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Conventional approaches to generating and distributing entangled quantum states usually rely on bulky
traditional optical devices, posing significant challenges to system miniaturization and integration. Here we
report an entanglement engineering scheme that utilizes quantum interference on a metasurface, combined
with postselection, to generate and distribute multiple polarization-entangled photon pairs. Two
unentangled identical photons, differing only in polarization, are incident on a multichannel metasurface
where each channel supports a specific polarization transformation. The metasurface facilitates two-photon
interference, generating postselected polarization-entangled states and forming a fully connected
entanglement distribution among every two output channels. Experiments demonstrate the generation
and distribution of four Bell states across 21 channel pairs, underscoring the potential of metasurfaces as
compact, scalable entanglement sources for quantum networking.
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Quantum entanglement is the basis of information
processing in quantum operations [1-5]. Generation and
modulation of Bell states [6] in two-dimensional Hilbert
space have drawn much attention due to their wide
applications in quantum key distribution [3,7], teleportation
[1,8], dense coding [9,10], and secret sharing [11,12].
On the other hand, quantum networking demands remote
distribution of entanglement among different users
[13-16]. A typical scheme for generating and distributing
multiple polarization-entangled photon states consists of
three main components: a polarization-entangled photon
source [17-21], state transformation optics [22,23], and
entanglement distribution modules [24,25]. However, such
systems currently rely on numerous bulky and discrete
optical components, presenting significant challenges for
scalability and integration. The photon source is commonly
based on spontaneous parametric down-conversion (SPDC)
in a nonlinear crystal operating under quasi-phase-match-
ing conditions, which enables the generation of photon
pairs with high brightness [21,26]. Achieving polarization
entanglement typically requires either combining two
orthogonally oriented nonlinear crystals [27,28], embed-
ding the crystals in a Sagnac interferometer composed of
polarization beam splitters (PBS) and a half-wave plate
(HWP) [29,30], or employing postselection via coincidence
detection after interfering photon pairs on beam splitters
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[31-33]. State transformation is then carried out using
combinations of quarter-wave plates (QWPs) and HWPs to
tailor the entangled states as needed. Finally, entanglement
distribution is achieved using components such as beam
splitters [34,35], optical switches [36,37], and wavelength-
division multiplexing systems [38]. Despite their essential
roles, these discrete optical elements are fundamentally
incompatible with the integration and miniaturization
demands for future quantum networks.

So far, as a promising candidate for integrating and
miniaturizing conventional optical systems, a specially
designed metasurface enables the generation and detection
of multiphoton states in a compact space [39-47].
For example, nonlinear metasurfaces supporting nonlocal
resonances generate photon pairs via SPDC [44,45]. The
metalens array enables a high-dimensional entangled pho-
ton source [42]. Metasurfaces also realize multiphoton
interferences [41,43] and quantum state measurements
[40,47]. To distribute entangled photon pairs, we once
introduced two metasurfaces based on the geometrical-
scaling-induced (GSI) phase modulation [46]. Each photon
of the entangled pair interacts with one metasurface
possessing multiple output channels, where unitary trans-
formations result in various photon states. However, in [46]
the incidence comes from an entangled light source, and on
the output side, the entanglement exists only between the
output channels from different metasurfaces. In contrast,
the photons emitted from the output channels of the same
metasurface are not entangled, raising significant chal-
lenges to optimizing efficiency, scalability, and resource
utilization in a network. A single metasurface that enables
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entanglement generation, transformation, and fully con-
nected distribution is highly desirable for constructing an
integrated quantum network; yet, its realization remains
challenging.

In this Letter, we experimentally demonstrate the gen-
eration, transformation, and distribution of polarization
entanglement using a single metasurface. We exploit
quantum interference on a specially designed N-channel
metasurface with a GSI phase gradient to generate and
distribute polarization-entangled two-photon states among
N(N — 1)/2 pairs of output channels. Experimentally, two
photons with orthogonal linear polarization align on a
seven-channel (N = 7) metasurface and convert into four
Bell states [(|HV) 4+ |VH))/v2 (¥*) and (|HH)+
[VV))/V2 (¢™)] via postselection and distribute them
across 21 pairs of output channels. It confirms that a single
metasurface can generate multiple spatially distributed
entangled photon states, which is enlightening for the
development of integrated quantum networks.

Figure 1 designates how a metasurface modulates photon
entanglement. The unit cell of the metasurface is composed
of eight silicon nanocuboids with different sizes, aspect
ratios, and orientations, which are grouped into two subsets
{Ppj-1y} and {Py;} (j =1, 2, 3, 4) illustrated as orange
and purple blocks, respectively. The orientations of struc-
tures in the subset { P(,;_ } are either O or /2, and those in
{P,;} are /4 or 3z /4. A nanocuboid adds additional phase
¢ and ¢ + Ag to the scattered field when the polarization
of the incident light is parallel and orthogonal to the

id Metasurface

4 \
% Input state |HV)

FIG. 1. Schematic of polarization entanglement transformation
and distribution with a single metasurface. Two photons with
orthogonal linear polarization states |HV) illuminate on the N-
channel metasurface. The output state at each channel pair with
postselection is in the Bell state ¥+ or ¢*. Small spheres with the
same color represent a photon pair, and the arrows across the
sphere represent the linear polarization states. The white (blue)
arrows on the output side represent the correlated polarization of
the entangled photons. For each channel pair, once a photon is
projected onto the “blue” (“white”) state, the other photon will be
in the “blue” (“white”) state.

symmetrical axis of the nanocuboid, respectively. The
additional phases are determined by the geometry of
nanocuboids [48,49]. The nanocuboids in the unit cell
are so designed that 7 (N = 7) output channels (CH,,
CH,, ...,CH; corresponding to —3rd, —2nd, ..., 2nd, 3rd
diffraction orders) are generated, and each channel is
represented by a Jones matrix J,, with m =1,2,...,7.
Furthermore, the nanocuboids in {P(z j—l)} possess a phase
difference 7 when they are D, /2 apart in the unit cell (D, is
the periodicity of the unit cell in the x direction). This phase
distribution makes the subset {P(,;_;)} contribute only to
the odd orders in the scattered field. Similarly, we regulate
the nanocuboids D, /2 apart in {P,;} with the same phase
arrangement, so their diffracted field contributes only to the
even orders. The Jones matrix J,, of each channel follows

: (27j0,/9) e 0
n=Cp ) e @rion { (“91)[ 0 ei(¢,-+A¢,->}R(9f)}’
Jj=1
(1)

where o,, (6,, =0,x1,42,+£3) is the diffraction order
corresponding to channel CH,,, C,, is a normalized
parameter related to the transmittance of the nanocuboids,
wavelength, and periodicity in the x direction, and j
(j=1,2,...,8) is the index of the nanocuboid in the unit
cell. Each nanocuboid satisfies A¢; equaling z/2 or —z/2.
(S5t cond )
where 0; is selected as 0, #/2, z/4, or 37/4, respectively.
We scan all possible combinations of the nanocuboids from
the library (Fig. S2 in Supplemental Material [50]) and find
that once the unit cell in Fig. 1 satisfies ¢ = Sx/4,
by =57/4, by =n/4, Py =35n/4 s =n/4 =
5x/4, ¢y =73n/4, ¢g=">5n/4, AP = A, = Ady =
Aps = Mg = Ay = Apg = 7/2, Ay =—n/2, 0 =
93:0520, 92 96—7[/4 97:71'/2, 94 98
37 /4, each channel serves as either a full wave plate (with
no polarization conversion) or an HWP. Taking the concrete
values of additional phases and orientations to Eq (1), we
obtain .71 :.74:.75 ( ) J2 J6 ( ) J’; J7
(5.°) 1501

The interaction of photons and the metasurface can be
understood as follows. The two photons are indistinguish-
able in their temporal, spectral, and spatial characteristics.
They are orthogonal in polarization, with one horizontally
polarized [|[H) = (})] and the other vertically polarized
[|V) = (9)]. Each photon of the orthogonally polarized
photon pair has 7 possible outputs. By combining every
two output channels, one may compose channel pairs PA,, ,,
m=1,2,...,7, n=1,2,...,7). Considering the detailed
form of J,,, the interaction between |H) (|V)) and meta-
surface can be represented as |H) — (ayJ; + apJ, + - - -

arJ7)H) = ay|H), + ao|V), + a3|H)s + ag|H), +

We define the rotation matrix as R(6;) =
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a5LILI)5 +ag|V)e + ag|H)7, V)= (@) +andy+ -
arJ7)|V) =ay|V)) + ao| H)y — as| V)3 + aa|V)y + as|V) s+
ag|H)¢ — a7V )4, where a,, is the transmission coefficient at
CH,, (m=1,2,...,7), and each ket represents a specific
single-photon state with subscript m denoting the output
channel CH,,. The output two-photon state from the
metasurface can be expressed as (alj L Faydy -
+a;J7)|H) @ (], + axJy + - +azJ7)|V). When we
consider a specific channel pair PA,, ,,, the state is simplified
as (aud,, + a,J,)|H) & (a,J,, + a,J,)|V). Meanwhile,
| H) @ 7,|V) and a,,a,J,,|V) ® J,|H) correspond
to two scenarios that can be experimentally postselected via
the coincidence detection between two distinct channels
(CH,, and CH,), i.e., |H) input photon goes to CH,,, |V)
input photon goes to CH,,, or the other way round. The
indistinguishability of these two scenarios leads to interfer-
ence, resulting in a Shih-Alley type polarization-entangled
state [34,61] across CH,, and CH,, (Fig. 1),

) BN n N n

where the coefficients have been normalized. Taking the
concrete forms of J,, and J, to Eq. (2), we can find that
|¥,, ) covers four Bell states (P and ¢*). For example,
¥, 5)=(HV)+|VH))/V2, |¥2) = (HH)+|VV))/V2,
¥ 3) = ([HV) ~|VH))/V2, ¥y5) = (HH)~|VV))/ V2.
It is noteworthy that the metasurface with 7 output channels
has a total of 21 (C3) channel pairs. Among them, 5 channel
pairs (PA,4, PA;s, PA,s, PAs;, PA;s) are in
([HV) + |VH))/V2, 6 pairs (PA, 3, PA,7, PA3,, PAss,
PAy7, PAs;) are in (|HV) — |VH))/V/2, 6 pairs (PA, »,
PA1’6, PA274, PAZ,S’ PA4’6, PAS,G) are in
(|HH) +|VV))/Vv/2, and the remaining 4 pairs (PA,3,
PA, 5, PAsg, PAg-) are in (|HH) — [VV))/V/2.

To experimentally verify the multichannel capability of
the metasurface, we perform the angle-resolved coinci-
dence measurement with a heralded single-photon source
as the input [Fig. S8(a) in Supplemental Material [50] ].
The photon source comprises a periodically poled
KTiOPO, (PPKTP) crystal creating photon pairs with
orthogonal linearly polarized states |[HV) via SPDC. The
PPKTP crystal is temperature stabilized at 40.5 °C, opti-
mized for maximum quantum efficiency in photon-pair
generation [50]. For the incident photon pair, one photon
acts as the trigger for detecting the signal photon, while the
other photon (the signal) passes through the metasurface
with the unit cell consisting of 8 nanocuboids [Fig. 2(a)].
The input photon state can be tuned by rotating the HWP
before the metasurface. To characterize the output photon
state, the QWP and PBS are placed in front of the fiber
coupler to project the output state. The output photon is
collected directly by the single-photon counting modules

(@)
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FIG. 2. (a) SEM micrographs of the fabricated metasurfaces.
The dashed red box marks the unit cell. The inset is the oblique,
enlarged view of the sample. The bars represent 1 pm. (b) The
retrieved Stokes parameters of 7 output channels marked on the
surface of the Poincaré sphere when the input single-photon states
are |H) (with the output states represented by spheres) and |V)
(with the output states represented by pyramids), respectively.
The polarization ellipses illustrate the polarization state of each
output channel. The colors of the polarization ellipses and the
symbols on the Poincaré sphere correspond to the colors of the
measured curves in (¢). (¢) The measured coincidence counts at 7
output channels (CH;,CH,,...,CHy) as a function of the
rotation of QWP when the input single-photon states are |H)
(dots) and |V) (triangles), respectively.

and the coincidence counts are recorded. The Stokes
parameters are subsequently obtained by measuring coinci-
dence counts as a function of the rotation angle of the QWP
[62,63] (the input photon states are set as |H) and |V),
respectively) [Fig. 2(c)]. The retrieved Stokes parameters in
the Poincaré sphere [Fig. 2(b)] are either |H) or |V) states
primarily located along the S; axis. The results are in
agreement with the theoretical predictions, confirming that
the metasurface has 7 output channels with different state
transformations.

Next, we focus on demonstrating polarization entangle-
ment and distribution by sending the photon pair generated
by PPKTP to the metasurface. To check the stability of the
photon source, we measure the coincidence count of the
photon source over 100 min, and a fluctuation of about
0.87% has been detected [50]. A delay line and two PBSs
ensure zero time delay between two photons. A narrow
band spectral filter guarantees that two photons are indis-
tinguishable in frequency (the bandwidth of our filter is
0.22 nm). The coincidence window is set to 1.5 ns to realize
the postselection, and the coincidence count is collected
continously for 20 s. To characterize the output state,
we measure quantum state tomography (QST) [64], S
parameter [65], and two-photon polarization interference
fringes [17] of 21 channel pairs. In the measurements, the

023601-3



PHYSICAL REVIEW LETTERS 136, 023601 (2026)

FIG. 3. Experimental demonstration of the generation of four
Bell states and distribution to 21 channel pairs by the metasurface
with |HV) incidence. (a) The real parts of the reconstructed
density matrices of the entangled states distributed to PA; s,
PA; s, PA; 5, PA, 5. (b) Measured fidelities of 21 states generated
by the metasurface in Fig. 2. (c) Two-photon coincidence counts
measured for 20 s at PA; s (P1), PAss (¥7), PAys (¢T), and
PA, 5 (¢p7) as a function of the HWP angle placed behind one
channel. The error bar is plotted assuming that the coincidence
counts satisfy Poissonian photon statistics [6], which is the
standard deviation of the count value of Q (v/Q). (d) S parameters
of the entangled states distributed to all channel pairs.

background noise from accidental coincidence [66,67] has
been subtracted. We reconstruct the density matrix with
QST by applying the maximum likelihood estimation
method [64] based on 16 measured two-photon coinci-
dence counts. Figure 3(a) shows the real parts of the density
matrices of four output states |¥,s5) =¥, [W35) =¥,
|¥,5) = ¢T, and |¥,3) = ¢, and the information of the
rest states are shown in [50]. The measured density
matrices are in agreement with the matrices of the ideal
states P*, ¥, @™, and ¢, respectively. The fidelity, which
is defined as F(p,p) = [Tr(\/p'/?pp'/?)]?, with p and p
representing the reconstructed and expected density matri-
ces, has been retrieved. The near-unity fidelity indicates
that the entangled state is close to the desired state.
Figure 3(b) shows the fidelities of 21 states, where most
values are above 0.850, with an average of 0.847. The
results confirm the occurrence of polarization entanglement
in 21 channel pairs. In the current metasurface-based
quantum system, the fidelity can be further improved by
elaborately designing the unit cell and increasing the
precision of nanofabrication to meet the stringent require-
ments of high-precision quantum network applications. An
in-depth discussion of the factors affecting fidelity and
potential strategies for improvement is provided in
Supplemental Material [S0].

To demonstrate the polarization correlation, we evaluate
two-photon polarization interference fringes. Figure 3(c)
shows the two-photon coincidence counts measured for
20 s at PA, 5, PAss, PA; 5, and PA, 5 as a function of the
HWP angle placed in one channel (the data for the
rest pairs are shown in [50]). The angle of HWP
placed behind another channel is fixed at 0° (the dark
curve) and 22.5° (the red curve) to project the photon
onto |H) and |R) (right-handed circularly polarized)
states [17]. Here we define the interference visibility as
A= [(Cmax - Cmin)/(cmax + Cmin)]s with Cmax and Cmin
representing the maximum and minimum of the coinci-
dence counts [17]. When HWP is rotated to 0° (22.5°), the
calculated 21 (16) interference visibilities are all above
71%, suggesting Bell’s inequality has been violated
[65,68]. The results confirm the polarization correlation
of the photon pairs collected from 21 channel pairs. Further,
Clauser-Horne-Shimony-Holt (CHSH) inequality [65] has
been tested, and S parameters are provided in Fig. 3(d). The
S parameter of each channel pair is greater than 2,
signifying that the CHSH inequality has been violated
and the quantum states are entangled [65]. The results of
QST, two-photon polarization interference fringes, and S
parameters confirm the generation and distribution of four
Bell states in 21 channel pairs.

Our strategy offers flexibility in generating entangled
photon pairs by adjusting the input photon states or
modifying the metasurface. Once the input state varies,
the output state at PA,, , will be changed accordingly. When
the input two-photon state changes from |HV) to |AD),
where |A) = (v/2/2)(,) is —45° linearly polarized and
D) = (v2/ 2)(}) is +45° linearly polarized, the output state
turns to |Tm.n> = (jm|A> ® jn|D> + jm|D> ® jn|A>)/\/§
The same metasurface in Fig. 2 still generates 4 Bell states
and distributes them to 21 channel pairs, which differ from
those in Fig. 3. Meanwhile, the distribution to PA, 4, PA; s,
PA, ¢, PAs 7, PAys becomes ([HH) — |VV))/+/2, the state
distributed to PA1,3, PA1,7, PA3’4, PA3’5, PA4’7, PA5,7 18
([HH) +|VV))/V/2, distribution to PA,,, PA,g, PA,4,
PA, s, PAyg, PAsgis (|HV) — |VH))/+/2, and the remain-
ing 4 channel pairs (PA,3, PA,;, PAsg, PAg7) are in
(|[HV) + |VH))/+/2 [Fig. 4(a)]. Experimentally, the input
states |AD) have been obtained by rotating HWP in front of
the metasurface, and reconstructing 21 quantum states with
QST. The reconstructed density matrices of four output
states [¥37) = ¢7, [¥17) = ¢, |¥16) =¥, and [¥g7) =
W+ are illustrated in Fig. 4(b), while the rest of the states are
shown in [50]. The retrieved fidelities are plotted in Fig. 4(c),
where most values are above 0.840, with an average
of 0.829.

The distribution of entangled photon states can also be
modulated by modifying the assembly of nanocuboids in
the unit cell. As illustrated in [50], the distribution of the
entangled states can be tuned by keeping the silicon cuboid
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FIG. 4. (a) The table showing the output state at each channel
pair when the input state is in |[HV) and |AD), respectively.
(b) The real parts of the reconstructed density matrices of four
output states in QST measurement, |¥; ;) = (|[HH) —|VV))/V/2,
¥, 7) = (HH) +|VV))/V2,  |¥6) = (HV) ~ |VH))/V2,
and |¥s;) = (|HV) + |[VH))/V/2. (c) The measured fidelities
of 21 states generated by the metasurfaces in Fig. 2 when the
input two-photon state changes to |AD).

in the unit cell while interchanging the orientation angles of
the cuboids in two subsets following the rules 0 <> 7 /4 and
7/2 <> 3x/4. It follow that the distributed states to PA| 4,
PA; 5, PAyg, PA3;, PA,s become W', the distribution to
PA|3, PA 7, PAsy, PAss, PAy;, and PAs; becomes ¢,
the state to PA1’2, PA1.6, PA2’4, PAZ,S’ PA476, PA5’6
becomes W™, and the remaining 4 channels pairs (PA,3,
PA, 7, PAs¢, PAg7) are in ¢p~. Furthermore, the number of
output channels can be expanded by increasing the number
of nanocuboilds in the unit cell. For example, if the unit cell
is enlarged by duplicating each nanocuboid in the unit cell
following the same sequence in Fig. 2(a), the number of
elements in the unit cell reaches 16. Accordingly, 13 output
channels are generated, and the number of channel pairs
jumps to 78 [50]. Therefore, the metasurface strategy will
enhance the capacity and flexibility of a fully connected
quantum network architecture.

As a cornerstone of quantum networking, the generation
and distribution of various entangled photon pairs are
essential for building fully connected quantum networks
capable of efficient, reliable, and high-fidelity information
exchanges. The nonlocal correlations intrinsic to entangle-
ment underpin secure communication, enable advanced
quantum information processing, and enhance fault toler-
ance through coordinated operations between different
photon pairs. Traditionally, realizing these capabilities
requires resource-intensive setups involving numerous
(polarization) beam splitters and wave plates. In contrast,
carefully engineered metasurfaces provide a compact,
efficient, and highly controllable platform for integrated

optical components in miniaturized quantum systems. By
precisely manipulating the degrees of freedom of photons,
metasurfaces enable versatile and interference-based con-
trol and distribution of quantum states. While spontaneous
parametric down-conversion in nonlinear crystals remains
the standard method for generating entangled photon pairs,
metasurfaces offer distinct advantages in miniaturization
and on-chip integration. For quantum networking applica-
tions, there is a growing demand for compact and robust
platforms capable of generating diverse polarization-
entangled photon pairs. Despite recent progress in metasur-
face-based quantum photonic devices, challenges remain in
enhancing output fidelity, advancing integration with other
photonic components, and achieving comprehensive con-
trol over photonic states. As a proof of concept, our Letter
provides valuable insights into the design and realization of
integrated entangled photon sources optimized for next-
generation quantum networks.

To summarize, we demonstrate here an unprecedented
advance in generating and distributing entangled quantum
states across numerous channel pairs using a specially
designed metasurface. By leveraging quantum interference
at the metasurface, two orthogonally polarized photons
become polarization entangled and are distributed to differ-
ent output channels. This discovery illustrates the potential
of metasurfaces in applications that require polarization
entanglement among multiple photons and the distribution
of entanglement across numerous users. This approach
provides a compact and practical platform for high-capacity
communication in quantum information processing, mark-
ing a significant step forward in quantum information
science.
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