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ABSTRACT: The tailoring of electromagnetic near-field properties is the
central task in the field of nanophotonics. In addition to 2D optics for
optical nanocircuits, confined and enhanced electric fields are utilized in
detection and sensing, photovoltaics, spatially localized spectroscopy
(nanoimaging), as well as in nanolithography and nanomanipulation. For
practical purposes, it is necessary to develop easy-to-use methods for
controlling the electromagnetic near-field distribution. By imaging optical
near-fields using a scanning near-field optical microscope, we demonstrate
that surface plasmon polaritons propagating from slits along the metal−
dielectric interface form tunable interference patterns. We present a simple way how to control the resulting interference patterns
both by variation of the angle between two slits and, for a fixed slit geometry, by a proper combination of laser beam polarization
and inhomogeneous far-field illumination of the structure. Thus the modulation period of interference patterns has become
adjustable and new variable patterns consisting of stripelike and dotlike motifs have been achieved, respectively.
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The surface plasmon polaritons (SPPs) are evanescent
electromagnetic surface waves coupled to the collective

longitudinal oscillations of the free-electron gas in a metal
propagating along a metal−dielectric interface.1−3 Spatial
confinement of the electromagnetic field at the interface and
smaller wavelength compared to the excitation light, corre-
sponding enhancement of electromagnetic energy density at
this interface, and the sensitivity of SPPs to dielectric functions
of both material constituents forming the interface make SPPs
attractive for many applications.
In addition to general interests in plasmonic-based nano-

devices and nanocircuits (2D optics) for optical communication
technologies, offering frequencies over 100 THz but still
representing a big technology challenge, there are other areas in
which plasmonics already finds its applications.4−6

It covers photodetection7 and (bio)sensing with enhanced
sensitivity,8,9 a new generation of photovoltaics,10 spatially
localized spectroscopy (nanoimaging utilizing plasmon en-
hanced Raman spectroscopy and photoluminescence),11,12

surface patterning (nanolithography),13,14 and manipulation of
nanoparticles.15,16

A series of applications including both the surface patterning
and manipulation of nanoparticles take the advantage of the
formation of proper interference patterns of SPPs at interfaces.
However, there is still a limited number of studies dedicated to
exploring the simple ways how to control the SPPs interference
patterns. Generally, the papers dealing with the near-field
interference patterns have preferentially concentrated on
detection and description of the fixed near-field interference

patterns and their control has not been the main issue. The first
papers already published in this field were particularly aimed at
focusing of SPPs into one or two specific focal points with an
enhanced electric field.17−21 Later on, the papers devoted to the
formation of interference patterns over a specific flat area,
obtained by Young’s double slit experiment based on SPPs,22

and especially the stripelike interference of SPPs launched by
two parallel slits, appeared.23

Finally, the results on a four-slit experiment were
published.24 In this experiment, a partial control of interference
patterns by changing the polarization of the incident light
(either stripelike or dotlike interference patterns of SPPs) were
achieved. In these papers, except for the change of the
polarization light no other measures to control the interference
patterns were taken. Contrary to that, in the paper25 an active
spatial control of plasmonic fields was reported. However, this
method was conditioned by presence of geometrical structures
(e.g., nanoholes) over the whole interference area which limits
the number of envisaged applications (e.g., trapping and
selective growth). Thus, the control together with mapping of
the near-field interference patterns over the flat metallic
surfaces is still a challenging issue.
In this paper, we show an easy-to-use way of controlling

near-field interference patterns created between the slits on a
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flat Au surface being monitored by SNOM imaging and
confronted to those obtained by analytical and numerical
models. Such a control has been provided both by variation of
the angle between two slits and, for a fixed slit geometry, by a
proper combination of laser beam polarization and inhomoge-
neous far-field illumination of the structure. In this way, the
limits in controlling SPP interference patterns can be partially
overcome.
For successful realization of experiments it is necessary to

ensure the efficient excitation of SPPs. Because the dispersion
relation of SPPs propagating along a smooth planar interface,
ωSPP (k), does not intersect the ω (k) light curve in the
corresponding dielectric media,1−3 the SPP excitation has to be
provided by an interruption of surfaces smoothness, for
example, via fabrication of one or more grooves or slits.
Surface plasmon polaritons propagating toward each other from
several grooves along the metal−dielectric interface provide a
near-field interference pattern.
All mapping experiments have been carried out using a

scanning near-field optical microscope, SNOM (NtegraSolaris
NT-MDT), in the collection mode (Figure 1a). The electro-
magnetic near-field forming a pattern was coupled to a
photomultiplier by an optical fiber with a 100 nm wide
aperture in a metal-coated tip. The fiber tip was glued to a
tuning fork possessing a resonant frequency of approximately
190 kHz and providing horizontal tip oscillations above the
surface. The sample−tip distance was held constant (∼10 nm)
by a feedback mechanism, similarly to the common noncontact
AFM mode. The excitation laser beam (wavelength 633 nm,
output power 15 mW) was guided by a multimode optical fiber
into an inverted optical microscope and focused on a sample

structure by an objective lens (Olympus, 20×, NA = 0.7) at the
normal incidence. The laser spot was defocused in order to
achieve more homogeneous illumination over the chosen area.
The polarization direction of the incident light was set by a
linear polarizer placed in front of the objective of the inverted
microscope. The position of the sample with respect to the
laser spot was adjusted by a sample holder equipped with a
micromanipulator.
The structures were patterned by a focused ion beam (30

keV Ga+) in a dual beam system (FIB - Tescan Lyra) into a 200
nm thick Au thin film (Figure 1b) deposited by Ar+ ion-beam
sputtering.26 The patterns consisted of pairs of mutually tilted
150 nm wide slits (Figure 1c−e) or of four 4 μm-long slits
arranged into a square (see Figure 1d). Both configurations of
slits provided optimum conditions for measuring the SPP
interference. The gold was chosen as a suitable plasmonic
material because of its optical properties.27 The higher
thickness of the golden film was preferred in order to eliminate
light transmission through it and to ensure that the SPPs
generated at both interfaces do not interfere. To be able to find
the correct wavelength and propagation length of SPPs (λSPP =
603 nm, LSPP = 5.8 μm), the optical properties of gold [ε(λ0 =
633 nm) = −10.6 + 1.7i] were determined by ellipsometry.2

The examples of measured electromagnetic near-field
intensity on two slits tilted by 10° are shown in Figure 2a,b.
A stripelike intensity pattern is observed using SNOM. These
stripes can be explained in terms of the interference of near-
field plane waves similarly as in case of the parallel-slit
configuration.23 The difference between maxima and minima of
interference pattern intensity progressively changes with the
polarization direction of incoming light; the maximum intensity

Figure 1. Schematic of SNOM installed on an inverted optical microscope (a). Cross section of the sample (b). Topography of studied SPP
interference structures (c), (d). SEM image of interference structures consisting of slit pairs mutually tilted by various angles (e). The scale bars are 5
μm long.

Figure 2. Near-field images of the interference pattern (|E|2) detected between the slit pair (α = 10°) (a,b). The interference pattern exhibits
minimum intensity modulation if illuminated by the laser beam polarized in the direction of the axis of the tilt angle (a) (see the white double
arrow), maximum intensity modulation if the incident light is polarized in the perpendicular direction to the axis of the tilt angle (b). The
modulation period λm is shown in detail. The experimentally measured dependence of the modulation period λm on the tilt angle compared with the
theoretical prediction calculated according to (eq 1) (c). The scale bars are 2 μm long.
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modulation is achieved for the polarization direction
perpendicular to the axis of the tilt angle. Moreover, the
experimental results on the structures with the distinct tilt angle
show an increasing trend of the mutual distance between the
neighboring intensity maxima λm (modulation period) with the
tilt angle. This trend can be modeled by two interfering plane
waves propagating against each other under a mutual angle α,
which gives the expression

λ
λ

α
=

+2 2 cosm
SPP

(1)

The calculated results match with the experimental data (Figure
2c) if the wavelength 603 nm of the SPP on the gold−air
interface is used. The uncertainty of the measured data with the
mutual tilt angle is caused by the slit finite length.
To efficiently control the interference pattern via the

polarization of incident light the square-arranged structures
were prepared. In these structures, a transition between the
stripelike and the dotlike interference patterns can be

achieved.24 In Figure 3c,f, the experimental results of both
interference patterns on the homogeneously illuminated
structure for appropriate directions of incident light polar-
ization are shown. In case of the stripelike pattern, their period
λm ≈ 300 nm corresponds to the interference of two SPPs
excited on the opposite slits by the light polarized
perpendicularly to them (see eq 1 and Figure 2c). For the
polarization in the direction of the square diagonal, the dotlike
interference pattern is formed by regularly spaced spots (Figure
3f). Note that the interference pattern in Figure 3d−f exhibits a
2-fold symmetry that can be explained by the 180° initial phase-
difference of SPPs propagating from separate pairs of
neighboring slits. The phase shift is caused by the incident
light polarization direction.28

To explain the experimental results on the square-shaped
structures, 3D finite-difference time-domain (FDTD) simu-
lations have been performed by Lumerical FDTD Solutions
7.5.5. The resulting near-field distribution |E|2 at the height of
10 nm above the surface is shown in Figure 3a,d. The simulated
and experimental results are in a good qualitative agreement. It

Figure 3. Numerical simulation (a), analytical calculation (b), and experimental SNOM image (c) of the near-field interference pattern established
over the squarelike structure being illuminated homogeneously by the laser beam polarized in the direction perpendicular to two opposite slits
(indicated by the horizontal white double arrow). Numerical simulation (d), analytical calculation (e), and experimental SNOM image (f) of the
near-field interference pattern distributed over the squarelike structure illuminated homogeneously by the laser beam with polarization oriented in
the diagonal direction (see the double arrow). In all the figures, the interference patterns formed by electric fields |E|2 are shown. The scale bars are 1
μm long.

Figure 4. Simulated interference patterns formed on a homogeneously illuminated square-arranged structure by the out-of-plane (a) and in-plane
components of the electric field (b,c). In (b) the same and in (c) the different z-scale range from that one in (a) is used.
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shows that the distortion of the near field due to the probing tip
is not significant. Figure 4 depicts the map of simulated square
of modulus of the out-of-plane (|Ez|

2) and in-plane (|Ex|
2 + |

Ey|
2) electric field components for the incident light polar-

ization set in the direction of the square diagonal. By
comparison of the magnitudes of in-plane and out-of-plane
components it is clear that the z-component plays a primary
role in the formation of the resultant interference pattern (note
different scales in Figure 4).29 Hence, in the analytical model
presented below, only the interference of the z-component of
the electric field is considered.
The considerable advantage of the analytical method used in

our study is of a reasonably shorter computation time
compared to the numerical simulation. In this analytical
approach, every slit is represented by a series of point sources.
The z-component of the electric field radiated by each point
source along the plane was assumed to have the cosine angular
distribution and to decrease with the distance by 1/√r (energy
conservation).29−31 The rigorous solution can be derived from
the Green function of the 2D Helmholtz equation and the
Rayleigh−Sommerfeld formalism.32,33 Moreover, the finite
propagation length is taken into account by introducing an

exponential decay term. The radiation of a point source located
at a is then approximately given by the expression

ω
∼ · ·

−
−

⎛
⎝⎜

⎞
⎠⎟E t E
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r

r
L
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a

a
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where E0 and p are the electric field amplitude and the
polarization direction of the illuminating light, respectively.
Furthermore, ra = |ra| = |r − a| is the magnitude of a separation
vector with ea = ra/ra being its unit vector. With n representing
the normal vector to the slit (i.e., the direction of the maximum
dipole radiation), terms p·n and n·ea describe the role of the
polarization on the efficiency of SPP excitation and the cosine
angular distribution of the radiation, respectively. The constants
kSPP and LSPP are the propagation constant and the propagation
length of SPPs, respectively. The resulting interference patterns
(corresponding to the time average value of |Ez|

2) are depicted
in Figure 3b,e.
The detected SNOM signal is formed by complex light

scattering processes between the tip and the sample, mixing
different field components.34,35 Thus, the electromagnetic field
which couples to the probe cannot be simply connected to a
specific component of the unperturbed electromagnetic field

Figure 5. FDTD simulations (a,d,g), analytical calculations (b,e,h) and SNOM measurements of near-field interference patterns (c,f,i) detected on
the square-arranged structure. The samples were illuminated by the incident laser beam polarized in the direction of the square diagonal. The way of
illumination of slits is schematically depicted in the insets. The scale bars are 1 μm long.
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distribution. However, as the Ez component in the interference
patterns is 10 times larger compared to the in-plane
components, it is reasonable to suppose that it represents the
major part of the probe signal.
The electromagnetic near-field interference pattern on the

square-arranged slits can be further modified. We demonstrate
the possibility to handle the interference pattern by
inhomogeneous illumination of the excitation slits. This can
be achieved by a proper setup of the laser spot, that is, by
adjusting the relative position of the spot with respect to the
sample structure and setting the desired spot diffraction pattern
(diffraction rings) by a specific focus. This approach is
demonstrated by three examples. First, the horizontal slits are
only half-illuminated. Second, the combined case when one pair
of vertical and horizontal lines is only half-illuminated. Third,
only the central parts of the slits are illuminated. The SNOM
images of all corresponding interference patterns together with
a schematic description of slit illumination (insets) are depicted
in Figure 5c,f,i. In the first case, the near-field interference
pattern consists of two parts (Figure 5c). The left part is similar
to the interference pattern of the homogeneously illuminated
square and is formed by regularly arranged spots. The rest of
the pattern is dominated by a stripelike structure similar to
Figurs 3a−c. The second case gives the near-field distribution
that consists of three differently established interference
patterns. Two of them form mutually perpendicular, periodi-
cally striped patterns; the residual area is filled by the spots. In
the last case, there is again a combination of spots and a striped
interference pattern. Theoretical calculations based on the
Huygens−Fresnel principle and numerical simulations
(FDTD) have been performed again to compare their results
with the experimental data. In the analytical approach the
amplitude of the secondary wave was considered as propor-
tional to the electric field amplitude of illuminating light. By
this approach it is possible to simulate SPP intensity
distribution excited by any distribution of illumination light.
In conclusion, we have studied the interference of SPPs

propagating along the metal−dielectric interface using the
collective mode of SNOM. To carry out the experiments, we
have fabricated metallic structures consisting of slits milled by
FIB. The analytical model and FDTD numerical simulations
have been utilized to support the experimental results and to
predict the interference pattern shape. We have succeeded in
monitoring the interference patterns and in modifying them
both by variation of the angle between the slits (double-slit
arrangement) and, for the fixed four-slit geometry, by
combination of laser beam polarization and inhomogeneous
illumination of the slits. We have shown that the performed
measurements are in a good agreement with both the analytical
and numerical models. Hence, the results of this work
demonstrate the ability of the method to spatially control the
near-field energy distribution. This can be utilized in nano-
lithography, trapping and selective growth of nanoparticles, and
other fields of nanotechnology and nanoscience.
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