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Stereo Jones Matrix Holography with Longitudinal
Polarization Transformation

Ruizhe Zhao, Qunshuo Wei, Yuzhao Li, Xin Li, Guangzhou Geng, Xiaowei Li, Junjie Li,
Yongtian Wang,* and Lingling Huang*

Metasurfaces have exhibited powerful abilities for manipulating multiple
fundamental properties of light including amplitude, phase, polarization, and
so on. However, these strategies are commonly concentrated on the
modulations at a single transverse plane of output light. The spatial
evolutions of these properties, especially the polarizations along longitudinal
direction, are rarely investigated. Here, a stereo Jones matrix holography
method is presented for understanding the spatial evolution including
polarization, amplitude, and phase variations along the longitudinal direction.
Stereo holographic algorithms in matrix framework are developed to generate
multiplane and even continuously varied vectorial holographic images that
exhibit distinct polarization states at each transverse plane. This method
provides a benchmark of longitudinal polarization transformations as well as
beam modulations by simply using a single planar metasurface without extra
burdens on optical path. In addition, the obtained propagation-dependent
features can favor the realizing of on-demand transverse and longitudinal
spatial evolution from the perspective of the holographic method.
Furthermore, it may also promote the development of related areas including
polarization-switchable devices, optical trapping, microscopy, laser
processing, etc.
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1. Introduction

Versatile manipulation of amplitude,
phase, polarization within stereo 3D
space and their characterization are
crucial ultimate goals for spatial beam
shaping. The propagation-dependent po-
larization characteristic provides another
degree of freedom (DOF) for realiz-
ing high-dimensional structured light
(integrating with other DOFs includ-
ing phase, space, temporal, and so on)
and offer new opportunities for light–
matter interactions.[1,2] However, beams
that propagating in free-space without
disturbance usually preserve their po-
larization states during propagation.
The common strategy for polarization
manipulation is to spatially tailor the
orthogonal polarization basis compo-
nents with different amplitude ratio and
phase delay while conserving its global
energy. Traditionally, the polarization
rotation phenomenon can be induced
by inserting birefringent materials with
optical activity.[3] While, this manner

is inconvenient and the optical activity of natural materials are
limited. In order to solve this limitation, some methods have
been demonstrated for generating vector beams with variant po-
larization states upon propagations such as by utilizing radial-
to-longitudinal mapping of axicon phase,[4] superposing ampli-
tude modulated beams,[5,6] and introducing varying phase dif-
ference along propagation direction.[7,8] Nevertheless, these pro-
posed schemes are still cumbersome and bulky optical setups are
required.
The innovative platform of metasurfaces can flexibily

manipulate the fundamental properties of light, including
amplitude,[9,10] phase,[11,12] polarization,[13,14] orbital angular
momentum,[15,16] and even simultaneous multiple parame-
ters with subwavelength resolution.[17–19] Such manipulations
of wavefront prompt the developments of substantial appli-
cations in the areas of beam shaping,[20,21] metalens,[22,23]

holography,[24–26] nonlinear optics,[27,28] polarization generation
and detection,[29,30] etc. Recent advances have enabled spa-
tially variant polarization distribution of light within a single
transverse plane. Cylindrical vector beams,[13,31] vector vortex
beams,[32,33] as well as Poincaré beams[34,35] are generated
by using locally varying anisotropic meta-atoms within 2D
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arrays. Meanwhile, holographic images with tailored polariza-
tion distribution dubbed vectorial holography are successfully
demonstrated based on segmented,[36,37] interleaved[38,39] or
noninterleaved metasurfaces.[40–43] For the nonmultiplexing
schemes, the deliberately designed polarization distributions
are commonly accomplished by linking the desired polarization
states with the Jones matrix at metasurface plane or utiliz-
ing two transmitted/deflected beams from sub-units of the
metasurface.[40–44] However, most of the existing strategies are
devoted to achieve vectorial holography at individual image
plane. Based on a form-birefringent metasurface, arbitrary
polarization responses can be imposed to a propagation Bessel
beamwhich dramatically decrease the complexity of the required
optical system in traditional strategies.[45] Nevertheless, previous
reports lack the abilities to generate 3D holographic images with
stereo independently controlled polarizations.[46–48] Such po-
larization transformation in longitudinal propagation-direction
brings big challenge of static metasurfaces.
Here, we present a stereo Jones matrix method for under-

standing the spatial evolution including polarization, amplitude,
and phase transformations along the longitudinal direction by
integrating traditional holographic algorithm with Jones matrix
method. Remarkably, such stereo Jones matrix holography can
impart arbitrarily chosen polarization responses along longitu-
dinal direction within a single layer form-birefringent metasur-
face. Multiplane holographic images that exhibit distinct polar-
ization states at each transverse plane are successfully obtained
with the assistance of the imposed polarization responses. In the
experiment, the Lu-Chipman decomposition method is utilized
to extract the retardance and fast-axis orientation of themeasured
Mueller matrix at each pixel of different image planes for prov-
ing the effectiveness of our demonstrated method. Furthermore,
a three-turn hollow helix pattern with longitudinally continuous
polarization transformations is successfully reconstructed based
on a vectorial point sourcemethod. The realization of such stereo
vectorial holographic image successfully represents the 3D prop-
agation evolution of multiple properties of light and expands the
limitations of traditional scalar diffraction law. Such technique
allows the metadevice to respond with different yet completely
determined wavefront along the optical path, which may bring
completely novel functionalities in light–matter interaction, op-
tical manipulation as well as quantum optics.

2. Principle

Our objective is to realize stereo vectorial holographic images
with longitudinally variable polarization distributions without ex-
tra burdens on the optical path. The amplitude, phase, and polar-
ization of wavefront located at different z-position can be tailored
at will. For achieving such intriguing functionality, the vital pro-
cess is to integrate the traditional stereo holographic algorithms
with Jones matrix method. We concentrate on imposing distinct
polarization responses on each image plane together with the
amplitude and phase modulations. Therefore, multiple funda-
mental properties of light can be simultaneously controlled with
custom-defined properties within 3D space.
The generalized design principle of our demonstrated stereo

Jones matrix holography method is illustrated in Figure 1. A 3D
holographic image with spatially continuous polarization states

along longitudinal direction can be successfully obtained. This
is because the desired phase and amplitude distributions as well
as polarization responses are imposed at individual transverse
plane, forming a 3D matrix framework of wavefront with rig-
orous mathematical and physical restrictions along the longitu-
dinal direction. By considering these restrictions in the stereo
transmission space, the vectorial Jonesmatrix in themetasurface
plane can be calculated using backward propagation as follows

J̃meta(x, y) = 

{
A1(x, y)e

i𝝋1(x,y)P̃1(x, y), A2(x, y)e
i𝝋2(x,y)P̃2(x, y),

⋯, AN(x, y)e
i𝝋N (x,y)P̃N(x, y)

}

= H̃metaŨmeta (1)

where  represents propagation kernel function, An and 𝜑n
represent the amplitude and phase distributions within the nth
(n = 1,2,3, …, N) transverse plane, P̃n is the imposed polarization
responses (function as a polarizer, wave-plate or any other po-
larization elements that represented by symmetric Jones matri-
ces) to each transverse plane. Such spatially variant restrictions of
each transverse plane along longitudinal direction forms the 3D
framework. For arbitrary Jones matrix J̃meta, it can be represented
by the production of a Hermitian matrix H̃meta (diattenuator) and
a unitary matrix Ũmeta (retarder) based on matrix polar decom-
position. Hence, by setting smoothly and continuously changed
wavefront (solution of Maxwell equation) in stereo space, one
can always be able to generate vectorial Jones matrix on a single
layer metasurface. While for some counter-intuitive or suddenly
changed spatial structured light, extra effort should be made by
using optimization or holographic based methods for achieving
such spatial evolution on-demand.
Note one can impose arbitrary amplitude, phase, and polar-

ization restriction (represented by a symmetric Jones matrix) to
form the stereo Jones matrix holography. And vectorial Fresnel
diffraction formula, angular spectrum method, or point source
algorithm can be used for the propagation process (by designing
the propagation kernel function H). While the desired arbitrary
polarization response P̃n (symmetric property P12_n = P21_n) has
different forms and functions as essential restrictions to distin-
guish from other scalar wavefront evolution

P̃n =
[
P11_n P12_n
P21_n P22_n

]
= H̃nŨn(

e.g. P̃n =
[
i cos(2𝜃f,n) i sin(2𝜃f,n)
i sin(2𝜃f,n) −i cos(2𝜃f,n)

]) (2)

Here, we choose the polarization response of a half-wave
plate (HWP) as an example and the 𝜃f,n in Equation (2)
refers the fast-axis orientation of a half-wave plate. Similarly,
P̃ncan be decomposed to a Hermitian matrix H̃n and a uni-
tary matrix Ũn,representing the polarization-dependent ampli-
tude and phase modulations in matrix framework. Other types
of polarization responses including polarizer, quarter-wave plate
or the polarization transforms are still effective in our pro-
posed scheme (detail information is provided in the Supporting
Information).
To form the Jones matrix holography, usually iterative loops

between the hologram plane and different planes should be set.
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Figure 1. Schematic illustration of stereo vectorial holographic images with longitudinal polarization transformation. Arbitrary phase, amplitude, and
polarization restrictions in each transverse planes are imposed, forming a 3D matrix framework of wavefront with rigorous mathematical and physical
restrictions along the propagation direction. A three-turn hollow helix pattern with continuous varied polarization states (covering entire equator of the
Poincaré sphere) along optical path can be obtained.

After sufficient iterations, the unitary part Ũmeta of calculated
matrix distribution J̃meta at hologram plane can be encoded to a
form-birefringent metasurface by discarding the Hermitian part.
Because the realization of the complete calculated matrix J̃meta is
difficult which may need hybrid metasurface composed of both
plasmonic/lossy (Hermitian response) and dielectric (unitary
response) meta-atoms or cascaded metasurface (one layer for
Hermitian response, the other layer for unitary response). While
such discarding processes is similar to acquiring the phase-only
hologram from the calculated complex amplitude distribution
and in favor of acquiring the desired polarization responses
within a single layer metasurface by preserving the high quality
with longitudinally vectorial feature.
We first set a multiple-plane vectorial holography as an exam-

ple. The holographic images with distinct polarization states at
different image planes are obtained by developing a multiplane
holographic algorithm in matrix framework. The flowchart of
the algorithm is shown in Figure 2. For the initialization, the
2 × 2 unitary matrix at each pixel is randomly generated. We use
Ũmeta to represent the matrix array that composed of 1000 × 1000
unitary matrices. In each iteration, the propagation from holo-

gram plane to different image planes is calculated by the Fresnel
diffraction formula in the form of Fourier transform (FrT)

B̃n(xo, yo) =
exp(jkz)
j𝜆z

exp
[
jk
2z
(x2o + y2o )

]

×F
{
Ũmeta(xh, yh) exp

[
jk
2z
(x2h + y2h)

]}
(3)

where B̃n (n = 1, 2, …, N represents different planes) is the Jones
matrix at the nth plane, k is the wave vector, z refers the propaga-
tion distance, (xh, yh) and (xo, yo) represent the coordinates of the
hologram plane and the image plane. The Jones matrix at each
pixel of these three individual object planes are calculated paral-
lelly and denoted by B̃1 to B̃N . Note the plane number is not lim-
ited indeed. Meanwhile, matrix polar decomposition method is
adopted to acquire the correspondingHermitian part H̃n and uni-
tary part Ũn of each transverse plane. The desired amplitude dis-
tribution An of original image and polarization response P̃n are
imposed as the restrictions at each image plane based on Equa-
tion (1). And the backward propagation process is realized based
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Figure 2. The flowchart of a Jones matrix holographic algorithm framework for obtaining multiplane holographic images with propagation-dependent
polarization transformations. The number of total image planes is represented by N. The FrT and IFrT represent the Fresnel transform and inverse
Fresnel transform in matrix framework, respectively.

on the Inverse Fresnel transform (IFrT) method. After backward
propagation, the corresponding Jones matrices J̃meta at the holo-
gram plane are obtained by combining the calculatedmatrices J̃1,
J̃2 … J̃N from each image plane which can be expressed as follow

J̃meta(xh, yh) =
N∑
n=1

−
exp(−jkzn)

j𝜆zn
exp

[
−

jk
2zn

(x2h + y2h)
]

× F−1 {C̃n(xo, yo)
}

where C̃n(xo, yo) = An(xo, yo)e
i𝜑11_n(xo,yo)P̃n(xo, yo)

exp
[
−

jk
2zn

(x2o + y2o )
]

(4)

where An refers the amplitude distribution of desired image at
plane n. The phase item 𝜑11_n (x0, y0) of upper left element of
B̃n(xo, yo) is extracted as the overall phase. At the hologram plane,
we extract the unitary part of J̃meta as the updated unitary Jones
matrix for the next iteration. And the desired unitary matrix holo-
gram Ũmeta is successfully obtained by discarding the Hermitian
part of J̃meta after a sufficient number of iterations (50 times).
The entire process takes nearly 1400 s in a personal computer
(Central Processing Unit (CPU): Intel i7 11700KF). Noted that,
the global efficiencies at different planes can be arbitrarily pre-
designed by multiplying a series of coefficients to the amplitude
restrictions and can be expressed by {c1A1, c2A2,⋯,cnAN}. The

suitable chosen coefficients in favor of compensating the energy
loss during propagating and balancing the energy distributions
between different image planes.
Alternatively, by developing a vectorial point source algorithm,

for each individual point source on the image plane, the radiation
to the hologram plane can be expressed as follows

J̃PS=
N∑
n=1

An

rn
eikrn+𝜑rand(n)P̃n (5)

where N is the number of the composed point sources,
An is the amplitude of the point source, rn (rn =√
(xh − xn)

2 + (yh − yn)
2 + (zh − zn)

2) refers the distance be-
tween the point sources within 3D space and the hologram
plane. Especially, a random phase distribution 𝜑rand (n) for each
point source is added for obtaining a more uniform amplitude
distribution. We design a three-turn hollow helix with contin-
uously varied polarization states along longitudinal direction
by imposing the essential amplitude, phase and polarization
response restrictions to each point source.
After generating the vectorial Jonesmatrix distribution, the cal-

culated unitary matrix Ũmeta at each pixel of the hologram plane
can be implemented based on form-birefringent metasurface

Ũmeta = R(𝜃)
[
ei𝜑x 0
0 ei𝜑y

]
R(−𝜃) (6)
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Figure 3. Fabricated samples and experiment setup. a) Schematic of meta-atom. We use 𝛼-Si nanofin arrays located on a fused quartz substrate to com-
pose the metasurface. b,c) The scanning electron microscopy images of our fabricated metasurface sample 1 in top and side view. d) The experimental
setup. An objective lens (20 × /NA = 0.45) and a charge coupled device camera (CCD) constitute the imaging system. Images located at different planes
are captured by adjusting the distances between the metasurface and the imaging system based on a manual stage that manufactured by DAHENG OP-
TICS (GCM-TP13ML).

The polarization-dependent phase shift (𝜑x, 𝜑y) is acquired by
calculating the eigenvalues of Ũmeta. Meanwhile, the R(𝜃) which
indicates a rotation matrix can be acquired by the corresponding
eigenvectors. Hence, one can use simple nanofins with rectan-
gular cross-section for implementing such vectorial Jones matrix
accordingly.

3. Experiment

For the purpose of experimental demonstration, two metasur-
faces named sample 1 and sample 2 are fabricated on a fused
quartz substrate based on electron beam lithography as well
as inductively coupled plasma reactive ion etching method (de-
tail information is provided in Supporting Information). The
schematic structure is depicted in Figure 3a. The scanning elec-
tronmicroscopy images of sample 1 with a top view and side view
are shown in Figure 3b,c. The experimental setup that utilized
to capture the reconstructed holographic images are illustrated
in Figure 3d (detail information is provided in the Experimental
Section).
In the process of designing sample 1, three capitalized alpha-

bets “B,” “I,” and “T” are chosen as the original images and are
located at different positions along z-direction (zB = 300 µm,
zI = 400 µm, and zT = 500 µm). The polarization responses of

different holographic images can bemanipulated simultaneously
by integrating traditional holographic algorithm with Jones ma-
trix method as demonstrated above. Especially, the three holo-
graphic images can function as half-wave plates with different
fast-axis orientations (𝜃f-B = 0°, 𝜃f-I = 30°, and 𝜃f-T = 45°) at dif-
ferent z planes in our design. Hence, the exhibited polarization
states under incident light with different polarizations |Ein⟩ can
be calculated accordingly. Meanwhile, we balance the global ef-
ficiencies of different image planes by choosing suitable coeffi-
cients {c1=0.3, c2= 0.55, c3=1}. Noted that the number of vec-
torial planes N is not limited to three (some discussions about
the factors that affect the number of image plane are provided in
Section E of the Supporting information). The simulated and ex-
perimental results of sample 1 for achieving multiplane vectorial
holographic images under x-linearly polarized light illuminating
are depicted in Figure 4. By adjusting the distance between the
metasurface sample and the imaging system based on a man-
ual translation stage (DAHENG OPTICS, GCM-TP13ML), three
holographic images (“B,” “I,” and “T”) that located at 289, 377,
and 481 µm are successfully captured with good qualities and
agree well with the simulated results as depicted in Figure 4a–f.
The slight deviation of the locations between the experiment and
theoretical design may originate from the precision of the man-
ual translation stages as well as the process of estimating the loca-
tion from the scale of the manual translation stages. Meanwhile,
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 18638899, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202200982 by Institute O

f Physics C
hinese A

cadem
y O

f Sciences, W
iley O

nline L
ibrary on [02/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

Figure 4. Experimental results of multiplane vectorial holography. a–f) Simulated and experimental results of the multiplane holographic images with
propagation-dependent polarization. Each holographic image can function as a half-wave plate with different fast-axis orientation (indicated by the pink
arrows). g–i) The extinct phenomena when rotating the transmission axis of LP2 to the orthogonal direction (to 90°, 120°, and 135° successively), which
clearly demonstrate that the holographic images can exhibit distinct polarization states at each transverse plane along longitudinal direction. j–l) The
derived retardance distribution from measured Mueller matrix at each pixel of different planes. m–o) The derived fast-axis orientation angle distribution
from measured Mueller matrix. The red and blue arrows indicate the polarization of input and output light.

we demonstrate that each holographic image can act as a half-
wave plate with specific fast-axis orientation angle. The imposed
polarization responses make the holographic images exhibit lin-
ear polarization states with various orientation angle (𝜃p-B = 0°,
𝜃p-I = 60°, and 𝜃p-T = 90°). In the experiment, a polarization ana-
lyzer is used to distinguish the polarization state at different im-
age planes. As shown in Figure 4g–i, the captured holographic
images can be extinguished when the polarizer is rotated to spe-
cific orientation at each image plane. The expected extinct phe-
nomena agree well with the theoretical predictions.
In order to further prove such propagation-dependent vecto-

rial feature, we acquire the Mueller matrix at each pixel of indi-
vidual image plane by measuring the intensity distributions un-
der different input/output polarization combinations[43] (detailed
information is provided in the Supporting Information). Then,
each Mueller matrix is analyzed by using the Lu-Chipman De-
composition method. This method is commonly adopted for ex-
tracting different polarization properties including diattenuation,
retardance and depolarization from given Mueller matrices.[49]

We obtain the retarder matrix M̃R,n at each pixel of image plane
n according to the measured intensity distributions that shown
in Figures S2–S4 in the Supporting Information based on the
decomposition method. The derived retardance Rn (phase differ-

ence between fast- and slow-axis of a waveplate) and fast-axis ori-
entation angle 𝜃f,n of M̃R,n can be expressed as follow

Rn = cos−1
[
tr(M̃R,n)

2
− 1

]
(7)

𝜃f,n =
1

2 sinRn

3∑
j,k=1

𝜀ijk(m̃R,n)jk (8)

where 𝜖ijk is the Levi-Civita permutation symbol and m̃R,n refers a
3× 3matrix that obtained by striking out the first row and column
of M̃R,n. At each image plane, the derived retardance Rn and fast-
axis orientation distributions 𝜃f,n are shown in Figure 4j–o. The
values of retardances are close to 𝜋 and the derived fast-axis ori-
entations of each holographic image are as expected. These mea-
sured results are consistent well with the corresponding theoret-
ical results in acceptable deviation tolerance. Meanwhile, in the
experiment, the measured transmission efficiency of sample 1 is
32.02%. And the broadband property when changing the wave-
length of incident light from 740 to 840 nm is provided in Sec-
tion F of Supporting Information. The broadband property arises
from the robustness of our siliconmetasurface holograms as well
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Figure 5. Experimental results of stereo Jones matrix holography with longitudinally varying polarization transformations. a–c) Theoretical intensity
distributions of the helix pattern along z-direction under different configurations of LP1 (I, II, III: with LP1, transmission axis: 0°) and LP2 (I: without
LP2, II: with LP2, transmission axis: 0°, III: with LP2, transmission axis: 90°) based on Malus’s law. The red and blue arrows indicate the polarization
of input and output light. d) The polarization detection results of the three-turn hollow helix pattern with spatially continuous polarization states along
longitudinal direction under different configurations of LP1 and LP2. Such measured intensity distributions successfully demonstrate the evolution of
polarization along longitudinal direction.

as the acceptable phase difference distribution of the 𝛼-Si nanofin
with different dimensions when changing the wavelength of in-
cident light.[40]

Furthermore, another fabricated metasurface sample 2 is uti-
lized to demonstrate that our design strategy is capable of gener-
ating stereo holographic images with continuously varied polar-
ization transformations. A three-turn hollowhelix patternwith its
helix axis along z-direction is selected as the reconstructed 3D im-
age as shown in Figure 5a. The pitch and diameter of this pattern
are 500 and 150 µm, respectively. The helix pattern is composed
of 200 point sources (located in the range of 500 to 2000 µm)
which can function as a series of half-wave plates with continu-
ous varied fast-axis orientation angles (from 0° to 90°) in equal
interval. Hence, the corresponding polarization states of these
point sources are all linear polarization states varying gradually
from 0° to 180° (covering entire equator of the Poincaré sphere)

under x-linearly polarized light illuminating. The theoretical in-
tensity distributions of the helix pattern along z-direction under
different input/output polarization configurations are illustrated
in Figure 5a–c based on Malus’s law (I = I0cos

2(𝜃p), 𝜃p is the an-
gle between the polarization orientation and transmission axis of
polarization analyzer).
In the experiment, we capture ten individual image planes

within different z positions (from 558 to 1273 µm) by adjusting
the distance between the metasurface and the imaging system.
The obtained reconstructed images are shown in Figure 5d. We
can find that different components of the helix become clear at
different z positions. In the first 1.5 turn, the theoretical polar-
ization state of each point source is continuously varying from
x-linear polarization to y-linear polarization state. Similarly, one
can analyze the inhomogeneous polarization distribution along
propagation-direction. Under the analyzer LP2 with horizontal
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transmission axis (case II), the intensities of the point sources
at each image plane are gradually attenuating by increasing the
distance in z-direction due to the Malus’s law. Meanwhile, the
changes of the intensities are reversed when rotating the trans-
mission axis to orthogonal direction (case III). These phenomena
are observed based on the spatially varied vectorial characteris-
tic of different point sources along propagation-direction. Such
experimental results are consistent with the theoretical results
and can prove that stereo vectorial holography is successfully
demonstrated based on the vectorial point source algorithm in
matrix framework. In addition, the evolution processes of the to-
tal three-turn helix pattern with and without the polarization an-
alyzer when adjusting the distance in z-direction are provided in
the videos of the Supporting Information.

4. Discussion

In summary, we have demonstrated a novel method for achiev-
ing stereo Jones matrix holography with propagation-dependent
polarization states based on dielectric metasurfaces. Multiplane
vectorial holographic images and even 3D helix with continu-
ously varied polarization states along longitudinal direction are
successfully obtained. This method is very distinct from major-
ity of previous works that acquire vectorial holographic within a
single plane or identical polarization states of multiplanes along
z-direction.[46–48] Meanwhile, holographic images with arbitrary
polarization transformations including circular polarization and
elliptical polarization states are also achievable in our scheme
(more details are provided in section C of Supporting Informa-
tion). In addition, the inhomogeneous polarization distribution
of the reconstructed image at individual image plane can also be
realized as demonstrated in Section D of Supporting Informa-
tion. That is, such method can generate holographic images with
both transversely and longitudinally variable polarization distri-
butions. Recently, some methods have demonstrated the realiza-
tion of arbitrary unitary matrix based on bilayer structures.[50,51]

While, our article focuses on generating arbitrary polarization
states along propagation direction by utilizing the imposed po-
larization restriction P̃n (expressed by a unitary and symmetric
Jonesmatrix) based on single layer metasurface with controllable
linear birefringence.
Furthermore, such method may also offer a distinctive way

to investigate the stereo spatial evolution including polarization,
amplitude and phase variations along the propagation direction
which in favor of realizing high-dimensional structured light
in the perspective of holographic method. Such functionality is
highly desired for generating complex optical field within com-
pact optical systems. Especially, the propagation-dependent fea-
tures may provide another degree of freedom for applications
including polarization-switchable devices, optical trapping, mi-
croscopy, as well as laser processing.

5. Experimental Section
Implementation of Metasurface Design: 𝛼-Si nanofin arrays located on

a fused quartz substrate were adopted to compose the metasurface. The
high-index 𝛼-Si nanofin can be treated as a tiny waveguide and exhibit dif-
ferent effective refractive index (neff) along its long and short axis. Based

on these form birefringence phenomena, arbitrary phase shifts can be im-
posed on the orthogonal polarization components of output light by tai-
loring the geometric dimension of nanofin.

A 2D parameter optimization is carried out by sweeping the length L
and width W of the nanofin in the range of 60–280 nm with an interval
of 5 nm based on rigorous coupled wave analysis method. The working
wavelength is fixed at 800 nm due to the low loss of 𝛼-Si in near-infrared
region. And the corresponding refractive index of amorphous silicon and
substrate are set as nSi = 3.802 and nsub = 1.5 in the simulation. The cal-
culated amplitude (abs(txx) and abs(tyy)) and phase (𝜑x and 𝜑y) of the
transmission coefficients txx and tyy are shown in Figure S1 in the Sup-
porting Information. In order to eliminate the undesired high diffraction
orders as well as cover the phase shift from 0 to 2𝜋, the period P and
height H of the 𝛼-Si nanofin are chosen as 400 and 600 nm, respectively.
At each pixel, the orientation angle of the 𝛼-Si nanofin is given by the cor-
responding rotation matrix R(𝜃). Meanwhile, the size of nanofin is deter-
mined from the simulated results by guaranteeing the minimum of the
error 𝜀 = abs(txx − exp(i𝜙x)) + abs(tyy − exp(i𝜙y)). The proposedmetasur-
face is composed of 1000 × 1000 𝛼-Si nanofins with different sizes (L,W:
60–280 nm, H: 600 nm, and P: 400 nm) and orientation angles (𝜃: −90°–
90°).

Optical Measurement: The experimental setup used in the experiment
is shown in Figure 3d. Light from a laser source passes through a linear po-
larizer LP1 and a HWP. The LP1 and HWP are used together to manipulate
the polarization state of incident light. An objective lens (20× /NA= 0.45),
and a charge coupled device camera (CCD) constitute the image system.
The reconstructed holographic images located at different image planes
are captured by adjusting the distance between the metasurface and the
imaging system based on a manual translation stage (DAHENG OPTICS,
GCM-TP13ML). Another linear polarizer LP2 is used as an analyzer to dis-
criminate the vectorial feature of the reconstructed images.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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