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ABSTRACT

Surface phonon polaritons (SPhPs) enable nanoscale manipulation of mid-infrared light via deeply subwavelength topological
vector textures, such as skyrmions. Achieving dynamic, real-time control over these topological features remains challenging.
Here, we theoretically propose and numerically demonstrate an actively tunable platform on a silicon carbide membrane that
creates lattices of diverse topological textures, including skyrmions, merons, and skyrmion bags. By exploiting the sublinear
SPhP dispersion, we dynamically adjust the excitation wavelength to tune the topological character of these lattices. This en-
ables tunability between bubble-type and Néel-type configurations, controlling field confinement and topology for topological
textures in the electric field and the spin angular momentum. Furthermore, we identify a novel singularity-type meron arising
from the interplay of electric and magnetic spin components. This texture exhibits topological charge conservation in moiré
superlattices and a spatially confined spin reversal with tunable lateral sizes as low as Agsppp/29 and skyrmion number density
confinements as low as Asphp/64. These findings provide a versatile framework for on-chip, reconfigurable topological photonic
devices with potential applications in high-resolution imaging and precision metrology in the mid-infrared. The results can be
readily extended to other topological systems, where similar dispersion relations hold.

1 | Introduction Although many topological systems are passive, with their

properties fixed during fabrication, a key goal is the develop-

The field of topological photonics has emerged as a powerful
new paradigm for controlling light, offering pathways to robust
information encoding and novel optical phenomena protected
from scattering and disorder [1-6]. Within this field, polaritonic
systems—hybrid light-matter excitations—are exceptional
candidates for realizing topological states at the nanoscale
[7-11]. Although, so far, most work has been focused on surface
plasmon polaritons, surface phonon polaritons (SPhPs)—which
arise from the coupling of photons to optical phonons in polar
dielectrics such as SiC—are also particularly promising for mid-
infrared applications due to their deep subwavelength confine-
ment and comparatively long lifetimes [12-22].

ment of active platforms where topological states can be
controlled or reconfigured in real time [23, 24]. Here, we present
a theoretical and numerical demonstration of a versatile plat-
form for creating and actively tuning a wide variety of topo-
logical lattices using SPhPs on a SiC membrane and incident
wavelength tuning.

Our approach relies on the interference of SPhPs launched from
precisely engineered coupling structures. Crucially, we leverage
the pronounced sublinear dispersion of SPhPs within their
Reststrahlen band—that is, the SPhP wave vector increases less
than linearly with the excitation frequency. This property allows
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us to dramatically alter the SPhP wave vector and field
confinement by simply tuning the excitation wavenumber be-
tween 800 cm ™' and 920 cm™' [13, 14]. This active tuning, in
turn, enables us to directly control the fundamental character of
the resulting topological textures.

Using this mechanism, we create topological lattices of sky-
rmions [7, 11, 25-27], merons [28-32], and skyrmion bags
[33, 34]. Skyrmions and merons are localized, particle-like vector
field textures with an integer and a half-integer skyrmion number
(or topological charge), respectively. When arranged periodically,
these textures form topological lattices. We investigate these
lattices formed in both the SPhP electric field E and the SPhP spin
angular momentum (SAM) S and study how their topology
evolves as the excitation wavelength is tuned. In both the electric
field and the SAM, we observe a transition from bubble-type to
Néel-type topological textures [7], a phenomenon recently veri-
fied experimentally for SPhP electric field skyrmions [35].
Furthermore, by decomposing the SPhP spin, we identify a novel
topological texture—the “singularity-type” meron—which arises
from the unique, frequency-dependent interplay of the electric
and magnetic spin contributions. The lateral confinement of this
meron can be tuned via the excitation wavenumber. Notably, the
full width at half maximum (FWHM) of the out-of-plane to in-
plane spin reversal can be scaled down to Asphp/29, and the
FWHM of the skyrmion density can be scaled down to Aspnp/64.
The singularity-type meron also exhibits conservation of its to-
pological charge in moiré superlattices, achieved by multimeron
recombination effects. This work provides a theoretical frame-
work for actively reconfigurable topological phonon polaritonic
devices operating in the mid-IR, with potential applications such
as high-resolution imaging and precision metrology [8, 36, 37].

1.1 | Topological Surface Phonon Polaritonic
Lattices

Surface phonon polaritons can be excited using coupling
structures on a submicron-thick SiC membrane, as illustrated in
Figure 1a. The coupling structures are illuminated with either
circularly [27] or radially [38] polarized light. In the thin
membrane geometry, excitation at normal incidence from below
and scanning with an SNOM tip from above is a convenient
possibility [13, 14, 35, 39]. For topological lattices in the SAM,
circular polarization is advisable, as it introduces a relative
phase shift between SPhP waves launched from differently
oriented boundaries. This phase shift enables the formation of
electric-field vortices and, therefore, topological lattices in the
SAM when using polygonal boundaries. For topological lattices
in the electric field, either radially polarized light must be used
in combination with polygonal boundaries or, as employed here,
the phase shift from circularly polarized illumination must be
compensated by shifting the boundaries akin to an Archime-
dean spiral, ensuring constructive interference at the center.
The shift of the boundaries of the coupling structures is wave-
length dependent, requiring a specific coupling structure for
each wavelength. The openings of the spiral-like coupling
structures are indicated by red circles in Figure 1c-f. Alterna-
tively, SPhPs can be launched by replacing the coupling struc-
tures with high-NA structured light illumination [40].

Regardless of the excitation technique, the SPhP wave vector
depends strongly on the excitation wavenumber, as illustrated
in Figure 1b, where the excitation wavenumber is plotted
against the SPhP wave vector for different SiC membrane
thicknesses. We are, here, focusing on the odd SPhP mode [13],
calculated with the dielectric function of 3C-SiC [41]. SPhPs are
supported at wavenumbers within the Reststrahlen band,
ranging from 792 cm™" to 972 cm™". At the lower end of this
range, the SPhP wave vector is close to the light line (indicated
in black), but due to sublinear dispersion, the wave vector can
increase by over an order of magnitude as the excitation

wavenumber is increased to 920 cm ™.

Although this sublinearity is more pronounced for thinner
membranes, the propagation length decreases for thinner
membranes and lower excitation wavenumbers. In the
following, we thus assume a membrane thickness of 200 nm, as
in previous experiments [13, 14, 35], which provides a suffi-
ciently long SPhP propagation length L > 10Asphp for wave-
numbers between 800 and 920 cm™ L. Accordingly, we will focus
on this wavenumber interval and set the radii of the coupling
structures to 10Agppp in our simulations.

Once launched, the SPhP waves propagate toward the center and
interfere, creating lattices of diverse topological textures. The
specific topological lattice is determined by the SPhP k-vectors
and their relative phases. Several examples, which will be dis-
cussed in the following work, are illustrated in Figure 1c-1. In
each subfigure, the left panel illustrates the SPhP wave distri-
bution in k-space, the center panel displays the coupling struc-
tures, and the right panel depicts the calculated out-of-plane field
component of the resulting topological lattice. The field distri-
butions are calculated using Huygens-type simulations (see the
Methods section for details), where right circularly polarized
illumination is assumed. Lattices in Figure 1c-f are formed in the
electric field E, whereas those in Figure 1g-1 are formed in the
SPhP SAM S, which is defined as follows:

S= Im(¢E* X E + uH* ><H), o
2w

with the SPhP electric and magnetic fields E and H, the electric
permittivity e, the magnetic permeability u, and the angular
oscillation frequency w. In both field types, hexagonal coupling
structures (c, i) create hexagonal skyrmion lattices, and
quadratic coupling structures create quadratic meron lattices.
Notably, the lattice constant is smaller for the SAM lattices. A
triangular coupling structure (g) also produces a spin meron
lattice.

Moreover, moiré superlattices can be formed by any of these
basic lattices by superimposing a second, identical set of plane
waves with a rotation by a moiré twist angle ¢. Using this
concept, moiré skyrmion (e, 1) and meron (f, j, k) superlattices
are created in the electric field (e, f) and SAM (j-1). Of special
interest are moiré skyrmion superlattices, which harbor sky-
rmion bags. These consist of a cluster of N skyrmions, which are
surrounded by another skyrmion with an opposite skyrmion
number of —1 [33, 42, 43]. The number of skyrmions in the bag
can be set using the twist angle and the center of rotation
[33, 44].
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FIGURE 1 | Surface phonon polaritonic topological lattices. (a) Illustration of a SiC membrane with coupling structures. (b) Free-space
wavenumber of the excitation as a function of the in-plane SPhP wave vector ksphp and the SPhP propagation length L for membrane
thicknesses of 50, 200, and 1000 nm. (c-1) Fourier decomposition (left), coupling structure (center), and calculated out-of-plane vector
components of the topological lattices, which are created by excitation of the coupling structures with circularly polarized light at
800 cm™". The topological lattices of Panels (c-f) exist in the SPhP electric field, whereas the topological lattices of Panels (f-1) exist in
the SPhP spin angular momentum.
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We analyze the local topology of the topological lattices using
the skyrmion number density:

on _on

=14 @
psk‘E"'<$xay)’

where n = F(r, t) / [|F(r, t)|| is the normalized unit vector of the

relevant field (e.g., F = E for electric field or F = S for SAM

lattices). The skyrmion number, or topological charge, is defined

as Ny = [pg dxdy, where o is the local region in which the
g

topology is examined.

In electric field skyrmion lattices, each unit cell consists of a
skyrmion with Ny = 1. SAM skyrmion lattices can be decom-
posed into two distinct hexagonal lattices of skyrmions. Meron
lattices form a checkerboard lattice for C, symmetry (Figure 1d,h)
or a honeycomb lattice for C; symmetry (Figure 1g), where two
merons of opposite topological charges Ny = =+ 1/2form the two-
element basis of the unit cells. Skyrmion bags, by contrast, are

Wavenumber

found in the center of the moiré supercells and do not themselves
tessellate the entire 2D plane.

1.2 | Tuning of Topological Properties in the
Electric Field

Figure 2 analyzes the effect of dispersion tuning on electric-field
skyrmions, skyrmion bags, and merons. As the excitation
wavenumber is tuned from 800 to 920 cm™%, not only does the
SPhP wavelength change, but also so does its confinement of the
surface wave. As a result, at 800 cm™, the out-of-plane com-
ponents E; are much stronger relative to the in-plane field
components Ey, than at 920 cm™!, where their amplitudes are
relatively equal.

This tuning directly impacts the visual appearance of the topo-
logical textures. More specifically, at 800 cm™, the field is pre-
dominantly out of plane, leading to highly localized slanting of
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FIGURE 2 | Dispersion tuning of electric field (a) skyrmions, (b,c) skyrmion bags, and (d) merons from bubble to Néel types. The two left columns

depict the topological vector textures at an excitation wavenumber of 800 cm™

!, where they have a bubble-type appearance in the electric field and

skyrmion density. In the two center columns, the vector textures are depicted at 830 cm™" in an intermediate state, whereas in the two right columns,

they are depicted at 900 cm™

, where they have a Néel-type appearance in the electric field and the skyrmion density. The electric field is visualized by

setting the hue according to the in-plane orientation of the electric field and the lightness according to the normalized out-of-plane electric field

component.
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the normalized field 71 from normal to the surface to an in-plane
behavior. At 920 cm™", the stronger E,, components cause this
rotation to extend over a larger spatial region. This is evident as a
ring of in-plane components with a colorful appearance in the E-
field color plots of Figure 2. In the skyrmion number density, the
fast rotation of the field leads to a highly localized, high-
amplitude “bubble”-type shape. Conversely, at 920 cm™, the
extended in-plane components and slower field rotation produce
a more spread-out skyrmion density that also includes regions of
opposite sign.

In the case of electric-field merons (Figure 2d), the C, symmetry
leads to rapid rotations of the electric field at the edges of the
unit cells, resulting in large skyrmion densities in these regions
and a deviation from the “bubble shape.” For clarity, we
continue to use the term bubble type to denote topological
textures with a dominant out-of-plane field component. The
topological charges of these merons are difficult to calculate
because the skyrmion density has large contributions at the
integration boundaries outlining the unit cells [30, 31]. Addi-
tionally, slight deviations of the field distributions lead to
merged merons at the corners of the unit cells.

1.3 | Tuning of Topological Properties in the Spin
Angular Momentum and Electric Field Spin

The effect of dispersion tuning on a triangular spin meron lat-
tice is analyzed in Figure 3. The out-of-plane SAM distribution
S, is depicted in Figure 3a (left), with in-plane components Sy,
indicated by arrows. As plotted in Figure 3b, the ratio of in-
plane to out-of-plane SAM components follows the same trend
as the electric field components. Consequently, bubble-type
merons (dominated by S,) are observed at 800 cm™', and
Néel-type merons (with equal amplitudes of Sy, and S;) are

observed at 920 cm™ (see Figure 3c).

However, this behavior changes if we consider only the electric
field’s contribution to the SAM. The decomposition of spin
angular momentum into its electric (SE = Im(eE* x E) / 2w)
and magnetic (S7 = Im(uH* x H) / 2w) components is illus-
trated in Figure 3a. Given the transverse-magnetic nature of
SPhP evanescent waves, the magnetic field H is purely in plane,
and its spin contribution S¥ purely out of plane.

The amplitudes of these out-of-plane spin components are
plotted as a function of excitation wavenumber in Figure 3b. At
800 cm™’, the electric field spin vanishes, S, = S, and at
920 cm ™Y, the magnetic spin vanishes, hence § = SE. Therefore,
at 920 cm™?, the electric field spin is identical to the full SAM
lattice. At 800 cm™', however, the situation is completely
different. The normalized SE field exhibits very high-amplitude
in-plane components, with only very localized regions of
dominant out-of-plane components. As evident from Figure 3b,
the out-of-plane field components approach zero near 800 cm ™",
leading to a divergence of Siy/ Sf . That is, the merons become
laterally confined to singularity-like structures, depicted in the
second left panel in Figure 3d, which we term singularity-type
merons. The lateral sizes of these merons can be tuned by

adjusting the excitation wavenumber, as illustrated in Figure 3d.
The FWHM of the out-of-plane to in-plane electric spin reversal
can be reduced to 1/29 at 800 cm™ ™. Analogously, the skyrmion
density is compressed to a FWHM lateral size of Asphp/64.

1.4 | Theoretical Considerations

The tunability of the topological textures is caused by a tuning of
the ratio between in-plane and out-of-plane amplitudes, which
are directly related to the SPhP dispersion and therefore to the SiC
dielectric function. We start by examining an evanescent wave
propagating in the direction 75 in the x-y plane with in-plane
momentum ksppp?s (see the Methods section for details). In air
above the substrate, the wave decays exponentially in the z-di-

rection, following exp( — k,z) with k; = /kéPhP - ké, where ky
is the propagation constant of the excitation laser. The electric
field amplitude of this wave follows E o (ik,Fs — kspnp2) [7, 11,
45]. In the case of linear dispersion, kspnp Would increase linearly
with ko, keeping |ke|/|ksenp| = |Exyl/|E;| constant, whereas
sublinear dispersion leads to an increase of these ratios at higher
wavenumbers. This results in strong out-of-plane electric field
components at 800 cm™!, where ksppprk, and thus
kel /lksphe| = |Exyl/|E|~1/16. In contrast, at 920 cm™',
kspnp~5.8k and thus ksphp ~ k;, leading to equal amplitudes of in-
plane and out-of-plane electric field distributions for a single
evanescent wave. In the case of interfering waves, a scaling factor
is introduced that adjusts the amplitude ratio. In the specific case

of Figure 3, this reduces the amplitude ratio to |Ey| / |E;|~0.7.

The amplitudes of the in-plane spin components can be approx-
imated by S, = Sf « Im(E;EZ) o ksphpk; and S, = Sf « Im
(E;Ex)  kgpnpky, respectively. For the out-of-plane components,
it follows that SF o Im(E;E,) k2 and S¥ o« Im([(V X E*) - X]
[(VXE)-JD / k(z) IS k(z). The corresponding amplitude ratios are
calculated to be |[Syy|/IS;| = |ke|/|kspre| and ‘Sf:y|/|Sf|o<
lkspne|/ Ik
as for the electric field of a single propagating evanescent wave,

SE.1/ISE|, which diverges when the
SPhP dispersion approaches the light line close to 800 cm ™.

. This results in the same amplitude ratio of [Sy|/|S,]|

but an inverse behavior of

1.5 | Topological Charge Conservation and
Recombination Effects

In Figure 4, we further analyze the behavior of these novel
singularity-type merons within moiré superlattices. To analyze
the entire SPhP interference region, we here assume infinitely
long boundary lines, which enables the approximation of the
SPhP wave as a plane wave (see Equation (8) in the Methods
section for details). In Figure 4a-f, superlattices generated by
superimposing two singularity-type electric spin meron lattices
are generated with relative twist angles ¢. The twist angles are
chosen to ensure that the moiré superlattice is periodic, with the
corresponding super unit cells indicated by the black dashed
lines.
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FIGURE 3 | Dispersion tuning of electric spin merons from singularity to Néel types. (a) Decomposition of the SAM into electric field spin and
magnetic field spin. Although the electric field spin consists of in-plane and out-of-plane field components, the in-plane component of the magnetic
field spin vanishes. The color plot represents out-of-plane field components, and the vectors indicate in-plane field components. (b) Amplitude ratios
as a function of the excitation wavenumber. (c, d) The two left columns depict the topological vector textures at an excitation wavenumber of
800 cm™!, where the SAM meron has a bubble-type appearance and the electric field spin meron has a singularity-type appearance. In the two
center columns, the vector textures are depicted in an intermediate state at 830 cm™!, whereas in the two right columns, they are depicted at
900 cm™!, where they have a Néel-type appearance. The confinement of the out-of-plane electric field spin Sf and the skyrmion density py
along the x-axis (indicated by the two arrows in the upper-left panel of (d)) is plotted in the lower images of (d), highlighting tunable
confinements down to Aspnp/29 for the electric spin reversal and Asppp/64 in the skyrmion density. The SAM S and the electric field spin
SE are visualized by setting the hue according to the in-plane orientation of the vector fields and the lightness according to the
normalized out-of-plane component.

Notably, the skyrmion number (total topological charge) inside
each supercell is always zero, indicating conservation of topo-
logical charge within the superlattice, regardless of the twist
angle. The superlattice becomes periodic by the commensura-
bility of two twisted lattice vectors, resulting in overlapping
lattice sites between the two superimposed lattice layers.
Consequently, merons from one lattice interfere with those from
the other, leading to interesting recombination effects of topo-
logical charges, as demonstrated in Figure 4d during the
twisting of the two sublattices. In this image sequence, two

merons of opposite charge +1/2 and —1/2 annihilate each
other (see dashed squares). Additionally, three merons with a
total topological charge of Ny =12 + 2 X (—-1/2) = —1/2
merge into a single meron, which also has Ny = —1/2 (see
dotted tilted rectangle). These topological charge recombination
effects are the mechanism that ensures that the total skyrmion
number remains Ny = 0 in each supercell and, consequently, in
the entire moiré superlattice. This behavior contrasts with moiré
skyrmion superlattices, which form super unit cells with char-
acteristic nontrivial skyrmion numbers [33].
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FIGURE 4 | Recombination of topological charges in singularity-type moiré meron superlattices in the electric field spin. (a-f) Singularity-type

moiré meron superlattices at different twist angles ¢. These superlattices exist in the SPhP electric field spin. The black dashed lines

indicate the boundary of the super unit cells. An integration of the skyrmion density in the super unit cells yields skyrmion numbers of
N = 0 in all super unit cells. (g) Zoom-in of the area indicated by the red box in Panel (b). The skyrmion number density of this area

is depicted at various twist angles around the twist angle of ¢, =~ 13.2° visualizing three recombination processes of singularity-type

merons within the areas indicated by the dashed lines. During these processes, the local topologies in the areas outlined by the dashed

and dotted lines remain constant.

2 | Discussion

In summary, we have theoretically demonstrated that SPhP-
based systems provide a highly tunable platform for realizing
complex topological lattices. By harnessing the strong dispersion
of SPhPs on a SiC membrane, we have demonstrated that the

SPhP wave vector and, most importantly, the ratio of in-plane to
out-of-plane field components can be actively controlled by the
excitation frequency. This allows for the dynamic reconfigura-
tion of topological textures, such as the demonstrated transition
between bubble-type and Néel-type skyrmions, skyrmion bags,

and merons.

Nanophotonics, 2026

7 of 10

85UB017 SUOWWOD 8AIEaID 3(edldde ayy Aq peusenob ake sajoie YO ‘SN JO SNl 1oy Afiq1T8ul|UO 8|1 UO (SUONIPUOD-PUE-SWLBIAL0D" AB| 1M Aeq | Ul |UO//ScY) SUOIPUOD PUe S 1 8L 88S *[9202/20/02] Uo ARIqiTauliuo A8]iMm ‘HeBims speuiolqiastessieAlun A STO0L 2deu/z00T 0T/I0p/w0d A8 | Im Afe.d 1 |pul|uoy/sdny Wwoij pepeojumoq ‘v ‘920 ‘1982612



We explored the rich topological zoo accessible on this platform,
including hexagonal skyrmion lattices, various meron lattices,
and moiré superlattices hosting skyrmion bags and meron clus-
ters. We identified the singularity-type meron, which emerges in
the electric spin component as the excitation wavenumber ap-
proaches 800 cm ™! due to the dominance of the in-plane electric
field spin components. Our analysis of singularity-type meron
moiré lattices revealed complex topological charge recombina-
tion and annihilation mechanisms that ensure the conservation
of the net topological charge within a supercell.

This work opens several exciting avenues for future research. The
most immediate is the experimental realization of these vector
fields on SiC membranes or other polariton platforms, where
similar dispersion relations hold [19]. The polaritonic fields could
be characterized using techniques such as scattering-type scan-
ning near-field optical microscopy (s-SNOM) [13, 14, 35, 39].
From an applications perspective, the ability to actively tune the
topological texture and lattice constant may enable the develop-
ment of reconfigurable mid-IR phonon polariton metamaterials.
Skyrmion bags, in particular, could serve as tunable traps for
enhanced light-matter interactions due to their modifiable field
confinement and size [46-48]. Additionally, the highly localized
spin reversal of singularity-type merons could be exploited for
high-resolution imaging and precision metrology [8, 9, 36, 37].
The dynamic nature of the SiC platform also suggests the possi-
bility of ultrafast topological switching, using pump-probe tech-
niques [49-51] or the electro-optical effect [52-54] to modulate
the dielectric function and, consequently, the SPhP dispersion.
Overall, this platform contributes to the development of on-chip,
actively controlled topological devices for mid-IR information
processing and sensing.

3 | Methods

The dielectric function of SiC is modeled as a Lorentz oscillator
with €, = 6.6, wro = 797 cm™, wio = 973 cm™, y = 1.4
cm ™! [41]:

w?, — w?
(w) = 1+M_ 3
@)= o1+ 00 )

At the interface of bulk polar materials with air, the SPhP in-
plane momentum is given as follows:

_w( &w)
s = (T o) @

For thin polar dielectric films, the SPhP dispersion splits into a
lower (odd mode) and higher (even mode) energy mode. The
SPhP propagation constant of the odd mode, which is used in
this work, is obtained by solving the following expression [13]:

Kee =g _ Lcoth<f Iy — K2e(@0) ) 6
kgpnp — koe(w) &) 2

The laser illumination creates charge excitations at the edges of
the coupling structure, which generate the SPhP waves that
propagate along the SiC surface. The electric field of the SPhP

wave launched from a single boundary of the coupling structure
is given by the following expression [45]:

E(r) = Epe emioof f e — kspne 2
ko
- )HY (kspnprs) dF, 6)

where 7 is the unit normal vector of the boundary and € is the
polarization vector of the incident light, ksphp and k, denote the
in-plane and out-of-plane components of the SPhP electric field
wave number, which are calculated using Equations (3) and (4)
from the vacuum wave number k, = 271/, of the excitation laser
with wavelength 1y and angular frequency wy. r’ are the points
along the boundary where the incident light excites the surface
wave, and rg = r — r' is the distance to these source points, with

rs = ry/rs. Furthermore, H((]l)(ksphprs) is the Hankel function of
the first kind involving the Bessel functions J, and iY.

An efficient and accurate numerical evaluation of the integral is
obtained by distributing a finite number of Green's function-
based sources (“Huygens sources”) along the boundary, with a
spacing smaller than Aspnp/5. The integral is then approximated
by the sum of the emitted waves from all of these sources, where
each source emits a wavelet of the form of the integrand of
Equation (6):

zikzrs - kSPhP

5 2 @ - ) HP (kspner). (7)

Ewavelet(r) = ELe_kZZ e

The Huygens sources are distributed along all boundaries with
the same spacing distance, and the sum of all Huygens wavelets
yields the total SPhP electric field.

In the case of infinitely long boundaries of the coupling struc-
ture, Equation (6) can be solved analytically. In this ideal sce-
nario, which was applied in Figure 4, the SPhP wave launched
from a single boundary is reduced to a plane wave propagating
in the direction # normal to the boundary:

—iwotikz — Ksphp Z

E(r)=Ee e ko

(€ - m)exp(ikspnp 1), ®

where r is the perpendicular distance from the boundary line.
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