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S1. DESIGN OF METASURFACE

Here, we present a specific metasurface design to implement the quantum CZ gate scheme
proposed in the main text. We employ linear birefringent nanostructures to construct the
requisite metasurface. The geometric structure of the structural unit is shown in Fig. S1(a),
featuring a silicon nanofin structure on a SiO, substrate. The silicon nanofin has a height
of 830 nm, with the length (I) and width (w) to be determined. The structural units are
periodically arranged in the x and y directions with a period of 667 nm. Such a nanostructure
acts as a local waveplate, with the corresponding Jones matrix [1, 2]

J = taac™™ 0, = tp€' %" |7) (2| + t,e % [y) (Y] (S1)
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where |z), |y) are unit Jones vectors of z-polarized and y-polarized light. We have assumed
that the major and minor axes of the nanofin structure are aligned along the x and y
directions, respectively. The equation (S1) indicates that z-polarized or y-polarized light
maintains its polarization after passing through the nanostructure, accumulating phase shifts
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of ¢, or ¢,, with transmission efficiencies of t7, or ¢

,y» respectively. However, light with

other polarization states will experience a change in polarization upon passing through this
structure. In our quantum CZ gate scheme, the operating polarization state is circularly
polarized. When expanded using circular polarization basis vectors, the Jones matrix of the
nanofin is given by
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J = (L)L + B (R]) + (L) (Rl + [R)(L])  (52)

Upon passing through the structure, part of the circularly polarized light undergoes co-
polarized conversion (|L) — |L),|R) — |R)), while the other part undergoes cross-polarized
conversion (|L) — |R),|R) — |L)). The co-polarized and cross-polarized transmission ratios

are
1 ida iy |2
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Employing the geometric phase method enables the separation of co-polarized and cross-

polarized light, achieving beam splitting. By changing the length (/) and width (w) of
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Figure S1. Simulated birefringent responses of individual unit cell in metasurface. (a) The geometry
parameters of a metasurface unit cell. (b) The simulated birefringent phase difference; (c) co-
polarization transmission efficiency; (d) cross-polarization transmission efficiency of the unit cell as
nanofin length [ and width w vary. (e) Top view of one period of the designed metasurface. Here,
the working wavelength is A = 1550 nm, the refractive index of silicon nanofin and SiOy substrate
are ng; = 3.344 + 5.1 x 1075, ngj0, = 1.5, respectively. ¢o = arccos(1/4/3) in (b). The red star

marks the designed parameters (I,w) = (389 nm, 219 nm) that meet the requirement for quantum

CZ gate.



the nanofin, the beam splitting ratio can be adjusted [1, 2]. When t,, ~ t,,, the beam
splitting ratio is determined by the birefringence phase difference A = (¢, — ¢,)/2. In
our scheme, a beam splitting ratio of Tress @ Tco = 2 : 1 is desired, corresponding to
A = +arccos(1/+/3). The rigorous coupled-wave analysis (RCWA) [4] or finite-element
method simulation (commercial COMSOL software) can be used to calculate Teyoss, 1o,
and A. Scanning the parameters of the nanofin’s length (/) and width (w) can identify
suitable dimensions that meet the aforementioned criteria.

Figures S1(b)-(d) present the simulation results of the parameter sweeping, with the
working wavelength set at 1550 nm and the refractive indices of silicon and SiO, being
ng = 3.344 + 5.1 x 107% and ng;0, = 1.5 [3], respectively. The swept parameter range are
from 200 nm to 500 nm for length (I) and from 200 nm to 360 nm for width (w). Within
this range, a suitable set of parameters was identified as [ = 389 nm and w = 219 nm,
yielding Tross = 0.651, Too ~ 0.326, and A ~ — arccos(1/4/3), marked by the red star in
Figs. S1(b)-(d). The ratio Toress/Tco is approximately 1.99, with an overall transmission
efficiency exceeding 97%.

With the desired unit cell obtained, the metasurface for implementing the quantum CZ
gate can be constructed using the geometric phase method. Figure Sl(e) illustrates the
distribution of unit cells within a period of the metasurface. A period consists of 26 unit cells,
each rotated at different angles. The rotation angle of the unit cells increases sequentially
with position within a period, totaling a 180-degree rotation. The cross-polarized light
experiences a linear phase gradient kg = 27w /A, with A = 26 x 667 nm. The LCP and
RCP light experience opposite phase gradients during the cross-polarization process, thus

achieving beam splitting [3].

S2. VALIDATION OF PARALLEL BEAM SPLITTING

This section validates the parallel beam splitting response of the metasurface designed
in the previous section. To this end, full-wave simulations are performed for a plane wave
incident on a metasurface with periodic boundary conditions. For the designed metasurface
with a period of A = 26 x 667 nm along z direction, the angles of the various diffraction
orders are approximately ---, —10°, —5°, 0°, +5°, +10°, ---, and so on, according to diffraction

theory. We define the paths that light takes before/after passing through the metasurface
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Figure S2. Parallel beam splitting response of the designed metasurface. (a) Schematic of the first
circular polarization beam splitting processes (left side), with simulated LCP and RCP electric
field distributions decomposed and shown for both LCP (the middle part) and RCP (right side)
incidences. (b), (c), and (d) Display electric field distributions for the second, third, and fourth
splitting processes, respectively, with similar decompositions. Field distributions are within one

period, and the vertical axis is compressed by 5 times for clarity.

5



from these angles as ..., path+2, path+1, pathO, path—1, path—2, and so on, as mentioned

in the main text.

Figures S2(a)-(d) display the full-wave simulation results for the four sets of parallel
circularly polarized beam splitting processes involved in the main text. On the left side of
Fig. S2(a) is the first set of 2 x 2 beam splitting process, namely the process of LCP light
incident from path—2 and RCP light incident from path—1. In the center of Fig. S2(a)
is the electromagnetic field distribution when LCP light is incident from path—2, while on
the right side is the distribution when RCP light is incident from path—1. Here, the LCP
and RCP components of the total electric field are decomposed, showing that after passing
through the metasurface, the path—2 remains LCP, and the path—1 remains RCP. Both
co-polarized and cross-polarized conversions occur upon incidence from the two paths, with
the cross-polarized light deflected into different paths, clearly demonstrating the distinct
intensities of co-polarized and cross-polarized light. Figures S2(b)-(d) present the other
three sets of beam splitting processes, with similar results. These four sets of beam splitting
processes are relatively independent and can occur in parallel, forming the basis of the main

text’s scheme.
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Figure S3. Angular dispersion of beam splitting response for the designed metasurface. (a)
Schematic of beam splitting processes for LCP light oblique incidences. (b) Transmission effi-
ciencies and (c) phases of the splitting light in the case of (a). (d)(e)(f) are similar to (a)(b)(c)

but for RCP light oblique incidences.



We further calculated the beam splitting ratio and phase for the parallel beam split-
ting process. Figure S3(a) illustrates the beam splitting process for LCP light incident at
arbitrary angles, with the co-polarized and cross-polarized transmission coefficients being
tre®rt and tppe'®tR | respectively. Figure S3(b) shows the variation in transmission effi-
ciency as the incident angle changes from —15° to +15°. It can be observed that within
the calculated angle range, the transmission efficiency exhibits a slight variation, with the
cross-polarized conversion efficiency being approximately twice that of the co-polarized con-
version efficiency, while the total transmission efficiency is close to 1. Figure S3(c) further
demonstrates the change in transmission phase with respect to the incident angle, indicating
a relatively small variation in transmission phase with angle. The difference between the
two transmission phases keeps 270° approximately, with a slight variation. Figures S3(d)-(f)
present the simulation results for RCP light incidence, which are similar to those for LCP
light. This indicates that the four sets of parallel beam splitting processes selected in the

main text have approximately the same beam splitting response.
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Figure S4. Angular dependence of circular polarization purity for the designed metasurface. (a)
Variation of the circular polarization purity with the angle of incidence. The polarization ellipse of
the output light at an incident angle of (b) § = —15° and (c) § = +15°. The black dashed circles

in (b) and (c) are the reference for perfect circularly polarized light.

Next, we analyze circular polarization purity of the output state and its dependence to
the incident angle. Taking the incidence of LCP light as an example, as depicted in the
inset of Fig. S4(a), under ideal conditions, the Oth-order transmitted light is perfect LCP,
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and the +1th-order diffracted light is perfect RCP. The circular polarization purity of the
output light is quantified by us using the absolute value of the degree of circular polarization
(DoCP):

|<ER’E0ut>|2 — ‘<EL’E0ut>‘2
[(Erl|Eout)|* + [(EL| Eow) |

Purity =| | (S4)

where |Ey/gr) represents the unit LCP/RCP Jones vector, and |Eq,) represents the Jones
vector of the output polarization state on a specific output path. The variation of the
circular polarization purity of the two output lights with the incident angle is presented in
Fig. S4(a). It can be seen that as the incident angle moves away from the normal direction,
the purity starts to decline. However, for the metasurface we designed, the working angle is
less than 15 degrees, at which the circular polarization purity of the two output lights stays
above 99.3%. The polarization ellipses of the two output lights when the incident angle is
+15 degrees are further shown in Fig. S4(b)(c) (the black dashed line serves as the reference
for perfect circularly polarized light), and it can be observed that the polarization ellipses
are nearly perfect circles. Hence, within the working angle range under consideration, the
circular polarization purity is almost 1, and the change in polarization state is negligible.
Through the above calculations, we can obtain the classical parallel beam splitting trans-

formation relationship for the designed metasurface

| Rout)+2 0.56  0.81¢l48 0 0 0 0 0 0 | Rin) 42
| Lout)+1 0.82¢!-6%  0.56 0 0 0 0 0 0 |Lin) 11
| Rout) +1 0 0 0.57  0.81e!47 0 0 0 0 | Rin) 1
[ Lout)o 0 0 08lem™ 057 0 0 0 0 |Lin)o
[ Rout)o 0 0 0 0 0.57  0.81e!4% 0 0 |Rin)o
[ Lout) -1 0 0 0 0  08Lled™ 057 0 0 |Lin) 1
| Rout) -1 0 0 0 0 0 0 056  0.82¢14% | | |Ri)_4
| Lout) 2 0 0 0 0 0 0 08l 056 |Lin)—2
(S5)

Note that |Liyout); and |Rinout); here represent the amplitudes of the LCP/RCP modes in
path j, rather than Jones vectors. It is observed that the simulated parallel beam splitting
transformation (S5) slightly deviates from the theoretical predictions provided in the main
text. In the simulation results, the transformation matrix is not strictly symmetric, and the

phase difference between the co-polarized and cross-polarized beams is not exactly 7, but it



still approximates a unitary transformation.

S3. PERFORMANCES OF METASURFACES QUANTUM CZ GATE

In this section, we analyze the performance of quantum gates using the parallel beam
splitting relationships obtained from metasurface simulations. Formally, the transformation

matrix for quantum parallel beam splitting is the same as that of classical parallel beam

splitting
VI Vit
7 i
7 PR
ClLT ~U" ClLT (S6a)
& o
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v in v out
0.56  0.81e48 0 0 0 0 0 0
0.82¢16% (.56 0 0 0 0 0 0
0 0 0.57  0.81el4™ 0 0 0 0
7= 0 0 0.81e!7  0.57 0 0 0 0
0 0 0 0 0.57  0.81e!46 0 0
0 0 0 0 0.81el ™ 0.57 0 0
0 0 0 0 0 0 0.56  0.82¢!4%
0 0 0 0 0 0 0.81el™ (.56
(S6b)

where the matrix U coincides with classical simulation results [equation (S5)], the superscript
T indicates the transpose operation of matrices. Note that the relation in equation (S6) is the
transformation from output modes to input modes, so that an input mode can be expressed
as the superposition of output modes. But the equation (S5) describes the transformation
from input modes to output modes. Another thing to note is that equation (S6) describes the

quantum transformation for creation operators rather than for annihilation operators. With



above quantum transformation matrix, one can obtain the operation rules of our designed
metasurface quantun gate [5].

We first consider the case of a single quantum CZ operation. The CZ operation is
considered between the polarization qubits C (path 0) and T (path +1). The quantum
logical operation between the two qubits is obtained by analyzing evolutions of four standard

computation bases input:

0)c|0)r =CHTH |@)cl@)r % (UssCf + UssSE ) (UnTh' + UV @) | @)1
Posteelection,  UpyUss CE' T | @ @) = UnoUs5|0)¢|0) 1 (S7a)
0)c[l)r =CF T @)cl@)r 5 (UssCE' + U SE) (U T + UCE)|2)c|2)r
Lostselection, Uy UssCE' T @) 0| @) = UssUss|0)c|1)r (S7h)

1e|0)r =CHTH (@) o|@)r 2R (U, CF 4 Uy T ) (Uno TE + UV |2) 0| @) 7

Postselection

UssUns CE TE @) 0 |@) 1 = UnoUsa|1)c|0) (S7c)

Metasurface

Ve|l)r =CHTE )0 2) 7 (UuCE + U TEYUss TR + Ui CE)|@) | @)1

Postselection

(UssUyg + U34U43)C'1LTT0U D) c|D)r = (UssUsg + UsaUss)|1)|0) 7
(S7d)

where |@) denotes the quantum vacuum state, and the zero element in matrix U is elim-
inated. Through postselection, the output state remains a two-qubit system by retaining
only components where a single photon occupies each logical-encoding mode. Then, the
metasurface’s transformation results for the four 2-qubit standard bases are as shown in
Tab. S1(a). It can be observed that the standard bases still transform to the same standard
bases. Notably, there are some deviations from the theoretical truth table presented in the
main text. On one hand, when both qubits are in the logical 1 state, the output state ac-
quires an additional phase of 1.0187 instead of the ideal 7. On the other hand, the success
probability of the operation has undergone a slight change. The success probabilities for the
four cases are not strictly equal (but still approximately so), with the success probability
being slightly less than the theoretical value of 1/9 & 0.111. This is due to the beam split-
ting ratio of the designed metasurface not being strictly 2:1, and there is a slight reflection
from the metasurface. Similarly, the truth table for the quantum operation between the
polarization qubits C (path 0) and S (path -1) under parallel operation can be obtained,

shown in Tab. S1(b). Due to the special encoding rules presented in the main text, the qubit
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TABLE S1. Transformations of two-qubit bases under the quantum operation of the metasurface.
(a) Truth table of quantum operation between qubits C and T. (b) Truth table of quantum oper-

ation between qubits C and S.

Input Output Success probability
0)c0)r 0)c|0)7 0.102
0)c[1)r 0)c 1) 0.106
[1)c|0)r [1)c|0)r 0.102
Dell)r e BT o[1)r 0.110
(b)
Input Output Success probability
0)c|0)s 0)c|0)r 0.102
0)c[1)s el V1T 0) o[ 1) 7 0.110
1)c[0)s [Delo)r 0.102
Lell)s Dell)r 0.106

S is controlled by logical state 0 of qubit C, i.e., an additional phase of 1.0187 arises when
the input state is |0)¢|1)s. If one exchanges the logical encoding states of qubit C, then the
quantum operation between qubits C and S is a normal CZ operation approximately.
Next, we examine the situation when the two quantum CZ gates mentioned above are
cascaded. Utilizing the parallel beam splitting transformation rules of the metasurface, we
transform each of the 8 three-qubit standard bases, with the results shown in Tab. S2.
Similar to the results for a single CZ gate, the terms that should ideally accumulate a phase
m now accumulate a phase of 1.0187. The success probability of the cascaded operation is
no longer strictly equal but remains approximately so, with the success probability slightly

reduced due to imperfect beam splitting ratios and reflections (ideal value is 1/27 ~ 0.037).

Lastly, we consider the performance of the designed metasurface CZ gate in the prepa-
ration of entangled states. For the preparation of a two-qubit entangled state, considering
the input as the two-qubit direct product state |4+)c|+)7, where |£) = (|0) £ [1))/v/2. Ac-

cording to the truth table provided above, the metasurface transformation the input state

11



TABLE S2. Characteristic of a two-cascaded CZ gate on designed metasurface.

Input Output Success probability
10)c0)5]0)7 10)¢[0)5]0)7 0.032
0)c10)s|1)r 10)c|0)s]1)r 0.033
0)c[1)5(0)7 e 018710) o11) 510) 1 0.035
0)c[1)s1)T e OT0) o[1) 5[1) 7 0.036
1)¢10)s10)r 1)¢[0)5]0)7 0.032
1)cl0)s[1)r e 1) ¢|0)s[1)r 0.035
[1)c|1)s]0)r 11)¢|1)s]0)r 0.033
Dell)s|)r e ol1) 5(1) 7 0.036
nto
[11) = 0.228]0)c|+)r + (0.230 4 0.007%)[1)c| =) + |¥1)error (S8a)
1) error = —0.002]0)¢|=)7 — (0.004 + 0.0071)|1) |+ )7 (S8b)

Under a perfect quantum CZ operation, the output state should be a Bell-type state |{gen) =
(10)e|+)7 + [1)e|=)7)/3v/2. Tt can be seen that, due to the imperfect beam splitting of the
metasurface, the output state after the metasurface CZ gate transformation is not a perfect
Bell-type entangled state, and an additional error term |t1)eor appears, although the error

component is very small. The fidelity of the output state is

|<¢Bell|1/}1> |2
<¢Bell | wBe11> <¢1 | ¢1>

The fidelity is close to 1, indicating that the single quantum CZ gate on the metasurface

F1:

~ 0.9992 (S9)

has a high operational fidelity.
For the preparation of a three-qubit entangled state, considering the input as the three-
qubit direct product state |+)c|+)s|+)r. The designed metasurface transformation the

input state into

[¢2) = 0.130e” % (|0)c| =) s|+) 7 + [Lol+)s|=)1) + [¥2)error (S10a)
[¥2)error = 0.004e>%(|0)¢|+) s|+)7 + [1) el +)s]+)7)
+4 x 1077 (|0)o|+)s[ =) + 1) el =) s +)7)
+0.001e™ > ((0) o] =) s[ =) 7 + [ el =)s|=)7) (S10Db)
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Also, a small error term |¢g)eor arises. Under a perfect cascade quantum CZ opera-
tion as shown in the main text, the output state should be a GHZ-type state |¢guz) =
(10)e|=)s|+)7 + |Del+)s]—)7)/3v/6. Then the fidelity of the output state is

|(Yauzlib2) [?
(Yauzlanz) (Va|2)

The high fidelities of the prepared entangled states (Fi, Fy) demonstrate that both the

= ~ 0.9988 (S11)

designed metasurface quantum CZ gate and the cascaded CZ gates possess high operational

fidelity.
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