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METAMATERIALS

Quantum entanglement of the spin
and orbital angular momentum
of photons using metamaterials

Tomer Stav'*, Arkady Faerman®*, Elhanan Maguid®, Dikla Oren’, Vladimir Kleiner?,

Erez Hasman’t, Mordechai Segev't

Metamaterials constructed from deep subwavelength building blocks have been used to
demonstrate phenomena ranging from negative refractive index and e-near-zero to
cloaking, emulations of general relativity, and superresolution imaging. More recently,
metamaterials have been suggested as a new platform for quantum optics. We present the
use of a dielectric metasurface to generate entanglement between the spin and orbital
angular momentum of photons. We demonstrate the generation of the four Bell states on
a single photon by using the geometric phase that arises from the photonic spin-orbit
interaction and subsequently show nonlocal correlations between two photons that
interacted with the metasurface. Our results show that metamaterials are suitable for
the generation and manipulation of entangled photon states, introducing the area of

quantum optics metamaterials.

etamaterials are engineered structures,
assembled from multiple elements of a

scale smaller than the wavelength of in-

cident light, with distinct electromagnetic
response and functionalities such as
negative refraction (7, 2), cloaking (3), and even
near-zero permittivity and permeability (4, 5).
Metasurfaces consist of a dense arrangement
of dielectric or metallic subwavelength optical
antennas (6-14). The light-matter interaction of an
individual nanoantenna provides control over the
local phase (15), enabling control over refraction
and reflection. Accordingly, the light-scattering
properties of the metasurface can be manipulated
by tailoring the nanoantennas’ material, size, and
shaping the antenna resonance (9, 13, 14), or
through their arrangement in space—for example,
with geometric phase (6, 7, 12). These wavefront
manipulations have been widely used with clas-
sical light. Recently, a metallic metasurface was
used with quantum light (76) for detecting co-
herent perfect absorption of single photons. In
this context, interesting ideas on how to utilize
metamaterials for creating entanglement have
been proposed (I7). However, metamaterials
have never been used to generate or manipu-
late entangled photon states, which are at the
heart of the field of photonic quantum information.
By exploiting fundamental concepts in quan-
tum physics, such as superposition and entan-
glement, quantum information offers ways of
solving problems in reduced time-complexity
(18-20). One of the many possible realizations of
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quantum algorithms may be achieved by using
single photons encoded with two qubits (21),
whose relatively easy manipulation makes the
construction of optical quantum processing units
appealing. This is because photons can be con-
trolled with the same optical devices used for
classical light; they maintain their quantum co-
herence (quantum correlations) for extremely
long times, unless absorbed (22-24). That is, they
do not suffer from severe decoherence problems,
as the alternative platforms to quantum infor-
mation do. Indeed, recent advancements in on-
chip quantum photonic circuits have shown the
benefits of having integrated entangled photon
sources (25, 26). Several experiments involving
entangled photon states and metamaterials have

been performed (27, 28); however, thus far the
entangled photon states were generated before
the interaction with the metamaterial. More-
over, for experiments with quantum light, it is im-
portant to minimize the loss, whereas metallic
metasurfaces inherently exhibit high loss (28). We
used metasurfaces made of high-refractive index
dielectrics, which do not involve any plasmonic
decoherence or loss. Moreover, our dielectric meta-
surfaces are compatible with complementary metal-
oxide semiconductor technology in the fabrication
process, which is advantageous for future large-
scale quantum computation devices. We rely on
the recent realizations of Si-based metasurfaces
with efficiencies close to 100% (14, 29), which
makes them excellent candidates for quantum
optics and quantum information applications.

We demonstrate that a dielectric metasurface
can generate entanglement between the spin
and the orbital angular momentum (OAM) of
photons (Fig. 1). This is achieved by using the
Pancharatnam-Berry phase, which provides a pho-
tonic spin-orbit interaction mechanism (30-32).
‘We fabricated the Si-based geometric phase meta-
surface (GPM) depicted in Fig. 2A. In general,
GPMs are designed for spin-controlled wave func-
tion shaping and are composed of anisotropic
nanoantennas, designed to perform as nano half-
waveplates, that generate a local geometric phase
delay. The space-variant spin-dependent geomet-
ric phase ¢, (2,y) = —206.6(2,y) corresponds to
the orientation function 6(x, ¥) and defines the
phase of the light passing through the meta-
surface at position (2, y) for the different spin
states o, = £1 (right- and left-handed circular
polarizations). The angle 6(2, y) is the in-plane
orientation of the nanoantennas. To design a
GPM that entangles the photon’s spin to its OAM,
the nanoantenna orientations are chosen to be
o(r, @) = L@/2, where ¢ is the azimuthal angle
and / is the winding number; in our case, ¢ = 1.
Therefore, the GPM adds or subtracts A/ = 1—one

Fig. 1. Entanglement between spin and OAM on a single photon. A single photon vertically
polarized is arriving from the left, as illustrated by the yellow wave packet representing the electric
field amplitude. This photon carries zero OAM, as illustrated by the yellow flat phase fronts. The
single photon passes through the metasurface nanoantennas (purple) and exits as a single-particle
entangled state, depicted as a superposition of the red and blue electric field amplitudes, with the
corresponding vortex phase fronts opposite to one another.
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quanta of OAM, depending on the sign of the

spin—and performs spin-flip |6 )«>|o_). Such a

metasurface performs the unitary transformation

GPM

[0:)16) 2 [os)|E2a0) 8

A single photon with zero OAM, polarized hori-

zontally (H), incident upon the metasurface can

be described by a superposition of spins (circular
polarizations) as

[H)|t =0) = %(Im) Flo)le=0) (2)

After passing through the metasurface, the state
of the photon becomes (following Eqg. 1)

1
E(IGJV =Al) +oy)|=—-A0)  (3)

Similarly, an incident photon with zero OAM
in the vertical polarization (V'), described by
V)¢ =0)= \/Lﬂ(kn) — |o_))|¢ = 0), is trans-
formed by the metasurface into

1

\/2—Z.(I<L>\f Al) — o)t =—Al))  (4)
The states described by Egs. 3 and 4 are max-
imally entangled states encoded on a single
photon. The entanglement here is between the
spin and the OAM degrees of freedom. In a sim-
ilar fashion, following Egs. 3 and 4, if two in-
distinguishable photons in the state |H)|¢ =
0) ® |V)|¢ = 0) are passed through the GPM,

the result is the state
Z ol =1 & jole= -1

—lo )l =T1) @)t =1)) (5)

Fig. 3. Density matrices of the four Bell states. (A) Theoretical cal-
culated density matrices for each Bell state. (B) Experimentally measured
density matrices recovered for each Bell state by using QST. The
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Both the spin and the OAM represent angular
momentum, and only their sum is conserved
(33). Nevertheless, for photons whose spatial wave
function is paraxial, as in our case, the spin and
the OAM are totally independent (32) and have
Hilbert spaces of different dimensions. Further-
more, from expectation value perspective, the total
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angular momentum is conserved; the incident
state is of zero total angular momentum as well
as the state emerging from the GPM.

The experimental setting shown in Fig. 2B
is used to generate a single photon in the state
|H)|¢ = 0). In the first set of experiments, the
interaction with the metasurface results in a single

Fiber coupler

Mirror

QWP HWP Pol.

SLM

J191dnod Aaq{ji

QST

Fig. 2. Experimental setup used to generate and measure the entangled states. (A) Scanning
electron microscope image of the Si-based GPM. Each building block in the GPM is composed

of several nanorods filling an area of 700 by 700 nm?. The nanorods are of 105 nm width and 300 nm
depth, arranged 233 nm apart from each other. The metasurface diameter is 200 um. (B) Schematic of the
experimental setup. A 407.8-nm diode laser pumps a B-barium borate (BBO) crystal phase-matched for
type-Il collinear spontaneous parametric down-conversion (SPDC). The SPDC process produces two
photons, one in vertical polarization (V) and the other in horizontal polarization (H), centered around

the degenerate wavelength of & = 815.6 nm. The pump field and photons produced at other wavelengths
are filtered out by an interference filter (IF) filter. The pairs of photons produced by means of SPDC are
spatially separated by using a polarizing beam splitter (PBS). The reflected photon acts as a trigger for the
detection of the “signal photon" in H polarization (Eq. 2). The signal photon is passed through a linear
polarizer (Pol.) and then through the GPM. In the measurement process, this single photon is reflected off a
phase-only SLM that projects the state onto different OAM bases. Then the photons are projected on
different polarization bases and measured in the SPCMs. Coincidence counts between the two SPCMs

are used to measure different intensities for the QST.
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experimental results coincide with the theoretical results with higher than
90% fidelity. The results shown here are the real parts only because the
imaginary part is identically zero both theoretically and experimentally.
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Fig. 4. Setup and measurements demonstrating nonlocal spin and OAM correlations on entangled
biphoton states. (A) A 404-nm diode laser pumps a BBO crystal phase-matched for collinear type-I|
SPDC, which produces two photons in the degenerate wavelength of A = 808 nm, filtered with an IF of
A\ = 3 nm. The pairs of photons are passed together through the GPM. After the interaction with the
GPM, the photons pass through a QWP and into a BS. The reflected photons are projected on linear
polarization states H and V, and the transmitted photons are projected on OAM states ¢ = +1.
Coincidence counts between the two SPCMs are used to measure the nonlocal correlations between
the two photons. (B) Coincidence counts measured between the two arms of the BS. The correlation
between the linear polarization of one photon and the OAM of the second photon shows entanglement
between the spin and OAM of two different photons. The uncorrelated terms are not zero because the
metasurface we used was measured to have 72% conversion efficiency, decreasing the visibility in this case.

photon in an entangled state. In the second set
of experiments, the metasurface generates entan-
gled biphoton states. The experimental conver-
sion efficiency of the metasurface was measured
to be 72%.

To show entanglement, we performed full
quantum state tomography (QST) on the state,
and the density matrix is recovered (34). We used
a spatial light modulator (SLM) to project the
state onto different OAM basis elements, and a set
of quarter-waveplate (QWP), half-waveplate (HWP)
and a linear polarizer (Pol.) to project the state
onto different elements of the polarization basis.
The list of measurements is described in table S1.
We used coincidence counts between the two de-
tectors so that the single photon state is heralded.
For integration time of 10 s, ~1000 coincidence
counts were measured without any projections.
From a total of 16 different measurements for
each of the Bell states, we recovered the density
matrix using a maximum likelihood estimation
algorithm (35). Using this technique, we experimen-
tally recovered the density matrices of the first two

bell states |V*) = %(\fhw = —1)t[c_)|/ =1))

with fidelity of 0.9250 and 0.9496 for |[¥") and
[¥~), respectively (Fig. 3B), where we define the
fidelity between the recovered (p) and theoretical

(p) density matrices by F(p, p) = Tr< 51/2pl31/2>.

By flipping the GPM (the winding number flips
sign, and now ¢ = —1), it performs the unitary
transformation |c. ) |¢)M |o3) |(FAL), which en-
ables the generation of the remaining two bell
states @) = J5 (|o)[¢ =)o) |0 = —1)). We
performed QST on these states and measured
density matrices with fidelity of 0.9274 and 0.9591
for |®") and |®~), respectively (Fig. 3B). These
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results are in very good agreement with theory
(Fig. 3A). By introducing a HWP after the GPM,
we can realize a SWAP gate on the spin qubit
|64} [£)SWAP|6_)|¢), performing the transforma-
tion |@*)SWAP g =) This SWAP gate does not affect
the OAM qubit, which remains independent from
the spin qubit (with fidelity 0.9276) (fig. S1).

Next, we demonstrate nonlocal spin and OAM
correlations between two photons, using the ex-
perimental setting described in Fig. 4A. Coin-
cidence counts between the two single-photon
counting modules (SPCMs) measure correlations
only half the times, when the two photons exit
the beam splitter in different arms. The results
displayed in Fig. 4B show that the emerging state
manifests correlations between the spin of one
photon and OAM of the other photon, which cannot
be reproduced with classical light. The conclusion
drawn from the single-photon state tomography
(Fig. 3B) and the correlation measurements be-
tween two photons (Fig. 4B) is that the metasur-
face does not destroy the coherence of the wave
function and generates entanglement between
the spin and OAM at high fidelity.

Our demonstration of generating entangled
photon states with metamaterials paves the way
for nanophotonic quantum information applica-
tions. We anticipate that metasurfaces will become
a standard tool in future quantum optics and will
be used extensively in photonic quantum infor-
mation systems—for example, for performing state
tomography (36). These ideas can be extended to
implement hyper-entangled state generation by
using multifunctional or multispectral metasur-
faces (29). The generation and control of quantum
photon states via metamaterials leads to many
new ideas and directions, ranging from using
metasurfaces to entangle two photons of differ-
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ent frequencies and OAMs to manipulating quan-
tum states of photons emitted from quantum dots
in an integrated fashion.
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Going quantum with metamaterials

Metasurfaces should allow wafer-thin surfaces to replace bulk optical components. Two reports now demonstrate
that metasurfaces can be extended into the quantum optical regime. Wang et al. determined the quantum state of
multiple photons by simply passing them through a dielectric metasurface, scattering them into single-photon detectors.
Stav et al. used a dielectric metasurface to generate entanglement between spin and orbital angular momentum of single
photons. The results should aid the development of integrated quantum optic circuits operating on a hanophotonic
platform.
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