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Fig. 1. (a) Schematic illustration of the metasurface-enabled generation of multi-channel high-capacity PVVBs; (b) the HyOPS

model; (c) the phase profile of the metasurface obtained by combining the phases of a spiral phase plate, an axicon, and a hyperbol-

ic metalens.
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Fig. 2. (a) Operating principle for generating multi-channel high-capacity PVVBs by using a spin-multiplexed metasurface based on

pure geometric phase modulation; (b) simulated transmission (T,,, T,,) and phase shift (¢,,, ¢,,) of the optimized unit cell under -

and g-polarized illumination at different wavelengths; (c) magnetic components H, and H, existing in GSST nanopillar excited by -

polarized and y-polarized incident light of A = 4.4 pm; (d) calculated transmission and phase shift of the optimized unit cell under

circularly polarized illumination as a function of the rotation angle of the anisotropic GSST nanopillars, with insets showing the per-

spective and top views of unit cells.
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Table 1. Specific parameters of the mode 1-4 PVVBs.

Mode M:N by b (Az, Ay)/pm f/pm AS
1 2:1 -1 1 (0, 0) 200 0
2 1:2 -3 3 (0, 0) 200 /2
3 1:1 3 -3 (0, 0) 200 n
4 1:1 6 6 (0, 0) 200 3n/2
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Fig. 3. Under 2-LP illumination, (a) the electric field intensity distributions of the four mode PVVBs in the 1z plane; (b) the in-
tensity profiles at the focal plane; (c) the radii of the bright rings at the focal plane; (d) the radii of the bright rings at z = 140,
200 and 260 pm cross-sections; (e) the widths of the bright rings at the focal plane; (f) conversion efficiency; (g) their spatial distri-
butions on the HyOPS; (h) under 2-LP illumination, the electric field intensity distributions, Stokes parameters (S), S}, S, and S;)
and polarization orientations () of the four mode PVVBs under different polarizers.

JIers. e o LP OGIRSS T, A6 S s 47l 3 ) 7 e
AiEfdk PVBs iR IR0 A, HARRR

7N ZE EFAT HEMRAE PVBs BIFR ML, 2880 F 5T,
i Mk AR #5364 T PV VBs BRI, SGHRIAE

ANEARZE (K 3(h)1-2 31)); 4R K (29, T
B (y) XA (n/4) FIRFAL (3r/4) T IalikLk
TR AT, 4 M PVVBs Z2 3R %8 58 K 2
A (AR I S5 SRR A O 0 A ) S R R 53 A
R o EBEAE AL (K 3(h) 3—6 %11). PVVBs
PP B U A T A — A AR JE I P 6 R D 4R 1 e
BB MR A p = (I —1n)/2, Hitp 1, A1,

MERCET 2 A5 IR IR BT |pl . 8 G MR, 4 Fh L
PVVBs JEBEAEIEET 1R 2, 6, 6 Fi1 12, BURIRKY
WK p| A 1, 3, 3H16, 5t AT ML E PVBs
Sy AN B SE X L. it — i 4 R
K PVVBs k74, & 3(h) 45 T A Stokes
S (So, S1, Sy FHS) 43 A MU AR 75 ] (Q) 4345 .
Hr Sy =1L+ I, Sy = I, — 1), So = Ly — Isgya FlI
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Ss=1I— I, I, I, I, I, Ly Bl Ly 53540
PVVBs ) LCP, RCP, -, ¢, n/4 Fl 3n/4 /3 &3
5. & 3(h) AT, S5k S, 1 S, B AN BB
Vi% RNERIN /) h7sit i ol B S N B 2 N LA B
TR AR, Foe IR e/ INoiR B T S B4 A
BIh2p| A, S80Sy KRBT PVVBs & 75 h 45 &
LCP 1 RCP PVBs 431 & M A H &l 3(h) 7]
1, mode 1 fil mode 2 PVVBs Stokes %1 S; # 0,
ZEHH mode 1 Fll mode 2 PVVBs Hi A4 LCP
RCP PVBs & NI, 4% 8 = 45 14, 49 30 %5
M. HyOPS F2EERTETATF BRI A5 ; 11 mode 3
Fl mode 4 PVVBs Stokes 2% S5 = 0, W4T
mode 3 #1 mode 4 PVVBs ) LCP #l RCP PVBs
WEAHSE, RICAFERIRRE, X0 T HyOPS Rl
s IRRAAE 2 =arctan(S,/S1) /2, KB PVVBs
A, P54, 4 FiX PVVBs ik /¥
WK 0, /2, m Fl 3m/2, %% HyOPS i | 4 4>
AFEE, K 3(g) B, B2, Bk ot iE
PO LE AL, AT A LA AT IR B R s B o A
FEMERY S8 SE R B IR IE .

3.2 ETBHERBEER PVVB KT

BT LARWEoE, |ATY R T AR T fE,
BT T4l PB AR 86l (9 B A4 2 T AR i MF5,
A AT [l A2 i 22 H (32 E) PVVBs, i Hoik ilkg
HEYE R PVVB RS FRIRFTX. MF5 e
FHOIFTH (5) AR H], H AR A = 4.4 pm,
AL B S = 32, 4% PV VBs [ 1E58
PRk PVBs 3SR IE LLI R My—30 1 N1—g0 = 1:1.
AR Y 32 B PVVBs ELA&HRE I m IR i vk
Fw 3% o3 A, FLREAE WA 58 485 I 19 45 °F 1fi
4x4 L HER, FATHAI SR, S R
B (Az, Ay, f) IRIEHCE R F C, ZEHEM A7 TiE
Ik PVBs 4RI 1, F1 1, B IAAHD 22 A8, AT
FEOBEEL, WL 2 J51). R PAIE 32 T PVVBs
SR —E (R = 30 pm), X SE d, T REE;
%51 AMEFE E (f= 200 pm) 16 T PVVBs Xt
di—16 = Mfi—16/R ~ 4.4 x 200/30 = 29.33 um , 2
ASESETE E(f = 300 pm) 16 # PVVBs Xt i
di7—30 = Afi7r—32/R ~ 4.4 x 300/30 = 44 um .

Kl 4(a) MTE LCP YL, MF5 78 A~ 45
ST A RCP PVBs FE513% 004 (8. Al W4

F|1X 88 PVBs S48 FIFR 58 AR —F. & 4(b),
(c) JBTE »LP YL AS T, MF5 A4: i 32 F PVVBs
E, Fl E, 535 iRl PSS PVVBs 52 8f
AT ORI AR — B, (HH R R BCEAE TR G BE
FIGEM AL, HOGEE A AR, S 32 3 PVVBs
PR B A ] H LA R B el TRk ot
BESCE, AR AE R S B S R E e A [E15
—{RIE, B, 8 E, Y 3 A rh 4 PVVBs Bt
BOH ], HSEBE AN, Qi 4(c) Fis, B
46 PVVBs HAMFEMRIRH AR RIS, B 4(d)
W4 T XA PVVBs 194 13500 A F i IR
FARES AR, T, AT f = 200 wm FEEIE S —
ik 53 PVVB, AL T f= 300 pm £&£F-1H
RBP4 PVVB.

# 2  MF5 RS
Table 2.  Specific parameters of the MF5.

S G L, l, Az/pm Ay/pm  f/um AS

1 1 -8 9 -150 350 200 /15

2 1/8 -1 2 =50 350 200 /15
3 1/4 -4 4 50 350 200  10m/15
4 1 -8 8 150 350 200 21n/15
5 1/2 -5 6 -150 250 200 15m/15
6 1/2 -6 6 =50 250 200 6m/15
7 1/8 -1 1 50 250 200 0

8 1/8 -2 2 150 250 200 14n/15
9 1/4 -3 3 -150 150 200 9n/15
0 1/2 -5 5 -50 150 200 8n/15
1 12 -6 7 50 150 200 5m/15
12 1/8 -2 3 150 150 200  13m/15
13 1 -7 8 -150 50 200 3n/15
14 1/4 -3 4 =50 50 200 12r/15
5 1/4 -4 5 50 50 200 1lm/15
16 1 =T 7 150 50 200 4n/15
17 1/8 -1 1 -150 =50 300 12x/15
18 1/4 -4 4 =50 -50 300 3n/15
19 1/4 -4 5 50 -50 300 21n/15
20 1/8 -1 2 150 -50 300 8n/15
21 1/2 -5 6 -150 -150 300  14w/15
22 1/8 -2 3 -50 -150 300 5m/15
23 1/2 -6 6 50 -150 300 6m/15
24 1/2 -5 5 150 -150 300 n/15
25 1 -7 7 -150 -250 300 /15

26 1 -7 8 -50 -250 300 4n/15
27 1 -8 9 50 -250 300 1lm/15
28 1/8 -2 2 150 —250 300  14w/15
29 1/4 -3 3 -150 -350 300 10m/15
30 1 -8 8 =50 -350 300  15m/15
31 1/2 6 7 50 -350 300  13m/15
32 1/4 -3 4 150 -350 300 9r/15
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(a) LCP-RCP (b) z-component (c) y-component (d)  Vector
400 400
300 300
g
=
g :
S Z 200 Z 200
([ = b
= 100 100
0
0 0
—200 —100 0 100 200 —200 —100
z/pm
400
300
g
- g g
o
s 2 £ 200
= =
Il i
Q
100
0
0
—200 —100 0 100 200 —200 —100 0 100 200 —200 —100 0 100 200
z/pm z/pm z/pm
(e) Polarization Polarization Hexadecimal  (f)
orientation (2 order p digits 24p Encoding Information
v, 0 0 po[ 1.0 0 1F | 14 |1F|E2|56|0E|FO|BA|19|01|44|88|3A| |Q|W|E|R|T|Y|U|I|O|P|[|
¥ | In/ls |1 pri 15 |1 E2 | BC [78]E3]2p[ps[p7]6c] 14 [Bc| 49 | A7 [als[p][r]c]u]s]x|L];]
v, | 2n/15 [ 2 pa | 2.0 | 2 56 | 49 -
W | 3n/15 | 3 ps [ 25 | 3 0B 1 30 [30]1E]on| 73] Fe[cB]rF| 15 [ F2] [z|x[c|v]B]|n]M], ].]
v, | 4n/15 | 4 ps| 3.0 | 4 Fo | 1E 08 | 51 Enter
'3 51/15 5 ps | 3.5 5 BA 0D
U | 6m/15 6 ps | 4.0 | 6 19 73 (g) Reading hexadecimal digits
p| Tm/l5 VT, opr| 4517 ) | 0L ] F6 FO[6C |56 [08 ]88 4449 [7BJOE[01 30 [7B[F0]o01]44
Vg | 8m/15 | 8 ps | 5.0 | 8 44 | CB CB| 08|44 [D5] 0849 [01 [D7[6C[F0 |08 ] 01 [E3] 08 [F0
Py | 9n/15 | 9 Py | 5.5 | 9 88 | FIF 6C | 56 | 08 [6D [ 6C | 44 | 01 [0D | 56 | 08 | 44 | D5 | 08 | 2D | 01
Yo | 10m/15 | A po| 6.0 | A 7B | 3A OE | 56 |0D | F0 | 01 | 44 |[CB| 15 | 08 | FO | 6C | 56 | 08 | OE | 56
Y| 11n/15 | B pu| 65 | B E3 | A7 D5 [0E | 7B 0D [ Fo | 01 [ 44 [CB| 08 |44 [D5]| 08 [ 49 | 01 [ D7
U, | 12n/15 | C p12| 7.0 | C 2D | 15 6C | Fo | 08|01 [E3| 08 [Fo[6C]| 56|08 ][Fo]| 19 |[0E|CB] 01
P3| 13n/15 | D pi3| 7.5 | D D5 | F2 CB|D7 | 08|44 [D5] 08 [Fo[6C |56 | 08 [ 88 [ 7B [ Fo | 6C | F2
Wiy | 14w/15 E p1a| 8.0 E D7 08 i
2 /15 F p15 [ 8.5 F 6C 51
(h) Obtaining text information
T H E P O L A R 1 Z A T 1 (@]
N O F L 1 G H T I S T
Text information: H E C H O I C E O F D 1
The polarization of light is the choice of direction; — R E C T 1 O N R T H E R E
the refraction of light is the turning of the path. F R A C T 1 O N O F L 1 G
H T 1 S T H E T U R N 1
N G O F T H E P A T H

&l 4
M E, 534 18 (c); (d) XA PVVBs B K 10 3 43 A FI w3k /A B2 34 5 (e) PVVBs AU 3 (f) gty s M4 % ; (g) 105 ML
PR TR BOT 55 (h), (1) M8 I SRS B

By 1H MF5 78 LCP )6 F A= il RCP PVBs FE41 1) B 37 58 B8 3 70 B (a) X 7F LP 6 R AE Y 32 & PVVBs E, 7+ 7i I (b)

Fig. 4. Electric field intensity distributions of the RCP PVB array generated by the metasurface MF5 under LCP illumination (a),
and E, (b) and E, (c) intensity distributions of 32-fold PVVBs generated by the metasurface MF5 under LP illumination; (d) vec-
tor field distributions and polarization orientation of the corresponding mode PVVBs; (e) codebook of the PVVBs; (f) encoding

method and the encoding diagram; (g) a sequence of 105 hexadecimal numbers consisting of two bytes; (h), (i) the decrypted text

information.

IR EE FAE A AT A A [ 7 5 AT R A AR A3
A5 F R 4R Bk PVVBs, H. 44> PVVB A] il 57 14
¥, BOGAE B SR AL T — g k. F
H PVVBs IR (kA E Q) FmiRFX (p) P
AIATHERE, T i 25 Fh AL S PN F1 B oS it
Hil%s, ForimdR Ty @ RS 1 A7, WRBTIR

p FRFESE 2 57, HILEA PVVBARE 1
FPAF SR W T 0 AR
[ QEH ny A p (A2 8 PVVBs, Hip |
AR g x ny ML A TFATI oS E AR Sk
I UEIZ N AT AT, B 4(e) A T LS
AT TS HERIE Gt 2. R TR L, iR
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] QYL E N 0—n, KA /15, {RF 1Nt
HECE 1475 0 3] F; AR K p JE 3R N
1—8.5, KK 0.5, AEANHFIBES 2 575 0
2 F, B wdeorm @ ARIRE IR p (EEA S, 718
F] 256 ML AT oS EERIEL MEF5S 24
[ 32 # PVVBs A[ {3 32 AR B4 & A
TS HERIE. XX 32 A oS BB A T 9
fith, A7 AR MERE AL | 26 DI SCFRER 6 D IfiE
G ANE 4(f) BiR. B L, Bl gRAS ik nT S
AR SCASAR 2 BN 28 R i, EAR B 4 RN {75 90
S LA M T FHE 3

VE RS ERAE, [ 4(g), (h) W& T FH
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Abstract

Perfect vector vortex beams (PVVBs), which are characterized by spiral phase, donut-shaped intensity
profile and inhomogeneous polarization of a light beam carrying spin angular momentum (SAM) and orbital
angular momentum (OAM), have a constant bright ring radius and ring width which are unaffected by the
changes of their carrying topological charge (TC), thus making them highly valuable in many optical fields.
Metasurfaces, as planar optical devices composed of subwavelength nanostructures, can precisely control the
phase, polarization, and amplitude of electromagnetic waves, providing a revolutionary solution for integrated
vector field manipulation devices. However, existing metasurfaces still encounter significant challenges in
generating high-capacity, polarization- and orbital angular momentum-independent controlled perfect vector
vortex beams. In order to solve this problem, in this work a spin-multiplexing scheme based on pure geometric
phase modulation on a metasurface platform is used to achieve high-capacity polarization- and OAM-
independent controlled PVVBs. The metasurfaces with a combined phase profile of a spiral phase plate, an
axicon, and a focusing (Fourier) lens are spatially encoded by rectangular Ge,SbySe Te; (GSST) nanopillar with
various orientations on a CaF, square substrate. When illuminated by circularly polarized light with opposite

chirality, the metasurfaces can generate various perfect vector vortex beams (PVBs) with arbitrary topological
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charges. For linearly polarized incidence, the metasurface is employed to induce PVVBs by coherently
superposing PVBs with spin-opposite OAM modes. The polarization states and polarization orders of the
generated PVVBs can be flexibly customized by controlling the initial phase difference, amplitude ratio, and
topological charges of the two orthogonal PVB components. Notably, through precisely designing the
metasurface’s phase distribution and the propagation path of the generated beams, the space and polarization
multiplexing can be realized in a compact manner of spatial PVVB arrays, significantly increasing both
information channels and dimensions for the development of vortex communication capacity. With these
findings, we demonstrate an innovative optical information encryption scheme by using a single metasurface to
encode personalized polarization states and OAM in parallel channels embedded within multiple PVVBs. This
work aims to establish an ultra-compact, robust platform for generating multi-channel high-capacity
polarization- and OAM-independent controlled PVVBs in the mid-infrared range, and promote their

applications in optical encryption, particle manipulation, and quantum optics.

LP
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