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Ruisi Wang,1 Shanshan He,1 Shizhen Chen,1 Weixing Shu,1 Shuangchun Wen,1 and Hailu Luo1,2,*

SUMMARY

Computing metasurfaces have shown the extraordinary ability to precisely
perform optical analog operations to the input light wave, and therefore exhibit
greater potentials toward sensing applications. Here, we propose a unique appli-
cation of computingmetasurface for chiral edge sensing by incorporating aweak-
value amplification technique. The computing metasurface performs the spatial
differentiation operations of phase objects and extracts the edge-enhanced im-
ages, because the phase gradient generally occurs at the edge. The chirality-
induced polarization rotation acts as the preselection state and the spatial differ-
entiation operations in the metasurface provide weak coupling. The amplified
pointer shift related to the tiny polarization rotation will eventually lead to an
asymmetric edge-enhanced image. Owing to the high sensitivity of the weak-
value amplification, we experimentally demonstrate a high-contrast recognition
of chirality by edge detection, which may have potential applications in real-
time measurement and separation of chiral enantiomers.

INTRODUCTION

As one of the fundamental characteristics of biological molecules, chirality plays an essential role in living

organisms (Sofikitis et al., 2014). There may be different physicochemical properties and functions between

the two enantiomers (Lorenzo et al., 2000; Rhee et al., 2009; Cireasa et al., 2015). Owing to different phys-

iological potencies and activities against living organisms, the recognition of enantiomers with opposite

handedness is essential in food safety and drug synthesis (Hayat et al., 2015; Milner et al., 2019). Traditional

approaches for enantiomer recognition of chirality molecules are polarimeters based on optical rotation

but involving long tube and bulky devices. In addition, the polarimeters method only performs determina-

tion of optical rotation without intuitive observation of chiral objects. Therefore, fast recognition of chiral

enantiomers and efficient image analysis of chiral objects such as chiral crystals still remain challenging.

Computing metasurfaces are two-dimensional artificial nanostructures capable of performing mathemat-

ical operations on the input electromagnetic field (Silva et al., 2014; Pors et al., 2015; Hwang and Davis,

2016; Zhu et al., 2017; Lee et al., 2017; Zangeneh-Nejad et al., 2020; Li et al., 2021; Jin et al., 2021; Yung

et al., 2022; He et al., 2022; Fu et al., 2022). The spatial differentiation operations based on computingmeta-

surfaces have been applied for all-optical image processing, especially for edge detection (Dong et al.,

2018; Kwon et al., 2018; Zhou et al., 2019, 2020, 2021; Momeni et al., 2019; Huo et al., 2020; Liu et al.,

2020; Wesemann et al., 2021; Solntsev et al., 2021; Yang et al., 2021). In recent years, because of the sensi-

tivity to changes in physical parameters of the system, weak-value amplification techniques have been pro-

posed for the chiral sensing (Rhee et al., 2013; Wang et al., 2020). The weak-value amplification technique is

first introduced by Aharonov et al. (Aharonov et al., 1988; Dressel et al., 2014). There are three procedures

generally involved: First, a measured system is prepared in the initial state jjiD. Then, the observable bA is

very weakly coupled to the pointer state and produce an initial pointer shift Dx. Finally, the amplified

pointer shift Dxw is recorded when the system is postselected as a final state jjf D (Jordan et al., 2014).

The quantitative relationship between the amplified pointer shift and the initial shift is given by Dxw =

AwDx, and the weak value is obtained as

Aw =
Cjf jbAjjiD
Cjf jjiD

(Equation 1)

If the preselection and postselection states are nearly orthogonal, Cjf jjiD/0, the final amplified pointer

shift will be much greater than the initial pointer shift (Chen et al., 2015).
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In this work, we propose computing metasurface for chiral edge image sensing by incorporating a weak-

value amplification technique. By introducing this mechanism into chiral edge sensing, when there is a

slight modification in the preselection state caused by optical rotation of chiral object, the initial shift

will be significantly enhanced by the weak-value amplification, manifested as an asymmetric distribution

of the output result, which makes weak-value amplification be a powerful tool for chiral edge image

sensing. Chiral objects (L-proline and D-proline solution samples) with different concentrations are used

to detect the feasibility and high contrast of the system. In our scheme, the preselection polarization state

is modified by the optical rotation of the chiral object, but with the fixed postselection state. The Panchar-

atnam-Berry (PB) phase gradient introduced by the metasurface generates the spin-dependent shift. The

amplified pointer shift related to the optical rotation angle exhibits a high sensitivity because of the weak-

value amplification, which will eventually lead to an asymmetric edge-enhanced image. Combined with the

advantages of computing metasurface and weak-value amplification techniques, our scheme enables fast

identification of chiral objects, especially seeing the extraordinary edge images of chiral objects. Our

scheme may provide potential applications in chemical and biological research, involving chirality recog-

nition in a simpler, compact, high-sensitive way, and observation of the effects of chiral molecules solutions

on cells or tissues via their edge-enhanced images.

RESULTS

The concept of optical differential operation

As shown in Figure 1, the light first propagates to the horizontal polarizer, then passes through the ‘‘smile’’

object andmetasurface. After propagating to the analyzer, the left and right edges with asymmetric bright-

ness are obtained. The chirality of the final edge is determined by the optical rotation of the chiral object.

As an important characteristic of chiral molecules, optical rotation will result in a tiny rotation of the prese-

lection state. Generally, the specific rotation used to identify the optical rotation ability of various chiral

substances can be defined as follows: ½a� = a
lc; where a is the optical rotation angle (in degrees), l and c

are the thickness of the sample cell (in dm) and concentration of chiral solution (in g/mL), respectively

(Wang et al., 2020). Here, the L-proline or D-proline solution filled in the ‘‘smile’’ shape is regarded as a chi-

ral object. The bottom left corner insets in Figures 1A and 1B show optical rotation of left-handed sub-

stance and right-handed substance with the same value but the opposite direction, respectively.

With rotating the optical axis direction of GLP1 and QWP both along the x axis, we first consider the initial

state after QWP in the spin basis without the chiral object

jjiðx; yÞD =
1 � i

2
½jinðx; yÞj + D + jinðx; yÞj � D� (Equation 2)

Here, jinðx; yÞ is the input wave function in position space and jGD are the spin basis. The optical axis di-

rection in the metasurface is periodically varying in one dimension, e.g., 4ðxÞ = Ux where U = p= L is the

spatial rotational rate of the optical axis, with L being the period (Ling et al., 2015). The theoretical far-field

distribution of this metasurface is shown in Figure S1 (supplemental information). After passing through the

metasurface, the left-handed and right-handed circularly polarized components will reverse its handed-

ness and acquires an additional Pancharatnam-Berry phase FPB = � 2sG4ðxÞ, with left-handed circularly

polarized (s+ = + 1) and right-handed circularly polarized (s � = � 1) (see STAR Methods for the details

of theoretical analysis). This space-variant Pancharatnam-Berry phase will lead to spin-dependent mo-

mentum shift in x direction, which could be given as

Dkx = sG

vFPB

vx
= � 2sG

p

L
(Equation 3)

The induced spatial shift in position space written as follows will increase linearly as propagation distance z

increased

Dx =
Dkxz

k0
= � sG

lz

L
(Equation 4)

where k0 = 2p
l
is the vacuum wave vector. Therefore, the output field after metasurface can be given as

jjmðx; yÞ =
1 � i

2
½jinðx + Dx; yÞj + D + jinðx � Dx; yÞ�j � D; (Equation 5)

which means that the left-handed and right-handed circularly polarized components will ultimately expe-

rience Dx shift in opposite directions. By setting optical axis direction of GLP2 along y direction, the linear
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polarization caused by the overlapped two orthogonal circular polarizations will be eliminated, but still pre-

serving edge information. The final output field can be written as

jjf ðx; yÞD =
1+ i

2
½jinðx + Dx; yÞ � jinðx � Dx; yÞ�ey (Equation 6)

Then Equation (6) can be further simplified to the following form due to Dx is extremely small compared

with the field distribution.

jf ðx; yÞx2Dx
vjinðx; yÞ

vx
ey (Equation 7)

It is shown that our proposed mechanism can achieve the spatial differentiation of the input field, which

enables one-dimensional edge detection for objects.

Weak-value amplification in chiral edge detection

In order to achieve chiral edge detection, the weak-value amplification technique with high precision is

applied, generally involving three steps: preselection, weak interaction, and postselection on a final quan-

tum state. In our scheme, the preselected polarization state is modified by optical rotation of the chiral

Figure 1. Schematic illustration of the chiral edge sensing

(A) The polarized incident light passes through the object with left-handed chirality, then the beam spin-dependent

splitting occurs because of the phase gradient of the metasurface. Finally, the edge image with right-part brighter than

the left-part is obtained after an analyzer orthogonal to the first polarizer. The inset in bottom left corner shows that

polarization plane of light will rotate when a linearly polarized light passes through left-handed substance. The inset in

upper right corner shows theoretical intensity curve corresponding to the white dashed line in the final image for the

positive optical rotation angle.

(B) Schematic figure of the edge imaging for the object with right-handed chirality. Here, the edge image with left-part

brighter than the right-part is obtained. The inset in bottom left corner shows that polarization plane of light will rotate

when a linearly polarized light passes through right-handed substance. The inset in upper right corner shows theoretical

intensity curve corresponding to the white dashed line in the final image for the negative optical rotation angle.
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object, and the metasurface provides the weak interaction. First, the initial state can be written as

(Chen et al., 2015)

jFiD =

Z
dx4ðxÞjxDjjiD =

Z
dkxjðkxÞjkxDjjiD (Equation 8)

where jjiD is the preselection state and jðkxÞ is the Fourier transform of the incident Gaussian light 4ðxÞ
which can be specified by

4ðxÞ =

�
2

w2p

�1
4

e� x2

w2 (Equation 9)

wherew is the width of the wave function. In this work, we assume that the incident beam propagates along

the z axis, and the metasurface is parallel to the xy plane. For simplicity, the x-distribution of the incident

light is considered to be a Gaussian distribution. In our weak measurements scheme, the metasurface pro-

vides the weak coupling. The enhancement effect is achieved by preselecting and postselecting the polar-

ization states of the incoming photons in states jjiD and jjf D. For generating the spin-dependent splitting

with different k vectors, the observable of the system is weakly coupled with the meter via the interaction

Hamiltonian given by bH = Dkx bAx. The observable bA is the Pauli operator. Therefore, the initial state de-

velops as

jJD = e� i
R bHdt

Z
dx4ðxÞjxDjjiD (Equation 10)

Here, the transverse spatial distribution in state jxD is regarded as the meter. Then the preselected state jjiD
and the postselected state jjf D are written as

jjiD =
1 � iffiffiffi

2
p

h
cos

�
a � p

4

�
j + D + cos

�
a +

p

4

�
j � D

i
(Equation 11)

jjf D =
iffiffiffi
2

p ðj � D � j + DÞ (Equation 12)

In our scheme, the preselection is realized by the combination of GLP1, optical rotation angle a from the

chiral object, and QWP. For different chiral objects, the preselection could be modified by the variability of

the optical rotation angle. The process of introducing preselection and postselection actually establishes a

quantitative relationship between the amplified output result and the initial small signal, which is named

weak value of the measured observable (see STAR Methods for the details of theoretical analysis)

Aw =
Cjf j bAjjiD
Cjf jjiD

= cot a (Equation 13)

Therefore, after the interaction Hamiltonian, the initial state becomes

jJD =
1 � iffiffiffi

2
p

Z
dx4ðxÞjxDeiDkxx cos

�
a � p

4

�
j + D+ dx4ðxÞjxDe� iDkxxcos

�
a +

p

4

�
j � D (Equation 14)

After the postselection of state, the wave function evolves to the final state

Cjf jJD =
1+ i

2

Z
�dx4ðxÞjxDeiDkxx cos

�
a � p

4

�
+ dx4ðxÞjxDe� iDkxxcos

�
a +

p

4

�
(Equation 15)

Finally, the weak-value amplified pointer shift can be obtained as (Chen et al., 2015)

Dxw = Amod
w Dx; (Equation 16)

where Amod
w is the modified weak value

Amod
w =

e2ðwp=LÞ2 sin 2 a

cos 2 a � e2ðwp=LÞ2 : (Equation 17)

Here, a is the optical rotation angle attributed to the chiral objects and the concentration of the solution.

In Figure 2A, the modified weak values for three different computing metasurfaces with periods L = 4 mm,

L = 8 mm, L = 16 mm are shown. The modified weak values as functions of metasurface periods with three

preselected angles are obtained in Figure 2B. According to Equation (16), there is a quantitative relation-

ship between amplified pointer shifts and the preselection polarization state shown in Figure 2C (L=8mm).

The asymmetric splitting beam distribution caused by slight changes in the preselected states will lead to
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brightness differences for edge detection of chiral objects. Figure 2D is the intensity curves along the cen-

tral axis x direction corresponding to the three insets shown from left to right in Figure 2C, respectively.

Spatial spectral transfer function

To illustrate the optical differentiation effect, we experimentally measured the transfer function of the

metasurface. As shown in Figure 3A, the horizontal direction linearly polarized beam produced by GLP1

passes throughQWPwith the same optical axis as GLP1. Then the beamwill be focused on themetasurface

by L1. GLP2 is used to analyze the splitting beam spot. The distance between L1 and L2 is the sum of their

focal lengths and the CCD is placed at the real focal plane of L2 to collect the output beam. The metasur-

face is fabricated by the femtosecond laser writing of self-assembled nanogratings inside a fused silica

glass (Beresna et al., 2011). A periodic pattern with space-variant optical axis direction is formed inside

the nanostructures under strong laser irradiation (see STAR Methods for the details of sample fabrication).

For this metasurface sample, the optical transmission efficiency of 93.2% and conversion efficiency of 95.7%

are measured at the wavelength of 632.8 nm. The left inset in Figure 3A shows the local optical slow-axis

orientation of this metasurface (L =8 mm) measured by polariscefopic analysis. The right inset in Figure 3A

Figure 2. Weak-value amplification

(A) Modified weak values as functions of preselected angles when the metasurface periods L are taken as 4mm, 8mm,

16mm, respectively. The inset is theoretical distribution of local optical slow-axis orientation of the metasurface.

(B) Modified weak values as functions of metasurface periods when the preselected angles a are taken as 0:01�, 0:05�, 0:1�,
respectively.

(C) The relationship between amplified beam shifts and preselected angles in the case of z = 250 mm. The three special

points indicate the theoretical output intensity of the light corresponding to a = � 1�, a = 0�, a = 1�, respectively.
(D) The intensity curves along the central axis x direction in three insets of (C), respectively.
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presents a scanning electron microscope (SEM) image of the metasurface sample. To measure the transfer

function Hðkx ;kyÞ, we first record the intensity distribution Ioutðx; yÞ after the 4f system (Figure 3B) and calcu-

late the electrical field distribution based on Eoutðx;yÞ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ioutðx; yÞ

p
. Then we measure the intensity distri-

bution Iinðx; yÞ before L1, as shown in Figure 3C. The electrical field distribution Einðx; yÞ is also obtained.

The final transfer function can be described by

H
�
kx ; ky

�
=

~Eout

�
kx ; ky

�
~Ein

�
kx ; ky

� (Equation 18)

Figure 3. Measurement of the spatial transfer function of the mentioned spatial differentiator

(A) Experiment setup: Laser (He-Ne laser, 632.8 nm wavelength); L1 and L2, lens with focal length 175mm and 250mm,

respectively; GLP1 and GLP2, a pair of crossed Glan laser polarizers; QWP, quarter-wave plate; Metasurface, period

8 mm; CCD, charge-coupled device. The left inset shows the characterization of the metasurface utilized by crossed linear

polarizers. The orange bars indicate local optical slow-axis orientation of the metasurface. The right inset is the scanning

electron microscope image of the metasurface sample (Scale bar, 100 nm).

(B and C) The experimental intensity distribution with and without the spatial differentiator, respectively.

(D) The measured results of spatial spectral transfer function.

(E) The theory and experiment results of the transfer function for ky = 0.
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where ~Eðkx ; kyÞ is the Fourier transform of Eðx; yÞ. The phase distribution for the spatial spectral transfer

function is depicted in Figure S3 (supplemental information). After processing data extracted from

Figures 3B and 3C, the measured transfer function is demonstrated as shown in Figure 3D. To clearly eval-

uate the detailed features, we plot the experimental transfer function when ky=k0 = 0 (Figure 3E), which

shows linear correlation of kx and illustrates that the spatial differentiation along x direction can be well

proved.

Detection of the object chirality

Then we employ the mentioned weak measurements technique and the metasurface sample to realize the

chirality recognition. The experimental setup is schematically shown in Figure 4A, where the light comes

from a He-Ne laser, and then the horizontal linear polarized beam obtained by GLP1 passes through the

chiral object loaded with a certain concentration of proline solution. The optical activity of the chiral solu-

tion makes the polarization plane rotate a small angle, which can be regarded as the preselection state in

combination with GLP1 and QWP. Here, L1 and L2 construct the 4f imaging system. After impinging onto

the metasurface, the splitting LCP and RCP components pass the analyzer (GLP2) and finally the edge im-

age will be recorded by the CCD. The analyzer GLP2 builds a postselection state jV D.

Now we demonstrate the superiority of our scheme in chiral edge image sensing. For chiral solutions with

different concentrations, the corresponding optical rotation angles will lead to different preselection

states, which will eventually result in beam asymmetry after passing through the whole system. To clearly

illustrate the effect of chiral solutions with different concentrations on output beam, we first place a 3 cm

thickness quartz cuvette with L-proline solution (Figures 4B and 4C) and D-proline solution (Figures 4E and

4F) at the front focal length of L1 and the beam intensities are recorded on CCD (see STARMethods for the

details of sample preparation and experimental measurements). As the concentration increases, we find

that the symmetric double-peak distribution gradually changes to asymmetric distribution with the

Figure 4. Experimental demonstration of chiral edge image sensing

(A) Schematic of the experimental setup for chiral edge detection.

(B and C) The output intensity of the light in the case of using a quartz cuvette loaded with L-proline solution. Here, the

concentration for (B) and (C) are 0.1 g/mL, 0.05 g/mL.

(D) The output intensity of the light without the proline solution.

(E and F) The output intensity of the light in the case of using a quartz cuvette loaded with D-proline solution. Here, the

concentration for (E) and (F) are 0.05 g/mL, 0.1 g/mL.

(G–K) The measured images in the case of using chiral ‘‘smile’’ object loaded with proline solution at the same

concentration corresponding to the first row.
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asymmetry degree getting stronger. Then we replace the quartz cuvette with a chiral ‘‘smile’’ object (3 cm

thickness) loaded with the same increasing concentrations of L-proline solution andD-proline solution, cor-

responding to Figures 4G–4K, respectively. The highest resolution of the detected edge is around 6 mm in

Figure 4K. We note that for left-handed objects, the edge of the right side is brighter than the left side. As

the solution concentration increases, the contrast of left-side and right-side edges gets obvious gradually.

Similarly, for right-handed objects, the opposite phenomenon is observed, where the brightness of the left-

side edge is stronger than the right side.

For an intuitive comparison, we extract the light intensity of each pixel on the horizontal central axis across

the edge images and the two maximum points are obtained. The peak-contrast-ratio pointer can be

defined by

C =
IL � IR
IL + IR

(Equation 19)

Here, IL is the light intensity of the left maximum point and IR is the light intensity of the right maximum

point. After calculating the peak-contrast-ratio pointer of the L-proline and D-proline solution both at

the concentration of 0.05 g/mL, 0.1 g/mL, and 0.15 g/mL, respectively, the relationship between the

peak-contrast-ratio pointer and the concentration of proline solution can be obtained in Figure 5.

We measured the corresponding amplified shifts Dxw are 153.8 mm, 231.3 mm, 250.2 mm. According to

Equation (16), we finally obtained the modified weak value Aw are 7.78, 11.70, 12.65 for the L-proline solu-

tion at concentration of 0.05 g/mL, 0.1 g/mL, 0.15 g/mL respectively. The corresponding optical rotation

angles for these three concentrations are 0.776�, 1.509�, 2.138�, respectively. Under direct detection of

the polarization rotation, we also obtain polarization rotation angles for 0.05 g/mL, 0.1 g/mL, and 0.15

g/mL are 0.76�, 1.52�, 2.12�. Here, the high measurement resolution with 10�3 degree is achieved in the

proposed approach in this paper, which outperforms the traditional polarimeter 10�2 degree. For the

D-proline solution at concentration of 0.05 g/mL, 0.1 g/mL, 0.15 g/mL, the measured amplified shifts are

�157.7 mm, �235.1 mm, and �250.1 mm, respectively. Then we obtain the corresponding optical rotation

angles are 0:802�, 1:577�, and 2:124�. Optical rotation will cause the change of preselection state, which

determines the weak-value amplification. This will result in a significant shift of the beam center of gravity.

Ultimately, the edge imaging of the chiral object shows an asymmetry because of the asymmetric beam

distribution. Weak measurement techniques have had great applications in biosensing in recent years,

especially for high-precision detection. By combining weak measurements with the imaging system, our

Figure 5. The relationship between the peak-contrast-ratio pointer and the concentration of proline solution

The negative concentration represents L-proline solution, while the positive concentration represents D-proline solution.

The three insets from left to right show intensity curves corresponding to the horizontal central axis across the edge

images, which are measured at 0.15 g/mL L-proline solution, without proline solution, and 0.15 g/mL D-proline solution.,

respectively.
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proposed scheme not only can be used to identify molecular chirality, but also perform edge imaging with

left and right brightness discrimination for chiral objects with different optical rotations.

DISCUSSION

In conclusion, we have demonstrated enantiomers recognition and optical edge detection of chiral objects

based on weak measurement schemes. In our scheme, the preselected polarization state is modified by

optical rotation of the chiral object and the optical edge detection is achieved by the metasurface. Based

on the interaction between spin-orbit coupling mechanism, the metasurface can manipulate the input field

for phase and polarization distribution and thereby shows great application advantages in high-contrast

edge imaging. The optical activity of the chirality sample can be detected by the final edge image and

the edge contrast varies with the concentration of the chiral solution. Due to high sensitivity to small

changes of the system, weak measurements can serve as a powerful tool for detecting small beam deflec-

tion caused by the optical rotation of a chiral object on the condition that the spatial beam separation

magnitude is much smaller than the beam diameter itself.

By incorporating the superiority of metasurface and weak measurements technique, there are two

appealing features for the mentioned scheme: it does not involve any complex and bulky devices

compared to traditional polarimeter methods, and the edge image will be more intuitive by filtering out

unnecessary information while maintaining significant geometric elements. The proposed scheme exhibits

the advantages of high efficiency, compact type, and high resolution. It is believed that our results may pro-

vide a simple and accurate method for identification and analysis of chiral objects, which may have poten-

tial applications in real-time chemical and biological reaction.

Limitations of the study

The inaccuracy of femtosecond laser writing technology may cause the minor error of metasurface optical

axis distribution, which will lead to slight deformation between the theoretical and experimental spatial

transfer functions. In our experiment, the weak-value amplification is not large enough due to the small

period of the metasurface sample, but large weak values can be obtained in principle as the designed

period increases (see Figure S2 in supplemental information). In addition, the chiral image sensing is

limited to one dimension. It would be able to be extended to two dimensions with high-order differentia-

tion (Liu et al., 2022), by designing the computing metasurface.
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METHOD DETAILS

Theoretical analysis

1. The principle of metasurface

The designed metasurface with the phase retardation p has a periodically varying optical axis along the x

direction, whichmakes the phase gradient also vary along the x axis. By employing Jonesmatrix, it is conve-

nient to describe the metasurface:

T =

	
cos 2 4 sin 2 4

sin 2 4 � cos 2 4



(Equation 20)

Here, 4ðxÞ = px
L
is local optical axis direction. When the left-handed circularly polarized light jLD or the right-

handed circularly polarized light jRD is vertically impinges onto the metasurface, the output state can be

expressed as

jEoutD = Tðx; yÞjLD = expði24ÞjRD (Equation 21)

jEoutD = Tðx; yÞjRD = expð� i24ÞjLD (Equation 22)

The above two equations reveal that the metasurface with the phase retardation p can invert the handed-

ness of the incident photon and introduce an additional space-variant phase, which is called PB phase (Pan-

charatnam-Berry phase).

2. Calculation of weak value

We assume the preselection state of the measuring system is jjiD, which is realized by the combination of a

Glan laser polarizer (GLP1), optical rotation angle a from the chiral object, and a quarter wave plate (QWP).

As we know, for an arbitrary phase retarder, it is convenient to employ the Jones matrix to describe the light

propagation property when passing through it:

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

He-Ne Laser Thorlabs company HNL210LB
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Vð4Þ = Rð�4ÞW0Rð4Þ (Equation 23)

Rð4Þ =
	
cos 4 sin 4

� sin 4 cos 4



is the coordinate-dependent matrix, W0 =

	
expð� iG=2Þ 0
0 expðiG=2Þ



is the

Jones matrix of a uniaxial crystal. We consider the orientation of the quarter-wave plate is 4 = 0, with

its fast-axis parallel to the GLP1. Here, for QWP, G = p
2. Then Jones matrix could be written as:

VQWP =

26664
1 � iffiffiffi

2
p 0

0
1+ iffiffiffi

2
p

37775 (Equation 24)

The preselection state could be given by:

ji = VQWPEinput =

26664
1 � iffiffiffi

2
p 0

0
1+ iffiffiffi

2
p

37775
	
cos a
sin a



=

26664
ð1 � iÞcos affiffiffi

2
p

ð1+ iÞsin affiffiffi
2

p

37775 (Equation 25)

Here,

	
cos a
sin a



represents the field after the GLP1 and chiral object, which is a linear polarization with x axis.

In the spin basis set, we have the expressions jHD = 1ffiffi
2

p ðj + D + j � DÞ, jV D = iffiffi
2

p ð� j + D + j � DÞ. Inserting
these two expressions to j4iD, the preselection could be rewritten as

jjiD =
1 � iffiffiffi

2
p

h
cos

�
a � p

4

�
j + D + cos

�
a +

p

4

�
j � D

i
(Equation 26)

The second Glan laser polarizer (GLP2) is employed to achieve the postselection state jV D, which can be

written as:

jjf D =
iffiffiffi
2

p ðj � D � j + DÞ: (Equation 27)

Finally, weak value can be obtained as:

Aw =
C4f j bAj4iD
C4f j4iD

=

h � iffiffiffi
2

p iffiffiffi
2

p
i
3

	
1 0
0 � 1



3

264
1 � i

2
ðcos a+ sin aÞ

1 � i

2
ðcos a � sin aÞ

375
h � iffiffiffi

2
p iffiffiffi

2
p

i
3

264
1 � i

2
ðcos a+ sin aÞ

1 � i

2
ðcos a � sin aÞ

375
= cotðaÞ (Equation 28)

Sample fabrication

The metasurface is fabricated by a femtosecond laser etching space-varying grooves at subwavelength

scale. Under intense laser irradiation, the uniform glass (SiO2) decomposes into porous glass (SiO2(1-x) +

xO2). A periodic change of the laser intensity will lead to a modulation of the refractive index, because

the laser intensity determines the refractive index (Ling et al., 2015). When the dimension of the structure

is much smaller than the wavelength of the incident beam, only the zero-order diffraction mode can appear

and the modes of other orders are suppressed. Thus, the function of metasurface is equivalent to spatially

varying uniaxial crystals, with local optical axis (slow axis and fast axis) direction parallel or perpendicular to

the direction of the groove, which presents a spatially varying effective birefringence. The birefringence

phase retardation is given by

G = 2pðne � noÞd=l (Equation 29)

where d indicates writing depth and ðne �noÞ is the induced birefringence. The ordinary and extraordinary

refractive indices are

no =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fn2

1 + ð1 � f Þn2
2

q
; (Equation 30)
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ne =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
1n

2
2

fn2
2 + ð1 � f Þn2

1

s
(Equation 31)

where f is the filling factor, and n1, n2 are the refractive indices of two media that constitute the nanograt-

ing. For the metasurface sample with p phase retardation at a wavelength of 632.8 nm, the filling factor is

0.1–0.2, with the line width of 30–50 nm and the writing period of 250–300 nm. The writing depth is about

80 mm and the value of ne-no is about 33 10� 3. The microstructural region is located in the central part of

the substrate plane, with 6 mm 3 6 mm.

Sample preparation

The L-proline and D-proline samples are derived from the Aladdin company. In this system, the He-Ne laser

with the central wavelength of 632.8 nm is from Thorlabs (HNL210LB), which has excellent beam quality and

gas discharge laser characteristics. The CCD Camera Beam Profiler is from Thorlabs (CS165CU), which has

flexible mounting options and compact size. This camera has a low <4.0 e� read noise and high sensitivity

while maintaining a small footprint. The global shutter captures the entire field of view simultaneously, al-

lowing for imaging of rapidly changing scenes.

Experimental measurements

The temperature of chiral sample solution is about 12�C and the experimental environment is at room tem-

perature 15�C. After calculating the relationship between amplified beam shifts and preselected angles,

we experimentally select chiral objects with different handedness and different concentrations, finally chiral

edge images can be observed by our proposed scheme.
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