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Quantum nanophotonics offers essential tools and technologies for controlling quantum states, while maintaining

a miniature form factor and high scalability. Nanophotonic platforms can transfer information from the traditional
degrees of freedom (DoFs) of photons, such as spin angular momentum (SAM) and orbital angular momentum
(OAM), to the DoFs of the nanophotonic platform—and back, opening new directions for quantum information
processing. Recent experiments have utilized, for entanglement the total angular momentum (TAM) of a photon—as
a unique DoF of nanophotonic platforms—for demonstrating entanglement in TAM. Here, we unravel the morphing
of quantum states of heralded single photons as they couple into and out of the near-field of a nanophotonic system.
Through quantum state tomography, we discover that the TAM state of the near-field transforms to a free-space
entangled state within a larger Hilbert space of SAM and OAM. Furthermore, we show that this entangled single pho-
ton state is in fact a quantum optical Stokes skyrmion with a topological invariant of +2. The concepts described here
bring new ideas and methodologies in developing high-dimensional quantum circuitry on a chip.

Keywords Nanophotonics, Quantum optics, Quantum skyrmions, Quantum state tomography, Near-field, High-

1 Introduction

Quantum optics at the nanoscale explores the enhanced
interaction between photons and emitters at the sub-
wavelength level [1, 2], as well as the possibilities to
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engineer the optical environment of photons via nano-
structuring, to produce new quantum states of light
[3-5]. Applications of quantum nanophotonics range
from quantum communications [6—8] and sensing [9,
10] to computation [11-13] within compact dimensions
and in a scalable chip-based platform [14, 15]. In this
vein, photons are versatile carriers of quantum infor-
mation, capable of encoding qubits across a variety of
degrees-of-freedom (DoFs), including propagation direc-
tion [16], time [17] or frequency-bin [18], spatial mode
shape [19-23] and polarization [24-26]. The latter two
DoFs are both related to angular momentum: an angular
phase gradient is related to orbital angular momentum
(OAM), while circular polarization manifests the spin
angular momentum (SAM) of a photon [27-29]. Under
the paraxial approximation, where the shape of the pho-
tonic wavepacket varies slowly on the wavelength scale,
these DoFs are separable. This allows for more quantum
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information to be encoded on individual photons, either
directly on their angular momentum [30-32], or through
topological texture in synthetic space such as Stokes skyr-
mions [33, 34], with improved robustness [35-37]. How-
ever, when photons are tightly confined on the scale of
their wavelength, the SAM and OAM become insepara-
ble [38, 39]. This results in diverse classical and quantum
consequences, ranging from formation of novel nano-
photonic field textures, such as optical field-skyrmions
[40, 41], to the creation of new quantum states related to
total angular momentum (TAM) [42-45]. Recent work
has highlighted the significance of these findings for
quantum information science, specifically by entangling
nanophotonic states on their TAM basis [46].

Here, we show that the TAM nanophotonic quantum
states generated in our system are projected onto entan-
gled complex states in a larger Hilbert space consisting of
four orthogonal modes when coupled out to free-space,
which can be exploited as qudits through selective meas-
urements. Using Quantum State Tomography (QST), we
reveal that the near-field photon carrying TAM displays a
unique transverse two-dimensional vectorial texture [47,
48]. We find that our nanophotonic system naturally gen-
erates a single-photon entangled Stokes skyrmion [49-
55] directly from the TAM states, when coupled out to
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free space. We map this skyrmion using heralded single
photons, extract its topological number, and show that
this skyrmion exhibits entanglement between its SAM
and OAM.

This study highlights the unique evolution of the
quantum information held by photons as they propa-
gate through a nanophotonic platform, demonstrating
the generation of quantum skyrmions directly from the
TAM states. This paves the way for novel on-chip source
for qudits with judiciously engineered properties towards
scalable, high-dimensional quantum information pro-
cessing and architectures that exploit topological invari-
ants as a robust quantum degree of freedom.

2 Results

We employ a surface plasmon platform (Fig. 1a) con-
sisting of a gold-air interface patterned with a circular
grating, specifically designed for coupling light into
surface plasmon polariton (SPP) modes |/,;) carrying
angular momentum [38, 56-59]. In such systems, the
TAM of a photon, j = nh cannot be separated into
independent contributions of proper SAM and OAM.
Instead, the angular momentum of any near-field state
is characterized only by the TAM it carries. This vecto-
rial modal field can be expressed in terms of its
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Fig. 1 Experimental apparatus for heralded detection of entanglement in nanophotonic modes: a SEM micrograph of the nanophotonic
system—a nanopatterned gold layer evaporated on a glass substrate. The circular input coupler (A), which couples photons of a given polarization
to plasmons with a well-defined TAM, is milled through the entire gold layer. The annular out-coupler ring (B) is milled only through half of it,
scattering the SPPs into photonic modes propagating towards the camera. b Schematic representation of the nanophotonic platform as a quantum
circuit utilizing two DoFs of the launched photon. (See supplementary for the derivation as a quantum channel). ¢ Experimental setup: a 404 nm
CW laser beam is directed into a BBO type- Il crystal to produce photon pairs via spontaneous parametric down conversion (SPDC). The photon
pairs are filtered to allow only collinear, same-frequency photons at 808 nm, distinguishable only by their orthogonal linear polarizations. The
photons are separated into two different paths using a polarizing beam splitter (PBS). The first (heralding) photon is coupled into a single-mode
fiber and sent to a single-photon detector, whose signal triggers the EMCCD camera and ensures it only detects coincident single photon events.
The second photon is coupled into a different single-mode fiber, then enters a delay line to synchronize the timing between the heralding

signal and the photon arrival on the EMCCD camera. After passing through waveplates to control its polarization, the photon is incident

upon the nanophotonic system (denoted as ‘sample’). Once scattered, the outgoing photon passes through waveplates to project the quantum

state onto different polarization components
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cartesian unit vector components (X, Y, Z), or by in-
plane rotating ﬁeld components
(LH = XyY,RH = f ,

distribution. In particular, the LH, RH components of a
nanophotonic mode generated by an incident circu-
larly-polarized photon can be described by Bessel-type
modes, while a linearly polarized input transforms into
a superposition of such Bessel modes and can be repre-
sented by Hermite-Bessel-type modes [60—63]. Thus,
the polarization of a photon coupled into our nanopho-
tonic systems determines which nanophotonic modes
are excited (Bessel or Hermite-Bessel type). These nan-
ophotonic modes are subsequently coupled out to free-
space via a concentric annular slit carved half-way into
the gold layer. As we recently showed [46], the circular
symmetry of this system preserves the angular momen-
tum properties in the out-coupling process, facilitating
the study of angular momentum transfer in nanoscale
photonic systems.

In general, SPPs generated in such circularly-symmetric
nanophotonic platform are either eigenstates of the TAM
operator with a TAM value equal to that of the incident
free-space photon, or their coherent superpositions [46].
The TAM eigenstates correspond to the n" order trans-
verse magnetic (TM) Bessel mode |J,,) carrying j = nh
angular momentum. Note that mapping an incident pho-
ton to a near-field mode is not a reciprocal transforma-
tion—since only the TAM is conserved in the coupling,
e.g., both free-space photonic states |04 ) ® |l =0) and

) ® |l = 2) will excite the same SPP mode with TAM
of j = 1h. The value o/ is the SAM of the input photon
for left-handed (o6 = —1) or right-handed (o = +1) cir-
cularly polarized mode and [ = nh (for integer n) are the
OAM eigenvalues manifested by an azimuthal phase of
exp(ing) of the electromagnetic field. In our case, we gen-
erate such SPP states by launching into the nanophotonic
system paraxial photons carrying only SAM.

The incident photons are transformed into SPP modes
with a well-defined TAM (or their superposition) per
photon, which is equal to the SAM of the incident pho-
ton. Specifically, |o_) (Jo4)) circular polarization gener-
ates a nanophotonic state of |J_;)(|/+1)). Namely, the
z-component of the nanophotonic mode is shaped radi-
ally as a Bessel function of the first kind of order —1 (+1)
carrying a —h (4+h) quantum of angular momentum.
Likewise, the linear polarization states|H ), |V ),which are
superpositions of circular polarizations
(H) = w V)= %), generate a superposi-

tion of SPP Bessel modes |J1) = %(Ul) +1/-1)). Equa-

tion (1) summarizes the excitation of these four possible
nanophotonic modes as a function of polarization of the
incident photon:
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Vi@|l=0)=""—"L@|l=0) _
) ® | ) i ®} = 1J-)
(1)

where — indicates the in-coupling operation. The ideal
coupling of the input field into the nanophotonic mode
facilitates the generation of a qubit encoded in the TAM
basis.

The generated plasmons are scattered out by an annu-
lar coupler. The transversal nature of the out-scattered
photon is equivalent to a radiation source which is gener-
ated from the in-plane components of the SPP field over-
lapping with the annular perturbation. Thus, not only the
TAM value of the near-field is preserved in this scattering
process but also the detailed in-plane vectorial pattern
of the near-field mode. However, in the far-field of the
annular coupler, the field emanated from the slit is par-
axial, hence the angular momentum of the scattered field
can be decomposed to its SAM and OAM constituents.
This gives rise to a unique transformation of the TAM of
the near-field photon, embedded in its in-plane vectorial
spatial distribution |J,), to SAM-OAM entanglement of
the free-space photonic state:

1
—= (o)l =n+1)—

Un) = NG

lop)l=mn—1))
(2)

where — represents here out-coupling operation and
n € (—1,1) in our system The state ‘l =n =+ 1) is defined
as [[=n=+1) jo Nyt1jn(kr)el D0 rdrdg, where
1, represents the mode radius determined experimentally
where the photon detection probability decays to below
noise level, and N; is the normalization factor of the cor-
responding state. Note that for n = 0, the nanophotonic
mode has full radial symmetry, lacking any azimuthal

dependence, and thus the state transforms as:
o) = 5 (lo )|l = 1) — o) |1 = 1)),

This entanglement is the unique result of the fact that
the angular momentum of the vector SPP mode is solely
characterized by the observable TAM, and that only two
combinations of SAM and OAM can preserve the TAM
when light is coupled out to the far-field and there is
no preferred combination due to the circular symmetry
of the out-coupler. Thus, the out-coupled photon is in a
superposition state of all combinations of the given TAM,
where each component of the superposition is an inde-
pendent mode of the free space propagation. Considering
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Egs. (1) and (2) together, out-coupling from the nanopho-
tonic platform yields the resulting states:

1

) Hﬁ(‘o_)‘IZZ)f‘a_*_)‘l:O))

(Y = 5l =0) = o)l = ~2)) o

ey =25 +Der) > 5 () B0 = V) 1)

Vo) = %(lm—\l_l ) - %(\H)\HBH)—\VHHBOZ))
where |HB11) = i7|l:—2£|1:2)’
\HBao) = |1=2>+2|1=20>+|1=72> and
|HBo ) = _|l=2>+2|l;0>_|l=_2> are Hermite-Bessel free

space modes. Evidently, starting with a single incident
circularly-polarized photon will result in a scattered sin-
gle far-field photon displaying entanglement between
two modes with orthogonal SAM and OAM. The quan-
tum structure borne on the scattered photon is com-
posed of the four orthogonal states:
o)1 =0) = 1), o |t =0) =12}, oy )i = =2) = 13}, |o_ )i = 2) = 4)- SiM-
larly, launching a single linearly polarized photon results
in a far-field photon displaying entanglement between
two states composed of linear polarizations and their
associated Hermite—Bessel modes. These states are again
four orthogonal states:

IH)[HBo ) = |11V |HB11 ) = 20, 1H)|[HB11 ) =

3),1V)[HBg ) = [4)

Equations (1-3) map the evolution of the Hilbert-
space dimensionality evolution from the free-space
domain, through the nanophotonic platform, and back
to free space. For the free space incident photon, before
coupling to our nanophotonic structure, the photon is
described only by its polarization, e.g., for circular polari-
zation, the state of the incident photon is |0 ) |o_ ), with
|l = 0). This defines a two-dimensional single-photon
subspace. In the nanophotonic regime (Eq. 1), each of the
photons with SAM of |0 ) or |o_), is coupled to a sin-
gle near-field mode with TAM |/1) and |/_1 ) respectively,
thus the dimensionality remains 2. The transverse near-
field (Eq. 2) can be written |LH,l =0+ RH,/ =2) for
|o4+ ) input and |LH,l = —2+4RH,/ = 0) for |o_) input.
This may seem that already here we have 4 orthogonal
states and as if entanglement is already established in the
near field. But this is not the case and each of these two
seemingly combination states is a vectorial field of a sin-
gle mode of the near field and is not separable to sum of
two modes.

The entanglement is established in the out-coupling
process. Namely, upon out-coupling into free space by
a circular centrosymmetric slit (Eq. 3), the internal field
is transformed into free propagating photons while
preserving the in-plane vectorial nature as well as the
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azimuthal phase gradient. Thus, each of the near-field
modes is transformed into a state with similar transverse
field pattern in free space. However, in free space each
combination is actually of two self-modes of propagation
(see Eq. (3)) and the dimensionality is increased to four
and the combination state is an entangled state, as the
entanglement is generated by the output coupler (similar
to a beam splitter).

It is possible to model our nanophotonic system as a
non-unital quantum channel represented by a non-uni-
tary quantum circuit, as shown in Fig. 1b. The circuit acts
on a composite system of two qubits, utilizing TAM and
SAM degrees of freedom of the photon. The output of the
quantum circuit in Fig. 1c is an entangled state between
different combinations of the photon polarization and
spatial distribution, with the input and output couplers,

M and My, acting as two-qubit unitary gates, while

X and H represent the Pauli X and Hadamard opera-
tors, respectively. The reduction in degrees of freedom
in the near-field is modeled as a dissipative operation,
where the action on a single-qubit state |y/) is repre-
sented as [y ) — |0). Consequently, the quantum system
is both dissipative and entangling. Such dissipative and
entangling circuits have recently been shown to enable
methods for preparing a wide range of ground states,
facilitating the representation of nontrivial thermal states
with significantly enhanced noise resilience [64, 65], and
able to eliminate the barren plateau effect in the training
of quantum neural networks [66].

To fully utilize the extended high-dimensional Hilbert
space of the emitted states, the evolution of the quantum
states in the system needs to be thoroughly analyzed and
understood. Typically, such a feat is accomplished through
Quantum State Tomography (QST) [67, 68], which is being
used to characterize many different quantum systems [69,
70], in particular the quantum states of light [71, 72]. QST
determines the quantum state of a system by measuring
various non-commuting observables on an ensemble of
identically-prepared system copies, enabling the extraction
of the density matrix. We perform quantum state tomogra-
phy of the photonic state generated by passing through our
entire apparatus (Fig. 1c). We use heralded detection, sepa-
rating two photons generated via spontaneous parametric
down-conversion in a nonlinear crystal and using one of
them to trigger an Electron-Multiplying CCD (EMCCD)
camera. Hence, the camera only captures heralded single
photons scattered from the nanophotonic platform. The
imaging system is set in the Fourier plane of the platform
output coupler, recording the far field distribution of the
detection probability of the modes. We make sure that, in
a single acquisition frame, only one pixel is turned on by a
single photon on average, and the camera records its posi-
tion in the image plane of the structure output. We launch
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single photons into the platform at four different polariza-
tions (H),|V),|lo_)|o+)) using a quarter- (QWP) and
half-wave plate (HWP) and use an additional set of wave-
plates and a polarizer to project the quantum state of the
out-coupled photon onto these four polarization compo-
nents, resolving their distribution via the camera.

Figure 2a presents the tomography measurement
results for each polarization state of the incident pho-
ton. Using a Mean Squared Error (MSE) estimator, we
fit each measurement result to a superposition of ideal
Bessel or Hermite-Bessel modes (Fig. 2b), and infer that
they all show excellent agreement with Eq. 1 and 3. Using
the same MSE algorithm, we are able to reconstruct the
density matrix for each of the 4 possibilities of the inci-
dent photon state (Fig. 3). We fit each spatial distribu-
tion obtained from the tomography to the spatial modes,
determining the maximum likelihood coefficients.

Note that, while the TAM states in the nanophotonic
platform are 2-dimensional, spanned by (J+;), upon out-
coupling to free space the photons attain a larger basis
as the separate SAM and OAM become good observa-
bles again. This resides in Hilbert space of 2 x3 =6
dimensions (2 polarization x 3 spatial distribution, out
of which, two modes are not populated in our specific
experiment: |0,)|l = —2) and |O'+)|l = 2) in one base,
and |H }|HByy ) and |V )|HByg )) in the other.

The states in (Fig. 3) have the structure of a Bell state,
i.e., they are naturally represented by 4 x 4 density matrix
(describing the 2 populated states out of the 6 possible

a. output
input

loy)

lo_)
HBy; + HBy4

|H) '
HBuv+HBzo

V)
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states total). But, when the same physical state is spanned
in the alternative basis, it is more naturally described by
a 6 x 6 density matrix (describing the 4 populated states
out of the 6 possible states). The mapping between the
bases is formally expressed as ppuser = Uppaser U,
where U is the unitary transformation. The transforma-
tion between the different free-space bases does not add
information to the photon; rather, it reveals and resolves
the underlying high-dimensional structure by expressing
the state in a basis that includes all accessible polariza-
tion—spatial modes (see Supplementary Information for a
detailed derivation).This enables us to analyze and visual-
ize the same quantum state in a basis that is more suit-
able for revealing its higher-dimensional structure. An
illustration of this mapping for two input photon states is
presented in Fig. 4.

To gain deeper insight into the correlations between
the spatial wavefunction of a photon and its polariza-
tion (specifically its SAM and OAM), we calculate the
Wigner distribution of the photonic mode. This dis-
tribution represents the correlation between the in-
plane vector field components. The Wigner distribution
encodes quantum expectation values in phase-space
(continuous variables), providing a concise represen-
tation of the quantum information in the system (see
Supplementary for the derivation). For each input
polarization, the two entangled output modes, denoted
as o and P, have a real and imaginary parts, mak-
ing it a 4D Wigner distribution corresponding to four

0

Fig. 2 Quantum state tomography of photonic free-space photons created from near-field qubits. The panels show the intensity of the projection
of a heralded single photon on the four different polarizations, as recorded by an EMCCD camera. This action is performed for four different
polarizations of the incident photon. The left column lists the 4 possibilities of the polarization of photons incident upon the nanophotonic
system, while the top row lists the measured polarization. |o4 ): left — and right — circular polarizations (replicated from [46]).|H ) and |V):
horizontal- and vertical- linear polarizations. a Experimental results. b Fitting results (via mean squared error) for each intensity image to the state

of the photon projected to ideal Bessel and Bessel-Hermite bases
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Fig. 3 Density matrices of the four Bell states. Experimentally measured density matrices recovered for each TAM state by the QST. The
experimental results coincide with theoretical results with higher than 97% fidelity and 91% purity. The results shown here are the real parts
only because the imaginary part is identically zero both theoretically and experimentally

phase-space coordinates. We plot the projections of the
Wigner distribution onto six pairs of space-phase coor-
dinates, with the two other coordinates at the origin
(Fig. 5).

The two projections on the left-hand side of Fig. 5a
represent the phase-space (real and imaginary) of
each single mode R(w),J(«) and R(B),I(B) with a
single excitation. The panels display negative values
that attest to the non-classical nature of the state and
a single ring as expected of a Wigner distribution for
the Fock state |1). The two projections on the right-
hand side of Fig. 5a do not exhibit correlations both
between R(x), J(B) and R(B), J(w) phase-space cross-
mode coordinate pairs, since they can be decomposed

into a sum of products of the single-mode Wigner dis-
tributions corresponding to the Fock states [0) and |1),
see Supplementary. However, entanglement between
the two modes is clearly evident in the two projec-
tions in the middle column, which exhibit nonclassical
correlations between the pairs of phase-space coor-
dinates R(x),R(B) and JT(a),I(B) belonging to differ-
ent modes. This can be surmised visually from the fact
that the related Wigner distribution is not symmetric
about its two axes and thus cannot be the outer product
of two symmetric 1D quasiprobability functions along
phase-space coordinates corresponding to Fock num-
ber states 0 and 1 in the two modes, as explained in the
Supplementary. Our measured results agree with the
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0.5

|0.25

—0.25

-0.5

Fig. 4 Transformation between free-space qudit density matrices. a The 4X4 density matrix orienting from the TAM eigenstate J; transformed
into a 6X6 density matrix in the linear-polarization and HB modes Hilbert space. b The 4X4 density matrix orienting from the TAM superposition
state J_, transformed into a 6X6 density matrix circular-polarization and Bessel-modes Hilbert space

theoretical Wigner distribution to an excellent degree,
as seen from the differences between the theoretical
and measured 2D projections of the Wigner distribu-
tions, shown in Fig. 5b.

Interestingly, the event of a single circularly polarized
photon coupled into the nanophotonic platform results
in an out-coupled free-space photon with a unique struc-
ture: a Stokes skyrmion displaying entanglement proper-
ties. Calculating the Stokes vector S(x, y, z) of the output
photon field affirms that the topological structure forms a
quantum Stokes Skyrmion, whose topological number is

N = ﬁ [[s- (% x %)dxdy ~ —2(2) for right (left)

circular polarized input photon, where

S(xy,z) = % represents the 3D normalized Stokes
(So = [Ex|* + [Ev|% S1 = |En|* — |Ev[%, Sy =
|Eal* — |Ep|?, S5 = |I:"G+|2 - |Eg_{2). The pertinent com-
ponents are obtained from our polarization-resolved sin-

gle-photon measurements in the linear (|H),|V)),
diagonal (JA), |D)), and circular (o), |o—)) polarization

vector

bases. See Supplementary for detailed explanation about
skyrmion generation using a circular slit.

Figure 6 shows the measured Stokes-field distribution
obtained from our measurements for a heralded input
right circularly polarized photon that initially carries
TAM of +1#A. From the experimental data, we extract
Nexp = —1.911 £ 0.236 which is in excellent agreement
with the designed value of N = —2.

The robustness of our skyrmion formation is primar-
ily a consequence of how the skyrmion is generated: the
skyrmion texture is encoded and locked within the TAM
eigenstate of the SPP mode, hence the skyrmion is gen-
erated intrinsically by the device, without any need to
be synthesized by aligning and phase-locking multiple
free-space beams. This strongly reduces the vulnerabil-
ity to delicate relative phase drifts and beam-pointing
instabilities that typically limit dual-beam or interfero-
metric skyrmion schemes. Furthermore, the generated
skyrmion is not hoovering between different skyrmion
types in propagation since the propagation constant of
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Fig. 5 Wigner function of the photon derived from the nanophotonic mode. The figure displays six slices of the four-dimensional Wigner
function of the modes (q, B), each representing a projection onto two components of the two modes. Non-classicality is readily identified

by negative values (blue in Fig. 5) of the quasiprobability distribution, whereas entanglement is manifested as interference between modes.

For a non-separable two-mode state, the joint Wigner function in the cross coordinates R(a)PR(8) and J(«)J(B) cannot be written as a sum
products of two single-mode quasiprobabilities. This inseparability appears as a diagonally distributed pattern that cannot be decomposed

into a sum of independent Wigner functions. a Example of the Wigner function for the state |J;). b Difference between the ideal Wigner function
and the experimentally computed one. The various images reveal an asymmetry on the order of 1072, which could be attributed to the partial
presence of the|J_1) state in the system'’s basis, The small deviations do not alter the overall state fidelity, which remains consistent with the value

obtained from the reconstructed density matrix

both its constituents is equal and thus the relative phase
is preserved.

3 Discussions and conclusions
In conclusion, we generated entangled single-photon
states, encoded in the polarization and spatial-mode
degrees of freedom, using a nanophotonic platform.
These entangled states utilize the vector nature of TAM
modes created in the near-field and the unique way they
are coupled into free-space. We employed QST to ana-
lyze the quantum information imprinted on the emitted
photons and found that the nanophotonic system creates
higher dimensional entangled photon states which could
be used as qudits. The non-trivial topology of the out-
put single photons from our nanophotonic platform was
robustly mapped into a free-space to form Stokes skyr-
mion without post-selecting the skyrmionic component
from a more complex quantum state [33, 34]. Further-
more, in our experiments, this single-photon entangled
skyrmion is naturally generated by the nanophotonic
platform and does not require dual-beam implementa-
tions to synthesize the vector field [73] nor multi-photon
entanglement [35]. Such quantum skyrmions are pre-
dicted to remain robust even under strongly perturbing
channels [35, 37, 74, 75], making them promising candi-
dates for realistic, high-dimensional quantum links.
While high-dimensional states have been previously
realized in various platforms, this higher dimensional
single-photon states are uniquely initiated by TAM of
the near-field mode. As such, it may lead to new sources

of entangled states of light, such as quantum astigmatic
states (achieved through judiciously shaped couplers)
[76], fractional states (using spiral couplers with frac-
tional helicity) [77] and hyper-entangled state [78], all
of which exhibit a vector structured wavefunction in
the near-field with embedded entanglement between
their DoFs in the far-field. Additionally, the nanopho-
tonic platform can serve as a quantum multiplexer or
demultiplexer for quantum communications, enabling
the entanglement of multiple photon DoFs. Finally, our
nanophotonic platform provides a possible route toward
qudit-based QKD [79], relying on the same device geom-
etry. Our platform is well-suited for integration with
a wide range of on-chip photonic circuits and could be
extended to achieve higher-order entanglement by cou-
pling multiple photons to the nanophotonic system,
advancing on-chip quantum technologies. Furthermore,
it offers the potential for generating novel quantum states
of light with SAM and OAM by leveraging nonlinear
interactions between a strong free-space pump and quan-
tum surface-confined states, as in references [80-82].

4 Methods
1.Sample fabrication

For sample fabrication Fig. 1a, we deposit a 220 nm
gold layer upon a 1mm NBK7 glass substrate using
e-Gun evaporation (Airco Temescal FC-1800, deposi-
tion rate:5 nm/sec) and mill the in- and out-couplers
using a focused Ga ion beam (FEI Helios NanoLab



(2026) 6:13

Kam et al. eLight

C.
\\\“"“ ;/;:”‘// 77
‘;J“ "\‘,\‘\\.b\'\:-::":"':""/ /r,( ’ ///
/ *'v.--‘ 2 ':‘
74 i“;i?R /’,;f{{ f
. . e e ..
;:‘//' /ﬂ}.’,’/‘l ) ‘!"".,\‘»//1((:\ <
T AN { ar{\ IR >y /
- //"\z/ /l >y /fc \.: :\ =
= g-t:rt.ky“:\. e
TR ’;-::::5:%;. e e o
- NN Ne O | 7pi4ame ~ v
O el 2T
MRy 12257 e /,'.:)y e
Wi 2
S Wiy =
~ 5/ ’7//‘/‘52;5\\\‘\'{{ H{E
e aa

Page 9 of 12

0
L
N 1
. * LA/,
N /]
- \ Lt 0.8
! } . ! \
NN / 0.6
l \\\\\\‘ °Z 1//’.‘ o
“ll\ ‘f‘ 0.4
| \
/ P ok \ Y
///‘ ,’|\r “l\ Q\‘ N 0.2
A ,/. /(h"./l l‘ ~ :: > .
E .'.. ..: %, G indis = : 0 o
3 NNTAL EEF Coso =
N ‘\i g W - W
2 L SR f/ 7
‘,{, / 0.4
i /
' 1 By \“'L .
| / / )‘._.: \\\\ f -0.6
N
! 11 08
r , ‘ =25
o/ \
e SaTNRNN p

Fig. 6 Generation of the quantum photonic skyrmion. a Tomographic measurements at different points on the Poincaré sphere, representing

a specific spatial mapping of polarization states. Linear polarization states are on the equator, circular polarization states are at the poles,

and elliptical states are represented by points in between. b Reconstructed and calculated Stokes representation ¢ Vector representation of the unit
vector of the electric field (color coded for the value of its axial component red = Tand blue = —1), showing generation of anti-skyrmion

with topological invariant of —2. Left: Reconstruction, and Right: Simulation. We obtain N = —1.911 & 0.236

DualBeam G3 UC, accelerating voltage: 22 keV, cur-
rent: 7.7 pA, homemade software).

a.Coupling efficiency and sample dimension

In order to optimize the coupling efficiency of SPPs,
we used the Fourier model method to estimate the cou-
pling coefficient for various combinations of slit width
and periodicity of the grating. The simulation shows
that the coupling coefficient of the input coupler is cal-
culated to be approximately 7% to 9% and the coupling
coefficient of the out coupler is calculated to be approx-
imately 10% to 15% for illumination at a wavelength of
808 nm. The total coupling coefficient for one photon
in and out of the plasmonic system is approximately
7-1073 (this number agrees well with the average
flux of scattered photons. The circular input coupler
is milled through the entire gold layer with 10 grating

periods, inner radius of r; &~ 13.4um, outer radius of
ry & 20.9um and grating line width of ~ ’1%. The cir-
cular out-coupler is milled to a depth of 80 nm of the
gold layer with inner radius of r; ~ 5.39um and outer
radius of r, &~ 5.97um, scattering only SPPs towards the
camera.

b.In-plane SPP decay

The surface plasmon polariton propagates along the
surface with a wave vector of ky,, as a surface wave:
Kspp = 2Tﬂ\/ sflfgz = %\/ %’ where 7 is
the wavelength in vacuum and &1 and &3 are the permit-
tivity of the two materials of the two sides of the inter-
face. The propagation distance in this case is calculated
by the inverse of the imaginary part of k), as it intro-
duces the decaying part of the field. Taking 1 = 808[nm],
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€1 =1 for air and ey = —24.718 + 1.5517j for gold at
wavelength of 808 obtain

kspp = 7.938—{—0.0105}[%}1}. This calculation vyields a

propagation distance of m ~ 95.6[um]. In addition,
the exponential decay along the propagation between the
input coupler to the output coupler (which was 7.6 um
long) can be calculated as well by the following:
e_JT% = 0.9236. Similarly, the decay of the SPP in the out
coupler (which was 10.8 um wide) is: e_% = 0.8932.
This means that the SPP field has lost approximately 8%
of its amplitude by propagating from the input to the out-
put coupler and 11% in the output coupler. Calculating
for the standing wave ratio (SWR) of the field we obtain a
SWR of: SWR = % = 17.72. This value indicates a
dominantly standing wave in the output coupler region,
that is accurately approximated to a spatial Bessel
function.

nm, we

c.Photons penetration depth

The wave vector of photons that propagate through a
nonmagnetic medium is given by k = 27”\/5 By taking
/. =808[nm] and & = —24.718 + 1.5517; for gold at
wavelength of 808[nm] we find that the wave vector of a
808 nm beam that propagate through gold is

k =1.212 4 38.68;j [ﬁ} Using the imaginary part of the
wave vector, we find that the propagation distance of a
808 nm beam through the gold is approximately
ﬁ[um] ~ 25.9[nm]. This assures that the field we
measure on the top side of the gold film is a result of the
SPP field and not of the original signal, as it experiences a

decay of over 6 times the propagation depth.
2.Experimental layout

Our experimental setup is described in Fig. 1.b of the
main text. The photon pairs are produced via type-II
SPDC using 5mm long a BBO crystal with 5X5mm cross
section. (Newlight S/N: NCBB05500-404(1I)). We use a
pump laser of 404nm wavelength (Toptica iBEAM smart
HP_14762) at 25.7°C to emit quasi-monochromatic light
of ~300 mW power and beam diameter of 0.5 £ 0.1 mm.
The crystal is aligned to produce two tangential cones.
A 404 &+ 2nm filter is placed after the laser output to
reduce any remaining light at the SPDC wavelength and
unwanted amplified spontaneous emission. A 808 & 1.5
nm band-pass filter is used to block pump photons after
the crystal, together with two 810 & 10nm band-pass fil-
ters before the camera.

The photons are separated using polarizing beam split-
ter, where one photon is coupled into a single-mode fiber
(P1-780Y-FC-1) by microscope objectives is an NIR APO
X5, 0.14 NA towards a single mode detector (Excelitas
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SPCM-NIR) to trigger the EMCCD camera, synchroniz-
ing the detection of the photon from the nanophotonic
platform which been delayed by 78m of single mode
fiber. The camera is an EMCCD (Andor Ixon Ultra 888)
operating at —80 ‘C, horizontal pixel shift readout rate of
30 MHz at 16-bit, vertical pixel shifts every 2.2 us, and
vertical clock amplitude voltage of 4V above the factory
setting and at the maximal amplification gain, with an
extended water-cooling system. The outgoing photon is
also passed through waveplates to project the quantum
state onto two different polarization components. The
lenses in the setup have an effective focal length of 200
mm and the sample microscope objectives is an NIR
APO X20, 0.4 NA (Mitutoyo S/N: 378-824-5).

Abbreviations

DoFs Degrees of freedom

SAM Spin angular momentum

OAM Orbital angular momentum

TAM Total angular momentum

QsT Quantum state tomography

SPP Surface plasmon polariton

SPDC Spontaneous parametric down conversion
PBS Polarizing beam splitter

BBO {3-Barium borate

EMCCD  Electron-multiplying charge-coupled device
QWP Quarter wave plate

HWP Half wave plate

MSE Means squared error

QKD Quantum key distribution

NA Numerical aperture

SWR Standing wave ratio

SPAD Single-photon avalanche diode
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