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Janus faces of dipolar sources in directional near-field coupling with an oriented misalignment
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Directional near-field coupling can enable many applications, such as directional routing, on-chip information
processing, and chiral quantum optics. This directional near-field coupling is generally face dependent, since
the induced near-field radiation pattern is dependent on which face (e.g., the upper or lower face) of the dipolar
source is facing toward the outcoupler. In other words, the dipolar sources in the directional near-field coupling
intrinsically have two faces (e.g., Janus faces), whose corresponding near-field coupling strength and coupling
directionality might be distinct. Here, we outline a general physical framework to control these Janus faces in the
directional near-field coupling and find that they can have the feature of an oriented misalignment. To be specific,
the upper and lower radiation patterns of excited surface waves can have the same shape but are misaligned with
a twist angle. For example, the twist angle can be any acute angle if the source is composed of a Huygens dipole
and an electric dipole, and it can be any obtuse angle if the source is constructed by a circular electric dipole and
a magnetic dipole.

DOI: 10.1103/PhysRevA.109.033505

I. INTRODUCTION

Directional near-field coupling of dipolar sources [1–8] is
of fundamental importance to tailor the flow of light at the
subwavelength scale and has enabled many applications, such
as chial quantum optics [9–13], on-chip information process-
ing [14–17], and integrated light sources [18–21].

Since the near-field coupling strength and coupling direc-
tionality [22–29] are dependent on which face (e.g., the upper
or lower face) of the dipolar source is facing toward the out-
coupler (e.g., a waveguide), the resultant directional near-field
coupling of dipolar sources is inherently face dependent. On
one hand, some dipolar sources (e.g., Janus dipole) could
have distinct coupling strengths for the upper and lower faces
[30–33]. According to the recent studies reported in Ref. [30],
if the Janus dipole is located in the middle of two parallel
but spatially well-separated waveguides, the guided modes
in the waveguide facing toward the upper face of the Janus
dipole could be efficiently excited, while there is almost no
excitation of guided modes in the other waveguide facing
toward the lower face of the Janus dipole. Under this scenario,
the upper face of the Janus dipole with the strong near-field
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coupling strength is then termed as the coupling face, while
the lower face of the Janus dipole with very-weak near-field
coupling stength is termed as the noncoupling face [34]. On
the other hand, some dipolar sources (e.g., circular electric
dipole and Huygens dipole) could have a face-dependent
near-field coupling directionality. While the near-field direc-
tionalities induced by the upper and lower faces are opposite
for the circular electric dipole [30,31,35], they are the same for
the Huygens dipole [30,31,34]. In short, the dipolar sources
inherently have Janus faces in the near-field coupling. Since
the existence of Janus coupling indicates new possibilities to
flexibly engineer the coupling strength and coupling direction-
ality in space, the manipulation of these Janus faces would
serve to enrich the physics of light-matter interactions and
form various exotic near-field coupling phenomena. However,
a general physical framework for near-field directional Janus
coupling is lacking.

II. CACULATIONS FOR TWIST ANGLE

Here we reveal a feasible framework to flexibly tailor
the Janus faces of dipolar sources in the directional near-
field coupling and find that these Janus faces could have the
feature of an oriented misalignment. That is, the radiation
patterns of surface waves induced by the upper and lower
coupling faces of a complex dipolar source could have the
same shape but are misaligned with a twist angle. This twist
angle then manifests the unique spatial correspondance
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FIG. 1. Conceptual illustration of Janus faces of dipolar sources in the directional near-field coupling with an oriented misalignment.
(a) Structural schematic. To manifest the Janus faces in the near-field coupling, one outcoupler is deposited in the upper side of the dipolar
source, while the other one is in the lower side. Each outcoupler supports the propagation of TM surface waves and can be constructed, for
example, by the optical interface between vacuum and a negative-permittivity material (e.g., metal with a relative permittivity of εm). (b),
(c) Conceptual illustration of Janus faces of dipolar sources. The near-field radiation patterns of the excited TM surface waves on the upper
and lower interfaces are calculated by using |Dupper

z,sw,z=d (φ) | and |Dlower
z,sw,z=−d (φ)|, respectively. These radiation patterns have the same shape

but have the feature of an oriented misalignment, and this twist angle also corresponds to the angle between the angular direction having
max[|Dupper

z,sw,z=d (φ)|] (orange arrow) and that having max[|Dlower
z,sw,z=−d(φ)|] (green arrow).

between the face-dependent near-field directionalities induced
by the same dipolar source. Moreover, we find that Janus faces
with an arbitrary twist angle in the directional near-field cou-
pling are achievable via the judicious design of the source’s
dipolar constituents.

Figure 1 conceptually illustrates the Janus faces of dipo-
lar sources in the directional near-field coupling with an
oriented misalignment. To manifest the face-dependent near-
field coupling, the optical interface between vacuum and a
negative-permittivity material (e.g., metal) is chosen as the
outcoupler, which supports the propagation of transverse-
magnetic (TM) surface waves in the x-y plane. For illustration,
the dipolar source is composed of an electric dipole moment
p̄ = x̂px + ẑpz and a magnetic dipole moment m̄ = x̂mx, and
it is located inside the vacuum region with a vertical dis-
tance of d = 0.5λ0 to the designed interface, where λ0 is the
working wavelength in vacuum. For dipolar sources simulta-
neously possessing the electric and magnetic dipole moments,
they can be achieved in practice by exploiting the antenna
design at the microwave regime [36–39], plasmonic scatterer
nanostructures with electric and magnetic response [40–42],
or high-index dielectric nanoparticles in the Rayleigh regime
[43–47].

The field distribution of excited surface waves can then
be analytically derived, readily by following the classic
electromagnetic wave theory and by enforcing the bound-
ary conditions [48–54]. If the optical interface is at z =
d and located at the upper side of the source, the field
distribution of electric displacement Dz of the excited TM
surface waves at this upper interface can be obtained
as Dupper

z,sw,z=d (φ) = D0[ k0
kz,sw

mx
c sinφ − pxcosφ + pz

kρ,sw

kz,sw
], where

k̄sw = ρ̂kρ,sw + ẑkz,sw is the wave vector of the excited sur-
face wave in the region of vacuum, kz,sw =

√
k2

0−k2
ρ,sw, φ ∈

[0◦, 360◦] is the angle between ρ̂kρ,sw and the unit vector x̂,
D0 is a φ-independent factor (see Appendix C), k0 = ω/c,

ω is the angular frequency, and c is the speed of light in

vacuum. Below we consider the case with
√

1 + ( k0
kz,sw

mx/c
px

)
2 �=

0; see the discussion about the case with
√

1 + ( k0
kz,sw

mx/c
px

)
2 =

0 in Appendix F. Accordingly, this induced field at the upper
interface can be reexpressed as

Dupper
z,sw,z=d (φ) = D0 px

√
1 +

(
k0

kz,sw

mx/c

px

)2

×

⎡
⎢⎣sin (φ + φ0) +

kρ,sw

kz,sw

pz

px√
1 + ( k0

kz,sw

mx/c
px

)2

⎤
⎥⎦, (1)

where φ0 is a constant angle with

sin φ0 = −1√
1 + ( k0

kz,sw

mx/c
px

)2

and

cos φ0 =
k0

kz,sw

mx/c
px√

1 + ( k0
kz,sw

mx/c
px

)2
.

Since kρ,sw would be purely real and kz,sw would be
purely imaginary for the TM surface wave under the lossless
condition, the value of φ0 in Eq. (1) would be a real num-
ber if mx/c

px
is purely imaginary. Then we can express φ0 =

90◦− arctan(− k0
kz,sw

mx/c
px

) + m × 180◦, where m = 0 or 1 to en-

sure φ0 ∈ [0◦, 360◦]. Furthermore, the field of Dupper
z,sw,z=d (φ)

could be highly asymmetric with respect to φ, namely,∣∣∣∣ Dupper
z,sw,z=d (φ = 90◦ − φ0)

Dupper
z,sw,z=d (φ = 270◦ − φ0)

∣∣∣∣ � 1
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or ∣∣∣∣ Dupper
z,sw,z=d (φ = 90◦ − φ0)

Dupper
z,sw,z=d (φ = 270◦ − φ0)

∣∣∣∣ � 1,

if pz

px
is purely imaginary. In other words, we can real-

ize the near-field directionality at the upper interface under
the condition of both mx/c

px
and pz

px
being purely imagi-

nary. Note that if px = 0, these conditions are equivalent to
mx/c

pz
being purely real. Under the occurrence of this near-

field directionality, the angular direction with the maximum
radiation has |Dupper

z,sw,z=d (φ = φ
upper
max )| = max (|Dupper

z,sw,z=d (φ)|),
where φ

upper
max = mod(90◦ − φ0, 360◦) if

kρ,sw

kz,sw

pz

px√
1 + ( k0

kz,sw

mx/c
px

)2
> 0

in Eq. (1) and φ
upper
max = mod(270◦ − φ0, 360◦) if

kρ,sw

kz,sw

pz

px√
1 + ( k0

kz,sw

mx/c
px

)2
< 0.

If the optical interface is at z = −d and located at the
lower side of the source, the induced field distribution of
excited TM surface waves at this lower interface can be

obtained as

Dlower
z,sw,z=−d (φ) = D0 px

√
1 +

(
k0

kz,sw

mx/c

px

)2

×

⎡
⎢⎣sin (φ − φ0) +

kρ,sw

kz,sw

pz

px√
1 + ( k0

kz,sw

mx/c
px

)2

⎤
⎥⎦.

(2)

Similarly, when both mx/c
px

and pz

px
are purely imaginary if

px �= 0 or when mx/c
pz

is purely real if px = 0, the near-field
directionality can also emerge at this lower optical interface.
Accordingly, when we denote |Dlower

z,sw,z=−d (φ = φlower
max )| =

max (|Dlower
z,sw,z=−d (φ)|) for this near-field directionality, we

have φlower
max = mod(90◦ + φ0, 360◦) if

kρ,sw

kz,sw

pz

px√
1 + ( k0

kz,sw

mx/c
px

)2
> 0

in Eq. (2) and φlower
max = mod(270◦ + φ0, 360◦) if

kρ,sw

kz,sw

pz

px√
1 + ( k0

kz,sw

mx/c
px

)2
< 0.

Upon close inspection of Eqs. (1) and (2), mathematically,
we have

∣∣Dupper
z,sw,z=d (φ)

∣∣ = ∣∣Dlower
z,sw,z=−d (φ − φtwist )

∣∣ or
∣∣Dupper

z,sw,z=d (φ)
∣∣ = ∣∣Dlower

z,sw,z=−d (φ + φtwist )
∣∣, (3)

where

φtwist =
{∣∣φlower

max − φ
upper
max

∣∣, if
∣∣φlower

max − φ
upper
max

∣∣ ∈ [0◦, 180◦]

360◦ − ∣∣φlower
max − φ

upper
max

∣∣, if
∣∣φlower

max − φ
upper
max

∣∣ ∈ [180◦, 360◦]
. (4)

Equation (3) indicates that the upper and lower radiation patterns of excited surface waves have the same shape and near-field
directionality but have an oriented misalignment with a twist angle. According to the definition of twist angle in Eq. (4), we
always have φtwist ∈ [0◦, 180◦].

With the knowledge of φ
upper
max and φlower

max , Eq. (4) can be rewritten as

φtwist =
⎧⎨
⎩

180◦ − 2 arctan
(− k0

kz,sw

mx
c

px

)
, if arctan

(− k0
kz,sw

mx/c
px

) ∈ [0◦, 90◦]

180◦ + 2 arctan
(− k0

kz,sw

mx/c
px

)
, if arctan

(− k0
kz,sw

mx/c
px

) ∈ [−90◦, 0◦]
. (5)

Equation (5) indicates that the twist angle between the
induced near-field directionalities in the lower and upper inter-
faces is merely determined by the factor − k0

kz,sw

mx/c
px

, irrelevant
to pz. This is despite the fact that the near-field directionality
at the lower or upper interface, as governed by Eqs. (1) and
(2), originates from the interference of all evanescent waves
induced by px, mx, and pz. The underlying reason is that the
distribution of evanescent waves induced by pz has the rota-
tional symmetry in the x-y plane and is thus φ independent,
while that induced by px and mx has the odd symmetry in
the x-y plane and is thus φ dependent. This way, under the
existence of pz, the Janus faces of dipolar sources with an
arbitrary twist angle in the directional near-field coupling are
achievable by the judicious design of dipolar constituents

px and mx. We point out that the Janus faces of dipolar
sources with an arbitrary twist angle in the directional near-
field coupling revealed in this work have not been thoroughly
investigated, despite the recent investigation on the flexible
manipulation of both the amplitude and phase of guided
modes excited by a dipolar source [30,54,55] and recently
the extensive studies of twistronics [56–62] and twisted optics
[63–72].

Holding upon these general arguments, we show the
possibility to realize Janus faces of dipolar sources in the
directional near-field coupling with a twist angle of φtwist =
0◦ in Fig. 2(a), φtwist = 90◦ in Fig. 2(b), and φtwist = 180◦
in Fig. 2(c). To facilitate the conceptual illustration, below
the negative-permittivity material is set to have a relative
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FIG. 2. Janus faces of dipolar sources in the directional near-field coupling with a twist angle of 0◦, 90◦, or 180◦ by plotting the near-field
radiation patterns. The structural setup is the same as Fig. 1 with the use of εm = −2. The dipolar source is composed of an electric dipole
moment p̄ = x̂px + ẑpz and a magnetic dipole moment m̄ = x̂mx . (a) φtwist = 0◦, if a Huygens dipole is used, namely, [px, pz, mx/c]/pz =
[0, 1, 1]. (b) φtwist = 90◦, if [px, pz, mx/c]/pz = [i, 1, 1]. (c) φtwist = 180◦, if a circular electric dipole is used, namely, [px, pz, mx/c]/pz =
[i, 1, 0]. Here and below, pz = 1 C m is used.

permittivity of −2. Then, we have − k0
kz,sw

= i in Eq. (5), and
Eq. (5) can be reduced to

φtwist =
{

180◦ − 2arctan mx/c
−ipx

, if mx/c
−ipx

� 0

180◦ + 2arctan mx/c
−ipx

, if mx/c
−ipx

< 0
. (6)

When φtwist = 0◦ in Fig. 2(a), this requires mx/c
−ipx

→
+∞ in Eq. (6). Accordingly, the dipolar source has
[px, pz, mx/c]/pz = [0, 1, 1]. This kind of dipolar source
is exactly the Huygens dipole, whose electric and magnetic
dipole moments are in phase and orthogonal to each other,
along with the ratio between their magnitudes fulfilling
Kerker’s condition of |m̄|

| p̄| = c [73–76]. When φtwist = 180◦

in Fig. 2(c), mx/c
−ipx

= 0 is needed, and the dipolar source
starts to have [px, pz, mx/c]/pz = [i, 1, 0]. This kind of
dipolar source is exactly the circular electric dipole, whose
two electric dipole moments are 90◦ out of phase and
orthogonal to each other and they have the same magnitude.
Similarly, when φtwist = 90◦ in Fig. 2(b), mx/c

−ipx
= 1 should be

satisfied. That is, the dipolar source has [px, pz, mx/c]/pz =
[i, 1, 1]. Since [px, pz, mx/c]/pz = [0, 1, 1]Huygens dipole +
[i, 0, 0]electric dipole = [i, 1, 0]circular electric dipole +
[0, 0, 1]magnetic dipole, this dipolar source in Fig. 2(b) can
be equivalently treated as the combination of a Huygens
dipole and an electric dipole or the combination of a circular
electric dipole and a magnetic dipole.

With the knowledge of Fig. 2, we now proceed to discuss
the possibility to realize Janus faces of dipolar sources with an
arbitrary twist angle in the directional near-field coupling. To
fulfill the condition of px

pz
being purely imaginary and mx/c

pz
be-

ing purely real, we can let [px, pz, mx/c]/pz = [aei, 1, bm],
where ae and bm are both real numbers. For conceptual illus-
tration, below we consider the case with ae > 0 and bm > 0.
Then, the twist angle in Eq. (6) can be simplified to

φtwist = 180◦ − 2 arctan
bm

ae
. (7)

Equation (7) indicates that the twist angle would vary from
0◦ to 90◦, if the factor bm

ae
changes from 1 to +∞; see the

blue dash-dotted curve in Fig. 3. For example, if ae = 0.42
and bm = 1, we have φtwist = 45◦, which is numerically ver-
ified by the corresponding field distribution of excited TM
surface waves in the upper and lower interfaces in Fig. 4(a).
Particularly, if bm = 1, the source’s dipolar constituents can
be reexpressed as

[px, pz, mx/c]/pz

= [0, 1, 1]Huygens dipole + ae[i, 0, 0]electric dipole. (8)

Equation (8) indicates that the combination of a Huygens
dipole and an electric dipole could be exploited to realize any
twist angle within the range of 0◦−90◦.

Similarly, the twist angle would vary from 90◦ to 180◦,
if the factor bm

ae
changes from 0 to 1, as shown by the or-

ange dashed curve in Fig. 3. As a typical example, we have

FIG. 3. Realization of Janus faces of dipolar sources in the direc-
tional near-field coupling with an arbitrary twist angle. If the dipolar
source is composed of a Huygens dipole and an electric dipole, the
twist angle can vary from 0◦ to 90◦; see the blue dash-dotted curve.
If the dipolar source is constructed by a circular electric dipole and a
magnetic dipole, the twist angle can vary from 90◦ to 180◦; see the
orange dashed curve.
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FIG. 4. Demonstration of Janus faces of dipolar sources in the
directional near-field coupling with a twist angle of 45◦ or 135◦ by
plotting the field distribution of excited surface waves. The structural
setup is the same as Fig. 1 with the use of εm = −2. (a) φtwist =
45◦, if the dipolar source is constructed by [px, pz, mx/c]/pz =
[0.42i, 1, 1]. (b) φtwist = 135◦, if the dipolar source is composed of
[px, pz, mx/c]/pz = [i, 1, 0.42].

φtwist = 135◦ if ae = 1 and bm = 0.42; see the corresponding
field distribution of excited surface waves in the lower and
upper interfaces in Fig. 4(b). Moreover, if ae = 1 is used, the
source’s dipolar constituents can also be reexpressed as

[px, pz, mx/c]/pz = [i, 1, 0]circular electric dipole

+ bm[0, 0, 1]magnetic dipole. (9)

Equation (9) shows that the combined usage of a circular
electric dipole and a magnetic dipole can help to achieve
Janus faces of dipolar sources with a twist angle of φtwist ∈
[90◦, 180◦] in the directional near-field coupling.

III. CONCLUSION

In conclusion, we have revealed the emergence of Janus
faces of dipolar sources with an oriented misalignment, by
engineering the face-dependent near-field directionality. We
have found that the upper and lower radiation patterns of
excited surface waves could possess the same shape but with
a twist angle, whose value can be arbitrary and achievable via
judiciously designing the dipolar constituents. We have found
that Janus faces of dipolar sources in the directional near-field
coupling with a twist angle in the range of 0◦−90◦ can be
achieved by exploiting the combination of a Huygens dipole
and an electric dipole, and those in the range of 90◦−180◦
can be realized by using the combination of a circular electric
dipole and a magnetic dipole. Due to the intrinsic Janus faces
of dipolar sources in the directional near-field coupling, our
finding may offer an extra degree of freedom for the de-
sign of advanced on-chip applications, such as face-dependent
directional routing and face-dependent on-chip information
processing. Looking forward, while this work is focused on
the case that has the same upper and lower near-field radiation
patterns but with an arbitrary twist angle, more intriguing
cases (e.g., having different upper and lower radiation pat-
terns but with an arbitrary twist angle) could in principle be
achieved by exploiting other dipolar or high-order sources
(e.g., quadrupoles [77]), which await further explorations.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

ACKNOWLEDGMENTS

X.L. acknowledges the support partly from the National
Natural Science Fund for Excellent Young Scientists Fund
Program (Overseas) of China, the National Natural Science
Foundation of China (NSFC) under Grant No. 62175212,
Zhejiang Provincial Natural Science Fund Key Project un-
der Grant No. Z23F050009, and the Fundamental Research
Funds for the Central Universities (2021FZZX001-19). H.C.
acknowledges the support partly from the Key Research
and Development Program of the Ministry of Science
and Technology under Grants No. 2022YFA1404704, No.
2022YFA1405200, and No. 2022YFA1404902, and the Key
Research and Development Program of Zhejiang Province
under Grant No. 2022C01036.

The authors declare no competing interests.

APPENDIX A: FIELD DISTRIBUTION OF A DIPOLAR
SOURCE IN HOMOGENEOUS MATTER

In this section, we give a detailed derivation of the field
distribution, if the dipolar source is inside a homogeneous
medium. We begin with Maxwell’s equations, namely,

∇ × Ē (r̄) = iωμH̄ (r̄), (A1)

∇ × H̄ (r̄) = −iωεĒ (r̄) + J̄ (r̄), (A2)

where μ = μ0μr ; ε = ε0εr ; ε0 and μ0 are the permittivity
and permeability of vacuum, respectively; εr and μr are the
relative permittivity and permeability for the homogeneous
medium where dipolar source locates, respectively.

From Eqs; (A1) and (A2), we can obtain the following
equation for Ē (r̄):

∇ × ∇ × Ē (r̄) − k2Ē (r̄) = iωμJ̄ (r̄). (A3)

To solve Eq. (A3), we can express the electric field Ē (r̄) by
the dyadic Green’s functions ¯̄G(r̄, r̄′):

Ē (r̄) = iωμ

∫ ∫ ∫
dr′ ¯̄G(r̄, r̄′)J̄ (r̄′). (A4)

Similarly, for the source in Eq. (A4), J̄ (r̄′) can be expressed
as

J̄ (r̄) =
∫ ∫ ∫

dr′δ(r̄ − r̄′)IJ̄ (r̄′). (A5)

By substituting Eqs. (A4) and (A5) into Eq. (A3), one
obtains

∇ × ∇ × ¯̄G(r̄, r̄
′
) − k2 ¯̄G(r̄, r̄

′
) = ¯̄Iδ(r̄ − r̄

′
). (A6)

From Eq. (A6), we can further express ¯̄G(r̄, r̄
′
) by the

scalar Green’s function as

¯̄G(r̄, r̄
′
) =

[
¯̄I + 1

k2
∇∇

]
g(r̄, r̄

′
). (A7)

By substituting Eq. (A7) into Eq. (A6) and after some
calculations, we can have

g(r̄, r̄
′
) = eik|r̄−r̄′|

4π |r̄ − r̄ ′ | . (A8)

For a dipolar source with an electric dipole moment of
p̄(r̄′), we have J̄ (r̄′) = ∂ p̄(r̄′ )

∂t . By substituting Eqs. (A7) and
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(A8) into Eq. (A4), one obtains Eq. (A9):

Ē (r̄) = iωμ

[
¯̄I + 1

k2
∇∇

]
∂ p̄(r̄′)

∂t

eikr

4πr
. (A9)

Furthermore, from Eqs. (A1) and (A9), one obtains

H̄ (r̄) = ∇ × ∂ p̄(r̄′)
∂t

eikr

4πr
. (A10)

From Eqs. (A9) and (A10), we can obtain an exact solution
for the total radiation field induced by a source with an electric
dipole moment. Without loss of generality, the electric dipole
moment can be expressed as p̄(r̄

′
) = p̄ · δ(r̄

′
), and we have

∂ p̄(r̄′ )
∂t = −iω p̄(r̄

′
), where p̄ = x̂px + ŷpy + ẑpz.

In order to expand Eqs. (A9) and (A10), we use the Weyl
identity, namely,

eikr

r
= i

2π

∫∫ +∞

−∞

eikxx+ikyy+ikz |z|

kz
dkxdky, (A11)

where kz = (k2 − k2
x −k2

y )
1
2 = (k2 − k2

ρ )
1
2 . We denote the an-

gle between k̂ρ and x̂ as α and the angle between ρ̂ and x̂
as φ. Accordingly, k̂ρ = x̂kρcosα + ŷkρsinα, ρ̂ = x̂ρcosφ +
ŷρsinφ, and dkxdky = kρdkρdα. Then we have kxx + kyy =
kρρcos(α − φ). By substituting the above information into
Eq. (A11), Eq. (A11) can be reorganized into

eikr

r
= i

∫ +∞

0

1

2π

∫ 2π

0
eikρρcos(α−φ)dα

kρ

kz
eikz |z|dkρ. (A12)

By applying the integral identity for Bessel functions
and the fact that J0(kρρ ) = 1

2 [H (1)
0 (kρρ) + H (2)

0 (kρρ )] and
H (1)

0 (−kρρ) = −H (2)
0 (kρρ), Eq. (A12) can be reexpressed as

eikr

r
= i

2

∫ +∞

−∞

kρ

kz
H (1)

0 (kρρ )eikz |z|dkρ. (A13)

By substituting Eq. (A13) into Eq. (A9), we have the elec-
tric field distribution for the electric dipole moment:

E electric
z,source(ρ, φ, z) = ipx

8πε

∂2

∂x∂z

∫ +∞

−∞

kρ

kz
H (1)

0 (kρρ )eikz |z|dkρ + ipy

8πε

∂2

∂y∂z

∫ +∞

−∞

kρ

kz
H (1)

0 (kρρ )eikz |z|dkρ

+ ipz

8πε

(
k2 + ∂2

∂z2

) ∫ +∞

−∞

kρ

kz
H (1)

0 (kρρ )eikz |z|dkρ. (A14)

Since ∂H (1)
0 (kρρ )
∂x = −H (1)

1 (kρρ )kρcosφ, ∂H (1)
0 (kρρ )
∂y = −H (1)

1 (kρρ )kρsinφ, and ∂
∂z eikz |z| = ikz

z
|z|e

ikz |z|, Eq. (A14) can be reduced to

E electric
z,source(ρ, φ, z) = ipx

8πε

∫ +∞

−∞
−sign(z)iH (1)

1 (kρρ)k2
ρcosφeikz |z|dkρ + ipy

8πε

∫ +∞

−∞
−sign(z)iH (1)

1 (kρρ )k2
ρsinφeikz |z|dkρ

+ ipz

8πε

∫ +∞

−∞

kρ

kz
H (1)

0 (kρρ )k2
ρeikz |z|dkρ. (A15)

Under the condition of H (1)
0 (kρρ ) = iH (1)

1 (kρρ ) with kρρ → ∞, Eq. (A15) can be reduced to

E electric
z,source(ρ, φ, z) =

∫ +∞

−∞

(
− 1

8πε

⌈
−sign(z)(pxcosφ + pysinφ) + pz

kρ

kz

⌉)
k2
ρH (1)

1 (kρρ )eikz |z|dkρ. (A16)

By substituting Eq. (A13) into Eq. (A10), we have the magnetic field induced by an electric dipole moment p̄ = x̂px + ŷpy +
ẑpz as follows:

H electric
z,source(ρ, φ, z) =

∫ +∞

−∞

[
ω

8π
(pxsinφ − pycosφ)

]
k2
ρ

kz
H (1)

1 (kρρ)eikz |z|dkρ. (A17)

Similarly, we can obtain the field distribution induced by a dipolar source with a magnetic dipole moment m̄(r̄
′
) = m̄ · δ(r̄

′
)

through the usage of duality principle [Ē (r̄) → H̄ (r̄), H̄ (r̄) → −Ē (r̄), ε → μ, μ → ε, and p̄ → μm̄], namely,

Emagnetic
z,source (ρ, φ, z) =

∫ +∞

−∞

[
−ωμ

8π
(mxsinφ − mycosφ)

]
k2
ρ

kz
H (1)

1 (kρρ )eikz |z|dkρ, (A18)

Hmagnetic
z,source (ρ, φ, z) =

∫ +∞

−∞

(
− 1

8π

[
−sign(z)(mxcosφ + mysinφ) + mz

kρ

kz

])
k2
ρH (1)

1 (kρρ )eikz |z|dkρ. (A19)

Then, we can get the total field induced by a dipolar source with an electric dipole moment p̄ and a magnetic dipole moment
m̄ as follows:

Ez,source(ρ, φ, z) = E electric
z,source(ρ, φ, z) + Emagnetic

z,source (ρ, φ, z), (A20)

Hz,source(ρ, φ, z) = H electric
z,source(ρ, φ, z) + Hmagnetic

z,source (ρ, φ, z). (A21)
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FIG. 5. Conceptual illustration of the twist angle with φlower > φupper. Here, the upper and lower near-field radiation patterns are calculated
by using |Dupper

z,sw,z=d (φ)| and |Dlower
z,sw,z=−d(φ)| of the induced surface waves in the upper and lower interfaces at z = d and z = −d , respectively.

These radiation patterns have the same shape but have the feature of an oriented misalignment, namely, |Dupper
z,sw,z=d (φ)| = |Dlower

z,sw,z=−d (φ − φtwist )|
or |Dupper

z,sw,z=d (φ)| = |Dlower
z,sw,z=−d (φ + φtwist )|. The definition of φtwist is schematically provided in the plot, which is always within the range of

0◦−180◦.

APPENDIX B: MORE SCHEMATIC ILLUSTRATION OF THE TWIST ANGLE

According to the definition of twist angle in Eq. (4) in the main text, the twist angle is always within the range of 0◦ − 180◦.
For clarity, we provide two cases of the definition of the twist angle in Figs. 5 and 6.

APPENDIX C: EXCITED SURFACE WAVES WHEN THE DIPOLAR SOURCE IS BELOW THE OUTCOUPLER

In this Appendix, we investigate three cases of near-field dipolar radiation, including the case having the source located below
the outcoupler in Fig. 7(a), the case having the source located above the outcoupler in Fig. 7(b), and the case having the source
located in the middle of two outcouplers in Fig. 7(c).

In this section, we calculate the excited surface waves if the dipolar source is below the outcoupler in Fig. 7(a). Consider
that the dipolar source is at z = 0 and the outcoupler is at z = d (d > 0) as shown in Fig. 5(a). The field above (below) the
dipolar source is denoted as Eupgoing(downgoing)

z,source . The regions above and below the outcoupler are denoted as region 1 and region 2,
respectively. The relative permittivity in region 1 and region 2 is εr1 and εr2, respectively. The relative permeability in region 1
and region 2 is μr1 and μr2, respectively. Below we first calculate the field distribution in region 1, namely,

E1z(ρ, φ, z) =
∫ +∞

−∞
Eupgoing

z,source (kρ, φ)H (1)
1 (kρρ )T TM

21 ei(k2z−k1z )d eik1zzdkρ. (C1)

Region 2 can be divided into two parts with 0 < z < d and z < 0. For 0 < z < d , the total field for Ez can be expressed as

E0<z<d
2z (ρ, φ, z) =

∫ +∞

−∞
Eupgoing

z,source (kρ, φ)
[
eik2zz + RTM

21 e2ik2zd e−ik2zz
]
H (1)

1 (kρρ )dkρ. (C2)

For z < 0, the total field for Ez can be expressed as

Ez<0
2z (ρ, φ, z) =

∫ +∞

−∞

[
Edowngoing

z,source (kρ, φ) + Eupgoing
z,source (kρ, φ)RTM

21 e2ik2zd
]
H (1)

1 (kρρ )e−ik2zzdkρ. (C3)

FIG. 6. Conceptual illustration of the twist angle with φlower < φupper. The twist angle is schematically defined in the plot and is always
within the range of 0◦−180◦.
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FIG. 7. Structural schematic of dipolar radiation. For illustration, each outcoupler supports the propagation of TM surface waves and can
be constructed, for example, by the optical interface between vacuum and a negative-permittivity material (e.g., metal). (a) The dipolar source
is located below the designed interface. (b) The dipolar source is located above the designed interface. (c) The dipolar source is located in the
middle of two parallel outcouplers.

In the above equations, T TM
21 = 2ε2k2z

ε1k2z+ε2k2z
is the transmission coefficient, and RTM

21 = ε1k2z−ε2k1z

ε1k2z+ε2k1z
is the reflection coefficient.

When the dipolar source is composed of an electric dipole moment p̄ = ẑpz + x̂px and a magnetic dipole moment m̄ = x̂mx,
Eq. (C3) can be reduced to

E1z(ρ, φ, z) =
∫ +∞

−∞
Eupgoing

z,source (kρ, φ)H (1)
1 (kρρ )T TM

21 ei(k2z−k1z )d eik1zzdkρ, (C4)

where

Eupgoing
z,source (kρ, φ) =

[
− 1

8πε2

(
−pxcosφ + pz

kρ

k2z

)
− ωμ2

8π
mx

sinφ

k2z

]
k2
ρ. (C5)

By applying the plasmon pole approximation for the integration of kρ in Eq. (C4), the excited field of the surface wave at the
upper interface at z = d has

Eupper
1z,sw (ρ, φ, z = d ) ≈ 2π iRes

[
Eupgoing

z,source (kρ, φ)H (1)
1 (kρρ)T TM

21 eik2zd , kρ = kρ,sw
]

= 2π iEupgoing
z,source (kρ,sw, φ)H (1)

1

(
kρ,swρ

)
eik2z,swd Res

[
T TM

21 , kρ = kρ,sw
]
, (C6)

where k̄sw = ρ̂kρ,sw + ẑkz,sw is the wave vector of excited surface waves. When
√

1 + ( k0
k2z,sw

mx/c
px

)
2 �= 0, where k2z,sw =√

k2
2−k2

ρ,sw, k2
2 = εr2μr2k2

0 , k0 = ω/c, ω is the angular frequency, and c is the speed of light in free space. Then Eq. (C6)
can be reduced to

Dupper
1z,sw(φ) = E0ε1 px

√
1 +

(
k0

k2z,sw

mx/c

px

)2

⎡
⎢⎣sin (φ + φ0) +

kρ,sw

k2z,sw

pz

px√
1 + ( k0

k2z,sw

mx/c
px

)2

⎤
⎥⎦, (C7)

where E0 = 2π iRes[T TM
21 , kρ = kρ,sw]k2

ρ,sweik2z,swd H (1)
1 (kρ,swρ ) −1

8πε2
, sin(φ0) = −1√

1+( k0
k2z,sw

mx/c
px

)
2
, cos(φ0) =

k0
k2z,sw

mx/c
px√

1+( k0
k2z,sw

mx/c
px

)
2
, φ0 =

90◦− arctan(− k0
k2z,sw

mx/c
px

) + m × 180◦, where m = 0 or 1 to ensure φ0 ∈ [0◦, 360◦]. Here, the matter for region 2 is vacuum,

and k2z,sw is reexpressed as kz,sw in the main text. If
√

1 + ( k0
k2z,sw

mx/c
px

)
2 = 0, the relevant discussion is provided in Appendix F.

As an example, we show in Fig. 8 the field distribution of excited TM surface waves at the interface of z = d with different
values of φupper.

APPENDIX D: EXCITED SURFACE WAVES WHEN THE DIPOLAR SOURCE IS ABOVE THE OUTCOUPLER

In this section, we calculate the field distribution when the outcoupler is placed below the dipolar source in Fig. 7(b). The
dipolar source is at z = 0 and the outcoupler is at z = −d as shown in Fig. 5(b). The region above the outcoupler is denoted as
region 2. The region below the outcoupler is denoted as region 3. The relative permittivity in region 2 and region 3 is εr2 and εr3,
respectively. The relative permeability in region 2 and region 3 is μr2 and μr3, respectively. For region 3 with z < −d , the total
fields of Ez can be expressed as

E3z(ρ, φ, z) =
∫ +∞

−∞
Edowngoing

z,source (kρ, φ)H (1)
1 (kρρ)T TM

23 ei(k2z−k3z )d e−ik3zzdkρ. (D1)
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FIG. 8. Field distribution of excited TM surface waves at the interface of z = d . The structural setup is the same as Fig. 5(a) with the use
of εr1 = −2. (a) φupper = 90◦, if the dipolar source is constructed by [px, pz, mx/c]/pz = [0, 1, 1]. (b) φupper = 45◦, if the dipolar source is
constructed by [px, pz, mx/c]/pz = [i, 1, 1]. (c) φupper = 0◦, if the dipolar source is composed of [px, pz, mx/c]/pz = [i, 1, 0].

Region 2 can be divided into two parts with −d < z < 0 and z > 0, For the part with −d < z < 0, the total field of Ez can be
expressed as

E−d<z<0
2z (ρ, φ, z) =

∫ +∞

−∞
Edowngoing

z,source (kρ, φ)
[
e−ik2zz + RTM

21 e2ik2zd eik2zz
]
H (1)

1 (kρρ )dkρ. (D2)

For the part with z > 0, the total field of Ez can be expressed as

Ez>0
2z (ρ, φ, z) =

∫ +∞

−∞

[
Eupgoing

z,source (kρ, φ) + Edowngoing
z,source (kρ, φ)RTM

23 e2ik2zd
]
eik2zzH (1)

1 (kρρ)dkρ. (D3)

In the above equations, T TM
23 = 2ε2k2z

ε3k2z+ε2k3z
is the transmission coefficient, and RTM

23 = ε3k2z−ε2k3z

ε3k2z+ε2k3z
is the reflection coefficient

RTM
23 = ε3k2z−ε2k3z

ε3k2z+ε2k3z
.

For the outcoupler below the source, similarly, we have

Edowngoing
z,source (kρ, φ) =

[
− 1

8πε2

(
+pxcosφ + pz

kρ

k2z

)
− ωμ2

8π
mx

sinφ

k2z

]
k2
ρ, (D4)

E lower
3z,sw (ρ, φ, z = −d ) ≈ 2π iRes

[
Edowngoing

z,source (kρ, φ)H (1)
1 (kρρ )T TM

23 eik2zd , kρ = kρ,sw
]

= 2π iEdowngoing
z,source (kρ,sw, φ)H (1)

1 (kρ,swρ)eik2z,swd Res
[
T TM

23 , kρ = kρ,sw
]
, (D5)

Dlower
3z,sw(φ) = E0ε3 px

√
1 +

(
k0

k2z,sw

mx/c

px

)2

⎡
⎢⎢⎢⎣sin (φ − φ0) +

kρ,sw

k2z,sw

pz

px√
1 + ( k0

k2z,sw

mx
c

px

)2

⎤
⎥⎥⎥⎦. (D6)

For example, we show in Fig. 9 the field distribution of excited TM surface waves at the interface of z = −d with different
values of φlower.

FIG. 9. Field distribution of excited TM surface waves at the interface of z = −d . The structural setup is the same as Fig. 5(b) with the use
of εr3 = −2. (a) φlower = 90◦, if the dipolar source is constructed by [px, pz, mx/c]/pz = [0, 1, 1]. (b) φlower = 135◦, if the dipolar source is
constructed by [px, pz, mx/c]/pz = [i, 1, 1]. (c) φlower = 180◦, if the dipolar source is composed of [px, pz, mx/c]/pz = [i, 1, 0].
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APPENDIX E: EXCITED SURFACE WAVES WHEN
THE DIPOLAR SOURCE IS IN THE MIDDLE

OF TWO OUTCOUPLERS

In this section we give the detailed derivation of excited
TM surface waves, if the dipolar source is in the middle of
two outcouplers in Fig. 7(c). We define that the upper interface
is at z = d (d > 0), and the lower interface is at z = −d
as shown in Fig. 5(c). Regions of z > d , −d < z < d , and
z < −d are denoted as regions 1, 2, and 3, respectively. The
relative permittivity in regions 1, 2, and 3 are εr1, εr2, and εr3,
respectively. Then we first calculate the Ez field distribution
inside region 2. The field above (below) the dipolar source is
denoted as Eupgoing(downgoing)

z,source .
For 0 < z < d in region 2, the total field of Ez can be

expressed as

Eupgoing
2z,0<z<d eik2zz = Eupgoing

z,sourceeik2zz + Edowngoing
2z,−d<z<0RTM

23 e2ik2zd eik2zz,

(E1)

Edowngoing
2z,0<z<d e−ik2zz = Eupgoing

2z,0<z<d RTM
21 e2ik2zd e−ik2zz. (E2)

For −d < z < 0 in region 2, the total field of Ez can be
expressed as

Eupgoing
2z,−d<z<0eik2zz = Edowngoing

2z,−d<z<0RTM
23 e2ik2zd eik2zz, (E3)

Edowngoing
2z,−d<z<0e−ik2zz = Edowngoing

z,source e−ik2zz

+ Eupgoing
2z,0<z<d RTM

21 e2ik2zd e−ik2zz. (E4)

On the basis of Eqs. (E1)–(E4), we have the Ez total field
in region 2 as follows:

Eupgoing
2z,0<z<d (kρ, φ)

= Eupgoing
z,source (kρ, φ) + Edowngoing

z,source (kρ, φ)RTM
23 e2ik2zd

1 − RTM
21 e2ik2zd RTM

23 e2ik2zd
, (E5)

Eupgoing
2z,−d<z<0(kρ, φ) = Edowngoing

z,source (kρ, φ)RTM
23 e2ik2zd

1 − RTM
21 e2ik2zd RTM

23 e2ik2zd
, (E6)

Edowngoing
2z,0<z<d (kρ, φ) = Eupgoing

z,source (kρ, φ)RTM
21 e2ik2zd

1 − RTM
21 e2ik2zd RTM

23 e2ik2zd
, (E7)

Edowngoing
2z,−d<z<0(kρ, φ)

= Edowngoing
z,source (kρ, φ) + Eupgoing

z,source (kρ, φ)RTM
21 e2ik2zd

1 − RTM
21 e2ik2zd RTM

23 e2ik2zd
. (E8)

In the above equations, RTM
21 = ε1k2z−ε2k1z

ε1k2z+ε2k1z
and RTM

23 =
ε3k2z−ε2k3z

ε3k2z+ε2k3z
are the reflection coefficients.

Now we turn to calculating the field distribution in region
1 and region 3. For region 1, the total fields of Ez can be
expressed as

E1z(ρ, φ, z) =
∫ +∞

−∞
Eupgoing

2z,0<z<d (kρ, φ)H (1)
1 (kρρ)T TM

21

× ei(k2z−k1z )d eik1zzdkρ. (E9)

For region 3, the total field of Ez can be expressed as

E3z(ρ, φ, z) =
∫ +∞

−∞
Edowngoing

2z,−d<z<0(kρ, φ)H (1)
1 (kρρ)T TM

23

× ei(k2z−k3z )d e−ik3zzdkρ. (E10)

In the above equations, T TM
21 = T TM

23 = 2ε2k2z

ε3k2z+ε2k3z
is the

transmission coefficient.
Under the condition of εr1 = εr3 (namely, regions 1

and 3 are the same), we have RTM
21 = RTM

23 = A
B , T TM

21 = C
B ,

A = ε1k2z − ε2k1z, B = ε1k2z + ε2k1z, and C = 2ε2k2z. These
above equations (E5) and (E8)–(E10) can then be reduced to

Eupgoing
2z,0<z<d (kρ, φ)

= Eupgoing
z,source (kρ, φ)B + Edowngoing

z,source (kρ, φ)Ae2ik2zd

(B − Ae2ik2zd )(B + Ae2ik2zd )
, (E11)

E1z(ρ, φ, z) =
∫ +∞

−∞
Eupgoing

2z,0<z<d (kρ, φ)H (1)
1 (kρρ )T TM

21

× ei(k2z−k1z )d eik1zzdkρ, (E12)

Edowngoing
2z,−d<z<0(kρ, φ)

= Edowngoing
z,source (kρ, φ)B + Eupgoing

z,source (kρ, φ)Ae2ik2zd

(B − Ae2ik2zd )(B + Ae2ik2zd )
, (E13)

E3z(ρ, φ, z) =
∫ +∞

−∞
Edowngoing

2z,−d<z<0(kρ, φ)H (1)
1 (kρρ)T TM

21

× ei(k2z−k1z )d e−ik1zzdkρ. (E14)

By applying the plasmon pole approximation for the inte-
gration of kρ in Eqs. (E12) and (E14), these equations can be
reduced to

Eupper
1z,sw (ρ, φ, z = d ) ≈ 2π iRes

kρ,sw3∑
kρ,sw1

[
Eupgoing

z2,0<z<d (kρ, φ)H (1)
1

× (kρρ)T TM
21 eik2zd , kρ = kρ,swi

]
,

(E15)

E lower
3z,sw (ρ, φ, z = −d ) ≈ 2π iRes

kρ,sw3∑
kρ,sw1

[
Edowngoing

z2,−d<z<0(kρ, φ)H (1)
1

× (kρρ )T TM
21 eik2zd , kρ = kρ,swi

]
,

(E16)

where k̄sw1 = ρ̂kρ,sw1 + ẑkz,sw1 and k̄sw3 = ρ̂kρ,sw3 + ẑkz,sw3

are the wave vectors of excited surface waves in regions 1 and
3, respectively. For simplicity, here we define

βswi = Res

[
1

B2 − A2e4ik2zd
, kρ = kρ,swi

]
H (1)

1 (kρ,swiρ)

× Cswie
ik2z,swid , (E17)

where k2z,swi =
√

k2
2−k2

ρ,swi, Cswi = 2ε2k2z,swi.

033505-10



JANUS FACES OF DIPOLAR SOURCES IN … PHYSICAL REVIEW A 109, 033505 (2024)

FIG. 10. Field distribution of Janus faces of dipolar sources in directional near-field coupling with an oriented misalignment. The structural
setup is the same as Fig. 5(c) with the use of εr1 = εr3 = −2. (a) φtwist = 0◦, if the dipolar source is constructed by [px, pz, mx/c]/pz =
[0, 1, 1]. (b) φtwist = 90◦, if the dipolar source is constructed by [px, pz, mx/c]/pz = [i, 1, 1]. (c) φtwist = 180◦, if the dipolar source is
composed of [px, pz, mx/c]/pz = [i, 1, 0].

With the application of Eqs. (E17), Eqs. (E15) and (E16)
can be reduced to

Dupper
1z,sw(ρ, φ, z = d ) ≈ 2π i

i=3∑
i=1

[βswim1,swi]ε1, (E18)

Dlower
3z,sw(ρ, φ, z = −d ) ≈ 2π i

i=3∑
i=1

[βswim3,swi]ε3. (E19)

In Eqs. (E18) and (E19), the factors m1,swi and m3,swi are
defined as

m1,swi = Eupgoing
z,source (kρ,swi, φ)Bswi

+ Edowngoing
z,source (kρ,swi, φ)Aswie

2ik2z,swid , (E20)

m3,swi = Edowngoing
z,source (kρ,swi, φ)Bswi

+ Eupgoing
z,source (kρ,swi, φ)Aswie

2ik2z,swid , (E21)

FIG. 11. Upper and lower near-field radiation patterns of a dipolar source with [px, pz, my/c] = [i, 1, bm]. The structural setup is the same
as Fig. 1, except for the dipolar component of the source. (a) bm = −100. (b) bm = −10. (c) bm = −1. (d) bm = −0.1. (e) bm = 0.1. (f) bm = 1.
(g) bm = 10. (h) bm = 100.
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where Aswi = ε1k2z,swi − ε2k1z,swi, and Bswi = ε1k2z,swi +
ε2k1z,swi.

As an example, we show in Fig. 10 the field distribution
of Janus faces of dipolar sources in directional near-field cou-
pling with different values of φtwist.

APPENDIX F: DEFINITION OF THE TWIST ANGLE
WHEN

√
1 + ( k0

kz,sw

mx/c
px

)
2 = 0

This section serves as the complementary information for
Eqs. (1) and (3) in the main text.

If the outcoupler locates at the upper side of the source
(Appendix D), the field distribution of excited TM surface
waves can be expressed as

Dupper
z,sw,z=d (φ) = D1

[
k0

kz,sw

mx

c
sinφ − pxcosφ + kρ,sw

kz,sw
pz

]
,

(F1)

where D1 = 2π iRes[T TM
21 , kρ = kρ,sw]k2

ρ,sweikz,swd H (1)
1 (kρ,swρ )

1
4π

. In the main text, we discuss the case with√
1 + ( k0

kz,sw

mx/c
px

)
2 �= 0. Below we discuss the case with√

1 + ( k0
kz,sw

mx/c
px

)
2 = 0.

When
√

1 + ( k0
kz,sw

mx/c
px

)
2 = 0 (namely, k0

kz,sw

mx/c
px

= ±i), by
using Euler’s formula, Eq. (56) can be reexpressed as

Dupper
z,sw,z=d (φ) = D1(−px )

[
ei( ik0

kz,sw
mx/c

px
)φ +

(
−kρ,sw

kz,sw

pz

px

)]
.

(F2)

The near-field radiation patterns are calculated by using
|Dupper

z,sw,z=d (φ)| of the excited surface waves on the upper
interfaces, and the angular direction with the maximum
radiation has |Dupper

z,sw,z=d (φ = φ
upper
max )| = max[|Dupper

z,sw,z=d (φ)|].
| kρ,sw

kz,sw

pz

px
| should be close to 1, in order to make the field of

Dupper
z,sw,z=d (φ) highly asymmetric with respect to φ, namely,

| Dupper
z,sw,z=d (φ=φ

upper
max )

Dupper
z,sw,z=d (φ=φ

upper
max +180◦ )

| � 1, where(
ik0

kz,sw

mx/c

px

)
φupper

max = arg

(
−kρ,sw

kz,sw

pz

px

)
+ 2mupperπ, (F3)

where mupper is an integer to ensure φ
upper
max ∈ [0◦, 360◦].

If the outcoupler locates at the lower side of the source,
we have the field distribution of excited TM surface waves
expressed as

Dupper
z,sw,z=d (φ) = D1

[
k0

kz,sw

mx

c
sinφ + pxcosφ + kρ,sw

kz,sw
pz

]
.

(F4)

FIG. 12. Complementary information for Fig. 4(a). The structural setup is the same as Fig. 4(a), except for the surrounding environment
of the dipolar source. (a), (b) Near-field and far-field distribution of a dipolar source with [px, pz, mx/c]/pz = [0.42i, 1, 1] in free space.
(c), (d) Field distribution of excited surface waves when this dipolar source is in a three-layer structure. To facilitate the comparison between
the results in (a), (b) and Fig. 4(a), the results in (c), (d) are exactly adopted from Fig. 4(a).
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FIG. 13. Complementary information for Fig. 4(b). The structural setup is the same as Fig. 4(b), except for the surrounding environment
of the dipolar source. (a), (b) Near-field and far-field distribution of a dipolar source with [px, pz, mx/c]/pz = [i, 1, 0.42] in free space.
(c), (d) Field distribution of excited surface waves when this dipolar source is in a three-layer structure. To facilitate the comparison between
the results in (a), (b) and Fig. 4(b), the results in (c), (d) are exactly adopted from Fig. 4(b).

Accordingly, we have φlower
max which can be expressed as

(
− ik0

kz,sw

mx/c

px

)
φlower

max = arg

(
kρ,sw

kz,sw

pz

px

)
+ 2mlowerπ, (F5)

where mlower is an integer to ensure φlower
max ∈ [0◦, 360◦]. Upon

close inspection of Eqs. (F3) and (F5), mathematically, we

have∣∣φlower
max − φupper

max

∣∣ = 2 arg

(
kρ,sw

kz,sw

pz

px

)
− π + 2mupper

lowerπ, (F6)

where mupper
lower is an integer to ensure |φlower

max − φ
upper
max | ∈

[0◦, 360◦].
Accordingly, the twist angle for Janus faces of dipolar

sources in directional near-field coupling can be defined as

φtwist =
{

mod
(∣∣φlower

max − φ
upper
max

∣∣, 360◦), if mod
(∣∣φlower

max − φ
upper
max

∣∣, 360◦) ∈ [0◦, 180◦]

360◦ − mod
(∣∣φlower

max − φ
upper
max

∣∣, 360◦), if mod
(∣∣φlower

max − φ
upper
max

∣∣, 360◦) ∈ [180◦, 360◦]
. (F7)

APPENDIX G: MORE DISCUSSION
ON OTHER DIPOLAR SOURCES

Regarding the dipolar source with [px, pz, my/c] =
[i, 1, bm], the resultant near-field radiation patterns are plotted
in Figs. 11(a)–11(h) with various values of bm. According
to Fig. 11, four distinct cases can be obtained. First, both
the upper and lower near-field radiation patterns have no
clear directionalities along the x̂ direction; see Figs. 11(a)
and 11(h) with bm = ±100, for example. Second, either
the upper or lower near-field radiation pattern has no clear

directionality along the x̂ direction, such as those in Figs. 11(c)
and 11(f) with bm = ±1. Third, both the upper and lower
near-field radiation patterns have clear directionalities along
the x̂ direction and have a twist angle φtwist = 0◦, such as
those in Figs. 11(b) and 11(g) with bm = ±10. Fourth, both
the upper and lower near-field radiation patterns have clear
directionalities along the x̂ direction and have a twist angle
φtwist = 180◦, such as those in Figs. 11(d) and 11(e) with
bm = ±0.1. In short, the dipolar source with [px, pz, my/c] =
[i, 1, bm] cannot realize the complete control of the twist
angle.
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APPENDIX H: MORE DISCUSSION ON FIG. 4

To facilitate the understanding of the results in Figs. 4(a)
and 4(b), the near-field and far-field distributions of the corre-
sponding dipolar source in free space are plotted in Figs. 12

and 13, respectively, which serve as the complementary infor-
mation for Figs. 4(a) and 4(b). The near-field distribution of
the dipolar source in free space in Figs. 12 and 13 might pro-
vide some qualitative guidance for understanding the results
in Figs. 4(a) and 4(b).
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