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Abstract 

Exceptional points (EPs) are spectral singularities where eigenvalues and eigenvectors 
coalesce, typically requiring complex couplings and enabling phenomena like unidi‑
rectional propagation. Meanwhile, metasurfaces, composed of artificially engineered 
arrays of subwavelength structures, enable unprecedented manipulation of electro‑
magnetic waves. Recently, by tuning the coupling within a unit cell to realize an EP 
in the parameter space, metasurfaces with EPs have provided insights into the manipu‑
lation of light’s spin states. However, metasurfaces with EPs based on complex cou‑
plings exhibit obvious residual zero-order diffraction in manipulating light’s spin states. 
Here, we experimentally demonstrate a method to construct EPs in the parameter 
space without complex couplings within a unit cell, effectively suppressing residual 
zero-order diffraction. The EPs originate from the superposition of the accumulated 
phases from tailoring the sizes and relative rotation angles of the two pillars in a com‑
pound unit cell, forming nodal lines consisting of EPs in the parameter space. Using 
terahertz imaging technology, we experimentally observe spin-selective vortex beam 
generators and terahertz lenses constructed by metasurfaces with EPs in the param‑
eter space. Our finding offers alternative insights to implement spin manipulation 
in metasurfaces and spin-dependent wavefront engineering devices.
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Introduction
Exceptional points (EPs), spectral degeneracies at which both eigenvalues and eigenstates 
coalesce in open systems under specific coupling conditions, have garnered considerable 
interest across diverse fields, including mechanics, acoustics, and optics [1–5]. Due to the 
coalescence of eigenstates at EPs, a variety of intriguing phenomena have emerged, includ-
ing unidirectional wave propagation [6, 7], chiral absorption [8, 9], ultra-sensitive detection 
[10–12], and asymmetric reflection [13]. Meanwhile, metasurfaces, composed of arrays of 
spatially distributed subwavelength meta-atoms, have enabled versatile wavefront shaping 
[14–24], allowing for compact and efficient planar optical elements in various applications, 
e.g., polarization rotators [25, 26], waveplates [27], and q-plates [28, 29]. Recently, it has 
been reported that the eigenvalues and eigenvectors of the Jones matrix of a subwavelength 
unit cell can coalesce in parameter space by adjusting the coupling within the unit cell, lead-
ing to the emergence of an EP [30, 31]. Metasurfaces with EPs can implement intriguing 
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phenomena [32–34], e.g., pseudo-chirality [35] and extremely asymmetrical mirrors [36, 
37]. Recently, metasurfaces with EPs have demonstrated full and independent control of 
polarization channels [38, 39], especially in manipulating light’s spin states, for example, 
symmetrical spin state deflectors [31], asymmetric vectorial wavefront modulation [40], 
and arbitrarily polarized EPs [41]. However, metasurfaces with EPs based on complex cou-
plings have shown obvious residual energy in the zero-order diffraction channel in spin-
state manipulation.

In this study, we propose and experimentally demonstrate a method to implement EPs in 
the parameter space without complex couplings within a unit cell, effectively suppressing 
residual zero-order diffraction. The EPs arise from the superposition of phase contributions 
accumulated through geometric modulation of both the sizes and relative rotation angles 
of the two subwavelength dielectric pillars within a compound unit cell. Consequently, EPs 
form nodal lines in the parameter space. By utilizing terahertz field microscopy, we experi-
mentally observe spin-selective terahertz vortex beam generators and lenses by EPs-ena-
bled metasurfaces. Our results establish a robust framework for spin-dependent wavefront 
engineering and open new avenues for terahertz device design.

Methods
Figure 1 illustrates the schematic of dielectric spin-selective metasurfaces. The compound 
unit cell consists of two dielectric pillars (silicon) standing on a silicon substrate, as depicted 
in Fig. 1a. The compound unit cell has a height of H = 200 µm, a thickness of t = 2 mm, 
periods of px = 280  µm along the x-direction, and py = 140  µm along the y-direction, 
respectively. Meanwhile, a1 and b1 represent the length and width of the dielectric pil-
lar on the left side, while a2 and b2 represent the length and width of the dielectric pillar 
on the right side, respectively. Each dielectric pillar has two axes, as denoted by xr and yr, 
respectively. The angles θ1 and θ2 are defined as orientation angles between the yr-axis of 
the corresponding dielectric pillar and the y-axis, respectively, as shown in the lower panel 
of Fig. 1a. In general, the transmission or reflection characteristics of a dielectric pillar can 
be described by a Jones matrix, whose components represent the polarization conversion 
coefficients between incident and transmitted (or reflected) electric fields [15–18]. The 
transmission amplitude responses of a dielectric pillar’s Jones matrix along the xr- and yr-
axes are denoted as Ax and Ay under x and y-polarized incidence, while ϕx and ϕy are the 
corresponding phase responses, respectively. The transmission matrix of the compound 
unit cell can be written as the superposition of the transmission matrices associated with 
its two constituent dielectric pillars, as illustrated in Fig. 1b. To simplify our analysis, we 
set Ax = Ay = A and ϕx−ϕy = π , which is a widely adopted condition in the metasurfaces 
[42–46]. Then, the transmission matrix of a compound unit cell, expressed on the spin basis 
with left-handed circular polarization (LCP) and right-handed circular polarization (RCP), 
can be simplified (See Note 1)

where ϕ1 and ϕ2 are the phase responses ( ϕx ) of the corresponding dielectric pil-
lars along the xr-a xis, respectively. The spin conversion coefficients of the trans-
mission matrix can be tuned by sweeping ϕ1,ϕ2,θ1 and θ2 in the parameter space. By 

(1)Tcp = A
0 ei(ϕ1−2θ1) + ei(ϕ2−2θ2)

ei(ϕ1+2θ1) + ei(ϕ2+2θ2) 0
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tailoring the sizes and adjusting the rotation angles of the two constituent dielectric 
pillars, the compound unit cell’s transmission matrix reduces to a purely off-diag-
onal form by eliminating t12 = A/

√
2(ei(ϕ1−2θ1) + ei(ϕ2−2θ2)) (from RCP to LCP) or 

t21 = A/
√
2(ei(ϕ1+2θ1) + ei(ϕ2+2θ2)) (from LCP to RCP) component, as illustrated by 

Fig. 1b. Consequently, the eigenvalues and eigenvectors of the transmission matrix coa-
lesce, resulting in the emergence of EPs in the parameter space. The EPs in the param-
eter space originate from the coherent interference of the spin responses of the two 
constituent dielectric pillars in the compound unit cell. The eigenvectors of the trans-
mission matrix correspond to the polarization states of the transmitted beams, which 
can be mapped onto the Poincaré sphere [31, 39, 40]. For example, as the eigenvec-
tors of the transmission matrix coalesce and locate at the south pole of the Poincaré 

Fig. 1  Schematic of spin-selective dielectric metasurfaces. a Side (Upper panel) and top (Lower panel) views 
of a compound unit cell in the metasurface. The parameters are a height H = 200 µm, t = 2 mm, px = 280 µm, 
and py = 140 µm. a1 and b1 represent the length and width of the dielectric pillar on the left side, while a2 
and b2 represent the length and width of the dielectric pillar on the right side. Each element has two axes, as 
denoted by xr and yr. The orientation angles θ1 and θ2 are defined as orientation angles between the yr-axis 
of the dielectric pillars and the y-axis on the left and right side, respectively, as shown in the lower panel of 
a. b Schematic of a compound unit cell’s transmission matrix transformed into a purely off-diagonal form 
by tailoring the sizes and adjusting the rotation angles of the two constituent dielectric pillars. c and d The 
schematic view of the spin-selective dielectric metasurfaces from sole conversion from LCP to RCP under the 
conditions ϕ1 = −π/4,ϕ2 = π/4 and θ2 − θ1 = −π/4(c), and sole conversion from RCP to LCP under the 
conditions ϕ1 = −π/4,ϕ2 = π/4 and θ2 − θ1 = π/4(d), respectively. LCP and RCP denote left-handed and 
right-handed circular polarization, respectively
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sphere, sole conversion from LCP to RCP under the conditions ϕ1 = −π/4,ϕ2 = π/4 
and θ2 − θ1 = −π/4 is schematic depicted in Fig. 1c. Figure 1d schematically shows that 
when θ2 − θ1 = π/4 , only the RCP to LCP conversion remains, and the eigenvectors of 
the transmission matrix coalesce at the north pole of the Poincaré sphere.

Figures 2a and b depict the numerically calculated spin conversion coefficient t12 and 
t21 components in the parameter space with θ1 ∈ [−π/2,π/2] and θ2 ∈ [−π/2,π/2] 
under the condition ϕ1 = −π/4 and ϕ2 = π/4 , respectively. When t12 or t21 component 
vanishes, the eigenvalues and eigenvectors of the transmission matrix coalesce, leading 
to the emergence of EPs in the parameter space. Notably, EPs form nodal lines in the 

Fig. 2  Polarization states of the transmitted beams with different ϕ1,ϕ2, θ1 and θ2 in the Poincaré sphere. 
a and b Simulated spin conversion coefficients t12 (a) and t21 (b) components in parameter space with 
θ1 ∈ [−π/2,π/2] and θ2 ∈ [−π/2,π/2] under the condition ϕ1 = −π/4,ϕ2 = π/4. ϕ1 and ϕ2 represent 
ϕxr (x , y) of dielectric pillars on the left and right sides in elements, respectively. The cyan dashed lines indicate 
two nodal lines corresponding to N = 0 and N = 1 in a and b, respectively. Meanwhile, the red dashed lines 
indicate two nodal lines corresponding to M = 0 and M = − 1, respectively. The whites dashed lines indicate 
the case where θ2 − θ1 = 0 . The green dashed lines indicate the case where θ2 is θ2 = 3π/8 while θ1 is 
varied. c The upper panel is the polarization states of the transmitted beams with ϕ1 = −π/4,ϕ2 = π/4 , 
θ2 = 3π/8 at different θ1 in the Poincaré sphere. The lower panel indicates the corresponding amplitude 
and phase responses for different components in the transmission matrix, respectively. d to f The upper 
panel shows the polarization states of the transmitted beams with ϕ1 = −π/4,ϕ2 = π/4 , θ2 − θ1 = −π/4

(d),θ2 − θ1 = 0(e) and θ2 − θ1 = π/4(f) at different θ1 in the Poincaré sphere, respectively. The lower panel 
indicates the corresponding amplitude and phase responses for t12 or t21 components in the transmission 
matrix, respectively
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parameter space when the condition θ2 − θ1 = π/4 +Mπ and θ2 − θ1 = −π/4 + Nπ 
(M, N ∈ Z) is satisfied. There are two nodal lines corresponding to N = 0 and N = 1, as 
indicated by the cyan dashed lines in Fig. 2a and b, respectively. Meanwhile, there are 
two nodal lines corresponding to M = 0 and M = − 1, as indicated by the red dashed 
lines in Fig.  2, respectively. The nodal lines cover the entire 2π phase range. Conse-
quently, we can utilize compound unit cells with EPs to implement versatile phase pro-
files for spin-selective functionalities. The green dashed lines indicate the case where θ2 
is fixed to be θ2 = 3π/8 while θ1 is varied, as depicted in Fig. 2a and b, respectively. The 
corresponding polarization states of the transmitted beams with ϕ1 = −π/4,ϕ2 = π/4 
and θ2 = 3π/8 at different θ1 on the Poincaré sphere in Fig. 2c. Ev1 and Ev2 are the eigen-
vectors of the transmission matrix. ∅12 and ∅21 represent the corresponding phase of 
t12 or t21 , respectively. The amplitude and phase responses for t12 or t21 components in 
the transmission matrix are depicted in Fig. 2c. EPs emerge at θ1 = −3π/8 on the south 
pole and θ1 = π/8 on the north pole of the Poincaré sphere, as indicated by black stars in 
Fig. 2c. The two eigenvectors of the transmission matrix do not coalesce and are distrib-
uted at different positions on the Poincaré sphere. The upper panel of Fig. 2d depicts the 
transmitted beams’ polarization states with ϕ1 = −π/4,ϕ2 = π/4 and θ2 − θ1 = −π/4 
at different θ1 in the Poincaré sphere. In this case, the t12 component of the transmis-
sion matrix vanishes, resulting in coalesced eigenvalues and eigenvectors, which leads to 
the emergence of EPs in the parameter space, as depicted in the lower panel of Fig. 2d. 
Consequently, the transmitted beams’ polarization states are located at the south pole in 
the Poincaré sphere, as illustrated in Fig. 2d. Only the conversion from LCP to RCP in 
the transmitted beam is allowed, while the conversion from RCP to LCP is forbidden, as 
schematically illustrated in Fig. 1c. At the same condition of ϕ1 = −π/4 and ϕ2 = π/4 , 
t21 is equal to t12 when we set θ2 − θ1 = 0 , as illustrated by whites dashed lines in Fig. 2a 
and b, respectively. The transmitted beams’ polarization states are distributed on the 
equator of the Poincaré sphere when we vary θ1 , as illustrated in Fig. 2e. In this case, the 
conversion from RCP to LCP and vice versa in the transmitted beam is allowed. In con-
trast, when we set θ2 − θ1 = π/4 , the transmitted beams’ polarization states are located 
at the north pole of the Poincaré sphere as depicted in Fig. 2f. Consequently, only the 
conversion from RCP to LCP in the transmitted beam is allowed, while the conversion 
from LCP to RCP is forbidden, as schematically illustrated in Fig. 1d. Notable, when ϕ1 
and ϕ2 vary, similar performance can still be achieved by appropriately adjusting the rel-
ative angle between θ1 and θ2 . Consequently, by tuning θ1 , θ2 , ϕ1 and ϕ2 of the compound 
unit cells, we can engineer phase profiles ∅12 and ∅21 to realize different functionalities, 
such as vector beams and lenses, while simultaneously meeting the conditions for EPs in 
the parameter space.

Noticeable, when ϕ2 − ϕ1 = (m+ n)π/2 and θ2 − θ1 = (m− n)π/4 (where m and n 
are odd integers), both t12 and t21 of the transmission matrix vanish. Consequently, trans-
mission is not allowed when the incident spin state is either LCP or RCP. Specifically, 
when ϕ1 = ϕ2 (the two dielectric pillars are identical), the t12 and t21 components of the 
transmission matrix have equal amplitude but opposite phases, resulting in both compo-
nents vanishing or remaining nonzero simultaneously. To achieve sole spin conversion, 
such as from LCP to RCP or vice versa, a metasurface composed of compound unit cells 
supporting EPs in the parameter space requires ϕ1  = ϕ2 , providing a new strategy for 
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the manipulation of spin states. Additionally, the phase difference between ϕ1 and ϕ2 can 
influence the amplitudes of components in the transmission matrix, which directly con-
tributes to applications for on-demand manipulation of the strength of spin states.

Results and discussion
Then, we design and fabricate spin-selective dielectric metasurfaces composed of com-
pound unit cells that support EPs in the parameter space. Figure  3a depicts the sche-
matic of the terahertz field scanning microscopy (See Note 2). As mentioned above, 
we can implement phase profiles ∅12 or ∅21 to generate vortex beams by adopting the 
parameters of θ1 , θ2 , ϕ1 and ϕ2 along the EP lines. Figures 3b to d illustrate the optical 
images of spin-selective vortex beam generators with �ϕ = π/2 and �θ = π/4 (Fig. 3b), 
�ϕ = π/2 and �θ = 0 (Fig. 3c), and �ϕ = π/2 and �θ = −π/4 (Fig. 3d), respectively. 
The corresponding SEM images of fabricated microstructures for spin-selective vortex 
beam generators are depicted in Fig. 3e to g. Meanwhile, to investigate this wavefront 
phase encoding strategy, we design spin-selective lenses that are the fundamental opti-
cal elements widely utilized across various optical systems, e.g., telescope systems and 
microscopy. The optical images of spin-selective lenses with �ϕ = π/2 and �θ = π/4 
(Fig. 3h), �ϕ = π/2 and �θ = 0 (Fig. 3i), and �ϕ = π/2 and �θ = −π/4 (Fig. 3j), are 
depicted in Figs. 3h to j respectively. The numerical aperture and focal length are ~ 0.49 

Fig. 3  The schematic of the terahertz field scanning microscope and sample images. a The schematic 
of the terahertz field scanning microscopy. PPLN is a periodically poled lithium niobate crystal used for 
frequency doubling. Two polarizers are applied to realize the full polarization measurement. b to d Optical 
images of spin-selective vortex beam generators with �ϕ = π/2 and �θ = π/4 (b), �ϕ = π/2 and �θ = 0 
(c), and �ϕ = π/2 and �θ = −π/4 (d), respectively. e to g The corresponding SEM images of fabricated 
microstructures for spin-selective vortex beam generators. h to j Optical images of spin-selective lenses with 
�ϕ = π/2 and �θ = π/4 (h), �ϕ = π/2 and �θ = 0 (i), and �ϕ = π/2 and �θ = −π/4 (j), respectively. k 
and m The corresponding SEM images of the spin-selective lenses, respectively
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and 10 mm for the spin-selective lenses, respectively. Figures 3k to m illustrate the cor-
responding SEM images of fabricated microstructures for spin-selective lenses. For the 
spin-selective vortex beam generator with ∆φ = ϖ/2 and ∆ϑ = ϖ/4, the electric field 
distributions that are captured by the terahertz field microscopy illustrate a donut-
like intensity and encircle clockwise one time of 2π in the azimuth in the LCP − RCP 
component, while the other components vanish, as shown in Fig.  4c and d, agreeing 
well with the numerical results in Fig. 4a and b. We calculate the measured spin con-
version efficiencies of the RCP to LCP channel (LCP − RCP component) and LCP 
to RCP channel (RCP − LCP component) by η12 =

∑

|E12|2/
∑

|Einc|2 × 100% and 
η21 =

∑

|E21|2/
∑

|Einc|2 × 100% , respectively. |E12|2 , |E21|2 and |Einc|2 represent the 
measured electric field intensities of the LCP − RCP component, RCP − LCP compo-
nent, and incident beam, respectively. The corresponding measured spin conversion effi-
ciencies are η12 = 50.1% and η21 = 1.8% , respectively. By changing the orientation angles 

Fig. 4  Numerical and experimental results of spin-selective vortex beam generators. a and b Numerical 
results of the electric field intensity (|Ecp|2) and electric field (Ecp) distributions for a spin-selective vortex beam 
generator with �ϕ = π/2 and �θ = π/4 respectively. Only the LCP − RCP component shows a donut-like 
intensity distribution (a) and encircles one time of 2π in the azimuth (b). c and d The corresponding 
experimental results of the spin-selective vortex beam generator with �ϕ = π/2 and �θ = π/4 , 
respectively. e and f Numerical results of the intensity and electric field distributions for a spin-selective 
vortex beam generator with �ϕ = π/2 and �θ = 0 , respectively. There are vortex beams in both LCP − RCP 
and LCP − RCP components. g and h The corresponding experimental results of the spin-selective vortex 
beam generator with �ϕ = π/2 and �θ = 0 , respectively. i and j Numerical results of the electric field 
intensity and electric field distributions for a spin-selective vortex beam generator with �ϕ = π/2 and 
�θ = −π/4 , respectively. Different from a and b, only the RCP − LCP component illustrates a donut-like 
intensity distribution and encircles one time of 2π in the azimuth, respectively. k and l The corresponding 
experimental results of the spin-selective vortex beam generator with �ϕ = π/2 and �θ = −π/4 , 
respectively. |Ecp|2 represents the electric field intensity of the LCP or RCP
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between pillars of elements from �θ = π/4 to �θ = 0 , it leads to a normal vortex beam 
generator that both LCP − RCP and RCP − LCP components can generate vortex beams, 
as shown in Fig. 4e and f. The measured intensity field distributions illustrate the donut-
like intensity in both LCP − RCP and RCP − LCP components, with nearly uniform 
amplitude across the ring, as shown in Fig. 4g. Meanwhile, in Fig. 4h, the electric field 
encircles clockwise one time of 2π in the azimuth in both LCP − RCP and RCP − LCP 
components, agreeing well with the numerical results in Fig.  4f. The corresponding 
measured spin conversion efficiencies are η12 = 26.0% and η21 = 26.6% , respectively. For 
a spin-selective vortex beam generator with �ϕ = π/2 and �θ = −π/4 , the eigenvalues 
and eigenvectors of the transmission matrix of the compound unit cells coalesce, lead-
ing the corresponding eigenvectors locating at the south pole of the Poincaré sphere. 
The spin-selective vortex beam generator implements solely conversion from LCP to 
RCP. The numerical and measured results depict a donut-like intensity in the RCP − LCP 
component in the intensity field distributions, and illustrate clockwise encircling one 
time of 2π in the azimuth in the RCP − LCP component in the electric field distribu-
tions, as depicted in Fig. 4i and l, respectively. The corresponding measured spin conver-
sion efficiencies are η12 = 2.10% and η21 = 50.2% , respectively.

Figure 5c and d show the measured intensity distributions of a metasurface lens with 
�ϕ = π/2 and �θ = π/4 at the focal plane (z = 10  mm) and along the propagation 
direction (y = 0 mm), which agrees with the numerical results in Fig. 5a and b, respec-
tively. As expected, the focusing behavior is solely observed in the LCP − RCP compo-
nent. In contrast, when a metasurface lens is designed with �ϕ = π/2 and �θ = 0 , the 
transmitted beams in both LCP − RCP and RCP − LCP components are focused on the 
location of z = 10 mm, with an intensity ratio of approximately 1:1, as shown in Fig. 5e, 
respectively. The measured spin conversion efficiencies are η12 = 27.5% and η21 = 26.6% , 
respectively. The measured intensity ratio is approximately 1.03:1 as illustrated in Fig. 5g, 
agreeing well with simulation results in Fig. 5e (See Note 2). The focusing behavior can 
be manipulated to emerge solely in the RCP − LCP component by simply building the 
spin-selective lens with �ϕ = π/2 and �θ = −π/4 . The measured intensity distribu-
tions at the focal plane and the propagation plane in Fig. 5k and l agree well with the 
numerical results in Fig. 5i and j, respectively.

Generally, a genuinely non-Hermitian system originates from intrinsic physical mech-
anisms, such as gain, loss, or non-reciprocal asymmetric coupling, which introduces a 
fundamentally non-Hermitian operator. While the governing Hamiltonian of our system 
is entirely Hermitian (no gain/loss, non-reciprocity), the Jones matrix only concerns part 
of the system, which describes the parameter space associated with input and output 
light. In this case, as the sub-system can exchange energy with the rest of the system, 
EPs can emerge in parameter regions where the eigenvalues and eigenvectors of the sys-
tem’s governing scattering matrix coalesce, a phenomenon that has also been observed 
in other systems with asymmetrical backscattering [47] and Hermitian systems [1]. In 
our work, the Jones matrix of a compound unit cell describes the interference between 
orthogonal spin channels (LCP ↔ RCP). By tuning the sizes and rotation angles of the 
two consistent dielectric pillars, the eigenvalues and eigenvectors of the Jones matrix 
associated with the compound unit cell coalesce, thereby giving rise to an EP in the 
parameter space (See Note 3). Notably, in our system the eigenvalues correspond to 
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complex transmission amplitudes and the eigenvectors represent the associated polari-
zation states. This differs from a genuinely non-Hermitian system, where the eigenvalues 
typically represent complex frequencies or energies and the eigenvectors correspond to 
physical modes supported by the structure.

Conclusion
We propose and experimentally demonstrate a method to construct EPs in the param-
eter space without complex couplings within a unit cell, enabling suppression of residual 
zero-order diffraction. By tailoring the sizes and relative orientations of the two die-
lectric pillars within a compound unit cell, EPs emerge from the superposition of the 
accumulated geometric and propagation phases of the two constituent pillars, result-
ing in the formation of nodal lines consisting of EPs in the parameter space. By select-
ing parameters of the compound unit cell along nodal lines, the dielectric metasurfaces 
can realize solely spin conversion. Using terahertz imaging techniques, we experimen-
tally implement spin-selective terahertz lenses and vortex beam generators, with the 

Fig. 5  Numerical and experimental results of spin-selective lenses. a and b Numerical results of the electric 
field intensity distributions in the focal plane and propagation plane of the spin-selective lenses with 
�ϕ = π/2 and �θ = π/4 , respectively. Only the transmitted beam in the LCP − RCP component is focused 
as expected. c and d The corresponding experimental results of the spin-selective lenses with �ϕ = π/2 
and �θ = π/4 , respectively. e and f Numerical results of the electric field intensity distributions in the focal 
plane and propagation plane of the spin-selective lenses with �ϕ = π/2 and �θ = 0 , respectively. Both 
the LCP − RCP and RCP − LCP components focus light at a distance of z = 10 mm, with an intensity ratio 
of approximately 1:1. g and h The corresponding experimental results of the spin-selective lenses with 
�ϕ = π/2 and �θ = 0 , respectively. i and j Numerical results of the electric intensity distributions in the 
focal plane and propagation plane of the spin-selective lenses with �ϕ = π/2 and �θ = −π/4 , respectively. 
Only the transmitted beam in the RCP-LCP component is focused at z = 10 mm. k and l The corresponding 
experimental results of the spin-selective lenses with �ϕ = π/2 and �θ = −π/4 , respectively
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measured results exhibiting good agreement with numerical simulations. Constructing 
optical elements using compound unit cells that support EPs in the transmission matrix 
offers new insights into building intriguing optical elements for both linear and nonlin-
ear electromagnetic field control.

Methods
Material and fabrication

The silicon is selected due to its low absorption in the terahertz regime, whose refrac-
tive index is 3.4. The metasurfaces are fabricated on the 1.5-mm-thick silicon substrate. 
Fabrication of the metasurface can be classified into three steps: first, the micro-column 
patterns are defined by E-beam lithography after the silicon wafer is spin-coated with a 
10-µm-thick photoresist. Next, deep reactive ion etching is applied to make the silicon 
pillars with a height of 200 µm. Finally, the silicon wafer is cleaned with an acetone solu-
tion and DI water.

Measurement

In the measurement, the electric field was scanned using terahertz microscopy with a 
0.2 mm step size from − 4 mm to 4 mm along both the x- and y-directions (See Note 2). 
The probe was placed approximately 12 mm above the surface of the samples to detect 
the spin-selective vortex generator. For the samples to realize spin-selective lenses, the 
probe was placed ~ 10 mm (focal plane) above the surface of the samples. The electric 
field was scanned with a 0.06 mm step from − 0.78 mm to 0.78 mm in both the x- and 
y-directions. The propagation plane was scanned with a 0.2  mm step from 8.8  mm 
to 11.6 mm in the z-direction and a 0.06 mm step from − 0.78 mm to 0.78 mm in the 
x-direction. Meanwhile, the working frequency was shifted to 1.15 THz, which might 
be the result of the shorter etching time, leading to the height of the pillar being smaller 
than designed.

Numerical simulation

The response of the dielectric pillar is simulated in the CST Microwave Studio (Com-
puter Simulation Technology GmbH, Darmstadt, Germany). In the simulation, the 
periodic boundary condition is applied in both the x- and y-directions. The open bound-
ary condition is applied in the z-direction. The period of an element along the x- and 
y-directions is 280 µm and 140 µm, respectively. The height of an element is 200 µm. 
The amplitude and phase responses are acquired by sweeping the length a1 and width 
b1 of the element at 1 THz under x- and y-polarized incidence, respectively. To meet 
the simplification condition, elements are selected by the criterion �A ≤ 0.05, and 
|ϕx(x, y)− ϕy(x, y)| < π ± π/36 . The metasurfaces are composed of 80 × 80 elements. 
The electric field distributions are calculated with the home-built MATLAB codes. The 
Rayleigh-Sommerfeld diffraction formula in the main text is as follows,

Where U
(

x0, y0
)

 and U
(

x, y
)

 are the electric fields on the image plane and the object 
plane, respectively. λ and k are the working wavelength and wave number in vacuum, 

(2)U(x0, y0) =
1

i�

∫∫

U
(

x, y
)

cos < n, r >
exp(ikr)

r
dxdy



Page 11 of 12Wei et al. PhotoniX             (2026) 7:6 	

respectively. r is the distance between the pixel in the image plane and that in the object 
plane:r =

√

(x0 − x)2 +
(

y0 − y
)2 + z2 ; cos < n, r >= z

r is the inclination factor.
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