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Tailoring Optical Vortical Dichroism with
Stereometamaterials

Shunli Liu, Jincheng Ni, Cong Zhang, Xinghao Wang, Yang Cao, Dawei Wang,
Shengyun Ji, Deng Pan, Rui Li, Hao Wu, Chen Xin, Jiawen Li,* Yanlei Hu, Guixin Li,
Dong Wu,* and Jiaru Chu

Chiroptical response, investigating the interaction between photonic angular
momenta and chiral media, is widely applied in optics and material science. In
photonic spin angular momentum (SAM) dimension, tailoring circular
dichroism (CD) is realized by varying chiral metamaterials for compact
circular polarizers and enantiomer sensing. However, in photonic orbital
angular momentum (OAM) dimension, tailorable chiroptical property by
artificial metamaterials at a fixed operating wavelength remains elusive. Here,
it is proposed and demonstrated that twisted stereometamaterials can yield
OAM-dependent tailorable vortical dichroism (VD) ranging from −97% to
+98%. Engineering the geometrical parameters and symmetry of the twisted
stereometamaterials can flexibly control the spectral characteristics of VD
measurements such as sign, magnitude, and position. The twisted
stereometamaterials, managing the transmission behaviors of light with
various OAM, holds great promise for developing miniaturized components
in integrated photonics and chiroptical spectroscopy.

1. Introduction

Chiroptical response is a momentous phenomenon of chiral
light-matter interactions, which has been extensively studied
in the past and still attracts enormous attention in modern
optics.[1–4] One of the most significant chiroptical manifestations
is circular dichroism (CD), defined as the differential absorption
of left- and right-handed circularly polarized light after passing
through chiral media.[5,6] As an intuitive demonstration of opti-
cal chiral properties, the CD spectroscopy has been widely used
in metamaterial design,[7–9] enantiomer identification,[10,11] and
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polarization detection.[12–14] Further-
more, tailoring spectral characteristics
of CD has been realized through the
judiciously designed chiral plasmonic
nanostructures.[15–18] Recently, it was
reported that light waves with intrinsic
chiral characteristic possess angular
momentum. For example, circularly po-
larized light with helical electric vectors
carries spin angular momentum (SAM).
In addition, optical vortices with helical
wavefronts intrinsically carry orbital
angular momentum (OAM), which is de-
termined by the OAM mode index.[19,20]

Analogous to the SAM-dependent CD,
the optical phenomenon related to pho-
tonic OAM is crucial for expanding the
dimensions of chiroptical responses.
Distinguished with the polarization-

related SAM, the phase-related OAM
has great applications in optical

wrenches,[21–22] optical holography,[23–25] chiral structure
processing,[26–28] and optical communications.[29,30] With the
deepening understanding of photonic OAM, it gradually begins
to be explored in chiroptical response.[31,32] For example, it has
been confirmed that the chirality of incident OAM light can
be detected by a dipolar chiral nanostructure.[33] Inversely, the
chirality of multiscale chiral structures can be distinguished by
the OAM light.[34–35] These phenomena are based on the trans-
mission difference of light with opposite OAM states, which
is dubbed vortical dichroism (VD). Essentially different from
SAM-contributed CD, the VD reveals the interaction between
photonic OAM and chiral media. As an emerging chiroptical
response in photonic OAM dimension, it is significant to real-
ize tailorable VD for managing the transmission behaviors of
OAM beams in integrated photonics. However, the on-demand
VD tailor via designing chiral metamaterials has not yet been
realized.
The fundamental problem is that ordinary chiral metama-

terials are not suitable for the VD tailor due to their binary
chiral configurations (left- or right-handed). In general, ordi-
nary chiral metamaterials in chiroptical responses can be di-
vided into two types: planar 2D metamaterials[36–38] and solid
3D metamaterials.[39–42] However, recent experiments have also
shown that stereometamaterials, which mean quasi-3D archi-
tectures formed by achiral/chiral building blocks, can also yield
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Figure 1. Concept of tailoring VD on the twisted stereometamaterials via photonic OAM. a) Incident characteristics (top) and strong reflection (middle)
of optical vortices with positive/RHWOAMmodes on the twisted stereometamaterial (bottom). RHW: right-handed helical wavefront. b) Corresponding
to negative/LHW OAM modes. LHW: left-handed helical wavefront. c) Simulated reflection spectra for opposite OAM modes on the 22.5° (left), 45°

(middle), and 67.5° (right) twisted stereometamaterials at an identical wavelength of 800 nm.

remarkable chiroptical responses.[43–46] Compared with solid
3D metamaterials, the stereometamaterials have lower require-
ments of spatial processing capabilities. Moreover, they have
multiple chiral configurations achieved by the same building
blocks but different spatial arrangements. As an important con-
cept, the stereometamaterials have already been utilized to tailor
the optical responses,[16,47] which also provide a possible solution
for the OAM-dependent VD tailor.
Herein, we theoretically confirm the feasibility of tailoring VD

on the designed twisted stereometamaterials and reveal its ori-
gin by discrete OAM spectra. In the experiment, the fabricated
twisted stereometamaterials withmultiple configurations can ex-
hibit −97–+98% tailorable VD signals at a fixed wavelength of
800 nm. In addition, the flexible VD tailor that allows full mod-
ulation of all three VD characteristics can also be realized by en-
gineering the geometrical parameters (e.g., length L and width
w) and symmetry of the twisted stereometamaterials. This OAM-
dependent tailorable VD enriches the chiroptical phenomena and

can potentially facilitate the design of advanced stereo-photonic
systems with anticipated OAM responses.

2. Result

2.1. Concept of Tailoring OAM-Dependent VD on the Twisted
Stereometamaterials

Schematics of the OAM-dependent VD on the twisted stere-
ometamaterial are illustrated in Figure 1a,b. Distinguishing
from the utilization of continuous-wavelength circularly polar-
ized light in SAM-contributed CD, the VD is dominated by
photonic OAM and requires optical vortices with varying OAM
modes as the excitation sources (Figure S1, Supporting Infor-
mation). For the optical vortex carrying OAM, its helical wave-
front originates from the phase distribution ei𝓁𝜑, where the inte-
ger 𝓁 is unbounded OAM mode index, 𝜑 is azimuthal angle.[48]

The OAM modes of optical vortices are positive and negative for
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right- (RHW) and left-handed helical wavefront (LHW), respec-
tively. As shown in the top panels of Figure 1a,b, optical vortices
with opposite OAM modes (+𝓁,−𝓁) have opposite phase gradi-
ents ∇Φ and pseudo-wavevector k|| but the same annular inten-
sity radius r in the transmission plane.
Then, the optical vortices with tunable OAM modes (+𝓁,−𝓁)

are normally incident on the twisted stereometamaterial to ex-
cite chiroptical response. For the opposite incident OAMmodes,
the stereometamaterial will exhibit an OAM-dependent differen-
tial reflection effect (middle panels), which is a direct manifes-
tation of the VD response. The geometrical parameters of the
designed twisted stereometamaterials are shown in the bottom
panel of Figure 1b. The twisted stereometamaterial consists of
two stacked achiral crosses, which have the same length L, width
w, and height h. The two crosses are twisted to each other at an
angle of 𝜃 and separated by a distance of s. Considering the radii
of incident optical vortices, the structural parameters of stere-
ometamaterials are L = 8 μm, s = 0 μm and w = h = 3 μm for
effective light-matter coupling in our experiments. Notably, the
twisted stereometamaterial has a typical fourfold rotational sym-
metry (C4) with respect to the central axis and its spatial configu-
ration is determined by the twisted angle 𝜃.
The core of tailoring VD is controlling the reflection difference

of the opposite optical vortices (+𝓁,−𝓁), in which the configura-
tion of the twisted stereometamaterial plays a crucial role. Specifi-
cally, the VD response behavior of the stereometamaterial can be
substantially modified by altering the twisted angle 𝜃. In order
to confirm this conjecture, numerical simulations are performed
based on the commercial finite-difference time-domain (FDTD)
algorithm (Section 4). To avoid the chiral interference of photonic
SAM, the incident optical vortices are adjusted to the linear polar-
ization state along the x-direction. By scanning the OAM mode
from −60 to +60, the reflection spectra on various stereometa-
materials can be obtained at an operating wavelength of 800 nm.
Figure 1c shows the simulated reflection spectra of 22.5° (left),
45° (middle), and 67.5° (right) stereometamaterials, respectively.
For the left-handed configuration of 22.5°, the reflectivity of the
optical vortex with a positive index (+𝓁) is always greater than that
with a negative one (−𝓁) in the coupling area (|±𝓁| < 50), imply-
ing the occurrence of VD. For an achiral 45° stereometamaterial,
it shows the same reflectivity for the opposite OAMmodes in the
entire scanning range. Comparedwith the 22.5° stereometamate-
rial, 67.5° stereometamaterial exhibits inverse reflection spectra.
In contrast to the giant VD signals, the SAM-dependent CD re-
sponses on the stereometamaterials are extremely weak (Figures
S2 and S3, Supporting Information). Besides, the VD does not
depend on the wavelength and can be induced in a broadband
range (Figure S4, Supporting Information). Generally, tailoring
VD can be easily realized by altering the twisted angle 𝜃, which
lays the theoretical foundation for the subsequent experiments.

2.2. Origin of the VD Phenomena on the Stereometamaterials

In order to reveal the differential transmission mechanism of
the opposite OAM modes on the stereometamaterial, the pro-
cess of light-matter interaction need to be analyzed. Without loss
of generality, we study the interaction between 𝓁 = ±10 modes
and 22.5° stereometamaterial. A single-layer cross metamaterial

is used as a control in our experiment. At the beginning, the origi-
nal optical vortices with opposite OAMmodes havemirror-image
symmetric electric field distributions. After interacting with the
metamaterial, the electric field distributions of optical vortices
are modulated. For the single-layer metamaterial, we focus our
attention on its central plane P1 along z axis (Figure 2a). The
electric field distributions |Ex| in the P1 plane are monitored and
recorded, as demonstrated in Figure 2b. Owing to the achiral ge-
ometrical features of the single-layer metamaterial, the electric
field distributions of |E+10

x | and |E−10
x | are still symmetrical, im-

plying that their total optical intensity is equal. In comparison,
Figure 2d shows the schematic of a 22.5° stereometamaterial il-
luminated by the opposite optical vortices. For the 22.5° twisted
stereometamaterial, we are interested in the central plane P2 of
its lower layer. In the P2 plane, the electric field distributions are
asymmetrically modified by the coupling-modulation of two lay-
ers as well as the mirror symmetry of |E+10

x | and |E−10
x | is broken

(Figure 2e). Obviously, the transmissive electric field intensity of
𝓁 = −10 is stronger than that of 𝓁 = +10 in the P2 plane, which is
an intuitive display of the VD phenomenon. Compared with the
twisted stereometamaterials, the VD signals cannot be induced
by the twisted planar metamaterials (Figure S5, Supporting In-
formation).
The origin of VD phenomenon can also be explained by the

OAM mode conversion of incident optical vortex. Generally, the
azimuthal angular electric field distribution E(𝜌,𝜑) can be re-
garded as the composition of countless orthogonal basis with ra-
tio 𝜓𝓁(𝜌) in the Hilbert space, where 𝜌 is the distance from the
center phase singularity, and 𝜑 is the azimuth angle. Therefore,
the corresponding OAM spectrum 𝜓𝓁(𝜌) can be described as

𝜓𝓁(𝜌) =
1√
2𝜋

+𝜋

∫
−𝜋

E(𝜌,𝜑)e−i𝓁𝜑d𝜑 (1)

The simulated discrete OAM spectra of opposite optical vor-
tices at planes P1 and P2 are shown in Figure 2c,f, respectively. In-
terestingly, some power weights appear at the new OAM modes
resulting from the OAM-mode conversion. In the P1 plane of the
single-layer metamaterial, the OAM spectra of the opposite inci-
dent modes (𝓁 = ±10) are symmetrical with respect to 𝓁 = 0 and
still maintain high power weights at the original indices. Differ-
ent from the case of P1 plane, the power weights decrease dra-
matically at the position of 𝓁 = ±10 in the P2 plane, owing to
the strong electric field modulation by the twisted stereometa-
material. Besides, the OAM spectra are asymmetrical due to the
different modulation levels for the opposite OAM modes. From
this perspective, the origin of VD can be seen as the symmetric
breaking of discrete OAM spectra.

2.3. Reflection Spectra and VD Characterizations of Varying
Stereometamaterials

In the experiment, the stereometamaterials were prepared in
SZ2080 photoresist by the direct-laser-writing technique (Ex-
perimental section). To yield a strong OAM coupling, all of the
fabricated stereometamaterials have the same size of L = 8 μm,
s= 0 μmandw= h= 3 μm,which are consistent with the parame-
ters in the simulation. The twisted angle 𝜃 is set from 0° to 90° at
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Figure 2. Origin of the VD phenomena on the twisted stereometamaterials. a) A single-layer metamaterial excited by the optical vortices with opposite
OAM modes (|𝓁| = ±10). The monitoring plane P1 is located at the center of the metamaterial. b) Symmetric electric field distributions of 𝓁 = +10
(top) and 𝓁 = −10 (bottom) in the P1 plane. White arrows indicate the Poynting vectors. c) Symmetrical discrete OAM spectra in the P1 plane. d) Bilayer
stereometamaterial with a twisted angle of 22.5°. The monitoring plane P2 is located at the center of its lower layer. e) Symmetry-broken electric field
distributions for opposite OAM modes in the P2 plane. f) Asymmetric discrete OAM spectra in the P2 plane. Scale bars, 4 μm.

intervals of 11.25° for generating varying spatial configurations.
The range of the OAM mode index adopted in the experiment
is from −60 to +60, which can completely cover the theoretical
VD coupling area. By the designed measurement apparatus,
the beams with varying OAM modes can be generated (Figure
S6, Supporting Information). From the Debye vector diffraction
theory (Experimental section), the light transmission of optical
vortices with different polarization states and OAMmodes under
a high NA objective lens can be accurately predicted (Figures
S7 and S8, Supporting Information). In our measurement, the
reflection spectra of various stereometamaterials are monitored
at 𝜆 = 800 nm, as shown in Figure 3.
In terms of all configurations, the best coupling conditions can

be obtained at the OAM modes of |±𝓁| = 28. When the annular
radius r of the optical vortex is larger than the arm length L of the
stereometamaterials (|±𝓁| > 50), the reflection intensity of op-
posite OAM modes is equal, resulting in a near-zero VD signal.
Besides, due to theC4 feature of the twisted stereometamaterials,
the normalized reflectivity (R) has spatial inversion symmetry,
which can be summarized as R±𝓁

𝜃
= R∓𝓁

90◦−𝜃 . For the two special

achiral configurations of 𝜃 = 0° and 𝜃 = 45°, the reflection inten-
sity of opposite OAMmodes is almost the same, as shown in Fig-
ure 3a,e. The slight difference may be caused by manufacturing
errors. Compared with 0° stereometamaterial, the reflection en-
hancement of the 45° stereometamaterial is due to the less trans-
mission caused by the expansion of contact interface. In general,
in the left-handed interval of 𝜃 ∈ (0◦, 45◦), the reflection inten-
sity of positive OAMmode is always greater than that of negative
one. Moreover, the difference between the two modes undergoes
a process of “no difference (0°), increased difference (11.25°),
maximum difference (22.5°), decreased difference (33.75°), no
difference (45°) (Figure 3a–e)”. However, the relationship is re-
versed in the right-handed interval of 𝜃 ∈ (45◦, 90◦) (Figure 3e–
h). Therefore, it can be considered that there are four special con-
figurations: two achiral configurations of 0° and 45°, an ultra-left-
handed configuration of 𝜃 = 22.5°, an ultra-right-handed configu-
ration of 𝜃 = 67.5°. Besides, for the two stereometamaterials with
complementary angles to each other, they appear inverse reflec-
tion intensity for opposite OAM modes. The reflection spectra
of the stereometamaterials excited by circularly polarized optical
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Figure 3. Experimental reflection spectra of varying stereometamaterials with twisted angles from 0° to 78.75°. a,e) Two achiral configurations with
twisted angles of a) 0° and e) 45°, respectively. b–d) Three left-handed configurations with twisted angles of b) 11.25°, c) 22.5°, and d) 33.75° (d),
respectively. f–h) Three right-handed configurations with twisted angles of f) 56.25°, g) 67.5°, and h) 78.75°, respectively. Solid lines represent the
mean value and the shading indicates the standard deviation of multiple measurements. Insets are scanning electron microscope (SEM) images of the
fabricated stereometamaterials at the corresponding twisted angles. Scale bars, 4 μm.

vortices are also observed, which shows the irrelevance of VD and
photonic SAM (Figure S9, Supporting Information).
In order to visually evaluate the OAM-dependent chiroptical

response, the VD at twisted angle 𝜃 is defined as

VD|𝓁| = R+𝓁
𝜃

− R−𝓁
𝜃(

R+𝓁
𝜃

+ R−𝓁
𝜃

)
∕2

× 100% (2)

where R represents the reflection intensity, and its superscript is
the OAM mode index. It is worth noting that the effective value
range of the VD is [−200%,+200%] according to the Equation (2).
Figure 4a shows experimental VD spectra of the twisted stere-
ometamaterials with selected configurations in Figure 4b. At the
achiral beginning of 𝜃 = 0°, the VD spectrum always remains ap-
proximately 0. As 𝜃 increases from 0° to 90°, the stereometamate-
rial firstly enters the left-handed (LH) area, then enters the right-

handed (RH) area after passing through another achiral state of
𝜃 = 45°. In the left-handed area, the VD signals are always pos-
itive and reach to the maximum at the ultra-left-handed confor-
mation of 𝜃 = 22.5°. Correspondingly, in the right-handed area,
the VD signals are always negative and reach to the minimum at
the ultra-right-handed configuration of 𝜃 = 67.5°. The spectra of
two additional angles (39.375° and 50.625°) are aimed to confirm
the stability of this trend.
For all of the experimental VD spectra, there are conspicu-

ous global coupling peaks at almost the same position of |𝓁| =
28. In Figure 4c, the peak magnitudes are replotted as a func-
tion of 𝜃 (the black dots). Obviously, it is a sinusoidal-like curve
of y = A sin(4𝜃), where A is 94% by the numerical fitting. The
experimental results are highly consistent with the fitting re-
sults. Overall, the twisted stereometamaterials with multiple
configurations can exhibit a wide range of tailorable VD (−97–
+98%) at the visible wavelength, which means that the sign and
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Figure 4. Characterization of vortical dichroism spectra of the stereometamaterials. a) VD spectra of various stereometamaterials at the fixed wavelength
of 800 nm. b) Schematic of selected twisted angles during clockwise rotation. c) The peak magnitudes of VD (black dots) and fitted results (red line)
as a function of twisted angle 𝜃, indicting the sign and magnitude tailor in the VD spectra. The experimental data is fitted by the sine function of
y = 94% sin(4𝜃).

magnitude tailor in the VD characteristics can be realized at the
same time. The configuration information of the stereometama-
terial can be transformed into a VD spectrum, and the correla-
tion model of twisted angle 𝜃 and coupling peak is established.
Compared with stereometamaterials, the twisted planar meta-
materials have the same reflection modulation for the opposite
OAM modes (Figures S10 and S11, Supporting Information).
As such, this VD tailor reveals a novel mechanism and has an
essential difference with CD, which can be regarded as a com-
plement of the chiroptical phenomenon in the photonic OAM
dimensions.

2.4. Parameter-Tailored Relationships on the
Stereometamaterials

In addition to the twisted angle 𝜃, other geometrical parameters
(including arm length L, layer space s, armwidthw, and rotational
symmetry Cn) of the stereometamaterial will also have impacts
on the VD. To intuitively clarify the dependence of VD on a spe-
cific parameter, parameter-tailored experiments are performed.
Specifically, we observe the changes of VD peaks by indepen-

dently tuning one parameter while keeping others unchanged, as
shown in Figure 5a. By this univariate control method, the com-
plexity of numerous parameters can be reduced. Notably, we de-
fine the peak position as the abscissa of the coupling peak in the
VD spectrum, and the peak magnitude as its ordinate.
Firstly, by increasing the arm length L from 3 to 9 μm, the

peak magnitude increases approximately linearly from 35% to
108% (left axis), and the peak position gradually shifts to a larger
OAM index from |𝓁| = 17 to |𝓁| = 36 (right axis), as shown in
Figure 5b. The results indicate that the increase of L will shift
the peak position to the right (Figure S12, Supporting Informa-
tion). It is worth noting that L is the predominate parameter that
can affect the VD characteristic of peak position. Then, we focus
on the impact of layer space s on VD characteristic, as shown in
Figure 5c. By adding an achiral micropillar as a support between
the two layers of the stereometamaterial, the layer space can be
flexibly controlled without obviously affecting the measurement
results (Figure S13, Supporting Information). As s increases
from 0 to 8 μm, the magnitude of coupling peak drops from
100% to 16% because of the reduced interlayer coupling with
an increased s. Meanwhile, the peak position has not changed
significantly.
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Figure 5. Parameter-tailored relationships on the stereometamaterials. a) SEM images of the twisted stereometamaterials with varying structural pa-
rameters, including arm length L, space s, width w, and rotational symmetry Cn. Scale bars, 5 μm. b,c) The magnitude (left axis) and position (right
axis) of VD peaks as functions of b) length L and c) space s, respectively. d,e) The magnitude of VD peaks as functions of d) width w and e) rotational
symmetry Cn, respectively. LH/RH: left-/right-handed stereometamaterials.

In terms of width w, the peak magnitude first increases and
then decreases as w increases from 1.0 to 5.0 μm, where its max-
imum can be achieved at w = 3.0 μm (Figure 5d). Similarly, Fig-
ure 5e shows an analogous trend to w when tuning the rotational
symmetry Cn of the stereometamaterials. For the stereometama-
terials with different Cn symmetries, we all select the ultra-left-
handed (𝜃 = 90◦∕n) and ultra-right-handed (𝜃 = 270◦∕n) configu-
rations for generality. Obviously, themaximummagnitude of VD
can be gained atC4 symmetry in our experiments. From the SEM
images in Figure 5a, we can find both w and Cn determine the
contact area in the light-matter interaction. In the experiment, the

stereometamaterial has an optimal contact area for coupling the
photonic OAM. If the w/Cn is too large or too small, it will cause
a poor coupling state. As such, w and Cn have a similar effect on
the VD tailor. Therefore, varying VD tailor trends can be flexibly
obtained through the adjustment of specific parameters (Figure
S14, Supporting Information), which enables the stereometama-
terial a potential platform for the manipulation of OAM beam.
Besides, the excitation energy has little effect on the VD spectra
(Figure S15, Supporting Information), indicating that a strong
OAM-matter interaction can be obtained with broad power
tolerance.
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3. Conclusion

In summary, we have theoretically and experimentally demon-
strated the concept of tailoring VD on the twisted stereometa-
materials via photonic OAM. Using the fabricated twisted stere-
ometamaterials with C4 symmetry, a tailorable VD signal rang-
ing from −97% to +98% can be obtained at a fixed wavelength
of 800 nm. Moreover, by independently tuning the specific pa-
rameters and symmetric features of the stereometamaterials, di-
verse VD responses can be obtained, which enabled us to con-
trol all three VD characteristics (sign, magnitude, and position).
This work opens a new dimension of photonic angular momen-
tum in chiral optics and provides an innovative perspective for
next-generation chiroptical spectroscopy. In particular, we expect
that the flexible VD tailor can advance the manipulation of OAM
beams and the design of miniaturized stereo-photonic devices.

4. Experimental Section
Numerical Simulation: The reflection numerical simulations were per-

formed by the software of Lumerical FDTD Solutions. In the simulation,
the refractive index of the twisted stereometamaterial was set to be 1.51.
Perfectly matched layer boundaries were applied for the X, Y, and Z di-
rections, and the minimum mesh step was set to be 50 nm. The incident
electrical field distribution in polar coordinate space (Ein(r,𝜑)) of linearly
polarized optical vortex can be described as

Ein(r,𝜑) = C r|𝓁|√|𝓁|! exp
(
− r2

w2
0

)
exp (i𝓁𝜑) x̂ (3)

where C is a normalized constant independent of 𝓁 and r, w0 is the beam
waist corresponding to experimental conditions, which is equal to 2 μm.
The wavelength of the light source is fixed at 800 nm. In the reflection
spectrum, the weak absorption of light by the photoresist material can be
ignored, so the reflectance R is equal to the difference between 1 and the
transmittance T.

Twisted Stereometamaterials Preparation and Characterization: The
twisted stereometamaterials used in the experiment were manufactured
by the direct laser writing (DLW) process. We use a commercial zirconium-
silicon hybrid sol-gel material (SZ2080, IESL-FORTH, Greece) for the pho-
topolymerization. After pre-baking process at 100 °C for 30 min to evap-
orate the solvent in the material, the designed stereometamaterials can
be polymerized inside the material by the DLW. Then the sample was de-
veloped in absolute ethanol for 30 min until the unpolymerized portion
was completely dissolved. The scanning electron microscopy (SEM) im-
ages were achieved by a secondary-electron scanning electronmicroscope
(EVO18, ZEISS) with an accelerating voltage of 10 keV after depositing
≈10 nm of gold.

Focused Light Field Analysis: At the entrance pupil (r1,𝜑1, z1) of the ob-
jective lens, the diffracted electric field can be derived from Fresnel diffrac-
tion theory as

Ein1 (r1,𝜑1, z1) = −
exp (ikz1)

i𝜆z1
exp

(
ikr21
2z1

)
∫

R

0 ∫
2𝜋

0
P (r,𝜑)

× exp
(
ikr2

2z1

)
exp

[
−ikrr1 cos (𝜑1 − 𝜑)

z1

]
2𝜋rdrd𝜑 (4)

where P(r,𝜑) = ei𝓁𝜑 is the phase of the optical vortex from SLM, 𝜆 is
the wavelength of the incident light, k = 2𝜋

𝜆
is wavenumber. Accord-

ing to vectoral diffraction theory, the tightly focused electric field vector
E⃗2(r2,𝜑2, z2) in the cylindrical coordinate system can be calculated from

the generalized Debye integral as

E⃗2 (r2,𝜑2, z2)

=
⎡⎢⎢⎣
Ex ⋅ x̂
Ey ⋅ ŷ
Ez ⋅ ẑ

⎤⎥⎥⎦ = iC [x̂ŷẑ]∫
Θ

0 ∫
2𝜋

0
sin 𝜃Ein1 (r1,𝜑1, z1)

√
cos 𝜃

⋅
⎡⎢⎢⎣
1 + (cos 𝜃 − 1) cos2𝜑 (cos𝜑 − 1) cos𝜑 sin𝜑 − sin 𝜃 cos𝜑
(cos 𝜃 − 1) cos𝜑 sin𝜑 1 + (cos 𝜃 − 1) sin2𝜑 − sin 𝜃 sin𝜑

sin 𝜃 cos𝜑 sin 𝜃 sin𝜑 cos 𝜃

⎤⎥⎥⎦
⋅
⎡⎢⎢⎣
px
py
pz

⎤⎥⎥⎦ ⋅ exp {ik [z2 cos 𝜃 + r2 sin 𝜃 cos (𝜑 − 𝜑2)]} d𝜃d𝜑 (5)

whereC is a normalized constant, x̂, ŷ, ẑ are the unit vectors along the x, y, z
directions,Θ = sin−1( NA

n
) is themaximum focusing angle of the objective

lens, [px , py, pz]
T is a unit vector matrix about the polarization of input light.

For the linearly polarized light in the x direction used in the experiment, the
polarizationmatrix is [1, 0, 0]T . For the left-handed circularly polarized light
the polarization matrix is [1, i, 0]T .
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