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Fig. 1 Optical manipulation based on metasurface. (a) Optical manipulation by metasurface can be described by a 2X 2 Jones matrix,

which establishes the relationship between the properties of incident and output lights; (b) realization of different optical

functionalities by metasurface with different degrees of freedom (DOFs) in Jones matrix
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Fig. 2 Structure design and applications of Jones matrix metasurface with one degree of freedom. Unit design of Jones matrix with one
degree of freedom (a) by geometric phase based on the rotational angle of nanorod, and (b) (¢) by changing the structure size,
including the length long and short axes of the nanorod or the radius of the disk, to achieve resonance (or propagation) phase or

amplitude modulation; optical functionalities of (d) metalens’™”, (e) high efficiency hologram"”, and (f) anomalous refraction"™

[73

based on geometric phase; optical functionalities of (g) anomalous refraction” and (h) hologram™ based on resonance or

propagation phase; full-color printing based on amplitude modulation by (i) changing the length of nanorod"”” and (j) (k) the radius
of disk™" "
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Fig. 3  Structure design and applications of Jones matrix metasurface with two degrees of freedom. (a)(b) Realization of resonance (or
propagation) phase control and amplitude control in two orthogonal directions based on the size changing of the length of long
and short axes of the nanorod; (c) realization of Jones matrix metasurface with two degrees of freedom based on the size change
of the length of long axis of the nanorod and the rotational angle; (d) amplitude and phase control of one component of Jones
matrix based on the rotation-angle freedom of two nanorods; (e) polarization controlled dual holographic images'" based on unit
structure in Fig. 3(a); () stereoscopic 3D image display"” based on the unit structure of Fig. 3(b); (g) independent control of the
anomalous refraction angles of the left and right circular polarlzallons " based on the unit structure in Fig. 3(c); (h) integration of

color printing and holographic image™ based on the unit structure in Fig. 3(d)
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Structure design and applications of Jones matrix metasurface with four degrees of freedom. (a) Schematic of nanorod with

P
N\:\“a“’ 3

J|a,B)=4¢"|a,B,)

rotational-angle degree of freedom and transmission-phase degree of freedom along one direction; (b) diagram of generating
optical field with arbitrary amplitude, phase, and polarization, which does not meet the geometric phase constraints; (¢) diagram
of generating arbitrary optical field which meets the geometric phase constraints; (d) arbitrary optical field generation to realize
vector beam with arbitrary patterns and polarization states”' based on single nanorod structure; (e) - (h) other structures based
on the nanorod in Fig. 5(a) to realize arbitrary optical field, where the detour phase is introduced in Fig. 5(h); (i) arbitrary
optical field generation to realize multifchannel and multi-angle optical control™” based on the unit structure in Fig. 5(e);
(j) arbitrary optical field generation”*" based on the unit structure in Fig. 5(f); (k) arbitrary optical field generation”” based on the
unit structure in Fig. 5(g); (1) arbitrary optical field generation to realize perfect vector vortex beam"”" based on the unit structure
in Fig. 5(h); (m) conversion between two arbitrary amplitude, phase, and polarization states"*”
Fig. 5(h)

based on the unit structure in
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Structure design and applications of Jones matrix metasurface with six degrees of freedom. (a) Design of unit structure to realize
Jones matrix with six degrees of {reedom using two nanorod structures, each with three complete degrees of freedom, including
two transmission phases along the major and minor axes and the rotation-angle degree of freedom; (b) design of unit structure to
realize Jones matrix with six degrees of freedom using four nanorod structures, which only considering its rotation-angle degrees
of freedom and position-dependent detour phase; (c) continuous polarization change in the propagation direction"*” based on the
unit structure of Fig. 6(a); (d) independent amplitude and phase control of arbitrary orthogonal polarization state"*” based on the
unit structure in Fig. 6(a); (e) conversion of any polarization state into the same polarization state”” based on the unit structure
in Fig. 6(a); (1) independent printing and holographic image integration under the combination of three different incidence-output

polarization states (xx, yy, and xy/yx)'"”” based on the unit structure in Fig. 6(b)
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Fig. 7 Structure design and applications of Jones matrix metasurface with eight degrees of freedom. (a) Realization of Jones matrix

with eight degrees of freedom by double-layer compact nanorod structure'””; (b) an application example of producing a 3D spiral

pattern with radial polarization under RCP incidence and two different holographic images on different transverse planes with

gradually varying polarization states""! based on the structure in Fig. 7(a); (c) realization of Jones matrix with eight degrees of

freedom by two layer metasurfaces"™”, where the distance between the two layers is hundreds of microns; (d) experimental

verification of the Jones matrix with eight degrees of freedom™"” proposed in Fig. 7(b), where independent printings and

holographic images are observed under the four combinations of incident and detection polarization (xx, xy, yr, yy);

(e) independent amplitude and phase control on any set of two polarizations and conversions to arbitrary two polarizations
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Design and Application of Jones Matrix Metasurface with Different
Degrees of Freedom
Bao Yanjun', Li Baojun™
Guangdong Provincial Key Laboratory of Nanophotonic Manipulation, Institute of Nanophotonics, Jinan
University, Guangzhou 511443, Guangdong, China
Abstract
Significance As a layer of artificially designed two-dimensional planar structure, the metasurface provides a new

platform for the miniaturization and integration of optical devices. In recent years, with the continuous development of this
field, a variety of optical mechanisms and optical functional devices based on metasurfaces have been proposed. Despite
their seemingly diverse functionalities, they can be all attributed to the control of different degrees of freedom in the Jones
matrix. The Jones matrix 1s commonly employed to describe the ability of optical devices to control polarization,
amplitude, and phase of light, with a maximum number of eight degrees of freedom. Especially, more controlled degrees
of freedom lead to diverse functionalities that can be achieved. For example, a single degree of freedom in the Jones matrix
can be adopted for anomalous transmission. By increasing to two degrees of freedom, such as independent control of
amplitude and phase of a specific component of the Jones matrix, the integration of color printing and holography can be
realized. From the perspectives of the degrees of freedom in the Jones matrix, we classify and summarize the designs and
applications of metasurface research in recent years to help researchers better understand the physical mechanisms of
different functionalities of metasurfaces.

Progress Our study focuses on the designs and applications of metasurfaces from the perspectives of the degrees of
freedom in the Jones matrix. We firstly argue that all the functionalities of metasurfaces can be categorized into different
degrees of freedom in Jones matrix and the more controlled degrees of freedom lead to diverse functionalities that can be
realized (Fig. 1). Each component of the Jones matrix has two terms of amplitude and phase. Therefore, different
mechanisms to control the phases including the geometry phase, resonance phase, and propagation phase are introduced to
realize one degree of freedom (Fig. 2), which can be utilized for functionalities of metalens, hologram, and anomalous
transmission. By changing the size of nanorods or nanodisks, the amplitude can also be controlled. Next, we show how to
employ a simple structure of nanorod to construct multiple degrees of freedom in Jones matrix, including two (Fig. 3),

three (Fig. 4), four (Fig. 5), six (Fig. 6), and eight (Fig. 7). Meanwhile, the possible applications are provided.

Conclusions and Prospects We categorize and summarize the design methods of metasurfaces with different optical
functionalities based on their degrees of freedom in the Jones matrix to provide different perspectives for the metasurface
field. Although the highest number of degrees of freedom of eight in the Jones matrix has been realized, the following
points can be explored. First, new optical multifunctional devices should be designed by integrating various functionalities
based on the multi-degrees of freedom metasurfaces. Second, the optical performance of metasurface devices with multiple
degrees of freedom should be improved. Third, the Jones matrix should be extended to the wavelength dimension to
enable multi-wavelength and multi-degrees of freedom control of light fields. With continuous research and deepening

exploration, the field of metasurfaces will advance with a wider range of practical applications.

Key words metasurfaces; Jones matrix; multiple degrees of freedom; phase modulation; amplitude modulation
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