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ABSTRACT: Extraordinary Young’s interference is an
anomalous phenomenon observed at metallic surface in
2004. The shrinkage of slit size into deep subwavelength
scale introduces many novel effects that cannot be described
by classic interference theory. In this paper, the Young’s
interference excited by subwavelength slits is investigated via
rigorous Maxwell’s equations. We reveal a universal spin—
orbit interaction mechanism associated with the catenary
optical fields in 2D isotropic metal-dielectric structures for the
generation of optical vortex array and spin Hall effect. Based

on the interference of vectorial vortex arrays with opposite topological charges, a simple yet powerful method for the fabrication
of space-variant metasurfaces is proposed for the first time, which breaks the fundamental limit of traditional interference
lithography. These results may provide numerous new perspectives on both the design of catenary metasurfaces and optical

spin-controlled devices.
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s one of the most beautiful experiments in physics,"

Young’s double slits interference provides a general
platform for the investigation of light, sound, and matter waves.
Actually, interference serves as the basis of other fundamental
wave phenomena including refraction, reflection and diffrac-
tion.” However, classic interference relies on the propagative
accumulation of phase delay via AD = 27l/4, where [ is the
propagation length and 4 is the wavelength. When 4 is very
large compared to I, no obvious interference can be observed.
As a result, the interference period of counter-propagating light
is limited to A4/2. As Ernst Abbe pointed out in 1873, the
highest spatial resolution of optical microscopy is just 1/2,
which sets a fundamental barrier known as diffraction limit.**
On the other hand, a minimal thickness of 1/4 is required for
interferential reduction of Fresnel reflection, which constrained
the compactness of devices especially for long wavelengths.” In
addition, although multiphoton absorption could reduce the
interference patterns by N-times,’ the lack of practical N-
photon absorbing resist restricts their engineering applica-
tions.”*

Subwavelength Young’s interference of classic light in
metallic structures was discovered in 2004.”'" During the
investigation of interference of light emerged from nanoslits on
silver films, it was experimentally observed that the interference
period shrunk from the normal 1/2 to smaller than 1/4. This
unexpected interference phenomenon, known as extraordinary
Young’s interference (EYI),® was astonishing since neither
entangled light nor high index materials were used. Theoretical
analysis shows that the shrinkage of interference pattern is
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associated with the collective excitation of free electrons on the
metallic surface, that is, the surface plasmon polaritons (SPPs).
The dispersion relation of SPPs indicates that the thinner the
metallic film, the shorter the effective wavelength can be
obtained.'’ Based on this property, it was predicted and later
demonstrated that interference period smaller than A/8 is
possible.'"!

In classic Young’s experiment, the transmission efficiency of
light is often thought to be proportional to the occupied area
of the slits. However, at the subwavelength scale, the
transmission through nanoslits is related to the distance
between adjacent slits owing to the interference of SPPs
propagating on the surface. Schouten et al. experimentally
investigated the periodic fluctuation of transmission with
respect to the slits distance,'” demonstrating that a full-
vectorial analysis of the subwavelength Young’s interference is
required. Subsequently, inspired by the thickness-dependent
plasmonic coupling on metallic thin films,'’ the width of
nanoslits was varied to result a horizontal shift of the
interference patterns, which provides an efficient mean to
modulate the phase of electromagnetic oscillation in both free
space and at the metallic surfaces.””™" Zia et al, also
performed a double-slit experiment with SPPs to reveal the
strong analogy between SPPs propagating along the surface of
metallic structures and light propagating in conventional
dielectric components.16 Based on these pioneering work,
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Figure 1. Catenary optical fields in subwavelength structures. (a, b) Coupled plasmonic modes in metal-dielectric stacks. The dashed lines show the
electric force lines with a shape of “catenary of equal phase gradient”. The solid curves show the amplitude of E, for even and odd modes. For even
mode, E, follows a catenary function. For odd mode, H, and E, have a catenary shape. (c) Normalized E, between two metallic sheets made of
perfect electric conductor (numerical), as well as the curve fitted using hyperbolic cosine function (catenary fit). The fitted value for a is 6.639

mm™!

, which is about 158X the vacuum wavenumber at 2 GHz. (d) Top panel shows the basic configuration of Young’s interference experiment,

while the dashed rectangle indicates the simulation region. The bottom figure shows the instantaneous E, at 365 and 380 nm. Here p, w, and t are
set as 100, 10, and 20 nm. The refractive index of the dielectric is 1.7.

various functional devices, such as plasmonic lenses and
waveguides, beam shapers, as well as orbital angular
momentum generators, have been realized by various
groups.'~*°

Thus far, most results on the Young’s interference were
obtained with 1D slits. In this paper, we shall study the
Young’s interference with complex nanoslits, which certainly
possesses more physical meanings. Based on the catenary
optical fields proposed in the following, strong spin—orbit
interaction and spin Hall effect are observed in the form of
vertically polarized optical vortexes. By exploiting the
interference of two opposite circularly polarized light (CPL),
a simple approach for nanofabrication of inhomogeneous
metasurface is presented for the first time, which breaks the
limit of traditional interference lithography.”*"**

B RESULTS AND DISCUSSION

Theory of Catenary Optical Fields. In order to
understand the EYI effect, the electromagnetic fields in
metallic thin films and subwavelength slits therein must be
considered from a fundamental level described by Maxwell’s
equations. For source-free and nonmagnetic system, the
Maxwell wave equations can be written as

V’E + V[E-E] + koeuE = 0,
£

V2H+EX(VXH)+I¢§€MH=O

(1)
where E and H are the electric and magnetic fields, € and y are
the permittivity and permeability of constitutive materials, k, is
the wavenumber in free space. The second terms in eq 1 are
responsible for the polarization coupling induced by an abrupt
change in the dielectric constant. For homogeneous con-
stitutive materials (Ve = 0) or 2D structures,”” the polarization
coupling terms are zero, thus, eq 1 reduces to ordinary
Helmholtz equations. In general, complex electromagnetic

3199

problems can be either solved using eq 1 or through the
combination of Helmholtz equations and boundary conditions.

The Helmholtz equations for multilayered system, such as
that shown in Figure lab, can be solved using separation of
variables. Taking the transverse magnetic (TM) polarized SPPs
as an example, the fields inside the core are a summation of
two counter-propagating evanescent waves:

E, &« A exp(iffx + az) + B exp(ifix — az) (2)

where f and a = ik, are the propagation and attenuation
constants related by % = o + €k,?, ¢ is the permittivity of core
material, and A and B are coefficients. When the structures are
symmetric, A and B should be equal in amplitude, but the sign
may be different dependent on the symmetry of modes. For
symmetric (even) mode, the instantaneous E, has a catenary
shape (hyperbolic cosine function), which is symmetric with
respect to z = 0:

E, « exp(az) + exp( — az) = 2 cosh(az) (3)

while E, and H, follow an antisymmetric (odd) hyperbolic sine
function. Obviously, the catenary optical field is an intrinsic
mode resulting from the evanescent coupling, which must be
considered in subwavelength metallic slits and films. From
another viewpoint, this catenary-shaped field is coincident with
the physics behind the mechanical catenary, because both of
them could be interpreted using the minimal potential energy
principle and the variational theorem.”*

The catenary optical fields also exist in cases where the
polarization coupling cannot be neglected, if proper boundary
conditions are considered. For instance, the microwave fields
in the gap between two thin metallic sheets can be written in a
catenary shape. Figure Ic illustrates the schematic and
calculated electric fields at 2 GHz (4 = 150 mm) for an
infinite long slit with a width of 1.5 mm and thickness of 0.1
mm. At this low frequency, metal can be treated as perfect
electric conductor and SPPs do not exist. The magnitude of
the E, along the center of the slit is given together with a curve
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fitted using the catenary function, and excellent agreement is
found.

Another interesting effect of the catenary optical field in the
microwave regime lies in the fact that the intensity is
dependent on the slit width, similar to the SPPs in the visible
region,14 implying that there is a deep link between the optical
and microwave phenomena.25 In fact, they share a lot of
common ground and belong to the same concept of
metasurface wave (M-wave).”® Since this is not the target of
this paper, we would like to address it elsewhere.

Subwavelength Young’s Interference. The catenary
optical fields have strong influence on the double slits
interference. As shown in Figure 1d, two 10 nm wide nanoslits
are used to excite the EYI on a 20 nm thick silver film. Under
x-polarized incidence, antisymmetric E, is generated with a
hyperbolic sine shaped amplitude profile. When the wave-
length increases from A = 365 to 380 nm, the interference
period anomalously decreases from 100 nm to about 25 nm,
which implies that one may increase the optical resolution
without reducing the wavelength. This is coincident with the
recent development of plasmonic nanolithographic systems.””

Besides the deep subwavelength interference period, the
interference patterns could be controlled by introducing more
complex metal-dielectric structures such as multilayers and
meta-mirrors.”®* As shown in Figure 2a, an additional
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Figure 2. Averaged electric field distribution of double silts
interference backed by a reflective metallic layer. Incident light is
polarized along the x direction. (a) Fields in the xz- and xy-plane, as
well as that indicated by the dashed line (4 = 375 nm). The bottom
right panel shows the equivalent circuit model composed of parallel
and serial circuits.® (b) Reflectance spectrum. The dashed curve
corresponds to the case when a loss tangent of 0.0S is added into the
dielectric. By comparing the two curves, it can be seen that the energy
loss mainly occurs in the metallic parts. The inset shows the fields at
corresponding wavelengths.
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aluminum film is added below circular patches array to form
a meta-mirror.’® The geometric parameters of p = 200 nm, t =
20 nm, d = 30 nm, and r = 45 nm are used throughout the
following discussions. Owing to the complex evanescent
coupling schematically illustrated in the bottom right panel,
both the E, component below the patches and the E,
component between two patches follow the catenary function.
While E, resembles the catenary fields plotted in Figure 1b, E,
is attributed to the evanescent coupling similar to that in
Figure Ic.

The interplay of vertical and horizontal catenary fields
determines to some extent the optical properties (e.g., the
reflection and absorption) of the metal—insulator—metal
(MIM) structures.’® Figure 2b illustrates that there are two
reflection troughs locating at 4 = 333 and 500 nm. By
comparing the spectra of lossless and lossy dielectrics, it can be
seen that the energy loss mainly comes from metal,
accompanying with enhanced fields localized at the patches.’
If we hope energy is not absorbed by the electrons in metal,
the horizontal coupling between adjacent patches should be
suppressed thus electric fields are confined in the dielectric
layer, which is the case at the wavelength of 375 nm. One
additional benefit of operating at 375 nm is the interference
patterns may possess better uniformity along the z-direction
and higher contrast in the x-direction, as shown in the inset of
Figure 2b.

Applications. The catenary optical fields and EYI effect
can be exploited for many important applications such as
super-resolution lithography and spin-controlled photonics.
First, since the MIM configuration is similar to the plasmonic
cavity lens for nanolithography,'"*” the intensity pattern can
be directly recorded by the photoresist. In this case, the
circular patches act as photomask while the dielectric acts as
photoresist. Since the peak-to-peak distance between one pair
of interference patterns is smaller than the diameter of the
circular patch (90 nm in the simulations), the resolution of
nanolithography is much smaller than the diffraction limit.
Moreover, such structures can be easily fabricated using self-
assembly of nanospheres.’”*

Figure 3 shows the intensity and phase distribution for a
metallic patches array. Under CPL illumination at normal
incidence, the E, component forms ring patterns as a result of
the symmetry of circular polarization. Note that the horizontal
components E, and E, act as background for the ring-shaped
patterns, which should be minimized by reducing the
horizontal coupling between adjacent patches. The spiral
phase shown in Figure 3c indicates there is a vertically
polarized optical vortex induced by photonic spin—orbit
interaction. However, different from the geometric phase
resulting from polarization conversion from one circular state
to its opposite one,”* the phase shift should reduce by half:*

(4)
where + denotes left-handed circular polarization (LCP) and
right-handed circular polarization (RCP) incidence, ¢ is the
azimuthal angle. A simple explanation of the physical process is
schematically illustrated in Figure 3d: if we consider CPL as a
rotating linearly polarized wave, at each instantaneous time, the
phase of E, at the two sides of a patch would have a shift of 7,
which means that the absolute value of phase shift is coincident
with the azimuthal angle.

The spin—orbit interaction at normal incidence has
circularly symmetric intensity distribution. Under oblique

D=9
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Figure 3. Fields distribution in the middle of the photoresist layer under CPL illumination. (a) Averaged amplitude for the electric fields. The
dashed circle indicates the circular patch. (b, ¢) Averaged amplitude and phase for E,. (d) Schematic of the spin—orbit interaction. Note that there
is always a phase shift of 7 between E, at the two sides of a given patch. The dashed line indicates the middle plane shown in (a)—(c).

z

Figure 4. Fields distribution in the middle of photoresist layer under CPL illumination at an oblique incidence angle of 6. (a, b) Taiji fish-like
averaged amplitudes for LCP and RCP illumination. (c) Schematic of the mechanism for spin Hall effect. The incident E, component excites the
antisymmetric E, (solid red), while the incident E, component excites the symmetric E, (dashed green). (d) Phase distribution for E, under LCP

incidence.

incidence, however, asymmetric interference patterns could be
realized. Figure 4 illustrates the fields distribution under LCP
and RCP incidence at an angle of 8 = 60° within the yz-plane.
Obviously, the intensity distribution is dependent on the spin
state, which could be regarded as one kind of optical spin Hall
effect’™* 749 The dark center not only
shifts along the y direction as a result of oblique incidence, but

or circular dichroism.

also has a horizontal spin-dependent shift owing to the spin—
orbit interaction, which can be explained by considering the
scattering process for two perpendicular components: As
illustrated in Figure 4c, both the x and z components of the
electric fields can excite the guiding modes in the photoresist
layer, but with odd and even phase distribution, respectively.
Taking LCP incidence as an example, the two components
cancel each other at the right side and lead to a Taiji fish-like
asymmetric intensity distribution shown in Figure 4a. For RCP
incidence, the direction of the above process is flipped and a
reversed intensity distribution is obtained in Figure 4b. To
further investigate the spin—orbit interaction, the phase of E,
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under LCP incidence is given in Figure 4d with an apparent
offset of the phase center.

The polarization dependent interference in Figure 4b is
similar to the spin-dependent guided modes excitation,”*"**
which redirects LCP and RCP light into opposite directions.
However, unlike previous structures, the 2D slits proposed
here ensure the generation of complex two-dimensional
patterns, which have been demonstrated to be useful for
polarizing optical applications.*

To further extend the concept of EYI, the interference of
CPL is exploited to obtain more complex patterns. As shown in
Figure Sa, the coherent addition of CPL would induce space-
variant linear polarization, leading to inhomogeneously
oriented anisotropic patterns in the photoresist layer. As a
result, our proposed structures can convert polarization
insensitive photoresist to be dependent on polarization,
which is of particular importance in the recording of vectorial
light fields. Strikingly, these anisotropic patterns can also
generate geometric phase and redirect the incident CPL to one
particular direction. Figure Sb,c illustrates the coherently
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Figure S. Interference of CPL in the photoresist. (a) Schematic of the interference configuration. The space-variant polarization is shown in the
right panel. (b) Averaged intensity in the middle of the photoresist layer calculated by (IEJ* + |E, I* + |E,I*) /2. (c) Averaged horizontal intensity
calculated by (IE,”* + IE |2) /2. Since the fields were calculated by adding two separate results obtalned in CST MWS, the color map is shown in a

way different from previous figures.

added fields illuminating at +10° within the yz plane. Owing to
the limited incidence angle, the asymmetric intensity
distribution is not obvious, rendering a rotating dipole array
with characteristic dimension smaller than 50 nm. Note that
the horizontal electric fields shown in Figure Sc are negligible
because the horizontal coupling is small.

B CONCLUSIONS

In summary, we revisited the Young’s double slits interference
experiment with noble metals and photosensitive materials.
Based on the analogy between mechanics and electro-
magnetics, we proposed the concept of catenary optical fields,
which replace the normal sinusoidal functions as the solutions
of Maxwell’s equations. Following this concept, the competi-
tion between vertical and horizontal modes in modified double
silts is analyzed and then utilized in plasmonic lithographic
systems. By employing the photonic spin—orbit interaction,
various functional structures including rings array, Taiji fish-
like array, and space-variant rotating elements are formed.
Through tuning the geometric shape of the top metallic
patches as well as the phase profiles of the incident circular
polarizations, more complex interference patterns may be
realized for various functional devices."*~*

As a final remark, we stress that the catenary optical fields
are a universal concept and have far-reaching applications in
subwavelength coupled systems. While our discussion mainly
concerns spin—orbit interaction and plasmonic nanolithog-
raphy, the catenary optical fields also exist in other systems
such as flat optical lenses, polarization converters, optical
absorbers and even wireless power transfer devices.” We also
noted that SPP is a manifestation of the spin—orbit
momentum lockmg, and the electric field lines in the
uncoupled region (see inset of Figure la) follow the curves
described by the “catenary of equal phase gradient”.’*
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Combining with the catenary subwavelength structures,***>*’

the catenary optics may deepen the understanding of
subwavelength electromagnetics and find its application in
much broader areas, including catenary antennas, catenary
absorbers, and Engineering Optics 2.0°

B METHODS

Simulations. All calculations are performed with CST
MWS. For transient solver, periodic (Figures 1 and 2), and
open (Figure 5) boundary conditions are adopted for the unit
cell and full model calculation. The minimal mesh is set to be
A/100 for Figures 1 and 2 and 4/20 for Figure S. For frequency
domain solver, Floquet port boundaries are adopted with a
minimal mesh size of 4/10, which enables the calculation of
periodic structures with CPL incidence (Figures 3 and 4).
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