platelet where
the edges are not perpendicular to each other, the incidence
angles of SPPs are not always normal. However, it was shown
that even for different incidence angles of SPPs, the deviation
of the calculated Γ and δ from the values of normal incidence
is negligible [38].

2.2. SPPs excitation near the edge of a gold platelet

For the near-field measurements, we have used a gold plate-
let with thickness of 185 nm with the polycrystalline gold film
with a thickness of 220 nm, which acts as the supporting sub-
strate. The excitation tip illuminated the gold platelet about
1µm away from its edge with a wavelength of λ0 = 1550 nm.

An artistic view of the dual-tip SNOM configuration is
shown in figure 2. The detection tip automatically maps the
near-field pattern of the SPPs around the excitation tip without
any collision [31]. The excitation fiber aperture tip acts as a
magnetic dipole [39]. Thus, the excited SPPs exhibit the same
near-field pattern as if they were excited by a magnetic dipole.
When a dipolar emitter excites a gold platelet, its position and
radiation wavelength determine which modes are excited and,
accordingly, the resulting near-field interference pattern.

Figure 3(a) depicts the mapped SPPs pattern by the detec-
tion tip. The SPPs reaching the edges of the gold platelet
either reflect or scatter to the free space. The interference of
the reflected SPPs from the edges with the excited SPPs at
the excitation tip position results in the measured near-field
pattern. In particular, we can see that the dipolar emission
from the excitation aperture near the edge (1) (see figure 1(b))
leads to the strong intensity along the edge. The edge enhance-
ment of the SPPs was also observed by leakage radiation
microscopy [40]. The other edges also show slight enhance-
ment of the near-field intensity, although the SPPs waves
decay along the propagation direction. This observation can be
attributed to the nanoscale lightening rod effect, i.e. the strong
electrical potential gradient due to the small surface curvature
at edges [41]. Adjusting the position of the excitation source
can be used to alter the near-field pattern and SPPs propagation
direction [25].

To gain more insights into the measured near-field pat-
tern, we have compared it with numerical simulations and
the semi-analytical model introduced in the previous section.
For the simulations, the near-field intensity distribution of the
magnetic field, due to a magnetic dipole excitation with azi-
muthal angle ϕ= 15◦ and polar angle θ = 60◦ (figure 1(c)),
was calculated on a plane 20 nm above the gold platelet using
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Figure 3. (a) Measured near-field intensity pattern of SPPs due to a
dipolar emission from the excitation tip on the edge of a gold
platelet. (b) Analytically calculated near-field intensity pattern using
the image dipole method. (c) Corresponding numerical simulation
of the magnetic field intensity pattern due to a magnetic dipole
emission representing the emission from the excitation aperture tip.
The gray parabolic regions are the avoidance areas where the
intensity information cannot be measured by the detection tip due to
the excitation tip geometry. Scale bars denote 5 µm.

FDTD Solver Lumerical. The angle ϕ of the magnetic dipole
in simulations and the electric dipole in the analytical model
were chosen based on the orientation of the SPPs propaga-
tion in the mapped near-field pattern, whereas the angle θ is
defined according to the bent angle of the excitation aperture

Figure 4. (a) Intensity line profile (I) selected along the white line
denoted in the inset of the figure, which corresponds to the
near-field measurement in figure 3(a). The intensity line profile was
fitted to F= 1

ρ
exp(−2Im{kSPP}ρ). (b) Fourier transform (FT) of

the measured intensity line profile (I) in (a) calculated after
subtraction from the fitted function (I−F). The maximum of the
FT corresponds to the half of the wavelength of SPPs that is
Λ = 0.77µm.

tip [39]. It must be noted that, due to the duality of electric and
magnetic fields near the planar surface, the calculated electric
field intensity due the electric dipole excitation shows the sim-
ilar near-field distribution as a calculatedmagnetic field intens-
ity due to a magnetic dipole excitation [36]. For that reason,
we can compare the numerical results (magnetic field emitted
by a magnetic dipole) with the semi-analytical model (electric
field emitted by a an electric dipole).

In figure 3(b), the intensity of the analytically calculated
electric field shows a very good agreement with the meas-
ured near-field intensity in figure 3(a). Figure 3(c) shows the
numerically calculated magnetic field intensity. The agree-
ment between the measured near-field, the numerical simu-
lation and the semi-analytical model supports our previous
assumptions. This suggest that the image dipole method can
substitute the computationally demanding numerical calcula-
tion of rather large gold platelet.

Since no far-field illumination is involved, the dual-tip
SNOM measurements ensure that the mapped near-field
intensity is only the result of the excited SPPs. Therefore, the
periodicity of the fringes in the interference pattern should cor-
respond to λSPP/2, with λSPP the wavelength of the excited
SPPs. Hence, it is possible to extract the wavelength of the
SPPs from the mapped near-field pattern. In doing so, a line
where the interferential fringes are clearly observed, is selec-
ted in the measured near-field map in figure 3(a). From this
line, which is shown in the inset of figure 4(a), we extract
the intensity profile along the edge of the gold platelet, start-
ing from the boundary of the avoidance area to the end of
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the scan area, as represented in figure 4(a). From the fitting
of the intensity line profile to F= 1

ρ exp(−2Im{kSPP}ρ), SPPs
wavelength can be retrieved.

To find the periodicity of the interference fringes corres-
ponding to λSPP/2 and, the fitted exponential function (F) was
subtracted from the line intensity profile (I). Then its Fourier
transform (FT) was calculated [6]. The reason for subtract-
ing the exponential function from the intensity is to separ-
ate two different parts of the signal containing both exponen-
tial decay and oscillatory behavior of the SPPs propagation
related to the modulation of SPPs standing wave. The peak
of the FT is attained at Λ = 0.77 µm, resulting in the SPPs
wavelength λSPP = 1.54 µm. Moreover, from dispersion rela-

tion kSPP = 2π
λ0

√
ϵdϵm
ϵd+ϵm

the wavelength of the SPPs at excit-

ation wavelength λ0 = 1.55 µm correspond to λSPP = 1.54
µm for the dielectric constant of gold ϵm =−115.13+ 11.25i,
indicating the excellent agreement with the value extracted
from the measurements.

3. Conclusion

In conclusion, it was shown that the dual-tip SNOM allows
near-field excitation and detection of SPPs near the edge of
plasmonic structures. Since the emission from an excitation
aperture tip corresponds to the radiation of a magnetic dipole,
the image dipole method can be used to calculate the inter-
ference pattern due to the dipole excitation near a planar sur-
face with edges. The SPPs wavelength can be retrieved from
the near-field interference pattern measured by the dual-tip
SNOM. This works evidenced the unprecedented potential of
the automated dual-tip SNOMas a novel characterization tech-
nique to study the interference pattern and propagation path of
SPPs in plasmonic platforms.
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