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Abstract

devices.

Quantum nanophotonics merges the precision of nanoscale light manipulation with the capabilities of quantum
technologies, offering a pathway for enhanced light-matter interaction and compact realization of quantum devices.
Here, we show how a recently-demonstrated nonlinear nanophotonic process can be employed to selectively create
photonic high-dimensional quantum states (qudits). We utilize the nonlinearity on the surface of the nanophotonic
device to dress, through the polarization of the pump field, the near-field modes carrying angular momentum and
their superpositions. This idea is an important step towards experimental realizations of quantum state generation and
manipulation through nonlinearity within nanophotonic platforms, and enables new capabilities for on-chip quantum

Introduction

In recent years, there has been growing interest in
developing quantum optics at the nanoscale, by incor-
porating new capabilities of photonic circuitry into
nanophotonic platforms' ™. Quantum optics at the
nanoscale holds great promise for advancing future
quantum information applications, such as transmission®,
security, distributed computation”® etc., as well as a
promising platform for quantum computing”'’. Its com-
pact size and compatibility with current on-chip tech-
nologies makes it particularly appealing' "', Additionally,
the tight confinement of the light in nanophotonic plat-
forms enhances nonlinear effects such as spontaneous
parametric down-conversion (SPDC)"*~'* and four-wave-
mixing'®, giving rise to high flux of entangled photons.
The combination of nanophotonics, nonlinear optics and
quantum optics offers greater ability to control, generate,
and manipulate quantum states of light. Moreover, the
tight confinement of light in nanophotonics, manifested
in surface modes whose intensity peaks at the surface and
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enable enhanced light-matter interactions, providing
unique opportunities for quantum state control.
However, generating, controlling and manipulating
quantum states at the nanoscale also presents new chal-
lenges, particularly in applying external control knobs at
the sub-wavelength scale. Nonlinear optics can offer a
powerful approach for mitigating these challenges by
providing additional interaction mechanisms'”'¥, which
enable precise manipulation of quantum states and their
interactions. These nonlinear processes have been suc-
cessfully employed in various macroscopic quantum
technologies, including entanglement generation, quan-
tum frequency conversion'”%’, generating squeezed states
of light*"*?, etc. While the integration of such nonlinear
techniques into a nanophotonic platform is not straight-
forward, recent advances®® suggest that judicious design
of nanostructures can harness these processes effectively,
unlocking their full potential at the nanoscale.
Nanophotonic platforms enable strong field confine-
ment, enhancing nonlinear parametric processes, and
thus leads to higher generation rates of the desired photon
states. Moreover, while nanophotonic platforms enable
strong field confinement, thereby enhancing nonlinear
parametric processes, the key challenge is to translate
these advantages into higher entangled photon generation
rates and into methods for efficiently coupling specific
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quantum states into free space for measurement and
application. A recent advance, developed in our lab®*, can
directly address this selective extraction of desired states
from the of near-field by harnessing the optical non-
linearity inherent to metals which often comprise nano-
photonic systems.

Here, we propose a new concept for generation and
manipulation of high dimensional quantum states in a
nanophotonic platform, exploiting its optical nonlinearity.
We present a method to convert near-field modes carry-
ing angular momentum into far-field photonic states
encoded in polarization and orbital angular momentum
(OAM) degrees of freedom. This is achieved through a
nonlinear interaction that projects the near-field states
onto specific spin and OAM states in the far field photons,
enabling direct readout of the quantum information
initially encoded in the near-field. This nanophotonic
setting can be used as a highly compact system for gen-
erating and control in qudits. These platforms enable
robust integration with on-chip photonic technologies,
enhanced scalability, and resilience to environmental
perturbations, making it uniquely suited for practical,
miniaturized quantum communication devices.

A central advantage of such a platform is its ability to
realize high-dimensional quantum states, or qudits -
quantum states with more than two levels — which
represent a promising avenue for quantum information
processing®”. They allow encoding and processing of
more information per mode compared to qubits®®",
utilize entanglement more efficiently, and enable more
compact systems. This is particularly relevant for quan-
tum communications and teleportation of high-
dimensional states’ ™, as well as for implementing
high-dimensional quantum error-correcting codes®**”.
Techniques to generate such high-dimensional states have
so far relied on bulk optical setups with spatial light
modulators®, time-bin encoding in fiber systems®”~*°, or
integrated photonic platforms utilizing waveguide arrays
and microring resonators*' ™, While these approaches
are effective, they often require complex interferometric
stabilization or large-scale integration. Nanophotonic
platforms, with enhanced nonlinear interactions and
control over multiple photonic modes - such as angular
momentum states™® or frequency-comb-encoded states™”,
can offer a route toward compact, high-density, scalable
generation of qudits.

Angular momentum in nanophotonic systems

The total angular momentum (TAM) of light is a fun-
damentally conserved quantity, both classically and
quantum mechanically. In specific settings such as para-
xial optics, the angular momentum of the photons can be
uniquely divided into spin angular momentum (SAM) and
orbital angular momentum (OAM). In nanophotonic
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settings, which impose confinement to the sub-
wavelength scale, SAM and OAM cannot be trivially
separated. However, in the near-field regime, while SAM
and OAM remain inseparable, photons can couple to
modes characterized by their TAM, that serves as a good
quantum number*®~*¥, Such near-field modes carrying
TAM can be entangled™”,

Traditionally, imaging and detection of near-field
modes has posed a problem. This was recently resolved
in a technique facilitating real-time imaging of near-field
modes, relying on nonlinear polarization-dependent
coupling of the nanophotonic modes to far-field modes
via four—wave—mixingz/l'. In that scheme, the polarization
of the pump field determines the polarization of the
emitted photons in the far-field modes. The far-field
modes can be engineered to be paraxial, such that the
SAM and OAM are separable, facilitating complete
reconstruction of the quantum properties originally
encoded on the photons in the near-field modes. In this
nonlinear imaging process, the TAM of the emitted light
matches that of the nanophotonic mode. Consequently,
because the TAM of the photons is the sum of the SAM
and OAM, and the SAM of the measured far-field pho-
tons matches the SAM of the pump field, the measure-
ment process enables selective measurement of the OAM
of the photons, and full recovery of the TAM of the
photons in the near-field modes of the nanophotonic
system.

In this work, we extend this concept to the quantum
regime. We consider nanophotonic system supporting
multiple modes carrying different TAM per photon, and
exploit nonlinear interactions to encode and decode
quantum information onto multi-level photonic states.
Thus, the nonlinear interaction in the near field can
generate high-dimensional quantum states carried by the
photons that are coupled out from the nanophotonic
platform. These high dimensional quantum states can be
controlled, at will, by the pump beam.

In the following section, we explain how the angular
momentum of the emitted photons can be controlled
using the nonlinear interaction.

Results
Designing the generation of high-dimensional quantum
states in a nanophotonic platform

We first describe the generation of high-dimensional
quantum states in our nanophotonic system, as shown in
Fig. 1a. The setup consists of a thick gold layer supporting
surface plasmon polaritons (SPPs) at the gold-air inter-
face, with a circular coupler that transforms the SAM of
an input photon into a transverse magnetic (TM) Bessel-
like plasmonic mode characterized by its TAM, whose
value is equal to the value of the original SAM of the
impinging photon.
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Fig. 1 a Proposed setup for quantum nonlinear near-field generation of the photonic states. A photonic pump beam (red) is focused onto the
sample. The plasmonic field is generated by coupling single photons (blue) into the nanophotonic modes of the sample. The nonlinear interaction
yields a single photon, marked by the green arrow, coupled to far-field modes. This set-up is taken from the classical experiment in ref. *“.

b Schematic cross-section of the nanophotonic sample. The straight red arrow represents the incident biphoton state, while the wavy red arrow
denotes the surface plasmons. The purple arrow indicates the signal beam, and the green arrow marks the emitted photon from the four-wave
mixing process. The SPP modes generated depend on the polarization of the classical signal, which dictates the polarization state of the biphotons:
pink corresponds to linear basis polarization, and blue to circular basis polarization

Plasmonic modes:

(M ) & @uo. 0.2, |

Signal T Emitted photon
SPP oA

|_-’?_T-

Biphoton state:

([ Fwesoorioen [ F eom+vavy |

We treat the surface plasmon polariton (SPP) supported
by the gold slab as a quantized electromagnetic mode
(Fig. 1b). In general, one expands the electric field
operator in terms of mode functions and bosonic ladder
operators. For a single SPP mode of frequency wgpp, one
can write:

()

ety + B, ) (1)

With Espp (1” t) —Espp( )&Sppe_iwsppt,

Espp(r, t) = E
2) (N
Egpp = (ESPP) :
Here, agpp is the annihilation operator for the SPP mode
(and ZZEPP its creation operator).

The complex vector Ej;,,(r) is the spatial mode profile
of the SPP field. The normalization is chosen such that:
g [ d°r|Espp(r)|* = h“’s”” (This ensures that one quan-
tum excitation in the SPP carries energy hwspp. In

cylindrical coordinates (7, ¢, z), the mode profile can be
expressed as:

Espp(r) o< Eo spp [(f? + i) ] 1 (o)1)

1

5+ i) (k)9 7, (k)2 v
Where # is an integer denoting the angular momentum
quantum number. Each component carries OAM L and
spin o such that the TAM J = L 4 ¢ = nh.

The third-order nonlinearity x®) of gold enables the
nonlinear interaction between the classical pump, the
quantized SPP mode, and the quantized emitted
photon. The nonlinear polarization is: P = gy E>,

The corresponding interaction Hamiltonian  is:

H, = —%Ofdgr/\/lﬂd lE’E E We decompose the total field

as: E= Epump + Espp + Eom. Keeping the term corre-
sponding to two pump photons, one SPP photon, and one
emitted photon, the interaction Hamiltonian becomes:

2
Hy ~ —egy® / P [ Epump(r,0)] Bl (r,0) - L (r,8) + hc

(2)

i 2(+)

Where Epump(r ) (: EOPump(r) fopt +c.c, Espp
N ) y ) )

ESPP( )ﬂSPpe fosrt Eout( ) Eout( ) omel(‘)"‘”t

energy conservation 2w, = @spp + Wous, We get:

(rit) =
Under

H = hgitl aspp + hg" alpplions (3)

With coupling constant: g = SOX f d*rE2 Eg pump ()
tspp (1)t (r)-

In the case where the pump is circularly polarized:
Epump(r, ) = Eo pump(r)6 e €' +c.c,  with

% (% + i9), the nonlinear polarization points in the same

6. =

direction. The emitted field operator becomes:

X(B)EO pump( ) [ETS'PP (r)é' * ] Zzluteiiwaulta +

(4)

Eout (ra )

Each output polarization component is proportional to
the conjugate of the SPP field component projected onto
the pump polarization. Substituting the SPP mode
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(Eq. (1)) yields:

—kok ]y (kor)e=1)¢
Eou(r,8) < Eg pppEosop | kekil i1 (kpr)elD9 | G, oot

kf]n (k,r)e"®

(5)

This result clearly shows that the output field compo-
nents are determined by the in-plane rotating field struc-
ture of the surface plasmon polariton (SPP) mode,
specifically through the projection of the complex-
conjugated SPP field E*Spp(r) onto the circular polariza-
tion of the classical pump, ¢ .. That is, the emitted electric
field operator satisfies Eq. (4), indicating that the output
photon inherits the pump’s circular polarization and
angular momentum. Substituting the explicit spatial form
of the SPP mode, one finds that the emitted photon carries
well-defined OAM components of (n — 1)A, (n + 1)A, and
nh in the 04, 0_ and z polarization directions, respectively,
with a total angular momentum J = n# preserved in each
component. Consequently, the nonlinear interaction facil-
itates the emission of a single photon whose vectorial and
angular momentum characteristics are fully determined by
the pump polarization and the underlying near-field
structure. This process enables deterministic control over
the emitted photon’s polarization and OAM content via the
handedness of the classical pump field.

Next, we consider the coupling of a biphoton state into
the nanophotonic system, allowing to explore the non-
linear interaction with near-field modes. This process
begins by generating an entangled photon pair from a
type-1I spontaneous parametric down-conversion (SPDC)
crystal, which in the circular polarization basis, is
described as:

W) as = J5(lo)alo-)s +lo-)alos)p) (6)

Here, |0, ), |o.) indicate right and left circular polar-
izations, respectively. Labels A and B refer to the two
photons. As explained above, the polarization of the
output photon is determined by the polarization of the
pump in the four-wave-mixing process.

To obtain the plasmonic mode states generated by the
coupled biphoton, we make use of the vectorial structure
of the surface modes. Specifically, a near-field mode with
TAM J = nh can be represented as a superposition of
circularly polarized in-plane components: the o_ com-
ponent associated with a (n + 1)-order Bessel distribution
(OAM L =n+1), the o, component with a (n—1)
-order Bessel distribution (OAM L = n — 1), and a long-
itudinal component with OAM L = n. In all cases the
relation J =L + o holds, ensuring consistency of the
angular momentum decomposition.
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Thus, coupling the biphoton state from Eq. (6), the
following nanophotonic plasmonic modes achieved on the
surface:

W)az = [Un)allis (7)

Where |y) is the initial biphoton state coupled into the
nanophotonic system, |n, m) are Fock states correspond-
ing to the rotating plasmonic mode basis which consists
of Bessel modes with TAM values +# and —# for J,,]_;
respectively. For the derivation of the nanophotonic
states, see the supplementary information.

Up to this point, we have two distinct levels stored in
the nanophotonic quantum states encoded by their TAM
values. Now, to generate the final qudit state, we extract
the photons from the system to a measurement. This is
achieved through the nonlinear parametric process
between the SPP modes and an intense classical field
(“pump”), as described above. The two extracted photons,
now propagating to the far field, are in different ortho-
gonal entangled states of SAM and OAM values out of
two possibilities:

for o, polarized pump — |01 )¢ ® <|jO>L + |/,2>L>
for ¢ polarized pump — |0 ) ® <|j0>L + ‘1'2>L>
(8)

Thus, the polarization of the emitted photons matches
that of the pump field, while their TAM value corre-
sponds to that of the interacting SPP mode. As a result,
each of the extracted photons can now have one of four
possible values (presented in Fig. 2¢, d). For instance, if
the pump field is circularly polarized, two values are
retained according to the TAM of the plasmonic mode (J;
and /_;) and two values corresponding to the two possi-
bilities of polarization handedness of the pump field.
Thus, given the four options of the emitted photon with
degrees of freedom (DoFs) of its polarization and OAM,
we can assign the digits 0,1,2,3 to the following four
photonic states:

" 1" = |J+7j0>

//2// — ‘0,_7 ]O> (9)
//3// — ‘0'—>j2>

//0// — }O‘+,]‘72>

So far, we have analyzed the case where the pump field
is circularly polarized. However, a similar process occurs
for a linearly polarized pump field, where the zero TAM
of the SPP modes (in the linear polarization basis) is
preserved. This leads to a different set of four far-field
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d Spanning ¢_ pump with
bessel basis
In-plane o_

Cc Spanning o, pump with
bessel basis
In-plane o_

b Spanning V pump with
HB basis
In-plane H In-plane V

a Spanning H pump with
HB basis
In-plane H In-plane V

In-plane o,

In-plane o,

Fig. 2 Spatial distributions of photonic states illustrating the amplitude and phase profiles based on the polarization of the pump. The spatial patterns
are represented either by Bessel beams or Hermite-Bessel (HB) functions, which can be described as superpositions of Bessel beams. When the
nonlinear process involves a circularly polarized pump, the emitted photons are described by Bessel beams (as shown in (¢, d). In contrast, a linearly

polarized pump (a, b) results in photon emission described by HB functions

quantum states, again forming a qudit basis. In this case,
the biphoton input state coupled into the nanophotonic
system is:

[¥)ap = %(|H>AHV>B + [V)4llH)p) (10)

Where |H),|V) indicate horizontal and vertical linear
polarizations, respectively, and labels A and B refer to the
two photons.

For convenience of tracking the nonlinear process we
rewrite the dual mode nanophotonic state of Eq. 7 in the
combination state:

W) = 55(12..0) +107,,2,.)) (11)

where, |n,m) are Fock states corresponding to the
plasmonic mode of azimuthal standing waves /. that
are defined as J, = %(]1 ] )

When a linearly polarized pump field is applied, the far-
field spatial profile of the extracted photons corresponds
to Hermite-Bessel (HB) modes which are proper super-
positions of the Bessel beams®”*°. In this case, the two
extracted photons in the far field, have the following
characteristics:

The |21. ,07_) part in Eq. (11) yields a photon at a state
|H)g, ® |HBy), for H polarized pump, or [V)s ®
|HBy1), for V polarized pump. Similarly, the [0;,,2; )
part results in |H)g ® |HBy; ), for H polarized pump, or
|V)s, ® [HBoy), for V polarized pump, where |HB),,, are
Hermit-Bessel beams that do not carry angular momen-
tum. For this configuration, we assign the four digits for

the linearly polarized pump field as:

"1" = |H, HBy)

"2" = |V,HB

S (12
= |H, HBy;)

"0" = |V, HBg,)

This approach allows for precise control over the gen-
erated qudit states, enabling flexible quantum information
encoding. The two possibilities if the encoded qudits in
the far field, depending on the polarization of the pump,
can be seen in Fig. 3. The quantum state of the far-field
photons can now be expressed on an extended basis as
|S4) ® |£), where S, represents its spin (polarization), and
¢ is the OAM DoF. The polarization is a binary DoF, while
the OAM DoF, also known as related to a topological
charge 7, can take any value ¢ = m#, where m is integer.
The spin of the emitted photon is determined solely by
the pump polarization, consequently the OAM of the
emitted photon is determined by the subtraction of this
spin from the TAM of the original near field mode. When
the emitted photon is in a paraxial mode, the SAM and
OAM of the far-field photon become separable, enabling
to recover the quantum information encoded on the
photon by projections onto SAM and OAM states
separately.

By engineering multiple SPP modes with distinct azi-
muthal quantum numbers, this approach can, in
principle, be extended to generate higher-dimensional
polarization—-OAM states, where each additional mode
contributes two orthogonal basis states. However, scaling
to larger dimensions remains experimentally challenging,
as coupling and detection efficiencies for single photons
decrease rapidly with the number of participating modes.
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Fig. 3 Qudit encoding in the far-field photon generated via the nonlinear interaction. a A linearly polarized pump and a biphoton state prepared in
the linear polarization basis are coupled into the nanophotonic platform, resulting in a structured quantum plasmonic pattern. The nonlinear
interaction leads to the emission of a single photon with four distinct possible outcomes, each corresponding to a different spatial or polarization
mode, thereby encoding a four-level qudit. b Same as in (a), but using a circularly polarized pump and an input biphoton state prepared in the
circular polarization basis. The emitted photon similarly encodes a qudit in four distinct circularly polarized vector modes
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While quantitative values of the third-order susceptibility
%) ~ 2x 1078 m?/V? have been extracted from four-wave
mixing experiments at gold interfaces using femtosecond
pulses”™”’, the regime of quantum-level nonlinear inter-
actions - such as processes involving a single plasmon and a
classical pump - has not yet been explored experimentally.
Nonetheless, independent studies in quantum plasmonics
have demonstrated that plasmons can couple to single or
entangled photons while preserving quantum proper-
ties**”, Taken together, these findings indicate that near-
field enhancement in nonlinear processes and quantum
plasmons can, in principle, coexist, which forms the basis
for our theoretical investigation.

To highlight the feasibility of our approach, we pro-
pose the following structure which maximizes the non-
linear interaction strength using a structured
metal-dielectric—semiconductor stack, specifically a
gold-silica—silicon platform®®. In this structure, gold
provides the plasmonic localization, silica acts as a
spacer and buffer layer, and the mode is primarily con-
fined inside the silicon.

Using realistic parameters, we obtain a detected
photon rate on the order of Ry ~ 118 counts
per second (see Supplementary Material section D for
details). These values are well within the sensitivity
range of superconducting nanowire single-photon
detectors, indicating that in the gold-silica—silicon
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multilayer platform, photon-pair generation into the
far field via nonlinear interactions is experimentally
accessible.

Our goal is to connect nonlinear near-field processes
with the encoding of quantum information in high-
dimensional photonic degrees of freedom. Within this
framework, we show that entangled input states can be
transformed in a way that reflects the vectorial structure
of the near-field plasmonic modes. This mechanism
allows selective generation of quantum states with spatial
and polarization structure determined by the classical
pump configuration. The theoretical framework pre-
sented here offers a potential route for studying the
interaction between nanophotonic field structure and
quantum state control.

As an example for an application, detailed in the
Supplementary Information (section B+C), we propose a
quantum key distribution (QKD) protocol using the
qudits encoded in the far-field photons. In this scheme,
each digit of the key is associated with a choice of basis -
linear or circular - for both the classical pump and the
biphoton input. Building on the BB84 protocol®*”” our
approach generalizes it to higher dimensions by
employing qudits instead of qubits, thereby enabling an
enhanced key rate. This aligns with previous studies that
have also reported increased key rates in high-
dimensional QKD***’,
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Discussion

In summary, we presented a novel approach which
employs nonlinear optics in nanophotonic platforms for
the generation and manipulation of high-dimensional
quantum states. By exploiting a nonlinear interaction and
the properties of the total angular momentum carried by
near field photons, our method enables the generation of
photons with predesigned specific SAM and OAM com-
binations. The ability to control quantum states at the
nanoscale paves the way for practical implementations of
quantum information protocols, such as, for example, the
multilevel QKD with enhanced key rates, analyzed in the
supplementary information, due to the use of qudits
instead of qubits, within compact, scalable, and robust
nanophotonic devices. Notably, this work demonstrates
how near-field properties can be utilized for encoding
quantum information and executing communication tasks.

Looking forward, incorporating such nanophotonic plat-
forms within on-chip technologies represents a significant
step toward realizing scalable quantum computing and
communication systems. By combining the strengths of
nonlinear optics and nanophotonics, this work paves the
way for advancing future quantum technologies.
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