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Abstract: We present two kinds of interferences on metallic thin films with orbital angular
momentum (OAM) beams, namely, double-slit interference and square-slit interference.
When an OAM beam is normally incident upon the metallic thin film with two slits, the
fringes on the metallic thin film generated by the interference of two surface-plasmon-
polariton waves will twist, and the twist amount depends on the topological charge of the
incoming OAM beam. When a square slit is employed, a quasi-square optical lattice will
be unveiled, and the arrangement of lattice can be modulated by the OAM beam. The
fringes and spots are both at the subwavelength level, which show great potential for
superresolution microscopy, OAM detection, and spot-array generation.

Index Terms: Orbital angular momentum, surface plasmon, interferometry.

1. Introduction

Light beams carrying orbital angular momentum (OAM) are associated with an azimuthal phase
structure exp(ilf), where 6 is the angular coordinate, and / is the azimuthal index, defining the
topological charge (TC) of the OAM beams [1]. These beams have an OAM of /h per photon (h
is Planck's constant h divided by 27). In recent years, OAM beams have been widely used in
many interesting applications, such as optical microscopy [2], micromanipulation [3], quantum
information [4], free-space, and fiber optical communication [5]. OAM beams have also been
studied in interaction with metallic thin film, such as manipulation of surface plasmon polaritons
(SPPs) [6], [7]. SPPs are electromagnetic modes constituted by a light field coupled to a collec-
tive electron oscillation propagating along an interface between a metal and a dielectric. Utilizing
SPP wave, the traditional interferences can be realized on 2-D micro-scale metallic thin film and
the interference patterns can be manipulated by the illuminating OAM beams. In our previous
work, we put forward a double-slit interference device based on two metal subwavelength slit ar-
rays to measure the OAM and the polarization of beams simultaneously [8]. However, the
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Fig. 1. (a) Schematic structure of the double-slit interference device. (b) Top-view of double-slit in-
terference device. (c) Top-view of square-slit interference device.

interference pattern should be observed on the receiving screen after the double-slit plane. Be-
sides, the interference pattern is larger than wavelength-scale.

In this paper, we present two kinds of interferences on metallic thin films with OAM beams,
namely double-slit interference and square-slit interference. Every straight slit can excite an SPP
wave. When an OAM beam is normally incident upon the metallic thin film with two slits, the fringes
on the metallic thin film generated by the interference of two SPP waves will twist, and the twist
amount depends on the TC of the incoming OAM beam. When a square-slit is employed, a quasi-
square optical lattice will be unveiled and the arrangement of lattice can be modulated by the OAM
beam. The two kinds of interferences indicate that the traditional interferences can also be realized
on 2-D micro-sized metallic thin film and show great potential for super-resolution microscopy [9],
[10], OAM detection [8], [11]-[13], and spot array generation [14], [15].

2. Principle and Structure

Fig. 1(a) and (b) present the schematic structure and geometric parameters of the double-slit
interference device. Similar to [16], we design two slits in a metal (silver) film with a thickness of
120 nm and the metal film is deposited on the silica substrate. The spacing between the two
slits and the length of the slits are both a =20 um. The slit width is w = 200 nm. The permittiv-
ity of the silver can be described by the Drude model ep(w) = o — wf,/[w(w + iv¢)], where ey =

6 is the bulk permittivity at infinite frequency, w, = 1.5 x 10'® rad/s and ~, = 7.73 x 10'® rad/s
are the plasma frequency and the collision frequency, respectively [17]. In this case, the inten-
sity distribution in the middle area of the metallic thin film is mainly from the interference of the
two SPP waves shown in Fig. 1(b). When a square-slit is employed, the parameters shown in
Fig. 1(c) are the same with those in Fig. 1(b). And the intensity distribution in the middle area is
mainly from the interference of the four SPP waves shown in Fig. 1(c).

To ensure the maximum excitation efficiency of SPPs, an OAM beam polarized along the x
direction and focused by an objective lens normally illuminates the metallic film with two slits.
The OAM beams can be produced by passing a plane wave through an azimuthally modulated
phase mask or a spatial light modulator [18]. Assume that the focused beam, which illuminates
the metallic film, is an ordinary Gaussian vortex beam, which is expressed as

Eini(r,0) = (r/w)"lexp(—r?/w?)exp(ilf) (1)

where (r,0) are 2-D polar coordinates corresponding to rectangular coordinates (x,y). We as-
sume that the radius of the OAM beam (w+/1/2), which illuminates the metallic thin film, equals
a/2, to ensure the best coupling efficiency of SPP wave and a flat intensity distribution in the
silts. The wavelength is set as 633 nm, resulting in the corresponding SPP wavelength of Asp, =
617 nm and propagation length of 53 um. Similar to the analytical method in [8], we only need
consider the interference along the x direction because the y-component of wavevector (Ksppy)
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Fig. 2. (a) Overall view and (b1)—(b4) zoom in (size, 4 1t m x 20 pm) of the interference fringes with
different TCs.
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is much smaller than the x-component of wavevector (ksppx). Thereafter, the SPP waves in op-
posite directions shown in Fig. 1(b) will interfere in the middle area. Set the coordinate origin as
the center of schematic structure, we call the phase along the left slit ¢1(y) and the phase
along the right slit ¢»(y). The additional phase difference between the two diffraction-slits
along the y-axis can be deduced by

50(y) = 61(¥) — baly) = ~Ir — 2larctan Y @
The intensity distribution of interference pattern between two slits is given by
1(x,y) ox cos?[KsppxX + 56(y) /2], (3)
From (3), it can be derived that the fringe space is
A = 7/ Ksppx- (4)

The fringes are displayed as an equidistantly linear array. The trace of central fringe (bright for
even TC and dark for odd TC) can be described as

X = A arctan 2y . (5)
7r a

From (5), one can see that when y/a changes from —0.5 to 0.5, x changes value from x_ =
—Al/4 to x, = Al/4. This means that the fringes twist. We define the twist amount as
Ax = x; — x_ = Al/2, which is proportion to |[TC| and the direction of twist is dependent on the
sign of TC.

When a metallic thin film with square slits is employed, an OAM beam polarized along the
45° direction with the x axis or a circularly polarized OAM light normally illuminates the metallic
thin film, it can be regarded as the superposition of the two sets of double-slit interference
fringes with a fixed phase difference. It can be inferred that a quasi-square optical lattice will
be unveiled and will incline when changing the TC of the incoming OAM beam.

3. Simulation Results and Analysis

Assume that an OAM beam polarized along the x direction normally illuminates the metallic thin
film with two slits. We calculate the interference patterns for different OAM beams illuminating
through 3-D finite difference time domain (FDTD) simulations. Fig. 2(a) presents the overall
view of the interference patterns of the SPP waves when TC = 6, and Fig. 2(b1)—(b4) presents
the zoom in of interference patterns at the center when different OAM beams illuminate, the pat-
tern size is 4 um x 20 um. Because the transmittance is very low and the intensity of the input
OAM beam is annular, the OAM beam almost does not interfere with the SPPs in the interfered
region, and the simulations also prove the inference. The green solid line in Fig. 2(b1) shows
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Fig. 3. Twist amount of the fringes dependence on TC.

the intensity distribution in cross-section view when TC = 0. The fringe spacing A is approxi-
mately equal to 310 nm, and the full width at half maximum (FWHM) of every fringe is about
160 nm. One can see that the fringes are straight and parallel each other when the TC equals
zero, which is similar to the conventional Young's double-slit interference. When we change the
TC of the incoming OAM beam, the fringes will twist, as shown in Fig. 2(b2)—(b4). The twist di-
rection is opposite when changing the sign of the TC such as the cases where the TCs = 3 or
—3 in Fig. 2(b3) and (b4). And the twist amount will increase as the absolute value of TC in-
creases, as shown in Fig. 2(b1), (b2), and (b4).

The simulation results agreed well with the abovementioned analysis. We have concluded
that, the interference fringes will twist, and the twist amount of interference patterns depend on
the TC of OAM beams. Fig. 3 shows the measured twist amount as a function of TC, as shown
with the red dots. And the blue solid line is the linearly fitted curve for comparison. One can see
that the twist amount is nearly proportional to TC. In particular, the slope of the fitted curve is
about 155 nm which is equal to A/2, it agrees well with the abovementioned analysis, where
Ax = Al/2. The measurement errors mainly come from the cases where an OAM beam with a
large TC illuminates. It may be caused by that the model in (3)—(5) has slight errors when TCs
are large, but it is still accurate enough. In addition, from Fig. 2(a), one can see that the inter-
ference appears in y direction with a large period of about 5.4 um, which is caused by the small
y-component of wavevector (ksppy). In the analysis, the y-component of wavevector (Ksppy) is
ignored in (3), but it will increase when |TC| increases, which results in an observable interfer-
ence in y direction. In particular, the ksp,, will be zero and the period in y direction becomes
infinite when TC equals 0. In this case, the interference in y direction will disappear and the
fringe spacing in x direction is measured to be 310 nm in the simulation, which matches well
with the theoretical calculation of A\s,/2. The error is caused by the mesh accuracy (setting
with 10 nm) in x direction, so it is reasonable that the measured value deviates with several
nanometers.

In fact, the linear model has a large alignment tolerance. Assume that the two slits are ex-
pressed as x = x1,X = Xo(X2 — Xy = a), respectively, so we can deduce that

6¢(y) = larctan Y _ larctan Y + ¢y (6)

X1 Xo

where ¢y is a constant. We can see that 6¢(y) still linearly depends on /, so Ax is still propor-
tional to /. It means that the results are not sensitive to the geometrical alignment between the
OAM beam and the sample, and therefore, it has a large alignment tolerance. But the central
deviation cannot be too large, because it will make the input intensity in the slits dramatically
vary along the y direction, thus the interference fringes have a corresponding intensity
modulation in the vy direction, which will affect the interference effect.

A metallic thin film with two slits can generate an interference pattern of the SPP waves with
parallel fringes. It can be inferred that a quasi-square optical lattice will be unveiled when a
metallic thin film with square slits is employed. Fig. 4 displays the interference patterns when
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Fig. 4. Optical lattice generated by the square-slit interference when 45° polarized OAM beams
illuminate.
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Fig. 5. Superposition of the intensity of the two double-slit interference by 45° polarized OAM
beams illuminating when (a) TC is even and (b) TC is odd.

different OAM beams polarized along the 45° direction with the x axis normally illuminate the
metallic thin film. One can see that a square optical lattice is generated clearly when TC equals
0, as shown in Fig. 4(a). The green solid line shows the intensity distribution along the cross
section of one row of the spot array. The spot spacing A is approximately equal to 616 nm, and
the FWHM of every spot is about 200 nm. Fig. 4(b1)—(b4) present the zoom in of interference pat-
terns at the center when different OAM beams illuminate, the pattern size is 4 ym x 4 ym. When
we change the incoming OAM beam, the optical lattice will incline, the inclined direction depends
on the sign of TC and the inclined amount increases with the |TC|, shown as the green dotted
line in Fig. 4(b1)—(b4). We also notice that the bright spot array is very legible when TC is even
but fuzzy when TC is odd. In turn, the dark spot array is fuzzy when TC is even but legible when
TC is odd. In addition, the period become 309 nm (approximately half of 616 nm) when TC is
odd.

All the above phenomena can be explained with the superposition of the intensity of the two
double-slit interference, as shown Fig. 5. The blue lines (column) are the bright fringes caused
by the vertical double-slit and the red set (row) are the bright fringes caused by the horizontal
double-slit. It can be inferred that the phase difference between the adjacent fringes is 7 due to
the opposite directions of the two SPP waves. The two pairs of double-slit are placed perpendic-
ularly, so the phase difference between the two sets of interference fringes is «//2. That is, the
phase difference equals to 0 or = when the TC of the incoming OAM beam is even and +7/2
when TC is odd. When the TC is even, some intersections of twist fringes have the same phase
which results in enhanced superposition (black filled circles) and their adjacent intersections
have a phase difference of = which leads to destructive superposition, as shown in Fig. 5(a).
Therefore the bright spots are very legible and the spot spacing (616 nm) is approximately two
times of the fringe spacing (310 nm) as shown in Fig. 4(a), (b1), (b3), and (b4). When TC is odd
as shown in Fig. 5(b), the phase difference between the two sets of interference fringes is
+7/2. This means the intersections are always partial constructive (the intensity become |1 =+ i[?
times), so the bright spots become blurry, the black spots become legible and the period be-
come half of A, as shown in Fig. 4(b2). In addition, the spot array will incline with the twist
fringes. And the FWHM of the spots is slightly larger than that of the twist fringes in double-slit
case due to the superposition of the fringes from two orthogonal directions.
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Fig. 6. Optical lattice generated by the square-slit interference when a circularly polarized OAM light
is normally incident on the metallic thin film.

Besides, we can infer that the sharpness of optical lattice will be reversed when a circularly-
polarized OAM light is normally incident on the metallic thin film owing to the contribution of ex-
tra phase difference of 7/2 between x and y directions. Fig. 6 shows the comparison of optical
lattice when TC is even and odd. The bright spot is blurry when the TC is even and becomes
very legible when the TC is odd. In addition from Fig. 6(b), one notices that the interference ap-
pears outside the square slits, which is also caused by SPP wavevectors parallel to the corre-
sponding silts. The periods will increase when decreasing the |TC|. Especially, the period
parallel to the silts becomes infinite when TC equals 0 shown in Fig. 4(a) and Fig. 6(a), which is
similar to the case of double-slit interference in y direction, as shown in Fig. 2(a).

There are many potential applications of the two kinds of interferences. The double-slit inter-
ference patterns are equidistant fringes. The fringes will twist and the twist amount related to
the TC of the incoming OAM beam is linear; therefore, it reveals an alternative to detect the
OAM of light [8], [11]-[13], which is shown in Fig. 3. Comparing to our previous method in free
space interference [8], this method offers an interference pattern on the metallic film directly
without an extra receiving screen. Besides, the twist pattern is subwavelength scale to offer
compact size, and it offers a method to modulate the interference fringes of the SPP waves as
well [7]. The 1-D fringes have a FWHM of 160 nm and a period of 310 nm, which shows great
potential for super-resolution microscopy [9], [10]. The 2-D and super-resolution optical lattice
[14], [15] can also be generated by employing square slits. The spot array can be designed to
be very sharp with a FWHM of 200 nm and a period of 616 nm, which can be also applied in 2-D
super-resolution microscopy, and OAM detection as well. In terms of detecting OAM TC, the opti-
cal lattice offers two parallel measurements due to 2-D structure. This may reduce the measure-
ment errors to some extent.

4. Conclusions

In conclusion, we have presented two kinds of interferences on metallic thin films with OAM
beams, namely, double-slit interference and square-slit interference. When an OAM beam is
normally incident upon the metallic thin film with two slits, the fringes on the metallic thin film
generated by the interference of two SPP waves will twist, and the twist amount depends on the
TC of the incoming OAM beam. When a square-slit is employed, a quasi-square optical lattice
will be unveiled and the arrangement of lattice can be modulated by the OAM beam. Our
methods indicate that the traditional interferences can also be realized on 2-D micro-sized me-
tallic thin film. In addition, the fringes and spots are both subwavelength scale, which show great
potential for super-resolution microscopy, OAM detection, and spot array generation.
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