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Photonic quantum information processing relies on operating the quantum state of photons, which
usually involves bulky optical components unfavorable for system miniaturization and integration. Here,
we report on the transformation and distribution of polarization-entangled photon pairs with multichannel
dielectric metasurfaces. The entangled photon pairs interact with metasurface building blocks, where the
geometrical-scaling-induced phase gradients are imposed, and are transformed into two-photon entangled
states with the desired polarization. Two metasurfaces, each simultaneously distributing polarization-
entangled photons to spatially separated multiple channels M (N), may accomplish M x N channels of
entanglement distribution and transformation. Experimentally we demonstrate 2 x 2 and 4 x 4 distributed
entanglement states, including Bell states and superposition of Bell states, with high fidelity and strong
polarization correlation. We expect this approach paves the way for future integration of quantum

information networks.
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In quantum optics, the entanglement of photons can be
achieved via polarization [1], optical paths [2], orbital
angular momentum [3], or frequency mode [4]. Since
polarization is convenient to detect and manipulate, polari-
zation entanglement has been extensively studied [5,6].
Four maximally entangled states (Bell states) form a
complete entangled basis of the two-photon Hilbert space
and enable quantum dense coding [7], quantum crypto-
graphy [8], and quantum teleportation [9]. The super-
position of Bell states can be applied for quantum process
tomography [10] and quantum secret sharing [11,12].
Currently, two factors curtail the applicability of entangle-
ment-based quantum communication. One is the loss in
distributing entangled photon pairs over a long distance
[8,13,14]. The other is establishing a compact quantum
network for multiparty communication [13,15,16]. So far, a
few network configurations have been proposed [17-19],
where a polarization-entangled photon pair is usually
realized via spontaneous parametric down-conversion with
nonlinear crystals [20] or spontaneous four-wave mixing in
silicon waveguides and fibers [21]. Meanwhile, the entan-
glement distribution depends on beam splitters [22], optical
switches [23], and wavelength-division multiplexing
[24,25]. To miniaturize the entanglement distributor, wave-
guide grating was introduced [19]. However, the entangled
state assigned to each user is always identical to that of the
photon source. Therefore, each user has to transform the
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distributed state into the desired one with extra wave plates.
For example, when a photon pair is applied for quantum
teleportation, the required state is one of four Bell states
W = (HV) % [VH))/V2, ¢* = (IHH) + [VV))/V2]
[9]; when the photon pair is used for quantum secret
sharing, however, the required state becomes a nonmax-
imally entangled state [12]. To achieve the appropriate state
for specific applications, the number of wave plates
increases with the number of users, making it formidable
to miniaturize the quantum network.

The metasurfaces may resolve this challenge [26,27]. By
modulating the phase distribution among nanoresonators in
the metasurface, the amplitude, phase, polarization, and
propagation direction of light [28-38] can be efficiently
tuned. With the outstanding light manipulation capability,
the metasurface is becoming an essential component in
quantum optics [39-45]. For example, rotating each nano-
resonator leads to the entanglement between the spin and
orbital angular momentum of photons [39]. An array of
metalenses realizes a path-encoded quantum entanglement
photon source [43]. In Ref. [40], the metasurface consists of
three interleaved parts. By modulating the geometrical size
and rotation angle of the resonators, each part serves as the
polarization beam splitter realizing multiphoton interfer-
ence and state reconstruction. When the incident entangled
photon pair interacts with the metasurface, the output state
is projected onto different polarization bases, and the

© 2022 American Physical Society


https://orcid.org/0000-0003-4533-6061
https://orcid.org/0000-0003-0424-2771
https://orcid.org/0000-0001-5288-3878
https://orcid.org/0000-0002-8529-3134
https://orcid.org/0000-0002-3823-1272
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.129.023601&domain=pdf&date_stamp=2022-07-06
https://doi.org/10.1103/PhysRevLett.129.023601
https://doi.org/10.1103/PhysRevLett.129.023601
https://doi.org/10.1103/PhysRevLett.129.023601
https://doi.org/10.1103/PhysRevLett.129.023601

PHYSICAL REVIEW LETTERS 129, 023601 (2022)

polarization entanglement vanishes. So far, simultaneous
entanglement distribution and state transformation with
metasurfaces, which are crucial in constructing integrated
quantum networks, remain challenging.

This Letter presents a new strategy to realize entanglement
distribution and transformation with two metasurfaces. Each
metasurface comprises silicon nanoresonators with a gradient
of geometrical-scaling-induced (GSI) phase [33,38] and has
multiple output channels. By judiciously designing the
resonators in the unit cell, we can simultaneously realize
entanglement distribution and transformation of two-photon
quantum states. To prove this concept, we experimentally
demonstrate 2 x 2 and 4 x 4 entanglement distributors. This
approach significantly reduces the number of conventional
optical components in a quantum network.

Figure 1 illustrates the basic principle. The spontaneous
parametric down-conversion light source generates polari-
zation-entangled photon pairs yt = ([HV) 4 |VH))/V/2.
The entangled photon pairs are then spatially separated, and
each photon passes through one of the metasurfaces MS1
and MS2, where MS1 has M output channels ay, a,...ay,
and MS2 has N output channels f;,/,...fy. Each
channel of MS1 and MS2 may form a channel pair
CH,, 3 (m=12,..M, n=1,2,...N). By elaborately
designing the resonators in the unit cell, we can distribute
the entangled photons to each channel pair behind the
metasurfaces. Meanwhile, the entangled state is transformed
from the original w*™ to different forms, such
as y~ = (|[HV) = |VH))/V2, ¢* = (I[HH) +|VV))/V2,
¢~ = ([HH) — |[VV))/\/2, or the superposition of these
Bell states.

When the photon beam shines on a metasurface, each
resonator in the unit cell scatters with a specific phase
modulation determined by its physical features. The inter-
ference of the scattering from the resonators can be
described by the Jones matrix [27]. We treat each diffrac-
tion beam in a specific order as an output channel. When
each photon of the entangled photon pair w™ passes
through a metasurface, the probability of the photon
coming out from a particular output channel equals the
classical diffraction efficiency [46]. The output state
distributing to the a, channel of MS1 combined with
the 8, channel of MS2 has the form

1
Y, .) =—U, H)J, \%
) ﬁ( mstH) ms2|V)
+ T mst V) ms2 | H)), (1)

Jmmst = R(=0Oys1) X 0

8 _l-2mDm i
Cpdfye v et

Bell State /"

Entanglement

FIG. 1. The schematic of the quantum entanglement distribu-
tion and transformation via two metasurfaces composed of silicon
nanoresonators with GSI phase. The polarization-entangled
photon pairs with the state of yw* = (|HV) + |[VH))/\/2 are
generated from the light source. The photon pairs are spatially
separated, and each photon passes through either MS1 (with M
output channels) or MS2 (with N output channels). Two channels
from MS1 and MS2, respectively, form a channel pair. Behind
metasurfaces, the entangled state distributing to each channel pair
appears either in the Bell state or in the superposition of Bell
states. The orange (blue) wave represents |V) (|H)) state of the
single photon and the purple (green) wave represents the left-
handed (right-handed) circularly polarized state. Each color has
bright and dimmed shades, illustrating the polarization-correlated
entangled photon pair. At the input side, the spatially separated
entangled photons possess the same shade. Similarly, at the
output end, the entangled photons distributing to the channel «,,
(m =1,2,...M) of MS1 and channel g, (n = 1,2, ...N) of MS2
possess the same shade.

where J, ms1 (J,ms2) is the Jones matrix describing
the physical response of the «, (f,) channel of
MS1 (MS2).

The metasurface made of cuboid silicon resonators
transforms the input state. The geometrical parameters of
the resonators contribute the GSI phase ¢, and ¢, + A,
[33], which denotes the phase added by the resonator when
the normal incidence is polarized along the long (short)
principal axis of the resonator, respectively. The unit cell of
our metasurface consists of eight resonators with the same
rotation angle and height but different lengths and widths.
Each satisfies A¢, equaling z/2 or —z/2, and ¢, is
elaborately designed to achieve a specific GSI phase for
transforming the input state [47]. Here, s = 1,2...8. The
concrete form of J,, \is; 1S

0
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where D,, is the diffraction order of the ,, channel of MS1,
C,, is a parameter related to the transmittance of the
resonator, wavelength, and periodicity in the x direction.
O\isy 1s the rotation angle of the resonator from the x axis,
and R(Oys;) is the rotation matrix with the form

__ [ cosOyst SinBys; .
R(Oys1) = [ o s ]. The specific form of J, s>

is similar to J,, s, With D, representing the diffraction
order of the 3, channel of MS2. Equation (2) satisfies the
general form of the wave plate RJ,,R, where J,, is the
diagonal matrix, and R is the rotation matrix. In this
operation, the detailed output state is determined by the
enantiomorphism, size, spatial sequence, and the separation
of resonators in the unit cell [33,38].

According to Eq. (1), to transform the original state
wt = ([HV) + |VH))/v/2 to another state, such as
([HV) = |VH))/v2 or (|HH) + i|[VV))/V/2, the output
channel of the metasurface should act as a half wave plate
(HWP) or a quarter wave plate (QWP). To fulfill such
requirements, we select resonators in the unit cell from a
pool of 16 building blocks of different sizes [47], following
a method to iterate over all combinations of the resonators
from the pool to identify the optimal unit cell that functions
as the desired wave plate for each diffraction chan-
nel [33,38].

Figure 2(a) illustrates the schematic of the experimental
setup. The periodically poled KTiOPO, (PPKTP) crystal in
a Sagnac interferometer generates polarization-entangled
photon pairs at 810 nm via the spontaneous parametric
down-conversion process. Then the down-converted pho-
ton pairs pumped by two counterpropagating beams are
spatially separated, and each photon passes through one
metasurface [47]. The QWP and HWP are placed in front of
the metasurface to generate the desired input entangled
state. When the input Bell state is w, the fast axis of both
wave plates is set to 0°. To verify the polarization-
entanglement state distributed to each channel pair, we
measure quantum state tomography (QST), S parameter,
and two-photon polarization interference fringes [47]. We
reconstruct the density matrix using the maximum like-
lihood estimation method [57] based on 16 measured two-
photon coincidence counts by rotating the QWP and HWP
behind MS1 and MS2. The fidelity is defined as

F(p.p) = [Tr(v/p"?pp'/?))%, where j is the reconstructed
density matrix, and p is the density matrix of the expected

entangled state. The near-unity fidelity indicates that the
entangled state is closer to the desired state. Further, the S
parameter is measured according to [58]. To violate the
Clauser-Horne-Shimony-Holt (CHSH) inequality, the
absolute value of the S parameter should be larger than 2,
which signifies the entanglement of the quantum state [58].
In measuring the two-photon polarization interference
fringes [20], the rotation angle of the fast axis of the
HWP behind MST1 is fixed at 0° and 22.5° to project photon
in this path onto the horizontally polarized (|H)) and right-

(a)

DHWP:
dual-wavelength (405,
810 nm) half-wave plate

DPBS:
dual-wavelength (405,
810 nm) polarization

Laser beam splitter

DM: dichroism mirror
IF: interference filter
FC: fiber coupler
SPCM: single-photon

counting modules

FIG. 2. (a) Schematics of the experimental setup, consisting of
parts of photon-pair generation, entanglement distribution and
transformation via metasurfaces, and quantum state tomography.
(b),(c) SEM micrographs of the fabricated metasurfaces, MS1
and MS2. MS1 outputs channels a; and a,. MS2 outputs
channels f; and f,. The dashed line box marks the unit cell.
The inset is the oblique view of the fabricated sample. The white
bars represent 1 ym. The schematic of the output state when a
single photon horizontally polarized passes through the metasur-
face is illustrated on the left. (d)—(g) The reconstructed density
matrices (the real and imaginary part) of the entangled states
distributed to four channel pairs with QST measurements.

handed circularly polarized (|R)) states, respectively. The
two-photon coincidence count is measured by tuning the
HWP angle behind MS2. The interference visibility is
defined as V = [(Cmax - Cmin)/(cmax + Cmin)]’ where Cmax
and c,;, are the maximum and minimum of the measured
coincidence counts [20]. The theoretical bound to violate
Bell’s inequality is that the interference visibility exceeds
71% for each curve, indicating the occurrence of the
quantum state entanglement [42,58].

The structures of MS1 and MS2 are illustrated in
Figs. 2(b) and 2(c), respectively. The rotation angle of
resonators in MS1 is zero (A5 = 0), while in MS2 it keeps
45° (Opsp = 45°). From Eq. (2), MSI1 has two output
channels a; and a,. Similarly, MS2 has two output channels,
1 and p,. Detailed structural parameters are presented in
[47]. We obtain the output state at each channel pair by
taking the specific form of J,, s and J, s, into
Eq. (1), with m(n) =1,2. The expected states are
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¢~ =(HH)=|VV))/V2 (@t CHyyp) w~ = (HV)-
[VH))/V2 (at CHy,p), ¢+ = ([HH) +|VV))/V2 (at
CHaz,ﬁl)’ and l//+ = (|HV> + |VI_I>)/\/§ (at CHaz./iz)a
respectively. In this way, four Bell states are distributed
to four different channel pairs. To verify the quantum
entanglement, we reconstruct the quantum state with the
QST measurements with the setup in Fig. 2(a). The
reconstructed density matrices of four-channel pairs are
illustrated in Figs. 2(d)-2(g). The fidelities between the
reconstructed and ideal entangled state of CH,, 4 , CH,, g,
CH, 4, and CH, 4 are 0.9673 +0.0024, 0.9065+
0.0049, 0.9598 £ 0.0029, and 0.8703 + 0.0075, respec-
tively. Four density matrices agree with the matrices of
the ideal states ¢~, ™, ¢, and . Measurements of the S
parameter and two-photon polarization interference fringes
are illustrated in [47]. The S parameters are above 2, and the
interference visibilities are above 71%. These data confirm
that four Bell states are generated in four different
channel pairs.

We can obtain an arbitrary entangled state at the specific
output channel pair by designing the resonators in the unit
cell. Meanwhile, the number of channels can be accurately
controlled by the spatial period of the unit cell and the
structural parameters of each resonator [33,38]. Figure 3
shows an example where MS1 and MS2 each have four
output channels denoted as a4, @,, a3, @, and 1, f,, B3, Pa-
There are a total of 16 (4 x 4) channel pairs. The unit cells
of MS1 and MS2 are redesigned accordingly [Figs. 3(a)
and 3(b)]. The rotation angle of resonators in MS1 is zero,

FIG. 3. (a),(b) SEM micrographs of the fabricated metasurfa-
ces, MS1 and MS2. MS1 outputs four channels a;, @,, a3, and ay.
MS?2 outputs four channels g, f,, f;, and B4. The dashed line
box marks the unit cell. The inset is the oblique view of the
fabricated sample. The white bars all represent 1 ym. The
schematic of the output state when a single photon horizontally
polarized passes through the metasurface is illustrated on the left.
(c)—(f) The reconstructed density matrices (the real and imaginary
part) of the entangled states distributed to 4 among 16 channel
pairs with QST measurements.

whereas that in MS2 keeps 45°. By taking the concrete form
of Ji, ms1 and J,, ms2 in Eq. (1), we obtain 16 entangled
states: four Bell states, eight superpositions of the two Bell
states, and four superpositions of all Bell states [47]. With
the QST measurements, we reconstruct the 16 quantum
states. The reconstructed density matrices of four output
states [W3,) = ¢* + i~ [Va3) = ¢T +ip™ — iy -y,
|¥,,) = ¢, and |¥43) =¢" —iy" are shown in
Figs. 3(c)-3(f), and the rest 12 states are provided in
[47]. Figure 4(a) shows the fidelities of the 16 states. Most
values are above 0.880, with the median at 0.892 4+ 0.017.
The results confirm the polarization-entanglement distri-
bution to any channel pair of the two metasurfaces.
Further, the CHSH inequality has been tested, and the S
parameters of all channel pairs are provided in Fig. 4(b).
The S parameters of 14 pairs are above 2, indicating the
violation of CHSH inequality in these channel pairs. We
also measure the two-photon polarization interference
fringes. Figures 4(c)—4(f) are the two-photon coincidence
counts measured in 20 s at CH,, 4,, CH,, 4., CH,, 4,, and
CH,, 4, as a function of the HWP angle placed behind MS2.
The HWP angle placed behind MS1 is fixed at 0° (the dark
line) and 22.5° (the red line). For each channel pair, the
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FIG. 4. (a) The fidelities of the 16 states generated by the
metasurfaces in Fig. 3 based on the QST measurement. (b) S
parameters of the entangled states distributed to the 16 channel
pairs. (c)—(f) The two-photon coincidence counts measured in
20 s at channel pair CH,, 4, CH,, 4., CH,, 4,, and CH,, 4, as a
function of the HWP angle placed behind MS2. The error bar is
plotted assuming that the coincidence counts satisfy Poissonian
photon statistics [46], which is the standard deviation of the count

value of Q (\/5_2).
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measured interference visibilities in percentage are (98.85+
0.31) [98.23 £0.33], (98.53 £0.36) [97.38 £ 0.49],
(92.62+1.64) [97.95+0.72], and (97.49+1.07)
[97.94 £ 0.94], respectively. The visibilities in the round
and square brackets are measured when the fast axis of the
HWP behind MS1 is rotated to 0° and 22.5°, respectively.
Both visibilities are well above 71% for each channel pair,
confirming the strong polarization correlation of the photon
pair and the violation of Bell’s inequality. These results are
consistent with the S parameters measurement. The two-
photon polarization interference fringes of all channel pairs
are plotted in [47]. The measurements of QST, S parameter,
and two-photon polarization interference fringes confirm
that polarization-entanglement distribution and transforma-
tion have indeed been realized in 16 channel pairs.

It is noteworthy that when the resonator sequence is
determined, the resonator rotation angle determines the
distributed entangled state. Let us consider the sequence in
Fig. 2. Assume that the rotation angle of resonators in MS1
(MS2) is 6, (0,). Then the rotation angle determines |¥,, ,,)
[Eg. (1)]. For example, when 6, and 0, are set as 0 and = /4,
respectively, the four output states distributed to CH,, 4
[with m(n) =1, 2] are four different Bell states. If,
however, both 6, and 8, are set as 0, the entangled states
at CH,, 43, and CH,, 4, are y~, and the entangled states at
CH,, 4, and CH,, 45, are . If 6, and 6, are both set as z/4,
the entangled states at CH,, 5 and CH,, 4 remain y*,
whereas those distributed to CH, 4 and CH,, g
become ¢". Therefore, the entangled state distributing to
a specific channel pair depends on the rotation angle of the
resonators in the unit cell of the metasurface, in addition to
their enantiomorphism and sequence.

The strategy proposed here can be applied to integrated
quantum networking. Suppose each user is distributed to
one channel, and the metasurfaces construct a network
consisting of M x N users. With the distributed entangled
photon pairs, M x N user pairs can independently imple-
ment quantum key distribution protocols BBM92 [8,59],
E91 [60], or BKMO7 [61], quantum teleportation [9], and
quantum dense coding [1]. A detailed description of the
entangled quantum key distribution based on the BBM92
protocol is given in [47].

To summarize, we demonstrate an approach for inte-
grated entanglement distribution and transformation based
on GSI metasurfaces. The experimental realization of 2 x 2
and 4 x 4 entanglement distributors indicates that GSI
metasurfaces are suitable for distributing different photon
states to a large number of users. This strategy significantly
decreases the number of conventional optical components
in constructing a quantum network. It is a hallmark
development in the miniaturization and integration
of optical quantum networks. It should be enlightening
to transform quantum entanglement, build quantum

networks, and develop on-chip quantum information
processing.
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