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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

©2024 American Physical Society
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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 ¢,,). (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 [D;%,"_,(¢) | and |[DL%e".

Z,8W, 2=

sw,z=d

_a(@)|, respectively. These radiation patterns have the same shape

but have the feature of an oriented mlsahgnment and this twist angle also corresponds to the angle between the angular direction having

upper

max[lDz,sw,z:d

Z,8W,Z=

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
p = Xp. + Zp, and a magnetic dipole moment 1 = Xm,, and
it is located inside the vacuum region with a vertical dis-
tance of d = 0.5A¢ to the designed interface, where A 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 D, of the excited TM
surface waves at this upper interface can be obtained

k my SW.
as DI (@) = Do[ - "sing — p.cos + p; Kpow *], where
kew = Dkp,sw + 2Kz sw 18 the wave vector of the excued sur-
face wave in the region of vacuum, k; o = «/k2 k2

0,SW?
[0°,360°] is the angle between pk, s and the unit Vector X,

Dy is a ¢-independent factor (see Appendix C), ky = w/c,

(¢)]] (orange arrow) and that having max[lDlower __a(®)I] (green arrow).

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

vacuum. Below we consider the case with vV 1 + (kk—0 m*—/c) #*

0; see the discussion about the case with ,/1 4+ ( kko s ”) =

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

2
upper o ko my/c
DZ,SW,z:d(¢) - DOPx 1 + k
zsw  Px

kosw p:
x | sin (¢ + go) + ———L | (1)
T+ (2555
where ¢ is a constant angle with
sin ¢y = ! >
T ()
and
ko myfc
cos ¢y = kw—pz
T (25 55)

Since k, o would be purely real and ks, would be
purely imaginary for the TM surface wave under the lossless
condition, the value of ¢y in Eq. (1) would be a real num-
ber if M is purely imaginary. Then we can express ¢y =
90°— arctan(— Ko ‘/C) + m x 180°, where m = Q or 1 to en-
sure ¢p € [0°, 3600] Furthermore, the field of D™ _ (¢)

w,z=d
could be highly asymmetric with respect to ¢, naméfy, )

D™ _ (¢ = 90° — o)
DI (¢ = 270° — ¢y)
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or obtained as
D™ _ (¢ = 90° — o) ko mejc\?
2.sW.2=d lower 0 X
<1, D7 G =—a(9) = Dop, 1+< >

Dlzl.psg:.rz:d((ﬁ =270° — ¢p) z,8wW,z=—d x kz,sw e
if £ is purely imaginary. In other words, we can real- ’;;*W&
. P . . . . sw Px
ize the near-field directionality at the upper interface under X | sin(¢ — ¢o) + NI
the condition of both /¢ and % being purely imagi- 1+ (ﬁ P )
nary. Note that if p, = 0, these conditions are equivalent to 2)

m;—{c being purely real. Under the occurrence of this near-

3 Im /c
field directionality, the angular direction with the maximum Similarly, when both and are purely imaginary if

radiation has |D™ _ (¢ = ¢re™)| = max (D™ _ (¢)]),  Px # 0 or when i is purely real 1f py = 0, the near-field

Z,5W,2=d z,8W,z=d

where gnr = mod(90° — ¢, 360°) if directionality can also emerge at this lower optical interface.
Accordingly, when we denote |Dl°;‘(§r77_ (@ = plover)| =
],i”—s:f? 0 max (|DIZ°;”;r,7_ 4(@)1) for this near-field directionality, we
o e have ¢!V = mod(90° + ¢y, 360°) if
T+ (5 50) .
p.sw Pz
kesw Px
in Eq. (1) and ¢ = mod(270° — ¢, 360°) if N >0
T+ (75 %5)
ke . in Eq. (2) and ¢§g§f = mod(270° + ¢y, 360°) if
2
L+ () fe
2w Px ke sw Dx : < 0'
If the optical interface is at z = —d and located at the 1+ ( -~ m;{ C)

lower side of the source, the induced field distribution of

1 i ti f Egs. (1 d@ th ticall
excited TM surface waves at this lower interface can be Upon close inspection of Eqs. (1) and (2), mathematically,

we have

J

DI (@)] = DN _ (@ — dwis)| or DI (9] = DN 3)
where
’ | foa — i . it [@loner — guin| € 107, 180°] @
3600 — |glomer — gumRer|, i [glover — G| € [180°, 360°]

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 ¢yyis € [0°, 180°].

With the knowledge of ¢y and ¢1°%°" Eq. (4) can be rewritten as

max °

my

180° — 2 arctan (—kk—"wp:), if arctan( k“ ‘/C) € [0°,90°]

twist — 180° + 2arctan( k() m;fc)’ if arctan( k.n x/C) c [ 900 OO]

&)

(

Equation (5) indicates that the twist angle between the p» and m,. We point out that the Janus faces of dipolar
induced near-field directionalities in the lower and upper inter- sources with an arbitrary twist angle in the directional near-
faces is merely determined by the factor — % m*/ <, irrelevant  field coupling revealed in this work have not been thoroughly
to p.. This is despite the fact that the near-field dlrectlonahty investigated, despite the recent investigation on the flexible
at the lower or upper interface, as governed by Eqs. (1) and manipulation of both the amplitude and phase of guided
(2), originates from the interference of all evanescent waves ~ modes excited by a dipolar source [30,54,55] and recently
induced by p., m,, and p.. The underlying reason is that the the extensive studies of twistronics [56—62] and twisted optics
distribution of evanescent waves induced by p. has the rota-  [63-72].
tional symmetry in the x-y plane and is thus ¢ independent, Holding upon these general arguments, we show the
while that induced by p, and m, has the odd symmetry in possibility to realize Janus faces of dipolar sources in the
the x-y plane and is thus ¢ dependent. This way, under the  directional near-field coupling with a twist angle of ¢ist =
existence of p., the Janus faces of dipolar sources with an 0% in Fig. 2(a), ¢wise = 90° in Fig. 2(b), and ¢yise = 180°
arbitrary twist angle in the directional near-field coupling are ~ in Fig. 2(c). To facilitate the conceptual illustration, below
achievable by the judicious design of dipolar constituents  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 ¢,, = —2. The dipolar source is composed of an electric dipole

moment p = Xp, + Zp, and a magnetic dipole moment 7 = xm,. (a) Puisr = 0°,
1, 1]. (c) Pwise = 180°, if a circular electric dipole is used, namely, [py, p;, m./cl/p. =

[07 ]s l] (b) d)lwist = 900’ if [va Dz mx/c]/pz = [l,
[i, 1, 0]. Here and below, p, = 1 Cm is used.

permittivity of —2. Then, we have — k° =i in Eq. (5), and

Eq. (5) can be reduced to

osw

180° — 2arctan ‘/C, if ’fjl/f >0
Prwist = § . (6)

ot 180° + 2arctan %, if f[/)‘ <0
When ¢uiss = 0° in Fig. 2(a), this requires % —

400 in Eq. (6). Accordingly, the dipolar source has
[px, Pz, my/cl/p; =10, 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 % = ¢ [73-76]. When ¢y = 180°
in Fig. 2(c), ‘/ ¢ =0 is needed, and the dipolar source
starts to have [px, ., my/cl/p; =1[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 @uisc = 90° in Fig. 2(b), m‘[/f = 1 should be
satisfied. That is, the dipolar source has [p,, p., m./cl/p. =
[i, 1, 1]. Since [Pxs P mx/c]/pz [0, 1, l]Huygens dipole +
[i’ 0’ 0]elec[ric dipole = [l’ L O]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 p * being purely imaginary and € be-
ing purely real, we can let [px, Pz my/cl/p; = [a.i, I , b,
where a, and b, are both real numbers. For conceptual illus-
tration, below we consider the case with a, > 0 and b,, > 0.
Then, the twist angle in Eq. (6) can be simplified to

by
— 2arctan —. @)

Qe

¢twist = 180°

Equation (7) indicates that the twist angle would vary from
0° to 90°, if the factor % changes from 1 to 4-00; see the

if a Huygens dipole is used, namely, [p., p,, m./cl/p, =

blue dash-dotted curve in Fig. 3. For example, if a, = 0.42
and b,, = 1, we have @5y = 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 b,, = 1, the source’s dipolar constituents can
be reexpressed as

[px, pzs my/cl/p:
= [0, 1’ 1]Huygens dipole + ae[ia 07 O]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 l;—’" changes from O to 1, as shown by the or-
ange dashed curve in Fig. 3. As a typical example, we have

[Py, P2, mJ/clip, =[ac, 1, by]

180
Huygens electric
dipole dipole
135 [ p=2p, _ _ !

twist angle @ (deg)
[(e]
o

£-3
o

magnetic
dipole

,,,,,
e
o
o

04" Huygens dipole

0.2 0.5
a\?

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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0 max
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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 ¢, = —2. (2) dwisx =
45°, if the dipolar source is constructed by [p., p., m./cl/p, =
[0.42i, 1, 1]. (b) ¢wis = 135°, if the dipolar source is composed of
[Py, P2y mi/cl/p. = [i, 1, 0.42].

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

[Pxs Pz mi/cl/p: = [i, 1, Olciccutar electric dipole
+ bm [07 07 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 ¢uisc €
[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.
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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,

V x E(F) = iopH (), (AD)

V x H(7) = —iwsE(F) + J(7), (A2)
where u = pol,; € = €o0&; & and po are the permittivity
and permeability of vacuum, respectively; ¢, and u, are the
relative permittivity and permeability for the homogeneous
medium where dipolar source locates, respectively.
From Eqgs; (Al) and (A2), we can obtain the following
equation for E (7):
V x V x E(F) — K’E(F) = iopJ (7). (A3)

To solve Eq. (A3), we can express the electric field E (7) by
the dyadic Green’s functions G(7, 7'):

E(F) = iop / / / dr'G(F, F)J(F).

Similarly, for the source in Eq. (A4), J(#') can be expressed

as
J(7) = / / / drs(F — FHLI(F).

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

V xV xGFF)—kKGFF)=I18GF—F).

(A4)

(A5)

(A6)

From Eq. (A6), we can further express (z}(?, 7) by the
scalar Green’s function as
= , = 1 ,
G(F,7) = |:I + EVV}g(f, 7). (A7)
By substituting Eq. (A7) into Eq. (A6) and after some

calculations, we can have
A

. elklr 7|

gr, 7) =

== . A8
4r|F —F| (A8)

For a dipolar source with an electric dipole moment of
p(#), we have J(#) = %. By substituting Eqs. (A7) and
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(A8) into Eq. (A4), one obtains Eq. (A9):

_ ap(7) etk
E I \A% A9
(r) = lwu[ +k } 5 Ay (A9)
Furthermore, from Egs. (A1) and (A9), one obtains
B (7)) e'kr
AF =v x 2T e (A10)

ot Amr

From Egs. (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 p(F)=p-8(F), and we have
W) — —jwp(F), where p = &ps + 9py + 2p..

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

eikr i 400 eikxx+ikyy+ik: z]
= dkdk,,
r 27 JJ oo k,

ipy 92

(Al1)
|

EfSanie(Ps 9, 2) = 2o

k;
+ ip; 24+ 9° / ky
8re 972 k,

IH (k)

. AHD (k
Since — e = ( o0)

(1)(kp,o)k cosp, ——L— =

electric lp X
Ez source(p’ ¢,2) = %

—0Q

: +00
ip; kp 1) 2 ikl
—H, k k dk,.
* Swe / . Ho (Kop)

L H" (kyp)e™ ldk,.
—H{" (k,p)kysing, and L e = ik. 5

. HD 2 ik. ipy
—sign(z)iH| " (k, p)k,cosgpe™ dkp+%

where k, = (k — kK2—k2) = (k> — k2)*. We denote the an-
gle between 12,, and X as o and the angle between p and X
as ¢. Accordingly, 12,, = Xk,cosa + Pk,sina, p = Xpcosp +
Ypsing, and dk,dk, = k,dk,da. Then we have k.x + kyy =
k,pcos(cc — ¢). By substituting the above information into
Eq. (Al11), Eq. (A11) can be reorganized into

+o0 |
21/ / tkppcos(ct ¢)dak lk |Z|dk (A12)

By applying the integral identity for Bessel functions
and the fact that Jy(k,p) = 2[H(l)(kp,o)—i—H(z)(kp,o)] and

Hé])( k,p) = —Héz)(kpp), Eq. (A12) can be reexpressed as

ikr +00 k ;
< L / CHo (kyp)e" k. (A1)
—00

ke

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

+00 k . 32 +o00 k
/ "H“)(k )k Izldk 4 Py 1y / pH(l)(k )k Izldk

8re E)yaz k,

(A14)

el Eq. (A14) can be reduced to
400

—Sign(Z)iHl(l)(kpp)kﬁsinqbeikZ‘z‘dkp

—0Q

(A15)

Under the condition of Hél)(kp,o) = iHl(l)(kp,o) with k,p — o0, Eq. (A15) can be reduced to

8me

+o00 1 k
ESe (p, ¢.2) = / <—— ’V—Slgn(z)(PxCOW + pysing) + p, -~ k Dsz‘”(kpp)e”‘ dk,.

—00

(A16)

By substituting Eq. (A13) into Eq. (A10), we have the magnetic field induced by an electric dipole moment p = Xp, + Jp, +

Zp. as follows:

i T
H;lsg:lrcce(pﬁ,z):/ |:8—(pxs1n¢ p}cosqb)]

—00

H  (k,p)e"Hdk,. (A17)

<.

Similarly, we can obtain the field distribution induced by a dipolar source with a magnetic dipole moment m(F) =m-8(F)
through the usage of duality principle [E(F) — H(F), H(F) — —E(¥), &8 — [, 4 — &, and p — um], namely,

400 o k2 . "
E e (0, §,2) = / [—g(mxsind) - mycos¢>} LH (k) dky,
— 2

oo

400 1 k
HE 0.0 = [ (=] sienomcosg + msing) + m.

—00

(A18)

])sz(”(k p)e*dk,. (A19)

Z

Then, we can get the total field induced by a dipolar source with an electric dipole moment p and a magnetic dipole moment

m as follows:

Ez,source (p,¢9,2) =

Hz,source (:0 ’ ¢a Z)

electric magnetic
Ez source(lo7 ¢’ Z) + Ez,ssgurce (,O, 4)’ Z)’
electric
HZ source

(. ¢, 2) + HJ2& (p, . 2).

(A20)

(A21)
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JANUS FACES OF DIPOLAR SOURCES IN ... PHYSICAL REVIEW A 109, 033505 (2024)

lower radiation pattern of upper radiation pattern of twist angle between the lower
excited surface wave at z=-d  excited surface wave at z=d and upper radiation patterns
¢Iower ¢upper ¢twist

4

FIG. 5. Conceptual illustration of the twist angle with @iower > @upper- Here, the upper and lower near-field radiation patterns are calculated

by using [D}"%" _,(¢)| and |DY3".__(¢)] 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, |D“pjfr= (@)= |D£,‘,’:V\jfz} (@ — Duwis)|

or [DIP _ ()] = [D°%" __ (¢ + Puwise)|- The definition of yyis is schematically provided in the plot, which is always within the range of

Z,8W,Z= Z,5W,2=

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

. ) ine(d ing ) . .
dipolar source is denoted as EPE0ng(@OV1£0) The regions above and below the outcoupler are denoted as region 1 and region 2,

Z

respectively. The relative permittivity in region 1 and region 2 is ¢,; and ¢,,, respectively. The relative permeability in region 1
and region 2 is i, and w2, respectively. Below we first calculate the field distribution in region 1, namely,

+00
Eip .2 = [ B 9 ()R RN, 1)
—00

Region 2 can be divided into two parts with 0 < z < d and z < 0. For 0 < z < d, the total field for E, can be expressed as
400

Egz<z<d(p’ b,2) = / Eupgoing(kp’ ¢)[eik23z + R}{\/IeZikZZdefikzzz]Hl(1)(kpp)dkp. (C2)

z,source
—00

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

+00
E5X(p.¢.2) = / [ELmed™ (k. @) + EX280eE (ko IR [HID (kpp)e ™" d k. (C3)
—0oQ
lower radiation pattern of upper radiation pattern of twist angle between the lower
excited surface wave at z=-d  excited surface wave at z=d and upper radiation patterns
¢Iower ¢upper
k ' K . / (
/ 4

twist

FIG. 6. Conceptual illustration of the twist angle with ¢iower < Pupper- The twist angle is schematically defined in the plot and is always
within the range of 0°—180°.
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(a) source below the outcoupler (b) source above the outcoupler (c) source in the middle

£r1<0
= = z=d =

Pz = Pz = Pz .
X X X -
source —gp 5 g “ o5 €,=1

X X X

Z=-

€r3<0

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;?M = —22K= _ ig the transmission coefficient, and RTM = £ka—f2ki j¢ he reflection coefficient.
erko+e2ks, 21 erky.+erky;

When the dipolar source is composed of an electric dipole moment p = Zp, 4+ Xp, and a magnetic dipole moment m = xm,,
Eq. (C3) can be reduced to

+00
Ei(p.$.2) = / ELR0e (k. 9)H, (kpp) Ty M el (C4)
—0o0
where
in 1 k iy  sing
EMENe (b, ¢) = [—%<—PXCOS¢ + Pzé) e . k2. (C5)

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

upper(p b,z = d)~ ZJTlRGS[Eupgomg(kp, ¢)H(l)(kpp) ™ zkzd kp — kp,sw]

1z,sw z,source

= 2B (k, o, IV (K wp) ™= Res[ M, &, = Kpsw]. (C6)

z,source

where kg = Pk, sw + 2k, o 1s the wave vector of excited surface waves. When v'1 4 ( k"“ '"*/ ©) #0, where ky, o =
Vk3—k% o, k3 = eap0ks, ko = w/c, w is the angular frequency, and c is the speed of light in free space. Then Eq. (C6)

0,SW?
can be reduced to

kP~SW Pz
u er kO mx/c 2 . Kozow Pr
D () = Eoslpx\/l + <_k —) sin (¢ + ¢o) + o P = | (C7)
2z,sw  Px 14+ (kzlziw m;)_A/C)
1 kko my/c
where Eg = 2miResI M, ky = koG o e H{V ey up) 2t sin(d) = ——=1—, cos(¢hy) = —E2L, ¢y =

2
c mX/<
1+(1‘22 sW ”’f ) g o k7 swo Px

90°— arctan(— < e/ C) + m x 180°, where m = 0 or 1 to ensure ¢ € [0°, 360°]. Here, the matter for region 2 is vacuum,

and ky, gy 1 reexpressed as k; s in the main text. If |/ 1 + (= k“ e/ C) = 0, the relevant discussion is provided in Appendix F.
As an example, we show in Fig. 8 the field distribution of excued TM surface waves at the interface of z = d with different
values of @ypper-

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 ¢,, and &,3,
respectively. The relative permeability in region 2 and region 3 is u,, and u,3, respectively. For region 3 with z < —d, the total
fields of E, can be expressed as

+0o0

Ex(p. $,2) = f ELi" (ko 9)H{ (ky p) Ty W0 o= (D1)

z,source
o0
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(a) ¢upper =90° (b) ¢upper =45° (C) ¢upper =0°
N — =
@2 G2 &>
* ”
[ > [ < (] -
[Py Pz m/cl/p, =[0, 1, 1] [Py Pz m/cl/p, =[i, 1, 1] [P Pz, m/cl/p, =[i, 1, 0]

I max
|Re(Dz)|

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 &,y = —2. (a) Pypper = 90°, if the dipolar source is constructed by [ps, p;, mc/cl/p, = [0, 1, 1]. (b) @ypper = 45°, if the dipolar source is
constructed by [p,, p., m./cl/p. = [i, 1, 1].(c) ¢upper = 0°, if the dipolar source is composed of [p., p., m./c]/p. = [i, 1, O].

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 E, can be
expressed as

400
EQ_Zd<Z<O(,0, ¢’ Z) — / Ezdggl?r%(e)mg(kp’ ¢)[e—lk21z 4 Rg\/[eszz zkz z] (1)(kpp)dk (D2)
—00
For the part with z > 0, the total field of £, can be expressed as
+o00 n
0 d T™ 2iky.d7 ik,
B0 0,20 = [ [ETEREG. 6)-+ BRIy RN k)l 03)
—0oQ
In the above equations, T3M = —20kx__ ¢ the transmission coefficient, and RTM = £ka—82ki ¢ the reflection coefficient
e3ka.+eaks; 23 e3ka.+e2ks;

RIM _ e3ko: —&aks;
3T eskpterks: o
For the outcoupler below the source, similarly, we have

1 k w,uz sinq§
Edowngomg k,, . cos ~P ) _ k2 D4
< source ~(Kp, @) [ Sres <+px ¢+ p; kz) Pl e (D4)
E(p. ¢, 2= —d) = 2miRes[EL00E™ (ky, 9)H| " (kp 0T, Ky = kip ]
= 2 iELTENE (kg §IH, (K p s p)e™ = Res[ T, ky = Kposu ] (D5)
ko my/c 2 /]?Jp_
. 0 X . zsw Px
DY (¢) = Eogzpi [ 1 + ( P ) sin (¢ — o) + % : (D6)
27,5W X my
1 + (kZL sw Px)
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 @ower-
a ¢Iower =90° b q’lowear_‘]?’5 C ¢I0wer_180
[Py, Pz, m,/cl/p,=[0, 1, 1] [Py, P2, m,/clip, =i, 1, 1] [Py, Pz, my/cl/p, =[i, 1, 0]
|Re(Dz)|

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 £,3 = —2. (a) Prower = 90°, if the dipolar source is constructed by [p., p,, m./cl/p, = [0, 1, 1]. (b) ¢iower = 135°, if the dipolar source is
constructed by [p., p., m./cl/p. = [i, 1, 1]. (c) power = 180°, if the dipolar source is composed of [p,, p., m./c]l/p. = [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=4d (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 ¢,1, &2, and &,3,
respectively. Then we first calculate the E, field distribution
inside region 2. The field above (below) the dipolar source is
denoted as £ PEome(dovnzoing),

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

upgoing ik upgoing ik downgoing »TM p2ika:d ik
E 17Z Epg glzZ+E R 1Kz leZ’

2z,0<z<d z,source 2z,—d<z<0
(ED)
downgoing ,—iky.z _ pupgoing  pTM ,2ikyd ,—iks:z_
E21,0<z<d - E2z O<z<dR21 e (E2)

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

upgoing iky.z __ prdowngoing HTM 21k2 d ikzZz
EZZ —d<z<Oe - E2z —d<z<0R ’ (ES)
downgoing —ik,.z Edowngomge—lkz 2
2z,—d<z<0 z,source

upgoing HTM 2zk d —ik
+ EZZ 0<z<dR = s (E4)

On the basis of Egs. (E1)—-(E4), we have the E, total field
in region 2 as follows:

upgomg
2Z O<z<d (kﬂ ’ (p)

upgomg downgoing TM 2k
_ Ezsource (Kps @) + Ezsource (Ko, IRy €™ 22d (E5)
= 1— R"zr%v[ e2ika:d ng plika.d ,

downgoing T™ 2ik>.d
Ez,source (kpv ¢)R23 e

Eupgomg k,, : - , E6
d<z<0( P )= 1 _RTM ZlkszRTMeZIksz (E6)
ngomg ™ 21k d
downgomg( ¢) zsource(k ‘P)R * (E7)
21 O<z<d P’ TM ,2iky.d RTM ,2iky.d °
— Ry M et Ry et
downgoing
E21,—d<z<0(kp’ ¢)
downgoing upgoing TM 2ik>.d
_ Ez,source (kp’ ¢) + Ez source (kpa ¢)R21 e (E8)
- 1— RTMeZIkZNdRTMezikZ:d :
21 23
i TM _ £iky—eski ™ _
In the above equations, R,;" = " and R,y =

ko, —e2k3, . i
S50 are the reflection coefficients.
e3ko +e2ka;

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

+00

Ev(p.¢.2) = / EYPSNE (koo 9)H " (kp0) T
—00
x et ghigy, (E9)

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

+o00
o
Es(p,¢.2) = / By (ko §)HL Gy 0) T3
—00

x ei(kzz—kzz)de—ikzzzdkp' (E10)

— TTM — 262k,

T eskoterks; is the

In the above equations, TleM
transmission coefficient.

Under the condition of g, =¢g,3 (namely, regions 1
and 3 are the same), we have R}V = RIM = B, ™ = g,
A = erky, — &2k, B = €1ky; + €2k, and C = 282](21 These

above equations (ES) and (E8)—(E10) can then be reduced to
EPS™E (Ko, )
ER5mes (kp, $)B + Esouie e (ky, ¢)Ae2d
(B _ Aez’kld)(B + AeZikgzd)

. (E1D)

+0o0o .
Bip .= [ B 0 e )T
—00
ei(kaklz)deiklzzdkp , (E12)
Edowngoing (k d))
2z,—d<z<0\"P>
ESUE ., )8 + BRIk, ) A
_ By, 008 + BNy, AT

(B —Aez’szd)(B —i—Aez‘kad)
+o0 d ) 0 -
owngoin,
E21,7dg<z§0(kpv ¢)H| (kpp)T21

Ev(p,¢.2) = f

X ei(kZZ,_kl:)de_iklzzdkp .

oo

(E14)

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

kp.sw3
B0 0,2 = )~ dmies 3 (B 001"
kp.swi
x (ko) Te ky = ki,
(E15)
kp.sw3
o
ES(p, ¢,z = —d) ~ 2xiRes Y [ES™00 (&, ¢)H"
kp‘SW]
X (ka)TleMeikzzd’ ky = kP~SWi]’

(E16)

where ]Eswl = ﬁkp,swl + 2kz,swl and ]Esw3 = Ibkp,SWS + 2kz,sw3
are the wave vectors of excited surface waves in regions 1 and
3, respectively. For simplicity, here we define

1
Bswi = Res[m’ kﬂ = kp,swi]Hfl)(kp,swip)

x CyyieFzmid (E17)
/1.2 2
where k21,sw1 k kp swi? C§w1 = 282k21,swi-
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(a) Prwist =0°

a2
<

[Px P, m/clp, =[0, 1, 1]

0

(b) Prist =90° (c)

Bowist =180°

[Px P, mJ/clp, =[i, 1, 1]

max
|Re(Dz)!

'(@k» ’
\w

-—

[Pw P2, my/cl/p,=[i, 1, O]

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 ¢,; = €,3 = —2. (a) ¢wisr = 0°, if the dipolar source is constructed by [p., p,, m./cl/p, =
[0, 1, 1]. (b) Puise = 90°, if the dipolar source is constructed by [p., p;, m./cl/p, = [i, 1, 1]. (¢) ¢wis = 180°, if the dipolar source is

composed of [p,, p,, m./cl/p, = [i, 1, O].

With the application of Eqs. (E17), Egs. (E15) and (E16)

can be reduced to

i=3

Dy (p. ¢z =d) ~ 2mi Z [Bswimi,swiler,

i=1
i=3

D (p. ¢,z =—d) ~ 2mi Y [Bwim swiles.

i=1

(@) no directionality

along X at z=+d

[Px: P2, my/c] =i, 1, -100]
(h) . .
no directionality
along X at z=+d

[Py P, my/c] =[i, 1, 100]

outcoupler at z=d

defined as

In Egs. (E18) and (E19), the factors m ¢ and mj3 ¢ are

my swi = Eupgomg(kp,swi’ @)Bgwi

z,source

E18) + Ezd,(s)gll?r%‘;ing (kp,swi’ ¢)Asw132ikzz'md, (E20)
(E19) ms3 swi = Ezd,osgl?l‘%ging (kp,swiv ¢)Bswi
+ Ezlfgcg)ﬁiﬂf (kp.swi» P)Agie? e (E21)
Prwist =0° © ho directionality ¥ Brist =180°
along X at z=-d
[i, 1, -10] [, 1, -1] i, 1,-0.1]
Powist =0° ® no directionality () Bt =180°
along x at z=d
[ 1, 10] 1.1 [P, P, my/c] = [i, 1, 0.1]

outcoupler at z=-d

FIG. 11. Upper and lower near-field radiation patterns of a dipolar source with [p,, p,, m,/c] = [i, 1, b,,]. The structural setup is the same
as Fig. 1, except for the dipolar component of the source. (a) b,, = —100. (b) b,, = —10. (¢) b,, = —1.(d) b,, = —0.1. (e) b,, = 0.1. (f) b,, = 1.

(g) b, = 10. (h) b,, = 100.
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where  Agwi = &1kaz swi —
82klz,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 ¢yyig-

&2kizswis and By = e1kozswi +

APPENDIX F: DEFINITION OF THE TWIST ANGLE
WHEN /1 + (o mele )t )

5w Px

This section serves as the complementary information for
Egs. (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

kp sW i|
oo 2]

ko m
kz,sw c
(F1)

EPS}‘):rZ_d (¢) = —sin¢g — pycos¢ +

where Dy = 27 iRes[T]M, k, = ky g 1K2 o, e H{" (ko 0)
1

—. In the main text, we discuss the case with

\/1—|—( kkO m*/c ) #0. Below we discuss the case with

,/1+(%’”;—X/C) =0.

(a) dipolar source in
vacuum
(without outcouplers at z=+d)

vacuum
Tl e i e i s
Py -
mX
=+=KF—) vacuum
X
Z:-d ———————————————————
vacuum
(b)

source
@

[Py, P, M,/c]/p,=[0.42i, 1, 1]

When /1 + (kk—“"’l';—/‘:)2 = 0 (namely, kk—(’m;—/‘ = +i), by

using Euler’s formula, Eq. (56) can be reexpressed as
o mase kpsw P
giz:rz d(¢)—Dl( px)|: LW Px )¢+(_k':%p_i>i|-

(F2)

The near-field radiation patterns are calculated by using
!D?i’z:; 4(®)| of the excited surface waves on the upper
interfaces, and the angular direction with the maximum
upper

radiation has DI _ (¢ = ¢mx )| = max[|DN_ L (@)]].

| e L ” | should be close to 1, in order to make the field of

Dlzlpsp;rz ,(¢) highly asymmetric with respect to ¢, namely,

| D g (p=dmx )
upper — (= ¢upper+1800)

Z,5W,2;

( lko mx_/c)(ﬁrlgzger = arg <_
kz,sw Px

| > 1, where

kp s
”—p—) + 2mppert. (F3)

z,sw Px

where mypper is an integer to ensure nx . € [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
kp, SW
Dz |-
kz, SW

(F4)

my .
—sing + p.cos¢ +

ll cr k
DI (¢) = [ °

kZ,SW

(c) dipolar source in
a three-layer structure
(with outcouplers at z=+d)

€n<0
z=d -
74 ==
I’-nX
L vacuum
Px
z=-d
€n<0

(d)

Aﬁ

<

source

<7

[Px, P, M,/C]/p,=[0.42i, 1, 1]

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 [p,, p,, m,/cl/p, =

[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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@) dipolar source in
vacuum
(without outcouplers at z=+d)

vacuum
z=d------ S -
Pz =2
mX
~ vacuum
Px
Z=-(---="— e = -
vacuum

(b)
e

?\\O,

Gy

source._.

[Px: Pz: m/Clp,=i, 1, 0.42]

() dipolar source in
a three-layer structure
(with outcouplers at z=+d)

€n<0
z=d _
74 5=
mX
— % vacuum
Px
z=-d
€n<0

<X

source_

<

[Px. P2, m/Cl/p,=li, 1, 0.42]

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 [py, p,, m./cl/p, = [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 /%" which can be expressed as

iky my/c wer kosw D
<_kz,sw ;x )¢:§axe = arg (kj,::: p_i + 2Miower T (FS)

where mjower 1 an integer to ensure ¢}§:,’fr € [0°, 360°]. Upon

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

mod
¢twist = { ( |

360° — mod(|pjone —

max

lower __
max

max |» 360°),
mx |+ 360°),

APPENDIX G: MORE DISCUSSION
ON OTHER DIPOLAR SOURCES

Regarding the dipolar source with [p,, p,,my/c] =
[i, 1, b, ], the resultant near-field radiation patterns are plotted
in Figs. 11(a)-11(h) with various values of b,,. 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 % direction; see Figs. 11(a)
and 11(h) with b, = %100, for example. Second, either
the upper or lower near-field radiation pattern has no clear

have
lower upper| _ o kﬂ,SW Pz 2 Pper F6
|¢max _d)max |_ arg k — |-+ My wer 70 s ( )
z,sw DPx
where m P> is an integer to ensure |[QINT — pubi | €
[0°, 360°].

Accordingly, the twist angle for Janus faces of dipolar
sources in directional near-field coupling can be defined as

if mod (|gloner —

max |, 360°) € [0°, 180°]
aPPer|360°) € [180°, 360°]

max

(E7)
if mod (|glover —

max

directionality along the % direction, such as those in Figs. 11(c)
and 11(f) with b,, = £1. Third, both the upper and lower
near-field radiation patterns have clear directionalities along
the % direction and have a twist angle ¢isx = 0°, such as
those in Figs. 11(b) and 11(g) with b,, = £10. Fourth, both
the upper and lower near-field radiation patterns have clear
directionalities along the % direction and have a twist angle
dwist = 180°, such as those in Figs. 11(d) and 11(e) with
b,, = £0.1. In short, the dipolar source with [py, p;, m,/c] =
[i, 1, b,] 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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