
Page 1/16

Observation of polarization-maintaining near-�eld
directionality
Xiao Lin  (  xiaolinbnwj@gmail.com )

Zhejiang University https://orcid.org/0000-0002-1833-1065
Tong Cai 

Zhejiang University
Yuhan Zhong 

the Electromagnetics Academy at Zhejiang University
ZanYang Wang 

Air and Missile Defend College, Air Force Engineering University
Dengpan Wang 

Air and Missile Defend College, Air Force Engineering University
Yi Yang 

MIT https://orcid.org/0000-0003-2879-4968
Hongsheng Chen 

Zhejiang University https://orcid.org/0000-0002-5735-9781

Article

Keywords:

Posted Date: June 6th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1661913/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1661913/v1
mailto:xiaolinbnwj@gmail.com
https://orcid.org/0000-0002-1833-1065
https://orcid.org/0000-0003-2879-4968
https://orcid.org/0000-0002-5735-9781
https://doi.org/10.21203/rs.3.rs-1661913/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/16

Abstract
Directional and highly-e�cient excitation of guided waves is closely related to the on-chip information
processing and is of fundamental importance to plasmonics, nanophotonics, and chiral quantum optics.
However, during the directional coupling between propagating waves and guided waves, there is a loss of
information about the incident polarization state. It remains elusive and challenging to preserve the
incident polarization information in the near-�eld directionality. Here we experimentally demonstrate
polarization-maintaining and polarization-dependent near-�eld directionality by exploiting a re�ection-
free, anisotropic, and gradient metasurface. The s- and p- polarized guided waves are excited only by the
s- and p-polarized components of incident waves, respectively, and they propagate predominantly to
opposite designated directions. Remarkably, the measured coupling e�ciency between propagating
waves and guided waves exceeds 85% for arbitrary incident polarization states. Our work thus reveals a
promising route to directly and e�ciently convert the polarization-encoded photon qubits to polarization-
encoded guided waves, a process that is highly sought after in the context of optical network and
plasmonic circuitry.

Introduction
The optical network typically utilizes guided waves, such as surface waves at the interface between free
space and metal, which are featured with a highly squeezed wavelength and a deep sub-wavelength skin
depth [1–3]. As such, the optical network is promising to provide a disruptive means for the manipulation
of light information at the subwavelength scale [4–7], and it �nds wide applications, for example, in
sensing, optical communication, optical computing, and bio-medicine [8–10].

A fundamental building block for optical networks is the excitation of guided waves on demand,
including their propagation direction, coupling e�ciency with the incident propagating waves, and
polarization states [11–33]. Particularly, the directional coupling between propagating waves and guided
waves is oftentimes regarded as a primary step towards the advanced optical network. As a result, the
exotic phenomenon of near-�eld directionality has been extensively studied, by exploiting the quantum
spin Hall effect of light [21–23] and beyond [30–33]. That is, various judiciously designed subwavelength
structures (e.g. asymmetric gratings) [17–20] and complex dipolar sources (e.g. circularly polarized
dipole, Huygens dipole, and Janus dipole) [11–16] have been revealed useful in the realization of near-
�eld directionality. Moreover, due to the recent advancement in metasurfaces, it is reported possible to
achieve the high coupling e�ciency between propagating waves and guided waves by using gradient
metasurfaces [25–29]. Remarkably, this scheme is applicable in the near-�eld directionality, whose
coupling e�ciency can be enhanced up to 25% [28].

A next critical step for the near-�eld directionality is to preserve the polarization state during the coupling
between propagating waves and guided waves, since the polarization of light can provide an extra degree
of freedom to encode the information in optical networks. However, this polarization-maintaining near-
�eld directionality remains un-explored especially for surface waves, partly because of the p-polarized
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nature of most surface waves in the optical range [17–20, 35–39]. Actually, the polarization-maintaining
near-�eld directionality with high coupling e�ciency remains elusive and an open scienti�c challenge,
despite its importance to the further development of optical networks.

Here we propose a feasible scheme towards the polarization-maintaining near-�eld directionality with
high coupling e�ciency, by depositing a re�ection-free, anisotropic, and gradient metasurface close to a
meta-waveguide [Fig. 1]. The underlying mechanism has two folds. On the one hand, the anisotropic
metasurface behaves as a px dipole array with a certain phase gradient under the illumination of p-
polarized propagating waves, while it becomes equivalent to a py dipole array with the opposite phase
gradient under the incidence of s-polarized propagating waves; see the schematic in Fig. 1. This way, the
p-polarized (s-polarized) guided waves are excited only by the p-polarized (s-polarized) component of
incident waves and would propagate predominantly to one designated (the opposite) direction,
irrespective of the incident polarization state. On the other hand, the optimized metasurface-waveguide
coupler can effectively suppress both the re�ection at the coupling surface and the effect of the excited
guided waves decoupling back into propagating waves. In our microwave experiments, the measured
coupling e�ciency between propagating waves and guided waves exceeds 85% for arbitrary incident
polarization states.

Results

Phased dipole arrays for the polarization-maintaining near-
�eld directionality
We begin with the analysis of the essential role of the metasurface-waveguide coupler in the polarization-
maintaining near-�eld directionality. Here we consider a two-dimensional case, where the guided waves
propagate only along the ±x̂direction [Fig. 1a-d]. At the frequency of interest, the meta-waveguide
supports both p-polarized and s-polarized guided waves with a same in-plane wavevector, namely 
kp,gw = ks ,gw = kgw; see the dispersion of guided waves in Fig. S4. The metasurface is set to be
anisotropic and have a certain phase gradient along the x̂ direction. That is, under the normal incidence
of p-polarized (s-polarized) propagating waves, the metasurface is designed to be equivalent to a phased 

px py  dipole array with N elements, pointing in the x̂ (ŷ) direction and placed along the x axis with

equal spacing a =
2π

N0∙ kgw
, where N0 is an integer. Each dipolar element has a progressive phase shift 

αp =
2π
N0

 (αs = −
2π
N0

) relative to its adjacent element under the incidence of p-polarized (s-polarized)

propagating waves.

By rigorously solving Maxwell’s equations, we have Ez(x, z) = ∫Ez kx eikxxeikz | z −z0 |dkx and 

Hz(x, z) = 0 for the phased px dipole array in free space [40], where

( )

( )
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Ez kx =
i

8π2ϵ0
kxpx0 ∙

N

∑
j=1

e ( j−1) ∙ i (
2π
N0

−kxa )

1

kz = k2
0 − k2

x , px0 is the moment of each dipole, z0 is the vertical position of all dipoles in the ẑ

direction, and ϵ0 is the permittivity in free space. By contrast, we have Ez(x, z) = 0 and 

Hz(x, z) = ∫Hz kx eikxxeikz | z −z0 |dkx for the phased py dipole array in free space, where

Hz kx =
iω

8π2

kxpy0
kz

∙
N

∑
j=1

e ( j−1) ∙ i ( −
2π
N0

−kxa )

2

and py0 is the moment of each dipole. Detailed derivation of Ez kx, z  and Hz kx, z  is given in

supplementary Section S1. Since Ez(x, z) (Hz(x, z)) is a representative �eld component for p-polarized
(s-polarized) waves, we can conclude that only p-polarized (s-polarized) guided waves would be excited
by the phased px (py) dipole array under the illumination of p-polarized (s-polarized) propagating waves.
Therefore, such a combined metasurface-waveguide coupler could well preserve the polarization state
during the coupling between guided waves and propagating waves.

The spatial frequency spectra of the phased px and py dipole arrays are shown in Fig. 1b&d, according to
equations (1–2). For illustration here and below, N0 = 5 is used, the frequency is ω/2π = 9.5 GHz, and
the in-plane wavevector of guided waves is kgw = 1.05k0, where k0 = ω/c and c is the speed of light
in free space. The ultrahigh spectral asymmetry at kx = ± kgw is achievable if N is large enough [e.g.

N = 25 in Fig. 1b&d]. To be speci�c, we have 
Ez kgw

Ez −kgw

≫ 1 for the px dipole array in Fig. 1b but 

Hz kgw

Hz −kgw

≪ 1 for the py dipole array in Fig. 1d. Such an ultrahigh spectral asymmetry in the k

space implies the possible realization of not only polarization-maintaining but also polarization-
dependent near-�eld directionality. That is, the directional excitation of guided waves with their
polarization same as the incident propagating waves can occur; moreover, the excited guided waves with
different polarizations would �ow to opposite directions; see the schematic in Fig. 1a&c.

Design Of The Re�ection-free, Anisotropic, And Gradient
Metasurface

( )

√

( )

( )

( ) ( )

| ( ) |
| ( ) |

| ( ) |
| ( ) |
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We now proceed to discuss a feasible design methodology for the desired metasurface in Fig. 2. Without
loss of generality, each supercell of metasurface has N0 unit cells in the x̂ direction; under the normal
incidence of light, the polarization of the transmitted �elds beneath each unit cell is the same as that of
the incident �elds [Fig. 2a&d], by exploiting the unique capability that anisotropic metasurface can control
the transmitted �elds for orthogonal polarizations independently. This way, the transmitted electric �eld 
Em,nbeneath each unit cell is simply proportional to the corresponding transmission coe�cient tm,n,
namely Em,n:Em,n+1 = tm,n: tm,n+1, where the subscript m = p or s represents the incident p-

polarized or s-polarized waves, and the subscript n indicates the nth unit cell within the supercell. Due to
the deep-subwavelength size of unit cells, the transmitted �eld beneath each unit cell can be reasonably
treated as a secondary point source with a dipole moment of pm,n [Fig. 2b&e], whose orientation is
dictated by the incident electric �elds. In other words, we have pm,n:pm,n+1 = Em,n:Em,n+1.

If the metasurface is re�ection-free under the normal incidence of light, the corresponding transmission

coe�cient of each unit cell should ideally have a magnitude of unity, namely tm,n = 1. Under this

condition, we have 

pm,n ∙ eiArg pm ,n : pm,n+1 ∙ eiArg pm ,n +1 = eiArg tm ,n : eiArg tm ,n +1 . As such, 

pm,n+1 = pm,n  and Arg pm,n+1 − Arg pm,n = Arg tm,n+1 − Arg tm,n  can be

obtained. Moreover, if Arg tp,n+1 − Arg tp,n = kgw ∙ a = αp and 

Arg ts ,n+1 − Arg ts ,n = − kgw ∙ a = αs, the effective dipole arrays pm,n exactly correspond

to the phased dipole arrays proposed in Fig. 1 with the designated progressive phase shifts. Therefore, 

tm,n = 1 and Arg tm,n+1 − Arg tm,n = αm for each unit cell in the supercell of metasurface

are actually the key conditions to enable the polarization-maintaining near-�eld directionality.

Due to the recent advancement in metasurfaces, these key conditions can be realized. Inspired by the
isotropic ABA meta-particles [41–45], the anisotropic ABBA meta-particles can be adopted for the design
of each unit cell in the metasurface, because they can enable us to achieve arbitrary transmission
phases, along with a high transmission amplitude. For illustration, we show one example in Fig. 2c&f; see

the fabricated metasurface in Fig. S3. The phase condition of Arg tm,n+1 − Arg tm,n = αm is

achieved, as can be seen from the perfect match between the theoretical and numerical results in

Fig. 2c&f. The magnitude condition of tm,n = 1 is approximately realized, since we always have 

tm,n > 0.9. The slight discrepancy in amplitude is mainly caused by the material loss (i.e. the material

loss in the dielectric).

Near-�eld measurement of the polarization-maintaining
near-�eld directionality

| |

| | ( ) | | ( ) ( ) ( )
| | | | ( ) ( ) ( ) ( )

( ) ( )
( ) ( )
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( ) ( )
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The fabricated metasurface can now be combined with the judiciously designed meta-waveguide. In
order to achieve the high conversion e�ciency between propagating waves and guided waves, the
vertical distance between the metasurface and the meta-waveguide should be optimized. Here the
optimized distance is 10 mm [Fig. S5]. Based on this metasurface-waveguide coupler, we carry out the
microwave measurement in Figs. 3–4. In order to clearly demonstrate the polarization-maintaining near-
�eld directionality with high coupling e�ciency, both the near-�eld and far-�eld scattering measurements
are implemented.

Figure 3 shows the near-�eld measurement. Under the normal incidence of p-polarized propagating
waves [Fig. 3a-c], only p-polarized guided waves are e�ciently excited. Moreover, 97.3% of the excited p-
polarized guided waves propagates to the right side (namely +x̂ direction). Similarly, under the normal
incidence of s-polarized propagating waves [Fig. 3d-f], only s-polarized guided waves are excited. By
contrast, 95.2% of the excited s-polarized guided waves propagates to the left side (−x̂ direction). These
measured results in Fig. 3c&f exhibit good agreements with the numerical ones in Fig. 3a-b&d-e, as
carried out by the FDTD simulation.

Observation of the polarization-maintaining near-�eld
directionality with high coupling e�ciency for arbitrary
incident polarization states
To quantitatively characterize the polarization-maintaining and polarization-dependent near-�eld
directionality, Fig. 4 shows the coupling e�ciency, namely the ratio between the excited power of guided
waves propagating to the designated direction (Pp,gw,right + Ps ,gw , left) and the total incident power
of propagating waves (Pincident = Pp,pw + Ps ,pw). Here Pp,pw and Ps ,pw stand for the incident
powers of p-polarized and s-polarized propagating waves, respectively; Pp,gw,right (Ps ,gw , left)
corresponds to the excited power of the desired p-polarized (s-polarized) guided waves propagating to the
designated right (left) side. For illustration, we show Pp,gw,right/Pincident and Ps ,gw , left/Pincident in
Fig. 4a&b, respectively. Under the normal incidence of p-polarized propagating waves, we have 
Pp,gw,right/Pincident = 0.88 [Fig. 4a]. Similarly, we have Ps ,gw , left/Pincident = 0.86 [Fig. 4b] if the

incident waves are s-polarized. These measured results clearly indicate the high coupling e�ciency in the
observed polarization-maintaining near-�eld directionality.

Actually, the incident light can be arbitrarily polarized and have a random mixture of p-polarized and s-
polarized propagating waves. We thus also investigate the dependence of the coupling e�ciency on the
incident polarization state in Fig. 4a&b. Under the normal incidence, the incident polarization state is
closely related to the angle φ between the direction of incident electric �elds and the x̂ direction; see the
inset in Fig. 4b. By this de�nition, the incident light is the p-polarized (s-polarized) propagating wave if 
φ = 0o (φ = 90o), and the values of Pp,pw/Pincident and Ps ,pw/Pincident would be highly dependent
on φ as shown in Fig. 4a&b. Remarkably, the measured Pp,gw,right/Pincident as a function of φ almost
has a same variation tendency with that of Pp,pw/Pincident, while the variation tendency of 
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Ps ,gw , left/Pincident agrees well with that of Ps ,pw/Pincident. Moreover, we always have 
Pp,gw ,right +Ps ,gw , left

P incident
≥ 85% [Fig. 4c] when φ changes from 0o to 90o. This further indicates that the

polarization-maintaining near-�eld directionality with high coupling e�ciency can occur for arbitrary
incident polarization states. This feature is also veri�ed by the far-�eld measurement. From Fig. 4c, we

always have 
Pscattered

P incident
≤ 11.2% for arbitrary value of φ, where Pscattered stands for all scattered power

into propagating waves; see the calculation in Fig. S6. In addition, a minor proportion of power (around
2%) would be dissipated during the coupling, due to the material loss in the designed metasurface.

Discussion
In summary, we have theoretically proposed and experimentally demonstrated the polarization-
maintaining near-�eld directionality with high coupling e�ciency, by exploiting a judiciously designed
metasurface-waveguide coupler. This exotic near-�eld directionality is independent of the handedness of
circularly polarized light but becomes dependent on the polarization of linearly polarized light. Moreover,
while the high far-to-near-�eld coupling e�ciency is insensitive to the incident polarization state,
engineering the incident polarization state can continuously tune not only the directionality but also the
polarization of the excited guided waves. Our work thus demonstrates a promising route to maintain the
polarization state during the far-to-near �eld coupling and to spatially separate the incident information
with different linear polarizations. In conjunction with the dynamic polarization modulation technique,
this exotic polarization-maintaining near-�eld directionality would enable an enticing capability to encode
the polarization information into the guided waves. Such a capability may help to further harness the
unique feature of guided waves for wide applications in the classic and quantum information
communication and may promote the further development of the optical network and the plasmonic
circuitry.

Materials And Methods
Sample fabrication. All samples are fabricated by a standard printed-circuit-board technology. For the
metasurface, three polyimide printed circuit boards (with a relative permittivity of ϵr = 4.1 + 0.02i) have
their sides covered with designated copper patterns (A resonator or B resonator). Then they are stuck
together by the hot pressing technology to form the anisotropic and re�ection-free metasurface. For the
meta-waveguide, a printed circuit board with a thickness of 1.5 mm and a size of 300 mm×480 mm is
used. One side of this printed circuit board is covered by a continuous copper �lm. The other side of this
printed circuit board is covered by a patterned copper �lm. All copper �lms used in our design have a
thickness of 35 µm. The fabricated samples are shown in Supplementary Section S2&S3.

Measurement setup. A horn antenna is used to generate the plane propagating wave, and it behaves as
the source. By rotating this horn antenna, propagating waves with arbitrary polarization states can be
generated. For the near-�eld measurement, the home-made electric (magnetic) dipole is connected to a
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vector-�eld network analyzer (Agilent E8362C PNA) to record Ez (Hz) �elds. For the far-�eld
measurements, the other horn antenna is used as the receiver, which is 10 m away from the sample. The
source antenna and our sample can be readily moved on a circular track; this way, the scattered
propagating waves in arbitrary directions can be measured by our receiver antenna.
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Figure 2
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Figure 3
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See image above for �gure legend

Supplementary Files



Page 16/16

This is a list of supplementary �les associated with this preprint. Click to download.

20220516supportinginformation.docx

https://assets.researchsquare.com/files/rs-1661913/v1/28e26cbdbe5a7ea9b0eb9550.docx

