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Near-Field Coupling of Janus Dipoles Beyond Polarization

Locking

Chan Wang, Yuhan Zhong, Xuhuinan Chen, Huaping Wang,* Tony Low,*

Hongsheng Chen, Baile Zhang, and Xiao Lin*

Polarization, as a fundamental property of light, plays a key role in many
phenomena of near-field coupling, namely the coupling of source’s
evanescent waves into some guided modes. As a typical example of the
polarization-locked phenomenon in the near-field coupling, the Janus dipole
has the orientation of its near-field coupling face intrinsically determined by
the polarization state of linearly-polarized surface waves, specifically whether
they are transverse-magnetic (TM) or transverse-electric (TE) surface waves.
Here, a mechanism to achieve the directional near-field coupling of Janus
dipoles beyond polarization locking by leveraging hybrid TM-TE surface waves
is presented. These hybrid surface waves, as eigenmodes with both TM and
TE wave components, can be supported by optical interfaces between
different filling materials inside a parallel-plate waveguide. Under the
excitation of hybrid surface waves, it is found that the coupling and
non-coupling face of a Janus dipole may be switched, if the Janus dipole itself
rotates in a plane parallel to the designed optical interface between different
filling materials, without resorting to the change of surface-wave polarization.
The underlying mechanism is due to the capability of hybrid surface waves to
extract both the source’s TM and TE evanescent waves, which offers an

1. Introduction

Polarization, an inherent property of
light, significantly enriches the physics
of light-matter interactions. It offers an
amenable route to molding the flow
of light and especially manipulation
of near-field coupling,™® including
the coupling directionality and cou-
pling strength. The phenomena of
polarization-controlled near-field cou-
pling are key to many applications,
such as near-field microscopy, [
chiral quantum optics,"*l biomedical
and clinical polarimetry,**'”] photonic
computation,!'®! and nanorouters.[1*22]
The polarization of light provides two
routes to tailoring the near-field coupling.
One route is to control the polarization
state of incident waves,[?*** which is eas-
ily achievable in experiments. As gov-
erned by spin-momentum locking, the

alternative paradigm to regulate the interference in the near-field coupling.

directionality of excited surface waves
(SW) could be flipped when the hand-
edness of the incident wave polarization
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changes from the left-handed circular polarization to the right-
handed one.*>-38] The other route is to control the polarization
state of excited surface waves.****) This route may enable the
near-field directionality beyond spin-momentum locking if the
complex dipoles with both the electric dipole moment p and the
magnetic dipole moment i (e.g., Janus dipole) are used.*”! For
example, the Janus dipole has its electric and magnetic dipole
moments perpendicular to each other, but 90° out of phase, and
fulfilling the Kerker condition* of |p|/|m| = ¢, where ¢ is the
speed of light in free space. Essentially, the Janus dipole has the
orientation of its near-field coupling face determined by the polar-
ization state of excited linearly-polarized surface waves, namely
polarization locking. To be specific, its coupling face orientation
for transverse-magnetic (TM, p-polarized) surface waves is always
opposite to that of transverse-electric (TE, s-polarized) surface
waves.[*?l As a result, the near-field directionality of Janus dipoles
could be flexibly toggled by tailoring the polarization of excited
surface waves, for example, via tuning the chemical potential of
graphene in a graphene-metasurface waveguide.[*?]

To date, the manipulation of near-field coupling via changing
the polarization state of surface waves is still in its infancy and
focused primarily on linearly polarized surface waves. That is,
TM and TE evanescent waves carried by the dipolar source are
generally separately exploited for the manipulation of near-field
coupling.[**! This is despite the fact that physical systems with
surface waves without linear polarizations (e.g., hybrid TM-TE
surface waves) are abundant. Hybrid TM-TE surface waves in-
trinsically possess both TM and TE wave components and ex-
ist widely in complex optical systems, such as those supported
by anisotropic metasurfaces,!*-3! chiral surface waves (e.g., sup-
ported by moiré graphene),l>>->*] Dyakonov surface waves,1>’->
ghost surface polaritons,[®®l and hyperbolic shear polaritons.[61:2]
Unlike linearly-polarized surface waves, these hybrid surface
waves can be excited either by TM evanescent waves that the dipo-
lar source carries or by TE ones. In other words, hybrid surface
waves could offer a feasible route to utilizing both the source’s
TM and TE evanescent waves in the near-field coupling. This way,
these hybrid surface waves may provide new opportunities in tai-
loring dipole-matter interactions and offer an alternative scheme
for shaping the near-field coupling.

In this work, we show the possibility of engineering the direc-
tional near-field coupling via hybrid TM-TE surface waves, such
as those supported by the optical interface between different fill-
ing materials inside a parallel-plate waveguide. Under the excita-
tion of these hybrid surface waves, we reveal a phenomenon of
directional near-field coupling of Janus dipoles beyond polariza-
tion locking. To be specific, we find the coupling face orientation
of the Janus dipole could be flipped by rotating the Janus dipole
itself in a plane parallel to the designed optical interface, without
resorting to the variation of the surface-wave polarization.

2. Results and Discussion

Figure 1 conceptually illustrates the directional near-field cou-
pling of Janus dipoles beyond polarization locking via hybrid TM-
TE surface waves inside a parallel plate waveguide. This waveg-
uide consists of two parallel perfect electric conductors (PEC) sep-
arated by a vertical distance d. In order to manifest the coupling
and non-coupling faces of the Janus dipole, two parallel but spa-
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tially well-separated out-couplers are designed inside the waveg-
uide. That is, each out-coupler supports the propagation of hy-
brid TM-TE surface waves and corresponds to the optical inter-
face at y = +y, between nonmagnetic materials a and b with rel-
ative permittivities ¢, and ¢, respectively. Note that the hybrid
TM-TE surface waves supported by the designed interface be-
tween different filling materials inside a parallel-plate waveguide
have a correlated phase/magnitude relation between their TM
and TE wave components. The hybrid TM-TE surface waves are
essentially different from the conventional guided modes sup-
ported by a parallel-plate waveguide, which are linearly polarized
(e.g., TM, guided mode or TE; guided mode). In addition, the
hybrid TM-TE surface waves studied in this work (i.e., with a
correlated phase/magnitude relation between TM and TE wave
components) are distinctly different from the conventional un-
polarized light which generally has a random phase/magnitude
relation between TM and TE wave components. Without loss
of generality, the Janus dipole is composed of an electric dipole
moment p/p, = % sinf + 2cosh and a magnetic dipole moment
m/icp, = % cosh — 2sind, where p, = 1 C - m and the rotation an-
gle 6 is the angle between p and 2. In other words, the Janus
dipole rotates within the xz plane, which is parallel to our de-
signed interfaces.

Below we analyze the near-field coupling between the Janus
dipole and the designed out-couplers. To facilitate the general dis-
cussion, the Janus dipole is within the matter with a relative per-
mittivity of €, and a relative permeability of y,. After some calcu-
lations (see supplementary section S2), the excited hybrid TM-TE
surface waves at the interface of y = +y, could be obtained as:

hybrid i Lok
EZ (x, = Z) kx,swkz . L& Uy Ko Ry sw
% = %p, - —Wsm(9+ 11W cos @

X,SW y,sW X,SW y,8W

where the subscript “sw” is the abbreviation of surface waves,
koo =% koo + Pk, o + 2k, is the wavevector of hybrid surface
waves, k, = mx/d (m is an integer) according to the guidance
condition,[®®! z € [-d/2,d/2), k, = w/c, g, is the permittivity of
free space, and w is the angular frequency. For conceptual illus-
tration, below we only consider the excitation of the lowest-order
hybrid surface waves with m = 1, namely k, = = /d. Accordingly,
we have g, = — - Res[RTY (k, )] and B, = cx - Res[RIM(k, . )],

_ Po(k sy o) (1 — ¢2k) gk stk yo+ikz o RTM g0 4 RTM ara

20k, o ’ M E

the reflection coefficients under the incidence of TM and TE
guided modes, respectively. Since e/ 0tz | = 1 ynder the
lossless condition, | ;| and |B,| are actually constants.

When the rotation angle is = 0° or = 90°, Equation (1) can
be reduced to:

E:,Z]:(l)c}’ (X, iYO’Z) & (1 = Cl) - lCZ (2)
E:Z?b:r:)c(lﬁ (x’ iYO,Z) & (1 + C;) - iC4 (3)
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Figure 1. Conceptual illustration of near-field coupling beyond polarization locking via hybrid TM-TE surface waves inside a parallel-plate waveguide.
Each optical interface between material a with a relative permittivity ¢, < 0 and material b with a relative permittivity €, > 0 supports the propagation of
hybrid TM-TE surface waves. A Janus dipole is placed in the middle of the waveguide, and it rotates in a plane parallel to the designed optical interface.
For illustration, the red conical shape schematically indicates that the evanescent waves carried by the dipolar source would mainly couple to the related
out-coupler and correspond to the coupling face of the dipolar source. By contrast, the blue conical shape schematically indicates that only a bit of
evanescent waves carried by the dipolar source would couple to the related out-coupler and correspond to the non-coupling face of the dipolar source.
a) Schematic of coupling face flipping from +y direction to —y direction via hybrid surface waves if the rotation angle is changed from 6 = 0° to 6 = 90°.
b) Schematic of no coupling face flipping via linearly-polarized surface waves, if the perfect electric conductors (PEC) in (a) are removed. The linearly
polarized surface waves only rotate within the xz plane by following the rotation of the Janus dipole itself.

e ko ky s B ky ok ikoky s
where C,=—2=, C, =2 . 2z C, = - and
TT R TP a BB, T Rk
B ke
Tp R R
section S2.
If the values of C; and C; are comparable to one and the

values of C, and C, are comparable to or much smaller than

are also constants; see supplementary

hybrid 2 hybrid 2
one, both [E)""(x, £y,,2)| and |E,"j (¥ +y,,2)| would be
. . : I e
highly asymmetric regarding to y. That is, —— >>1or
| 200 (%,~Y0,2)|
i 2
Ep etyo 2)]

P < 1, no matter 6, = 0° or 90°. Hence, Equations (2)
200 Y0,

and (3) indicate that a Janus dipole has two near-field faces, which
have distinct coupling strengths. Accordingly, the face of a Janus
dipole with a relative-strong (relative-weak) coupling strength is
termed as the coupling (non-coupling) face.[3%4264
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Moreover, if C,C; > 0 (equivalent to &4, > 0 from Equa-
tions (2) and (3)), we further have:

2

hybrid 2 hybrid
E e (% +y0,z)| E e (% +Y0’Z)| oo
hybrid 2 hybrid 2
E, pisior (x, Yo Z) | E, pesne (x, ~Yor Z)|
4)

Equation (4) indicates that the coupling and non-coupling
faces of a Janus dipole would be flipped by changing the rotation
angle from 0° to 90°, as shown in Figure la. It is important
to note that this flipping process happens along the +y direc-
tion, while the Janus dipole itself rotates in the xz plane. For
comparison, we also show the influence of dipolar rotation
on the near-field coupling in Figure 1b when the out-coupler
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Figure 2. Hybrid surface waves supported by an optical interface between different filling materials inside a parallel-plate waveguide. a) Structural
schematic of the designed optical interface, which supports the propagation of hybrid TM-TE surface waves. b) Dispersion of hybrid surface waves. For
conceptual illustration, only the lowest-order hybrid surface waves (i.e., hybrid TM;-TE; surface waves with k, = z/d) are considered. In (b), &, = 3,
g,=1— a)g/wz, and d = A, = 27c/w,, where @, is the plasma frequency. c) Structural schematic of an optical interface supporting the propagation

of TM surface waves. If TM surface waves propagate along the x direction, we have k, = 0. d—f) Fields of excited hybrid surface waves at the frequency

wg = 0.27w,,.

supports linearly polarized surface waves. Under this scenario,
the orientation of the coupling face remains unchanged for an
arbitrary rotation angle, as shown in Figure 1b. Actually, the
coupling face only rotates within the xz plane by following the
rotation of the Janus dipole itself.

Due to the significant role of hybrid TM-TE surface waves in
regulating the near-field coupling, we now delve into their fun-
damental properties in Figure 2. By enforcing the boundary con-
ditions, the dispersion relation of the lowest-order hybrid TM-TE
surface waves at the interface between materials a and b inside
the parallel-plate waveguide is governed by:

(ka,ykﬁxyua + kb,ykgywﬂb) (ka,ykﬁxyea + kb,ykixyeb)

+ [k k Ko (e, = ”beb)]z =0 (5)

where k= 4 /kl.z -k k, = ,/kixy —k2 ok, =x/d, k= |k] is

the amplitude of the wavevector in material a or b, j = a orb, and
the relative permeabilities are y, = u, = 1 for nonmagnetic ma-
terials. After some calculations, Equation (5) can be simplified to:

ka,yfb + kb'y £,=0 (6)
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Coincidently, Equation (6) also represents the dispersion of
TM surface waves supported by the interface between materi-
als a and b in the absence of two perfect electric conductors.
In short, Equation (6) governs both the dispersion of these hy-
brid TM-TE surface waves with k, = z/d and TM surface waves
with k, = 0. Such a coincidence actually has not been reported
before.

According to Equation (6), the dispersion relations of lowest-
order hybrid surface waves and TM surface waves are com-
pared in Figure 2b, while setting e, = 3, ¢, = 1 — @?/w?, and
d=2rc/w,, where w, is the plasma frequency of material a.
First, the dispersion line for hybrid surface waves is always above
that of TM surface waves. That s, for a given frequency, the wave-
length of hybrid surface waves is larger than that of TM sur-
face waves. Second, as the frequency increases, the two disper-
sion lines tend to converge, since the influence of k, (whether
k,=r/d or k, = 0) on the shape of these dispersion lines be-
comes weaker for a larger k, . Third, part of the dispersion line
for hybrid surface waves could extend above the light line for ma-
terial b, while the dispersion line of TM surface waves is always
below this light line.

We further find that these lowest-order hybrid surface waves
are always featured with a zero component of magnetic field nor-
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Figure 3. Flipping the coupling and non-coupling faces via hybrid TM-TE surface waves by rotating the Janus dipole in a plane parallel to the designed
optical interfaces. The basic structural setup is the same as Figure 2d—f. a,b) The distribution of |Dy|2 of excited hybrid surface waves, where D, is the
electric displacement field along the y direction. The coupling face of the Janus dipole is toward +y direction if the rotation angle is 6 = 0° but toward —y
direction if & = 90°. In addition, under this scenario, there is no excitation of linearly-polarized guided modes (including TMy and TM; guided modes).

c,d) The distribution of |Dy|2 of excited TM surface waves.

mal to the interface, as governed by the dispersion relation. To be
specific, with the knowledge of Equation (6), we have:

H;berid,sw (x, v 2) = HyO (kb’yga + ka’ygb) =0 (7)

where H, is a constant. This unique feature is numerically ver-
ified by the field distribution of the excited lowest-order sur-
face waves in Figure 2d-f. This exotic feature of hybrid surface
waves in the parallel-plate waveguide is fundamentally different
from other types of hybrid TM-TE surface waves, such as chiral
surface waves,!>>-5¢] Dyakonov surface waves, >’ ghost surface
polaritons,®] hyperbolic shear polaritons,[®¢2] whose field com-
ponents are generally nonzero.

With the basic knowledge of hybrid surface waves, Figure 3
numerically shows |Dy|2 of a Janus dipole beyond polarization
locking by the commercial finite element software of COMSOL
Multiphysics, where D, is the electric displacement field along
the y direction. To avoid the emergence of higher-order hybrid
TM-TE surface waves and guided modes, the working frequency
in Figure 3 is chosen to be below the cut-off frequency of the
TM,; and TE, guided modes in the parallel-plate waveguide. This
way, only the lowest-order hybrid TM-TE surface waves, and the
fundamental guided mode TM, are present. To further elimi-
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nate the excitation of the fundamental guided mode, a negative-
permittivity dielectric material (e.g., material a) is chosen to fill
the region between the two out-couplers. On the other hand, a
positive-permittivity dielectric environment (e.g., material b) with
a spherical shape and a very small radius is designed to surround
the Janus dipole, in order to enable the flipping of the coupling
face. In addition, the distance between the two optical interfaces
is set to be 2 y, = 4,/2, which enables the efficient excitation of
hybrid surface waves and avoids the coupling of surface waves
supported by the two out-couplers, where 4, is the working wave-
length of light in free space.

The orientation of the coupling face of the Janus dipole
changes depending on the rotation angle. In Figure 3a, when the
rotation angle is § = 0°, the coupling face is upward (toward the
+y direction). However, in Figure 3b, when 6 = 90°, the coupling
face becomes downward (toward the y direction). For compari-
son, Figure 3c,d shows that the orientation of the coupling face
remains unchanged for arbitrary rotation angle if the out-coupler
supports linearly polarized TM surface waves.

Last but not least, we investigate the quantitative dependence
of the coupling strength of a Janus dipole on the rotation angle. To
be specific, 7, hybriamv = 1Dy, 1/ D,, 1>+ ID_,, |)is plotted as a
function of the rotation angle in Figure 4, where D,,, and D_, are
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Figure 4. Dependence of the coupling face orientation of the

Janus dipole on the rotation angle. Here we plot v, pprid/tm =

|Diy°!2/(|D+),0 12 + |D_y |2),' which quan'titatively characterizes the
coupling strength, as a function of the rotation angle.

the electric displacement at the interface of y = y, and y = —y,),
respectively. Under the excitations of hybrid surface waves, if
Y4nybria = 1, the coupling face of the Janus dipole is upward (e.g.,
under the case of  — 0° in Figure 4). If y, 1,.1,,;4 — 0, the coupling
face of the Janus dipole becomes downward (e.g., under the case
of & — 90° in Figure 4). Actually, the value of v ;14 (Y_ nybria)
would change from 0.93 (0.07) to 0.12 (0.88) when 6 varies from
0° to 90°, which indicates the occurrence of the flipping between
coupling and non-coupling faces. By contrast, under the excita-
tions of linearly polarized surface waves, Figure 4 shows that
Yerm = 0.94 and y_ . = 0.06 are insensitive to the variation of
the rotation angle.

3. Conclusion

In conclusion, we have revealed a scheme to regulate the di-
rectional near-field coupling of Janus dipoles beyond polariza-
tion locking by exploiting hybrid TM-TE surface waves supported
by the optical interface between different filling materials in-
side a parallel-plate waveguide. We have found that the cou-
pling and non-coupling faces of a Janus dipole could be flipped
by merely rotating the Janus dipole in a plane parallel to the
designed optical interface, without resorting to the variation of
the polarization state of excited surface waves. Essentially, this
scheme for the manipulation of near-field coupling is enabled
by the capability of hybrid surface waves to extract both TM and
TE evanescent waves that the source carries. Looking forward,
the interplay between various complex dipolar sources (e.g., chi-
ral, circular, Huygens, and Janus dipoles) and hybrid surface
waves (e.g., higher-order TM-TE surface waves, chiral surface
waves, Dyakonov surface waves, ghost surface polaritons, and
hyperbolic shear polaritons) requires continuing explorations,
since it may further enrich the physics of dipole-matter inter-
actions and facilitate the development of novel on-chip light
sources.
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