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Spin-dependent amplitude and phase
modulation with multifold interferences via
single-layer diatomic all-silicon metasurfaces

Hui Li!, Chenhui Zhao?, Jie Li3, Hang Xu'*, Wenhui Xu?, Qi Tan?,
Chunyu Song!, Yun Shen?* and Jianquan Yao'*

CSTR: 32246.14.0es.2025.240025

Diatomic metasurfaces designed for interferometric mechanisms possess significant potential for the multidimensional
manipulation of electromagnetic waves, including control over amplitude, phase, frequency, and polarization. Geometric
phase profiles with spin-selective properties are commonly associated with wavefront modulation, allowing the implemen-
tation of conjugate strategies within orthogonal circularly polarized channels. Simultaneous control of these characteris-
tics in a single-layered diatomic metasurface will be an apparent technological extension. Here, spin-selective modula-
tion of terahertz (THz) beams is realized by assembling a pair of meta-atoms with birefringent effects. The distinct modu-
lation functions arise from geometric phase profiles characterized by multiple rotational properties, which introduce inde-
pendent parametric factors that elucidate their physical significance. By arranging the key parameters, the proposed de-
sign strategy can be employed to realize independent amplitude and phase manipulation. A series of THz metasurface
samples with specific modulation functions are characterized, experimentally demonstrating the accuracy of on-demand
manipulation. This research paves the way for all-silicon meta-optics that may have great potential in imaging, sensing
and detection.

Keywords: diatomic metasurface; geometric phase; complex amplitude modulation; spin-selective
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Introduction cycle, when a system is subjected to cyclic adiabatic pro-

Since the introduction of the generalized Snell's law by cesses'”. Currently, the geometric phase originates from

Capasso et al. in 2011, there has been a proliferation of the spin-orbit interactions of photons, the magnitude of

strategies for metasurface design based on abrupt which can be described by the cyclic evolutionary trajec-

phases'. The abrupt phase can be categorized into dy-
namic and geometric phases according to the physical
mechanism of generation**. The geometric phase, also
known as Berry's phase, named after physicist Michael
Berry, is a phase difference acquired over the course of a

tory of the polarization state on the Poincaré sphere!*'2
A vortex is a type of optical beam characterized by a heli-
cal phase front and carrying orbital angular momentum
(OAM), with a central phase singularity where the inten-
sity drops to zero*~'*. Geometric phases can be exploited
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to generate and manipulate vortex beams. By using spa-
tially varying birefringent elements, such as those config-
ured to impart a Pancharatnam-Berry (PB) phase, the
polarization of an incident beam can be manipulated in
orbital
momentum!®8. The capability to generate and control

such a way that it acquires angular
vortex beams via geometric phases has significant impli-
cations in various fields, including optical trapping and
manipulation, and it also presents new opportunities in
communications technology'-2'.

Terahertz (THz) radiation, located the microwave and
infrared spectrum, offers higher bandwidth for faster da-
ta rates, but its widespread adoption requires advance-
ments in transmitters, receivers, modulation techniques,
and supporting infrastructure!*?>-2%, The extensive devel-
opment of all-dielectric metasurfaces provides an oppor-
tunity for miniaturization and integration of multi-func-
tional systems?~». Metasurfaces, as quasi-periodic ar-
rays in the subwavelength scale, have attracted extensive
research interest in photonics, such as beam
focusing®-*, structured vector field generation®*~*°, and
spin-dependent polarization control'*#!~#, In particular,
the diatomic metasurface for performing spin-depen-
dent wavefront shaping can be equivalently viewed as an
integration of polarizers and isolators*—2. Deng et al. re-
ported a reflective diatomic metasurface design mecha-
nism for active diffraction and hologram reconstruction
of multiple polarization states. However, the inherent
ohmic loss limits the further application of such a design
in optics®. Liang et al. designed and validated a plasmon-
ic diatomic metasurface for mid-infrared full Stokes po-
larization absorption. The proposed design can provide
the spectral responses of perfect absorption and total re-
flection for a pair of orthogonally polarized states, re-
spectively. However, the complex configuration of the
cell structure creates an obstacle for its practical applica-
tion’. Gao et al. demonstrated an all-dielectric diatomic
metasurface with a conversion from arbitrary to linear
polarization at an operating wavelength of 690 nm. How-
ever, a rigorous mathematical analysis using the Jones
matrix imposes limitations on the wavefront modulation
achievable by this design strategy. This constraint makes
it challenging to develop a deeper physical understand-
ing of the underlying mechanisms involved*.

This study presents a multiple geometrical phase
mechanism, utilizing the Jones matrix, which grants a
high degree of freedom to the metasurface. This mecha-
nism exhibits spin-selective transmission behavior and

can further facilitate wavefront shaping within orthogo-
nal circularly polarized channels, as illustrated in Fig.
1(a). The implementation of multifunctional diatomic
metasurfaces is demonstrated in the THz range by utiliz-
ing a pair of HWP (half-wave plate) meta-atoms with
birefringent effects. Specifically, the physical implica-
tions of each degree of freedom are enforced through the
stepwise superposition principle, determined by the pa-
rameters o, 3 and y, respectively, as displayed in Fig.
1(b). Consequently, a rigorous theoretical prediction of
the spin-dependent modulation can be made by execut-
ing this design strategy in the THz band, as shown in Fig.
1(c). In case I, metasurfaces that can produce THz holog-
raphy are assembled by utilizing the Gerchberg-Saxton
algorithm for classical purely geometric phase modula-
tion. In case II, the extreme values of the asymmetric
transmission (AT) parameter were further evaluated by
adjusting the relative rotation angles between the meta-
atoms in the four quadrants. In other words, a supercell
determined by the parameter  can realize spin-depen-
dent pure phase modulation. In case III, THz near-field
imaging of diatomic metasurfaces is verified with a de-
sign strategy possessing pure amplitude modulation.
Subsequently, the THz meta-lens was evaluated in case
IV with a generalized complex amplitude modulation be-
havior. Accordingly, the proposed diatomic assembly
strategy can provide a powerful platform for applica-
tions such as bio-imaging, optical data storage, and in-

formation encryption.

Metasurface implementation

A pair of meta-atoms with a defined phase difference is
applied to assemble the desired diatomic metasurfaces, as
shown in Fig. 1(b). Here, the electromagnetic response of
each meta-atom with structural birefringent behavior is
analogous to a half-wave plate (HWP). Thus, the Jones
matrix for describing the transmission process in the cir-
cularly polarized basis can be written as'®>,

O_out O_in T T L O.in

[ [ w[E ] e
here, 0 = 1 denotes the spin state, and the subscripts R
and L denote the RCP and LCP channels, respectively.
Trr (Ti) and Tix (Twry) denote the extracted complex
coefficients in the co-polarized and cross-polarized
channels under RCP (LCP) illumination, respectively.
The concept of geometric phase introduces a fundamen-
tal aspect of phase that stems from the geometry of the
system's pathway through its state space. Subsequently, a
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Fig. 1| (a) Working principle of the proposed design under orthogonal circularly polarized THz beam illumination with spin-selective properties.

(b) The assembly process of the metamolecule consists of the stepwise superposition of a pair of HWP meta-atoms with a phase difference of

90°. (c) Four parametric conditions with classical geometric phase modulation, pure phase modulation with spin selectivity, pure amplitude modu-

lation with spin selectivity, and complex amplitude modulation with spin selectivity, respectively.

standard rotation matrix R (6) is implemented for char-
acterizing such a silicon pillar rotating along the z-axis at
angle 6. The value of the geometric phase produced on
the Poincaré sphere during the polarization evolution
from the LCP to the RCP is then equal to half of the
stereo angle corresponding to the closed path surround-
ed by the circular evolution, ie., 6/2n x 4 = 20
On the contrary, in case of an evolution from RCP to
LCP, the value of the resulting geometric phase is —26. It
is assumed that this HWP meta-atom exhibits equal nor-
malized amplitudes across the orthogonal circularly po-
larized channels. Thus, the Jones matrix of the geomet-
ric phase produced by a HWP meta-atom with a rota-
tion angle 6 in the circularly polarized basis can be

written as®®>?,

0 eiz@ :| (2)

J(0) = [ e—i20
Taking the rectangular pillar represented by J,, as a
reference and setting 6 = 0°, then J,, can be expressed as,

0 1
J11:|:10:|~ (3)

By utilizing the HWP meta-atom characterized by Ji,
as an additional degree of freedom, we observe that, in
comparison to the reference, the new configuration in-
troduces a rotation angle, denoted as «, and a relative
phase delay, represented by 8. Consequently, J12 can be
articulated as,

0 ei2x :| (4)

_ A6
le =¢e |: e—iloc 0
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The employed HWP meta-atoms can be considered as
truncated waveguides, allowing for the neglect of cou-
pling effects between adjacent silicon pillars. In other
words, the interference mechanism arises independently
of the placement of the meta-atoms in space. Conse-
quently, the Jones matrix J, for a supercell constructed
from two meta-atoms exhibiting a constant phase differ-
ence can be derived through a mathematical superposi-
tion operation, typically expressed as***,

1
]21 - E []11 + 112]

1 0 1 0 ei(5+2a)
I R

Apparently, the phase retardations generated by the
supercells within the cross-polarized channels under
LCP and RCP illumination are § + 2« and § — 2a. Ac-
cording to the interference mechanism, a supercell that
0+2a=m
0—2a=0
can produce broadband AT parameters, i.e.,
max (AT) = Tig + Trg — Tre — i Through simple cal-
culations, when 6 = /2 and a = n/4, AT reaches its

satisfies the phase enforcement condition

maximum value® ®, The parameter ¢ is fixed to n/2 in
order to achieve multi-dimensional polarization manip-
ulation with the assistance of the geometric phase mech-
anism. Then, J, can be further simplified as,

s i2a
o= % 1+ ioe‘iz"’ 1—|—01e ' ©)
The supercell characterized by the matrix J, is deter-
mined by the key parameter a. In other words, by adjust-
ing the phase parameter «, the amplitude of the AT can
be modulated in the transmission mode. To further en-
able the proposed design to realize the modulation of
both amplitude and phase, J, is endowed with another
rotation angle f3 given by the standard rotation matrix,
then J, can be expressed as,
l 0 el2h . (1 + ieiZ(x)
2 e—iZ‘B . (1 + ie—iZa) 0 9

here, the additional rotation angle 8 can be used for

-]21 = (7)

phase modulation within the orthogonal circular polar-
ization channel. Subsequently, by treating the supercell
as a new element and giving it a rotation angle y with re-
spect to J,;, the Jones matrix J,, can be calculated as,

Jzz =
1 0 ei2(B+y) . (14ie™%)
E e7i2<ﬁ+V) . (1+ie7i2a) 0 (8)

By combining the matrices (7) and (8), the assembled

https://doi.org/10.29026/0es.2025.240025

metamolecule can be made to contain a total pair of
HWP meta-atoms with a phase difference of 6 = 11/ 2, as
shown in Fig. 1(b). Then the total Jones matrix can be

calculated as,

1 1
13* 5[121"‘]22] - Z

eiZﬁ . (1+ie120¢)
+eiz(ﬁ+y) . (1+iei2a)

0

0

e—izﬁ 3 (l—i-ie_iz“)
_|_efiz(ﬁ+y) . (1+ie712a)

)

The interference mechanism imparts the same physi-
cal significance to the rotation angles y and «, and fur-
ther limits the phase difference between the two super-
cells. Simultaneous modulation of transmitted ampli-
tude and phase can be achieved by rationally configur-
ing the relative rotation angles between neighboring
meta-atoms. Thus, the total transmission coefficient in
the orthogonal circularly polarized channels can be de-
scribed as®,

1. .
TRL _ Z [612ﬂ + iell(a+ﬂ)
RNy jeRleti ]
] _ . (10)
TLR _ Z [efllﬁ + ieflz(aJrﬁ)

+ efiz(ﬁer) + iefi2(1x+/3+)’)]

In the global coordinate system, the four meta-atoms
satisfying the interference mechanism are coincident in
space, so their positions in the four quadrants can be ar-
bitrarily tailored. Moreover, the distance between neigh-
boring meta-atoms is consistent with the lattice period.
As shown in Fig. 1(b), the relative rotation angles of the
four HWP meta-atoms can be described as 8, a + f3,
B+ vy and a+ S+ y, respectively. To further demon-
strate the proposed multifunctional diatomic metasur-
face, the independent modulation of the amplitude and
phase of the incident THz beam is depicted in Fig. 1(c)
for different cases, respectively. As an example, the mod-
ulation process within the RCP->LCP channel (Tiy) is
calculated for each of the four cases. Setting the parame-
ter « =y =0, there is no relative rotation angle be-
tween the individual HWP meta-atoms. Then, the trans-
mission coefficient Tiz can be further simplified to
Tir = exp (—i2f). In other words, the metamolecule de-
generates into meta-atoms with anisotropy determined
by the parameter (. Therefore, pure geometric phase

modulation of the incident THz beam can be realized by

240025-4
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changing the parameter f. Setting the parameters
a=1/4 and y = 0 implies that the relative angle be-
tween the pair of meta-atoms for assembling the meta-
molecule is 11/ 4. The transmission coefficient T;z can be
further simplified to Tix = exp (—i2f). Thus, the result-
ing constructive and destructive interference mecha-
nisms can be employed to achieve spin-dependent pure
phase modulation. Setting parameters a =m/4 and
y = —2p, the transmission coefficient Tz can be fur-
ther calculated as Tir = cos (2f3). Thus, such parametric
conditions allow for pure amplitude modulation behav-
ior. Not surprisingly, when the parameter a = 11/ 4, si-
multaneous variation of $ and y can achieve spin-depen-
dent complex amplitude modulation. After a simple cal-

culation, the parameter

Ty = 5 lexp (—26) +exp (2 (8 +y))].  Therefore,

Tix can be expressed as

by rationally matching the rotation angles 5 and y, the
proposed design can perform wavefront manipulation at

different transmission intensities. The designed diatom-

H 45

21000
40} 417500
4114000
£ 35¢ 3
410500
30r {7000
25 , . . 43500
0.2 0.4 0.6 0.8 1.0
Frequency (THz)
|
txx — Q] 180
&y — %
(\K \ [ 90
E
[72]
N 0 8
[]
£
o
H -90
1 -180
0.40 045  0.50 0.55 0.60 0.65
Frequency (THz)

ic metasurface MS determined by the incident spin state
can be considered as an operator IIys and the implemen-
can be described as

tation process

ILys |0w) = exp {i ((Pf+ %)] loL), as shown in Fig. 1(a).
Here, ¢, and ¢, indicate the focusing and spiral phase
profiles, respectively. In general, the phase distributions

¢;and ¢, can be expressed as* ",

o=k (VETF )
o, =19¢

where r = \/x? + y?, and ¢ = arctan [2 (y, x)] denote the
radius and azimuth angle of polar coordinate, respective-

) (11)

ly, I is the number of topological charges.

Silicon materials with high resistivity and low absorp-
tion loss are selected as candidates for realizing complex
amplitude modulation with spin-selective properties in
the desired THz range®. As shown in Fig. 2(a), the re-
fractive index of silicon in the labeled THz range is a

constant, i.e., ns; = 3.45. The corresponding wave vector

> I e —— 9, 180

tyy (pW

\/ﬂ M 90
b=
(2]
4 0 %
©
£
o

-90

{-180

040 045 050 055 060 0.65
Frequency (THz)

Normalized magnetic field intensity
Min ) Max

yoz Xoz yoz X0z
_—— _— e —
— ==

———
——
—

1]l

T —

Fig. 2 | (a) Refractive index of high-resistance silicon and wave vectors in the working frequency band. The HWP meta-atoms selected for the or-

ganization of the metamolecule, denoted as (b) Meta_1 and (c) Meta_2, have a constant phase difference 6=1/2, respectively. (d) Normalized

magnetic field distributions collected within the xoz and yoz planes, respectively, corresponding to a pair of HWP meta-atoms Meta_1 and

Meta_2.
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k is also depicted in Fig. 2(a). It can be clearly seen that
silicon materials with sufficiently high refractive indices
can fulfill the design requirements for phase coverage
from 0 to 2mt. The transmission amplitude and phase dis-
tributions of HWP meta-atoms with periodic boundary
conditions along the x- and y-axes, corresponding to
rectangular silicon pillars in the metamolecule in the first
(third) and second (fourth) quadrants, respectively, are
then illustrated in Fig. 2(b) and 2(c). At the same time,
the z-axis along the metamolecule is set to the open (add
space) boundary condition. Numerical simulation re-
sults show that each HWP meta-atom has n phase differ-
ence and uniform amplitude at 0.5 THz under orthogo-
nal linearly polarized illumination. Also, the phase differ-
ence between neighboring HWP meta-atoms is m/2. Sub-
sequently, the magnetic field distribution of each HWP
meta-atom was obtained and normalized using field
monitor calculations. The normalized magnetic field dis-
tributions corresponding to both the xoz and yoz planes,
respectively, indicate that the energy carried by the inci-
dent THz beam is bound inside the silicon pillars with
high refractive index®®®. Such a behavior indicates that
the coupling effects between neighboring meta-atoms
can be neglected, ensuring the efficiency of the metasur-
faces assembled based on discrete phases, as shown in
Fig. 2(d).

Results and discussion

By setting parameter & = y = 0, the wavefront modula-
tion can be empowered by the classical geometric phase
and determined by parameter . Amplitude curves for
the LCP-LCP, LCP>RCP, RCP->LCP, and RCP->RCP
channels were obtained by systematically increasing the
parameter while periodically distributed metamolecules
were illuminated by an orthogonal circularly polarized
beam. As shown in Fig. 3(a), the mean value of the am-
plitudes collected in the cross-polarized channel is
greater than 0.67 while the amplitudes in the co-polar-
ized channel are less than 0.22. Not only that, RCP and
LCP excitations produce phase parameters with oppo-
site evolutionary trends within the cross-polarized chan-
nel, further illustrating the working mechanism of the
geometric phase, as depicted in Fig. 3(b). And the THz
holography based on the geometric phase mechanism
was assembled by utilizing the standard Gerchberg-Sax-
ton algorithm’®”!, as shown in Fig. 3(c). An image featur-
ing a fox pattern, illustrated in Fig. 3(d), was utilized as a
candidate for assessing the performance of THz hologra-

phy. Initially, the original image must be converted into
a format suitable for holographic display. This process
typically involves normalizing the image by transform-
ing the pixel values into phase information, as illustrated
in Fig. 3(e). Following this, the raw image requires fur-
ther sampling using the Gerchberg-Saxton algorithm to
align with the pixel size and spacing of the metasurface,
ensuring proper resolution compatibility. Figure 3(f) il-
lustrates the phase distribution associated with the di-
atomic metasurface. Subsequently, the metasurface array
was processed by utilizing the commercial simulation
software CST Studio Suite. The x-, y- and z-directions
along the metasurfaces were set as open boundary condi-
tions. The resulting THz holographic images are present-
ed in Fig. 3(g) and 3(h), which correspond to the chan-
nels LCP->RCP and RCP->LCP, respectively. Notably, the
holograms captured in different orthogonal circularly
polarized components exhibit opposite configurations,
aligning with the design strategy.

Setting parameters a = n/4 and y = 0, the relative
rotation angle between neighboring HWP meta-atoms in
the designed metamolecule is n/4, the proposed design
strategy can be simplified to pure phase modulation with
spin-selective properties. According to the interference
mechanism, the maximum and minimum values of
transmission amplitudes within the LCP>RCP and
RCP-LCP channels, respectively, can be achieved for the
optimal AT parameters. To further illustrate the broad-
band response with spin-selective properties generated
by these diatomic metasurfaces, high-resistance silicon
wafers with a thickness of 1 mm were processed using
standard UV lithography and inductively coupled plas-
ma (ICP) etching techniques. Benefiting from the non-
dispersive refractive index and low absorption loss ex-
hibited by high-resistance (resistivity>10* Q-cm) silicon
wafers in the THz band. The obtained scanning electron
microscope (SEM) image labeled as Sample I is shown in
Fig. 4(a). Photographs of the samples at different scales
all show well-finished accuracy with smooth surfaces and
steep sidewalls. The transmission spectrum under circu-
larly polarized THz beam illumination was measured by
further employing a terahertz time-domain spec-
troscopy (TDS) system, as shown in Fig. 4(b). The THz
beam generated by the emitter is collimated by a lens la-
beled as L1 and then illuminated onto the substrate of
Sample I. The THz beam passing through the metasur-
face sample is focused by a lens labeled as L2 and further
transmitted to the receiver for analysis. Polarizers

240025-6
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Fig. 3 | (a) Amplitude and (b) phase delay corresponding to geometric phase modulation obtained by scanning the parameter factor 8, including
LCP—LCP, LCP—RCP, RCP—LCP, and RCP—RCP channels. (c) GS algorithm flow used to perform THz hologram imaging, (d) target image,
(e) processed image. (f) Phase distribution corresponding to the target image. (g) THz hologram images in the LCP—RCP and (h) RCP—LCP

channels obtained by utilizing the time-domain solver.

labeled as P1 and P2 are introduced to adjust the polar-
ization states of the incident and transmitted THz beams,
respectively, in order to obtain the desired components.
The spin-dependent transmission amplitudes obtained
in simulation and experiment are shown in Fig. 4(c) and
4(d), respectively. As we observed, the metasurface sam-
ple produces a much larger amplitude in the LCP>RCP
channel than the other three components. Subsequently,
the AT parameters were calculated from the transmis-
sion coefficients, corresponding to the simulation and
experimental results, respectively, as shown in Fig. 4(e).
The simulation and the experiment are consistent. Bene-
fitting from the Fabry-Perot resonance due to the large
thickness of the substrate, the maximum value of the AT
parameter can reach 0.72.

Amplitudes with spin-selective properties were fur-
ther evaluated by continuously increasing § from 0° to
180°, as shown in Fig. 4(f). The amplitude collected with-

in the LCP>RCP channel remains almost constant (~0.8)
and is much higher than the remaining three compo-
nents. As f gradually increases, the phase distribution
within the LCP channel satisfies the phase coverage from
—180° to 180° with a smooth evolution trend, as shown
in Fig. 4(g). Consequently, the mean value of the AT pa-
rameter, obtained through additional processing, is ap-
proximately 0.58, which reflects the spin-dependent po-
larization features, as displayed in Fig. 4(h).

Given the wide range of application requirements for
metasurfaces with spin-selective properties, the genera-
tion of focused vortex beams with longitudinal topologi-
cal charge evolution behavior is further explored by per-
forming polarization multiplexing encoding techniques.
As described in Eq. (11), the phase profile embedded at

the plane of fi = 5 mm is 1 = Aexp [i <<Pﬂ + <pvl)} while
the phase distribution embedded at the plane of f, = 7
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Fig. 4 | (a) Sample | obtained by utilizing the ICP etching technique when a = /4, 8 =0, and y = 0. (b) THz TDS system for performing sample
measurement tasks. (c) Simulation and (d) experimental results of transmitted polarization conversion for two spins when a = /4, =0, and y =

0. (e) AT spectra containing both simulation and experimental results. (f) Amplitude, (g) phase delay, and (h) AT parameter corresponding to

spin-dependent pure phase modulation obtained by scanning the parameter factor .

mm is @, = Aexp {i ((sz + (Pvz)} . Here, A is the trans-
mission amplitude of the metasurface and is assumed to
be 1 when only phase modulation is considered, the key
parameters [; and [, that determine the spiral phase pro-

files ¢, and ¢, respectively, are set to —1 and +1. The

v2?
phase distributions at the f; = Z; and f, = Z, planes were
calculated by using a joint simulation method (driven by
MATLAB), as shown in Fig. 5(a), respectively. The de-
sired metasurface samples were processed by utilizing
standard ICP etching techniques, labeled as Sample II,
and the resulting SEM photographs are shown in Fig.
5(b). Indeed, the implementation mechanism of a fo-
cused vortex beam generator with spin-selective proper-

ties under LCP illumination can be described as
Iy |o) = exp [i (q’ﬂ + %)] |ox) and
Iy |01) = exp [i (fpﬂ + %zﬂ |ow), corresponding to the

Z; and Z, planes, respectively. Numerical simulation re-
sults show that the electric field extracted on Z; = 5 mm
and Z, = 7 mm planes exhibit doughnut-shaped intensi-
ty distributions, respectively. Meanwhile, the Z = 6 mm
plane shows a transition state, reflecting the evolution-
ary behavior of the topological charge over a finite prop-
agation distance in the longitudinal direction, as dis-
played in Fig. 5(c). The phase distributions captured by
the field monitor, at both the Z; = 5 mm and Z, = 7 mm
planes are illustrated in Fig. 5(c). As we observed, the
topological charge gradually evolves from [} = -1to l, =
+1. The electric field intensity and phase distributions
measured in the experiments are shown in Fig. 5(d), re-
spectively, which are consistent with the simulation re-
sults. It is worth emphasizing that the experimental re-
sults were obtained by using a near-field detection sys-
tem equipped with THz microprobes, as shown in Fig.
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Fig. 5| (a) Spiral phase distributions embedded in the Z4=5 mm and Z,=7 mm planes. (b) Sample Il obtained by utilizing the ICP etching tech-

nique. (c) Simulation and (d) experimental results extracted in different planes along the propagation direction, including the electric field intensi-

ty and phase distribution. (e) THz near-field detection system for capturing the focal field distribution. (f) The mode purity calculated in the Z1 and

Z5 planes, respectively.

5(e). The THz pulse emitted from the emitter is first col-
limated by Lens and carries the desired polarization state
after passing through the LP and QWP. The mode puri-
ty of vortex states carrying different topological charges
at the focal plane can be further calculated using the
standard Fourier transform. In fact, the mode purity of
vortex beams is defined as the ratio of the power of the
primary mode to the total power of all modes. Therefore,
it is essential to first compute the OAM spectral function
Aj along with the sampling phase a(¢). Their respective

expressions are as follows:

+o0
a(¢) = Z Agexp (ilg)

I=—o00

. ()
1
A= - dga(9) exp (i)

where ¢ is periodic function, exp(il$) represents a spiral
harmonic. The mode purity at the Z; and Z, planes is
calculated in Fig. 5(f), including simulation and experi-
mental results, respectively. As we observed, the number
of topological charges /; = +1 and I, = -1 dominate the
mode purity in the Z; and Z; planes.

Setting the parameters a = /4 and y = —2f, the
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extracted transmission amplitude within the cross-polar-
ized channel can be simplified to Tix = cos (2f). As il-
lustrated in Fig. 6(a), the amplitude within the LCP
channel follows the trend of a cosine function as the pa-
rameter 3 gradually increases from 0° to 180°. Converse-
ly, the extracted phase distribution is misaligned, render-
ing it ineffective for implementing wavefront manipula-
tion, as displayed in Fig. 6(b). Therefore, these paramet-

https://doi.org/10.29026/0es.2025.240025

ric conditions are realized through pure amplitude mod-
ulation with spin-selective characteristics. Leveraging the
principle of interference, six metamolecules were meticu-
lously arranged at intervals of AB = 9° to facilitate THz
near-field imaging. The transmission amplitudes and AT
parameters of the selected metamolecules exhibit a lin-
early decreasing trend, as illustrated in Fig. 6(c). Addi-

tionally, the top views of the various metamolecules are

- o
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Fig. 6 | (a) Amplitude and (b) phase shift corresponding to spin-dependent pure amplitude modulation obtained by scanning the parameter factor
B. (c) The extracted amplitudes within the LCP—RCP channel and the calculated AT parameters at intervals of AB = 9°, respectively. (d) Top
view of the six metamolecules selected for performing pure amplitude shaping. (e) The electric field distribution |Er| corresponding to THz near-

field imaging extracted over a finite distance from 1.2 mm to 1.5 mm along the z-direction.
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presented in Fig. 6(d). The different relative rotation an-
gles among the individual HWP meta-atoms effectively
facilitate pure amplitude modulation within the
LCP>RCP channel. Following this, an array for THz
near-field imaging was constructed by sequentially se-
lecting metamolecules with distinct amplitudes, and its
imaging performance was simulated using a time-do-
main solver. Figure 6(e) illustrates that the |Egy|—com-
ponent of the electric field intensity extracted in the
LCP->RCP channel exhibits progressively enhanced
near-field imaging effects from left to right. Moreover,
the near-field images reconstructed over a finite distance
along the propagation direction achieve the desired
performance.

Setting parameter o« = 11/ 4 and defining both param-
eters 3 and y as variables, the designed diatomic meta-
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surface can be employed to perform amplitude and
phase modulation simultaneously. The complex ampli-
tude modulation strategy, which possesses spin-selective
properties, was evaluated using various parameter com-
binations selected sequentially at 22.5° intervals, as illus-
trated in Fig. 7(a). The results of the parameterized scans
indicate that as parameter f increases gradually from 0°
to 180°, the amplitudes observed in the LCP-RCP chan-
nel, corresponding to various parameter values of y, pro-
gressively decrease. In contrast, no discernible trend in
the transmission amplitude is observed in the other three
channels, highlighting the spin-selective nature of the
process. Additionally, the phase delays in the LCP->LCP,
RCP->RCP, LCP->RCP and RCP->RCP channels are pre-
sented in Fig. 7(b), where parameters 8 and y are varied

= =

1.0 210

@ @
€08f)0———— —1 E08}

» T~ | 17}

g 0.6 L G 06¢

= =

a 0.4;‘_’//_\_’//’—\\\\v o 04}

€ 0.2 = % 0.2 M
& N NS
9 0 45 90 135 180 &’ 0 45 90 135 180

B (degrees) B (degrees)

g g
< 180 <

[0} [0}

o 90 H H @
g 9O 8
o of ™ &
&) S
@ -90 H N €

% -180 ¢ . . . %—180 E , . .

— 0 45 90 135 180 X 0 45 90 135 180

B (degrees) B (degrees)

Sim. 1

N A o oo

oo o oo

Normalized amplitude
Normalized amplitude

Fig. 7 | (a) Amplitude and (b) phase shift corresponding to spin-dependent pure amplitude modulation obtained by scanning the parameter factor
B, including LCP—LCP, RCP—LCP, LCP—RCP and RCP—RCP channels. (c) Sample Il and Sample |V obtained by utilizing the ICP etching
technique. (d) Electric field distribution at the focal plane of the assembled meta-lens when B is equal to 0° and 90°, respectively, including simu-
lation and experimental results. (e) Normalized amplitude profiles extracted at the focal plane along the x-direction, corresponding to Sample Il
and Sample IV.
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simultaneously. Notably, the discrete phase curves ob-
tained from the LCP->RCP channel offer comprehensive
coverage of the 2 profile.

Subsequently, various parameter combinations associ-
ated with B and y were selected to evaluate the design
strategy of THz meta-lenses, focusing on different inten-
sities derived from both simulation and experiment re-
sults, respectively. Meta-molecules corresponding to y =
0° and y = 90°, were considered as candidates, and the
desired meta-lens arrays were constructed by utilizing
the spin-dependent geometrical phases. Additionally, sil-
icon wafers with high resistivity and low absorption were
processed using a standard ICP etching technique. SEM
images of the samples designated as Sample IIT and Sam-
ple IV are presented in Fig. 7(c). The images reveal
smooth surfaces and steep sidewalls, indicating accept-
able fabrication tolerances. Figure 7(d) illustrates the
electric field distribution in the focal plane, where two
spots with markedly different intensity distributions are
clearly observable at the center for angles y of 0° and 90°,
respectively. It is important to note that these measure-
ments were obtained using the near-field THz detection
system. The normalized amplitude distribution, extract-
ed at the focal plane along the x-direction, is presented in
Fig. 7(e), which includes both simulation and experi-
mental results. The results obtained at this magnitude
not only demonstrate the complex amplitude modula-
tion properties of the metasurface but also reveal effec-
tive spin-dependent focusing effects. When integrated
into the imaging system, the meta-lens can facilitate chi-
ral detection.

Conclusions

In conclusion, we propose and develop a strategy for as-
sembling diatomic metasurfaces grounded in the princi-
ple of multiple geometric phases. We select a pair of
HWPs with an intrinsic phase difference of 90° as candi-
dates for modulating the transmitted field by controlling
their relative rotation angles. Each degree of freedom de-
termined by the eigen-parameters is expressed through a
stepwise superposition mechanism, which can be quanti-
tatively represented by the Jones matrix. This design
strategy facilitates rapid theoretical predictions of trans-
mission fields with spin selectivity. To illustrate this con-
cept, we present a series of examples involving spin-de-
pendent metasurfaces. These include applications in THz
holography (geometric phase modulation), broadband
AT spectrum (pure phase modulation), THz near-field

imaging (pure amplitude modulation), and the genera-
tion of controllable focusing fields (complex amplitude
modulation). The experimental results agree well with
the simulations, thus confirming the feasibility of the
proposed strategy. The generalized diatomic metasur-
face mechanism offers potential applications in meta-op-
tical based message encryption.
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