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Nonlinear Dynamics of the Photonic Spin Hall Effect in
Rydberg Atoms

Muqaddar Abbas, Wenzhang Liu, Pei Zhang,* and Hamid R. Hamedi*

The photonic spin Hall effect (SHE) is explored in a highly tunable
Rydberg-based atomic system by leveraging the distinctive properties of
Rydberg superatoms. These superatoms arise from strong dipole–dipole
interactions and extended radiative lifetimes, resulting in collective excitations
governed by the dipole blockade mechanism. An ensemble of three-level
atoms in a cascade configuration models a medium in which each superatom
acts as a coherent quantum entity. The photonic SHE shows strong
dependence on the probe field Rabi frequency and atomic number density. At
high Rabi frequencies, the blockade effect suppresses the photonic SHE,
confining its occurrence to specific resonant conditions. In contrast, under
weak probe excitation, the blockade influence diminishes, enabling an
amplified photonic SHE response at resonant detuning due to increased
light-matter interaction sensitivity. Reducing atomic number density further
broadens the detuning range over which the photonic SHE occurs, indicating
a transition toward a more sensitive, less resonance-constrained optical
behavior. The effect of van der Waals interactions on the photonic SHE shift is
also characterized. This expanded operational bandwidth demonstrates the
potential of Rydberg-based systems for robust spin-optical control,
particularly in scenarios where precise stabilization of the probe field
frequency is experimentally challenging.

1. Introduction

The photonic spin Hall effect (SHE) is a fundamental phe-
nomenon in light–matter interactions, characterized by the trans-
verse spatial separation of light based on its polarization states at
an interface.[1] This effect arises from the spin–orbit interaction
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of light,[2] where the polarization of pho-
tons plays a role analogous to the electron
spin in conventional electronic SHE.[1,3]

Much like in electronic systems where
a gradient in electric potential leads to
spin separation, the photonic SHE re-
sults from refractive index gradients, sub-
stituting the electron’s spin with the pho-
ton’s polarization.[4,5] The theoretical ba-
sis for the photonic SHE was first pro-
posed by Onoda et al. in 2004,[1] and
was later extended through rigorous anal-
ysis by Bliokh.[3] In 2008, Hosten and
Kwiat provided experimental validation
of the effect using weak measurement
techniques.[6]

The photonic SHE is now widely rec-
ognized as a consequence of the spin–
orbit interaction of photons, consistent
with the fundamental principle of angu-
lar momentum conservation in light.[7,8]

To enhance the visibility and magnitude
of this effect, several theoretical and ex-
perimental techniques have been devel-
oped. Among them, weak value amplifi-
cation has proven particularly effective,
enabling significant magnification of the

transverse spin-dependent displacement characteristic of the
photonic SHE.[9,10] This phenomenon has found applications in
high-precision optical metrology, quantum information process-
ing, and the design of advanced photonic devices for optical sens-
ing and imaging.[11–13]

Another intriguing class of phenomena arises in Rydberg
atoms–atoms in highly excited states where a single valence elec-
tron is promoted to a high-energy orbital, resulting in a large prin-
cipal quantumnumber. Although any atomic species can, in prin-
ciple, be excited to a Rydberg state, neutral alkali atoms are par-
ticularly favorable candidates. This is due to their single valence
electron, which facilitates excitation to high-lying energy levels,
making them especially suitable for experimental studies.[14]

Due to their single-electron excitation, Rydberg atoms exhibit
long radiative lifetimes, high polarizability, and strong dipole–
dipole or van der Waals (vdW) interactions, making them more
advantageous than typical single atoms. These strong interac-
tions can inhibit all but one optical excitation within a volume
of several micrometers, a phenomenon known as the dipole
blockade.[15,16] Within this volume, typically referred to as a block-
ade sphere, atoms exhibit collective behavior and can be mod-
eled as an effective two-level system, commonly referred to as
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a superatom (SA). This concept enables coherent manipulation
and entanglement of collective excitations in cold Rydberg atomic
ensembles.[15] Due to the strong Rydberg–Rydberg interactions,
the excitation of one atom to a Rydberg state inhibits the exci-
tation of nearby atoms within the same volume, thereby limit-
ing the system to a single Rydberg excitation per blockade re-
gion. This dipole blockade mechanism makes Rydberg atoms
promising candidates for applications in single-photon quantum
devices.[17–20]

Recent theoretical developments have modeled Rydberg-
dressed Electromagnetically Induced Transparency (EIT) sys-
tems using three-level atoms in a cascade configuration. These
models employ mean-field approximations and two-photon cor-
relationswithin a coarse-grained description of themedium com-
posed of superatoms.[14] In Rydberg atomic systems, EIT exhibits
nonlinear behavior due to strong interatomic interactions me-
diated by Rydberg excitations. The characteristics of the trans-
parency window can be modulated by adjusting the intensity of
the probe field. This theoretical approach has been generalized
beyond the weak-probe regime to include higher-order nonlinear
effects.[21] Moreover, experiments with ultracold Rydberg ensem-
bles have revealed the presence of strongly interacting dark-state
polaritons under EIT conditions, highlighting the intricate cou-
pling between photons and collective atomic excitations in these
media. More recently, the dynamics of a hybrid optomechanical
system coupled to a Rydberg superatom have also been inves-
tigated, further expanding the potential of Rydberg-based quan-
tum technologies.[22]

Motivated by previous investigations into light-matter interac-
tions in strongly interacting atomic systems,[14] we explore the
manifestation of photonic SHE in a Rydberg medium structured
as a collection of SAs. Each SA consists of a group of three-level
atoms arranged in a ladder-type configuration, where collective
behavior arises due to pronounced dipole–dipole interactions and
excitation blockade effects. Our study focuses on the role of spin–
orbit coupling modulated by the dipole blockade effect in gov-
erning the transverse spin-dependent deflection of light in this
highly tunable platform.
The photonic SHE has become a cornerstone in the

study of spin-dependent light-matter interactions, with vari-
ous atomic configurations offering valuable insights into this
phenomenon.[23–27] While these conventional atomic systems
have advanced our understanding, they remain constrained by
limited tunability, weak nonlinearities, and reduced coherence
at the few-photon level. In contrast, Rydberg atomic ensembles
present a fundamentally superior platform for exploring the pho-
tonic SHE, owing to their exceptional and tunable electromag-
netic properties. Rydberg atoms exhibit exaggerated characteris-
tics, such as ultra-long radiative lifetimes, giant polarizabilities,
and strong long-range dipole–dipole interactions. These features
enable the realization of the dipole blockade effect, where col-
lective excitation dynamics in mesoscopic ensembles (Rydberg
superatoms) produce coherent quantum behavior at the single-
or few-photon level. Such blockade-induced nonlinearity and col-
lective coherence significantly enhance sensitivity to spin–orbit
coupling effects, making the system highly responsive to probe
field variations and external control parameters.
Consequently, using the non-linear and collective optical re-

sponse of Rydberg superatoms, we aimed to uncover novelmech-

anisms for manipulating the photonic SHE. The insights gained
may pave the way for advanced applications in precision metrol-
ogy, dynamic optical switching, and quantum photonic informa-
tion processing.

2. Proposed Model

2.1. The Photonic Spin Hall Effect

We investigate the interaction of a monochromatic Gaussian
probe beam, containing both transverse-electric (TE) along with
transverse-magnetic (TM) polarization components, as it im-
pinges from vacuum onto the cavity mirror M1 at an incidence
angle 𝜃i, as depicted in Figure 1a. Upon interacting with the
three-layer structure, the incident beam may either transmit
through or reflect from the interfaces. In the reflection process,
the left circularly polarized (LCP) components as well as right cir-
cularly polarized (RCP) experience transverse shifts in opposite
directions along the y axis - perpendicular to the plane of inci-
dence arising from the spin-orbit coupling of light. This spin-
dependent spatial separation is termed the photonic SHE. For
the multilayer configuration under consideration, the complex
reflection coefficients for TM and TE polarizations, denoted by
Rp and Rs respectively, are obtained through the transfer-matrix
formalism and are given by:

Rp,s =
12

p,s +23
p,sexp(2ik2zq)

1 +12
p,s

23
p,sexp(2ik2zq)

(1)

here, q denotes the thickness of the intracavity medium, while
12

M,E along with 23
M,E represent the reflection coefficients at

mirror–Rydberg atomic medium interface and the Rydberg
medium–second mirror interface. For the overall two-interface
system involving the top mirror, the intracavity medium, and
the bottom mirror, the effective reflection coefficient for TM-
polarized waves is expressed as:

ij
p =

𝜀jkiz − 𝜀ikjz
𝜀jkiz + 𝜀ikjz

(2)

and for TE polarized is

ij
s =

kiz − kjz
kiz + kjz

(3)

In this formulation, kiz =
√
k20𝜖i − k2x denotes the component of

the wave vector normal to the interfaces within the i-th layer,
while kx =

√
𝜖1k0 sin(𝜃i) characterizes the wave vector compo-

nent parallel to the x-axis. Here, k0 = 2𝜋∕𝜆 is the magnitude of
the wave number in vacuum, with 𝜆 being the wavelength of the
incident light. As evident from Equation (1), the reflection be-
havior is intrinsically linked to the dielectric response 𝜖2 of the
nonlinear Rydberg atomic medium, which can be dynamically
tuned by adjusting the susceptibility 𝜒NL. This tunability enables
precise control over the photonic SHE of the reflected beam. In
the reflection configuration, considering a TM-polarized Gaus-
sian probe beam, the amplitudes of the RCP along with LCP

Ann. Phys. (Berlin) 2025, e00194 © 2025 Wiley-VCH GmbHe00194 (2 of 11)

 15213889, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/andp.202500194 by M

uqaddar A
bbas - X

ian Jiaotong U
niversity , W

iley O
nline L

ibrary on [31/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.ann-phys.org


www.advancedsciencenews.com www.ann-phys.org

Figure 1. a) A schematic representation of a three-layer cavity system, featuring two mirrors, M1 and M2, with Rydberg atoms coherently positioned
between the dielectric layers. b) A diagram illustrating the configuration of superatoms along with their corresponding energy levels in a three-level
cascade atomic system.

components of the reflected field are organized as follows:[28]

±
r (xr, yr , zr) =

𝜔0

𝜔
exp

[
−
x2r + y2r

𝜔

]

×
[
Rp −

2ixr
k𝜔

𝜕Rp

𝜕𝜃
∓
2yr cot[𝜃]

k𝜔
(Rs + Rp)

]
(4)

here, 𝜔 = 𝜔0

[
1 +

(
2zr
k1𝜔

2
0

)2]1∕2
describes the beam radius as a

function of propagation, where zr =
k1𝜔

2
0

2
denotes the Rayleigh

range, and 𝜔0 specifies the waist radius of the incident Gaus-
sian beam. The coordinates (xr, yr , zr) define the reference frame
associated with the reflected beam, while the superscript ± dis-
tinguishes between the two spin (polarization) states. Based on
this framework, the transverse shift of the reflected beam can be
determined as:[29,30]

𝛿±p =
∫ y|±

r (xr, yr , zr)|2dxrdyr
∫ |±

r (xr, yr , zr)|2dxrdyr (5)

The expressions for the transverse spin shifts 𝛿+p as well as 𝛿−p
in a cavity-integrated three-level Rydberg atomic system can be
formulated as follows:[30,31]

𝛿±p = ∓
k1𝜔

2
0Re[1 +

Rs

Rp
]cot𝜃i

k21𝜔
2
0 + | 𝜕lnRp

𝜕𝜃i
|2 + |(1 + Rs

Rp
)cot𝜃i|2 (6)

Here, 𝛿±p represents the transverse displacement corresponding
to the LCP as well as RCP components of the incident beam, with

k1 =
√
𝜖1k being the wave vector inside the initial medium. In

the subsequent analysis, our attention will primarily be directed
toward the transverse shift 𝛿+p associated with the LCP. Given
that the displacements for the two spin states possess equal mag-
nitudes but opposite signs, adjusting one simultaneously influ-
ences the other.
The inclusion of a nonlinear Rydberg atomic medium within

the cavity substantially influences the photonic SHE of the re-
flected probe beam. The key factor is the tunable dielectric per-
mittivity 𝜀2, which depends on the nonlinear susceptibility 𝜒NL

of the Rydberg ensemble. This susceptibility is highly sensitive
to the Rydberg blockade, probe as well as control field intensities,
and detunings. As a result, the reflection coefficients Rs and Rp
are no longer static but become dynamically controllable, lead-
ing to enhanced modulation of the transverse spin-dependent
shift 𝛿±p . This tunability stands in contrast to conventional lin-
ear media and offers a powerful platform for exploring and engi-
neering spin-dependent optical effects using strongly interacting
atomic systems.

2.2. Modeling the Optical Response of Rydberg Atoms

We consider a system that contains several Rydberg superatoms,
denoted by nSA, where each superatom consists of a cold atomic
ensemble confinedwithin a volumeV and simultaneously driven
by two optical fields that control their behavior. In this configu-
ration, the strong dipole–dipole interactions characteristic of Ry-
dberg atoms lead to a phenomenon known as the dipole block-
ade. This effect ensures that within each superatom, only a sin-
gle atom can be excited to the Rydberg state at any given time,
effectively suppressing further excitations. As a result, the atoms

Ann. Phys. (Berlin) 2025, e00194 © 2025 Wiley-VCH GmbHe00194 (3 of 11)

 15213889, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/andp.202500194 by M

uqaddar A
bbas - X

ian Jiaotong U
niversity , W

iley O
nline L

ibrary on [31/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.ann-phys.org


www.advancedsciencenews.com www.ann-phys.org

within each superatom exhibit collective quantumbehavior, func-
tioning as a unified system that shares the excitation coherently.
As illustrated in Figure 1a, a weak probe beam and a strong

control field coherently interact with the atomic ensemble. Each
SA comprises a dense cloud of ultracold 87Rb atoms, featuring a
three-level cascade configuration with quantum states defined as|g⟩ ≡ 5S1∕2|F = 2, mF = 2⟩, |e⟩ ≡ 5P3∕2|F = 3, mF = 3⟩, and |r⟩ ≡
60S1∕2. Atoms collectively pair with optical fields in a ladder-type
interaction scheme, as depicted in Figure 1b.
Within a ladder-type three-level atomic configuration, the

probe fieldwith Rabi frequencyΩp excites atoms from the ground
state |g⟩ to an intermediate state |e⟩. Simultaneously, a control
field characterized by Rabi frequency Ωc drives the transition
from the intermediate level |e⟩ to a highly excited Rydberg state|r⟩. The interaction betweenRydberg atoms is described by a vdW
potential, given byΔ(ri − rj) =

C6|ri−rj|6 ,[14] where ri and rj denote the
spatial coordinates of the interacting atomic pair.
The total Hamiltonian governing the dynamics of the atomic

ensemble interacting with classical optical fields and interatomic
van der Waals interactions is expressed as:

H = Hatom +Hint +HvdW (7)

where the respective terms are defined as follows:

Hatom = −ℏ
N∑
j=1

[
Δp𝜎

(j)
ee + Δ2𝜎

(j)
rr

]

Hint = −ℏ
N∑
j=1

[
Ωp𝜎

(j)
eg + Ωc𝜎

(j)
re +H.c.

]

HvdW = ℏ

N∑
i<j

𝜎
(i)
rr Δ(ri − rj)𝜎

(j)
rr (8)

with detunings defined as Δp = 𝜔p − 𝜔eg , Δc = 𝜔c − 𝜔re, and

Δ2 = Δp + Δc. Here, 𝜎
(j)
𝜇𝜈 denotes the transition operator for the

jth atom between states |𝜇⟩ and |𝜈⟩. In this formulation, the op-
erator 𝜎(j)

𝛼𝛽
= |𝛼⟩j⟨𝛽| represents the transition between the states|𝛼⟩ and |𝛽⟩ for the jth atom located at position rj.

By solving the equations derived fromEquations (7) and (8), we
obtain the following set of Heisenberg-Langevin equations gov-
erning the atomic dynamics:

𝜎̇
(j)
gg = iΩ∗

p𝜎
(j)
ge − iΩp𝜎

(j)
eg + Γe𝜎

(j)
ee ,

𝜎̇
(j)
ee = iΩp𝜎

(j)
eg − iΩ∗

p𝜎
(j)
ge − iΩc𝜎

(j)
re − iΩ∗

c𝜎
(j)
er + Γr𝜎

(j)
rr + Γe𝜎

(j)
ee ,

𝜎̇
(j)
ge =

(
iΔp − 𝛾ge

)
𝜎
(j)
ge + iΩp

(
𝜎
(j)
gg − 𝜎

(j)
ee

)
+ iΩ∗

c𝜎
(j)
gr

𝜎̇
(j)
gr =

[
i
(
Δ2 − S(r)

)
− 𝛾gr

]
𝜎
(j)
gr + iΩc𝜎

(j)
ge − iΩp𝜎

(j)
er

𝜎̇
(j)
er =

[
i
(
Δp − S(r)

)
− 𝛾er

]
𝜎
(j)
er − iΩ∗

p𝜎
(j)
gr + iΩc

(
𝜎
(j)
ee − 𝜎

(j)
rr

)
, (9)

where Γe and Γr are the spontaneous decay rates of the excited
and Rydberg states, respectively, and S(r) accounts for the spa-
tially dependent van der Waals interaction shift. In this context,

Γe denotes the spontaneous decay rate of the excited state, while
𝛾ge, 𝛾er , and 𝛾gr represent the corresponding dephasing rates for
the atomic transitions. Due to the inherently longer lifetime of
the Rydberg state, it follows that 𝛾ge ≫ 𝛾gr . The quantity S(r) ac-
counts for the energy shift arising from the van der Waals (vdW)
interaction experienced by an atom in the Rydberg state |r⟩ at
position r, and it is given by

S(r) =
nSA∑
i<j

Δ(r − rj)𝜎rr (10)

here Δ(r − rj) characterizes the vdW interaction potential be-
tween atoms located at r and rj, and 𝜎rr corresponds to the popu-
lation operator associated with the Rydberg state.
By considering the system in steady state, the solution to Equa-

tion (9) takes the form:

𝜎ge =
iΩp

[
𝛾gr − i(−S + Δ2)

](
𝛾ge − iΔp

)[
𝛾gr − i(−S + Δ2)

]
+ Ω2

c

𝜎gr = −
ΩcΩp(

−iΔp + 𝛾ge
)[
𝛾gr − i(−S + Δ2)

]
+ Ω2

c

(11)

Following themethod outlined in Ref. [14] and considering the
steady-state solution of Equation (9) in the absence of the vdW
shift S(r), we express 𝜎rr as:

⟨𝜎rr⟩ = 𝜎rg𝜎gr (12)

Assuming the condition 𝛾gr ≪ 𝛾ge and Δp < 𝛾ge, we obtain the
following approximation for 𝜎rr :

⟨𝜎rr⟩ ≈ |Ωc|2|Ωp|2|Ωc|4 + Δ2
2𝛾

2
ge

(13)

We now analyze the vdW-induced energy shift occurring in a
medium composed of an ensemble of SAs. To incorporate this
effect, we replace the single-atom population term 𝜎rr with Σrr ,
which denotes the collective population of atoms excited to the
Rydberg state across all SAs. The presence of a Rydberg-excited
atom induces a distance-dependent energy shift Δ(R) on neigh-
boring atoms via vdW interactions. This shift inhibits further Ry-
dberg excitations within a characteristic interaction volume VSA,
a phenomenon known as the Rydberg blockade.[15]

The number of atoms residing in each SA is given by nSA =
𝜌(r)VSA, where 𝜌(r) is the local atomic density. Under blockade
conditions, each SA is effectively restricted to a single Rydberg
excitation within VSA. As a result, the entire medium can be de-
scribed as a spatial array of such SAs, with the total number con-
tained in a volume V expressed as NSA = 𝜌SAV , where 𝜌SA is the
SA density. The overall van der Waals shift at a specific position
r is then given by:

S(r) =
NSA∑
j

Δ(r − rj)ΣRR(rj) = Δ̄ΣRR(r) + s(r) (14)

In Equation (14), the first term on the right-hand side accounts
for the contribution from the excited SA located at rj = r, where

Ann. Phys. (Berlin) 2025, e00194 © 2025 Wiley-VCH GmbHe00194 (4 of 11)

 15213889, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/andp.202500194 by M

uqaddar A
bbas - X

ian Jiaotong U
niversity , W

iley O
nline L

ibrary on [31/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.ann-phys.org


www.advancedsciencenews.com www.ann-phys.org

ΣRR(r) → 1. This results in a divergent vdW shift within the SA,
since the average shift Δ̄(0) ≈ 1

VSA
∫VSA

Δ(r′) d3r′ → ∞.

The second term, s(r), represents the vdW shift arising from
other SAs located outside the local volume. It is defined as:

s(r) =
NSA∑
j≠jr

Δ(r − rj)ΣRR(rj) (15)

To evaluate s(r), we employ amean-field approximation follow-
ing the method in Ref. [32]. By replacing the discrete sum with a
continuous spatial average, we obtain:

⟨s(r)⟩ = w
8
⟨ΣRR(r)⟩ (16)

where w = |Ωc |2
𝛾e

denotes the half-width of the Lorentzian profile

characterizing the Rydberg population distribution.
We emphasize that this mean-field approach replaces the sum

over distant SAs with an integral over space, assuming a di-
lute and homogeneous SA distribution. Under these conditions,
inter-SA correlations are negligible, and the vdW shift from exter-
nal SAs can be reliably approximated by a spatial average. As de-
tailed in Ref. [32], this method accurately captures the long-range
interaction-induced shift s(r), provided that excitation dynamics
are slow compared to inter-SA separation and collective blockade
effects dominate. The simulation parameters used here satisfy
these conditions, validating the use of the mean-field model for
describing the nonlinear optical response arising from vdW in-
teractions.
The analytical form of s(r) can be derived by computing ΣRR(r),

which accounts for the total Rydberg excitation within a SA. As
each SA consists of multiple atoms confined within a blockade
region, its internal dynamics can be efficiently described using
collective states and operators. The corresponding ground and
singly excited collective Rydberg states are represented as:

|G⟩ = |g1, g2, g3,… , gnSA⟩ (17)

and

|R(1)⟩ = 1√
nSA

nSA∑
j

|g1, g2, g3,… , rj,… , gnSA⟩ (18)

For the SA in the ground state |G⟩, ΣRR(r) can be written as:
[32]

ΣRR = ΣRG ⋅ ΣGR (19)

which replaces Equation (12), where:

ΣGR =
√
nSAΩcΩpΣGG

Δ2(i𝛾eg + Δp) − |Ωc|2 (20)

Using Equations (19), (20), and the condition ΣGG + ΣRR = 1,
the final expression for ΣRR is:

ΣRR =
nSA|Ωp|2|Ωc|2|Ωp|2|Ωc|2nSA +
[
−|Ωc|2 + Δ2Δp

]2 + 𝛾2egΔ
2
2

(21)

Equations (14) through Equation (21) collectively highlight
how the Rydberg blockade mechanism induces nonlinearity in
the atomic medium. This nonlinearity stems from the vdW
interaction-induced shift, which directly influences the collective
Rydberg population ΣRR. The value of ΣRR depends on both the
probe field Rabi frequency Ωp and the number of atoms per su-
peratom nSA. In the absence of the vdW-induced shift (i.e., when
s(r) = 0), the optical response of the medium becomes nearly in-
dependent of probe field intensity.
The nonlinear susceptibility 𝜒NL, incorporating the impact of

dipole blockade and long-range interactions, is given by:

𝜒NL = 𝛽

[
ΣRR

i𝛾eg
𝛾eg − iΔp

+
(
1 − ΣRR

)

×
i𝛾eg

𝛾eg − iΔp + |Ωc|2[𝛾rg − i(Δ2 − ⟨s(r)⟩)]−1
⎤⎥⎥⎦ (22)

where 𝛽 =  |𝜇eg |2
4𝜋ℏ𝜖0

is the coupling constant that links atomic den-

sity and dipole strength to the optical response.
From Equation (21), it is evident that ΣRR increases with both

Ωp and nSA, reflecting stronger collective coupling. In the limit
ΣRR → 1, corresponding to strong blockade, themedium behaves
effectively as a saturated two-level absorber with suppressed EIT
transparency. Conversely, when ΣRR → 0, the system reverts to
a standard three-level EIT configuration with low nonlinearity.
Therefore, the nonlinear susceptibility 𝜒NL is strongly modu-
lated by the blockade-induced population saturation. The param-
eter nSA plays a central role: increasing it enhances blockade
strength and nonlinear absorption, while reducing it preserves
transparency. As such, nSA serves as a key control knob for en-
gineering tunable nonlinearity in cold Rydberg ensembles. This
tunability is crucial for applications in photon switching, non-
classical light generation, and quantum information processing.

3. Numerical Insights and Discussion

In this section, we present the results of our numerical simu-
lations, using parameter values aligned with those reported in
experimental studies.[33] The chosen parameters are 𝛾 = 1 MHz,
Ωc = 5𝛾 , nSA = 20, Δp = Δc ≈ 0, 𝛾eg = 3𝛾 , and 𝛾rg = 0.01𝛾 ,  =
1012 cm−3, 𝝁eg = 1.269 × 10−29 Cm. To explore the polarization-
dependent photonic SHE, we set the dielectric permittivities as
𝜖0 = 1, 𝜖1 = 2.22, 𝜖2 = 1 + 𝜒NL, and 𝜖3 = 2.22, 𝜆 = 780nm, with
the cavity thickness q = 0.5 µm.
Figure 2 presents the behavior of both the absorptive and dis-

persive parts of the susceptibility, obtained from Equation (22),
as functions of the probe detuning Δp. The system’s optical
response exhibit a strong dependence on the probe Rabi fre-
quency Ωp. To highlight this influence, two specific values are
considered: a) Ωp = 0.5𝛾 and b) Ωp = 0.005𝛾 . For the case of
the strongest probe field, shown in Figure 2a, the system ex-
hibits significant absorption and associated normal dispersion.
In this regime, the higher intensity of the probe field enhances
excitation into the Rydberg state, thereby strengthening dipole–
dipole interactions. This behavior can be attributed to the strong
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Figure 2. Absorption spectrum (depicted by the red solid line) and dispersion spectrum (shown by the pink dashed line) as a function of probe field
strength at two different values: a)Ωp = 0.5𝛾 and b)Ωp = 0.005𝛾 . The remaining parameters are: = 1012 cm−3, 𝝁eg = 1.269 × 10−29 Cm, 𝛾 = 1MHz,
Ωc = 5𝛾 , nSA = 20, Δc = 0, 𝛾eg = 3𝛾 , and 𝛾rg = 0.01𝛾 .

Rydberg blockade effect that emerges at higher probe field in-
tensities, where ΣRR → 1. Under this regime, the medium effec-
tively behaves as a two-level absorbing system, since the excita-
tion of additional Rydberg atoms within a blockade volume is
suppressed. Consequently, the probe field can induce transitions
in only one atom per SA, while excess photons interact with the
remaining two-level atoms, leading to enhanced absorption. This
mechanism accounts for the pronounced absorption observed in
Figure 2a.
In contrast, for a weaker probe field (Ωp = 0.005𝛾), a trans-

parency window emerges along with a steeper slope of nor-
mal dispersion compared to the previous case, as illustrated in
Figure 2b. In this regime, EIT becomes dominant. The coherence
established between the atomic states significantly suppresses
absorption, enabling the probe field to propagate through the
mediumwith minimal loss. These results are in good agreement
with the findings reported in Ref. [14], further supporting the ac-
curacy of our theoretical model and numerical simulations.
The probe field Rabi frequency Ωp hence plays a crucial role

in shaping the absorption and dispersion characteristics of the
medium, thereby influencing its permittivity 𝜖2. This sensitivity

in permittivity directly impacts the reflection coefficients and the
photonic SHE. To investigate these effects, we examine |Rs| and|Rp| as functions of the incident angle 𝜃i, with results presented
in Figure 3. Two cases are considered: a) Ωp = 0.5𝛾 and b) Ωp =
0.005𝛾 .
For Ωp = 0.5𝛾 , at approximately 𝜃i ≈ 25◦, |Rp| vanishes, while|Rs| remains slightly nonzero, as illustrated in Figure 3a. This

nonzero reflection arises from residual birefringence caused by
permittivity alterations at higher probe field intensities. As the
angle increases, |Rp| remains negligible, whereas |Rs| shows a
pronounced increase near the Brewster angle (𝜃i ≈ 33.8237◦).
In the case of Ωp = 0.005𝛾 , at around 𝜃i ≈ 25◦, both |Rp| and|Rs| become exactly zero, as shown in Figure 3b. This indicates

that at lower probe field intensities, the system reaches a con-
dition where no reflection occurs for either polarization. How-
ever, beyond this point, |Rs| begins to rise significantly near 𝜃i ≈
33.8237◦, mirroring the behavior observed for Ωp = 0.5𝛾 . Thus,
at the Brewster angle, |Rp| is completely suppressed, while |Rs|
exhibits a sharp increase, consistent with Figure 3a.
Next, in Figure 4a, we present the ratio |Rs|∕|Rp| for Ωp =

0.5𝛾 . Owing to strong absorption under a high probe field Rabi

Figure 3. Variation of the coefficients |Rp| and |Rs| respectively, with respect to the incidence angle 𝜃i, is depicted for two probe Rabi frequencies: a)
Ωp = 0.5𝛾 and b) Ωp = 0.005𝛾 . The simulations are conducted under identical conditions: atomic number density  = 1012 cm−3, dipole transition
moment𝝁eg = 1.269 × 10−29 Cm, spontaneous emission rate 𝛾 = 1MHz, control field strengthΩc = 5𝛾 , number of superatoms nSA = 20, near-resonant
driving withΔp = Δc ≈ 0, decoherence parameters 𝛾eg = 3𝛾 and 𝛾rg = 0.01𝛾 , permittivities 𝜖1 = 𝜖3 = 2.22, probe wavelength 𝜆 = 780 nm, and thickness
of the intracavity medium q = 0.5 µm.
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Figure 4. The dependence of the ratio |||Rs∕Rp|||, on the incidence angle 𝜃i is illustrated for two distinct probe field strengths: a) Ωp = 0.5𝛾 , and b)

Ωp = 0.005𝛾 . These results are obtained under the following fixed conditions: atomic number density  = 1012 cm−3, dipole matrix element 𝝁eg =
1.269 × 10−29 Cm, natural linewidth 𝛾 = 1 MHz, control Rabi frequency Ωc = 5𝛾 , ensemble size of nSA = 20 superatoms, vanishing probe and control
detunings (Δp = Δc ≈ 0), decoherence rates 𝛾eg = 3𝛾 and 𝛾rg = 0.01𝛾 , background dielectric constants 𝜖1 = 𝜖3 = 2.22, probe wavelength 𝜆 = 780 nm,
and thickness of the intracavity medium q = 0.5 µm.

frequency, the ratio remains relatively modest, with a value
around 60. In contrast, Figure 4b reveals a pronounced enhance-
ment at the incident angle 𝜃i ≈ 33.8237◦, where the ratio sharply
increases to a maximum of approximately 6800—indicative of a
resonance peak condition. As indicated by Equation (6), a higher
ratio of |Rs|∕|Rp| contributes to an enhanced photonic SHE. The
sharp enhancement in the ratio |Rs|∕|Rp| around the incident an-
gle 𝜃i ≈ 33.8237◦ is primarily attributed to the diminished Ryd-
berg blockade effect at lower probe field intensities. This reduc-
tion permits nonlinear absorption to become more pronounced
by limiting multiple excitations, thereby yielding a substantial
contrast between |Rs| and |Rp|.
We now examine the transverse spin-dependent displacement

resulting from the photonic SHE, with particular attention to the
LCP component, denoted as 𝛿+p . Figure 5 illustrates the variation
of 𝛿+p as a function of the incidence angle 𝜃i for two different probe
field strengths: a) Ωp = 0.5𝛾 and b) Ωp = 0.005𝛾 .

At high probe intensity, as shown in Figure 5a, the dis-
placement remains relatively small throughout the angular do-
main. This behavior is attributed to enhanced Rydberg excita-
tion and dipole–dipole interactions, which lead to significant ab-
sorption and broad dispersion, thereby reducing spin-dependent
light–matter coupling. In contrast, under weak probe conditions
(Figure 5), the systemoperates in the EIT regimewith low absorp-
tion and steep dispersion. This enhances spin–orbit interactions,
resulting in a noticeable increase in 𝛿+p .
In both scenarios, the transverse shift exhibits a sign change

near the Brewster angle (𝜃i ≈ 33.8237◦), transitioning from pos-
itive to negative. This phenomenon originates from a 𝜋-phase
difference between the Fresnel reflection coefficients Rs and Rp,
influencing polarization-sensitive reflection.
As shown in Figure 5, the probe Rabi frequencyΩp plays an im-

portant role in tuning the optical response of the Rydberg atomic
system. In Figure 5a, higher Ωp leads to stronger excitation and

Figure 5. The variation of the photonic SHE, characterized by the displacement 𝛿+p , is depicted as a function of the incident angle 𝜃i for two different
values of the probe Rabi frequency: a)Ωp = 0.5𝛾 and b)Ωp = 0.005𝛾 . The simulations are carried out with the parameters fixed as follows: atomic density
 = 1012 cm−3, transition dipole moment 𝝁eg = 1.269 × 10−29 Cm, spontaneous decay rate 𝛾 = 1 MHz, control field strength Ωc = 5𝛾 , number of su-
peratoms nSA = 20, with detunings Δp = Δc ≈ 0, decoherence rates 𝛾eg = 3𝛾 and 𝛾rg = 0.01𝛾 , dielectric constants 𝜖1 = 𝜖3 = 2.22, operating wavelength
𝜆 = 780 nm, thickness of the intracavity medium q = 0.5 µm, and beam waist 𝜔0 = 50 𝜆.
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Figure 6. Density plot of the photonic SHE as influenced by the probe field detuning Δp and the angle of incidence 𝜃i. a) corresponds to an atomic
ensemble with a number density of  = 1012 cm−3, whereas b) illustrates the same for a reduced density of  = 1011 cm−3, effectively a tenfold
decrease. For both scenarios, the system parameters are fixed as follows: probe Rabi frequency Ωp = 0.005𝛾 , natural linewidth 𝛾 = 1 MHz, control Rabi
frequency Ωc = 5𝛾 , number of superatoms nSA = 20, control detuning Δc = 0, decay rates 𝛾eg = 3𝛾 and 𝛾rg = 0.01𝛾 , dielectric constants 𝜖1 = 𝜖3 = 2.22,
transition wavelength 𝜆 = 780 nm, thickness of the intracavity medium q = 0.5 µm, electric dipole moment 𝝁eg = 1.269 × 10−29 Cm, and beam waist
𝜔0 = 50 𝜆.

interaction effects, which suppress the photonic SHE due to
increased losses. Conversely, Figure 5b demonstrates that lower
Ωp preserves atomic coherence and promotes sharper dispersion,
thereby amplifying the SHE. Hence, by varying Ωp, one can dy-
namically modulate spin-dependent beam shifts through its im-
pact on the medium’s nonlinear susceptibility.
In Figure 6, the density distribution of the photonic SHE is

shown as a function of the probe field detuning Δp and the an-
gle of incidence 𝜃i, for two different atomic number densities: a)
 = 1012 cm−3, and b)  = 1011 cm−3, corresponding to a ten-
fold decrease. All other parameters are identical to those used in
Figure 5b.
At the higher atomic density of = 1012 cm−3, strong dipole-

dipole interactions among Rydberg atoms give rise to a pro-
nouncedRydberg blockade effect. This effect inhibitsmultiple ex-
citations within a blockade volume, resulting in the formation of
Rydberg superatoms—collective excitations that behave as single
quantum entities. As a result, the photonic SHE becomes highly
sensitive to the probe detuning Δp, particularly around Δp = 0,
where enhanced nonlinearities induce a marked shift in the pho-
tonic SHE response.
Conversely, at the reduced atomic density of  = 1011 cm−3,

the weakening of dipole-dipole interactions suppresses the Ryd-
berg blockade, shifting the system from a regime of collective ex-
citations to one characterized by independent atomic responses.
This transition results in a diminished sensitivity of the photonic
SHE to detuning, as indicated by amore uniform response across
Δp = 0 and Δp = ±10𝛾 .
From the perspective of spin-orbit interactions, variations

in atomic density effectively modulate the coupling strength
within the system. In high-density media, enhanced dipole-
induced phase shifts influence polarization-dependent reflectiv-
ity, thereby amplifying the photonic SHE. In contrast, at lower

densities, the phase evolution becomesmore uniform, diminish-
ing detuning-dependent spin-orbit effects and reducing the sen-
sitivity of the SHE to variations in Δp.
Figure 7 presents the density plot of the photonic SHE as a

function of the probe field Rabi frequencyΩp and the angle of in-
cidence 𝜃i, for two atomic number densities: a)  = 1012 cm−3,
and b)  = 1011 cm−3. The probe detuning is fixed at Δp = 0,
with all other parameters matching those used in Figure 6.
In Figure 7a, at the higher atomic density of = 1012 cm−3, a

pronounced enhancement of the photonic SHE is observed near
the Brewster angle for specific values of Ωp. The Brewster angle
corresponds to the incidence angle at which p-polarized light is
fully transmitted, eliminating reflection and significantly modi-
fying the polarization state of the reflected field. At low Ωp, spin-
orbit interaction effects are more prominent, leading to an inten-
sified photonic SHE in the vicinity of this angle.
In contrast, Figure 7b shows that at the lower atomic density

of = 1011 cm−3, the photonic SHE becomesmore pronounced
and extends over a wider range ofΩp values near the Brewster an-
gle. This behavior can be attributed to the weakened interatomic
interactions and reduced medium-induced perturbations, which
allow spin-orbit coupling effects to persist even at higher probe
field strengths.
Importantly, at lower atomic densities, the photonic SHE ex-

hibits minimal sensitivity to variations in the probe Rabi fre-
quency Ωp, indicating a robust and nearly invariant response.
This suggests that in low-density regimes, spin-orbit interactions
remain effective with minimal influence from external driving
fields, thereby enabling stable and consistent spin-dependent
light manipulation.
The robustness of the photonic SHE near the Brewster an-

gle presents promising prospects for photonic device applica-
tions. The ability to maintain a stable and enhanced photonic

Ann. Phys. (Berlin) 2025, e00194 © 2025 Wiley-VCH GmbHe00194 (8 of 11)
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Figure 7. Photonic SHE density distribution as a function of the probe field Rabi frequencyΩp and the angle of incidence 𝜃i. Panel (a) corresponds to an
atomic ensemble characterized by a number density of = 1012 cm−3, while panel (b) depicts the effect of a reduced atomic density, = 1011 cm−3,
representing a tenfold decrease. All other physical parameters are held constant: natural decay rate 𝛾 = 1MHz, control field strengthΩc = 5𝛾 , number of
superatoms nSA = 20, probe and control detuningsΔp = Δc ≈ 0, decay rates 𝛾eg = 3𝛾 and 𝛾rg = 0.01𝛾 , dielectric permittivities 𝜖1 = 𝜖3 = 2.22, wavelength
𝜆 = 780 nm, thickness of the intracavity medium q = 0.5 µm, and the Gaussian beam waist 𝜔0 = 50 𝜆.

SHE under these conditions, regardless of probe intensity, could
lead to the development of reliable optical sensors and advanced
polarization-controlled switching systems.
These findings suggest that, at reduced atomic number den-

sity, the photonic SHE becomes considerably less sensitive to
variations in both the probe field detuning and the Rabi fre-
quency. Specifically, when the probe Rabi frequency is fixed at
Ωp = 0.005MHz, the photonic SHE exhibits an almost uniform
response over a broad range of detuning values Δp, indicating
detuning-independent behavior. Conversely, when Δp = 0, the
photonic SHE shows minimal variation with respect to Ωp, high-
lighting its resilience to changes in probe field intensity. These
observations emphasize the crucial role of atomic density inmod-

ulating the spin-dependent optical response in Rydberg atomic
systems. This robustness against variations in both detuning and
probe intensity points to the potential of low-density atomic me-
dia for stable and tunable spin-dependent optical devices, paving
the way for precision sensing and quantum photonic applica-
tions.
In Figure 8a, we plot the photonic SHE versus the van der

Waals (vdW) interaction shift, denoted by s(r), considering a con-
trol field strength of Ωc = 5𝛾 . The graph shows that the photonic
SHE initially has a positive value when the vdW shift is approxi-
mately zero, reaching a maximummagnitude of around 25 𝜆. As
the van der Waals interaction strength increases, the amplitude
of the photonic SHE gradually decreases. Upon further increase

Figure 8. Variation of the photonic SHE with respect to the van der Waals interaction strength s(r). In panel (a), the system is driven by a control
field of amplitude Ωc = 5𝛾 , while panel (b) corresponds to an enhanced control field, Ωc = 10𝛾 . Throughout both cases, the atomic number density is
fixed at = 1012 cm−3, and the angle of incidence is maintained at 𝜃i ≈ 33.8237◦. Additional parameters include a decay rate 𝛾 = 1 MHz, superatom
number nSA = 20, near-resonant conditions Δp = Δc ≈ 0, relaxation rates 𝛾eg = 3𝛾 and 𝛾rg = 0.01𝛾 , background dielectric constants 𝜖1 = 𝜖3 = 2.22,
probe wavelength 𝜆 = 780 nm, thickness of the intracavity medium q = 0.5 µm, and a Gaussian beam waist of 𝜔0 = 50 𝜆.
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in the vdW shift, the photonic SHE magnitude continues to de-
cline and eventually approaches zero, becoming exactly zero at a
vdW shift value of approximately 0.134228.
This behavior can be understood by considering the role of

spin-orbit coupling and the dispersion properties induced by
the control field in the atomic Rydberg system. At small vdW
shifts, the energy levels are only slightly perturbed, allowing
strong spin-dependent splitting of optical modes, which en-
hances the photonic SHE. As the vdWshift increases, interaction-
induced modifications to the energy levels reduce the strength
of spin-orbit coupling, thereby diminishing the transverse spin-
dependent deflection responsible for the photonic SHE. Even-
tually, at a critical value of the vdW shift (s(r) ≈ 0.134228), the
spin-orbit coupling effect is effectively canceled, leading to the
vanishing of the photonic SHE. This represents a balance point
where the perturbation due to van der Waals forces neutral-
izes the spin-dependent optical response induced by the control
field.
Furthermore, in Figure 8b, we analyze the behavior of the

photonic SHE when the control field strength is increased, i.e.,
Ωc = 10𝛾 . The graph again shows that the photonic SHE initially
has a positive value when the vdW shift is close to zero, achiev-
ing a maximum photonic SHEmagnitude of 25 𝜆. As the van der
Waals interaction increases, the photonic SHE decreases; how-
ever, the reduction is less pronounced compared to the case with
a lower control field strength.
When the vdW shift is near zero, the photonic SHE shows a

positive value as observed previously, reaching its maximum at
this point. This maximum can be attributed to optimal coupling
between the probe beam and the material, where the intrinsic
material properties (such as polarization and spin-orbit coupling)
dominate. The strong positive shift of 25 𝜆 indicates a robust
light-matter coupling.
As the van der Waals interaction increases, the photonic SHE

gradually decreases. However, due to the stronger control field,
the reduction is less severe. The enhanced control field strength
boosts the interaction between light and matter, making the sys-
temmore resilient to the effects of van der Waals interactions. In
other words, the system becomes less sensitive to the vdW shift,
leading to a smaller reduction in photonic SHE as s(r) increases.
Even as the vdW shift becomes large, the photonic SHE

remains non-zero, maintaining a finite value even at s(r) ≈
0.134228. This behavior indicates that the stronger control field
effectively mitigates the suppressive influence of van der Waals
interactions on the photonic SHE. The control field sustains the
system’s ability to generate a photonic SHE, even under signifi-
cant vdW perturbations.
While our study addresses the steady-state response under

continuous-wave (CW) probe excitation, the presented formal-
ism can be extended to time-dependent or pulsed regimes by
retaining the full time derivatives in the Heisenberg-Langevin
equations [see Equation (9)]. In such cases, the coherence terms
and Rydberg population become time-dependent, allowing ex-
ploration of transient dynamics, pulse reshaping, and blockade-
induced nonlinear propagation effects. This extension is particu-
larly relevant for investigating phenomena such as slow light and
photon storage in strongly interacting Rydbergmedia, and can be
pursued numerically using establishedmethods for solving open
quantum system dynamics.

3.1. Experimental Feasibility

The proposed model is experimentally accessible with current
technology using ultracold 87Rb atoms. The parameters selected
for our simulations such as control and probe Rabi frequencies,
atomic densities, decoherence rates, and Rydberg principal quan-
tum numbers are within the range of those used in existing cold-
atom experiments involving Rydberg EIT.[32,33] Superatom-based
blockade dynamics have been widely observed, and the required
optical configurations for observing the photonic SHE can be im-
plemented using standard polarization-sensitive detection meth-
ods and cavity-enhanced setups. These considerations suggest
that our theoretical predictions could be verified under realistic
laboratory conditions.

4. Conclusion

In conclusion, we have theoretically explored the amplification
of the photonic SHE in a cavity quantum electrodynamics sys-
tem incorporating a Rydberg SA medium. Our results demon-
strate that the transverse spatial shift exhibits a pronounced peak
near the resonance angle, which is directly influenced by the re-
fractive part of the susceptibility of the Rydberg atomic medium.
Furthermore, we established that both the magnitude and direc-
tion of the transverse displacement, along with the peak posi-
tion, can be precisely controlled by tuning the system between
the resonant and off-resonant detuning regimes. Further, we an-
alyze that the atomic density plays a pivotal role in modulating
the photonic SHE, with higher densities enhancing the sensi-
tivity to probe parameters due to strong dipole–dipole interac-
tions, while lower densities yield amore uniform and robust pho-
tonic SHE response ideal for stable photonic applications. More-
over, our analysis reveals that the photonic SHE is highly sensi-
tive to the vdW interaction shift, exhibiting maximal transverse
displacement at a minimal shift and diminishing with increas-
ing interaction strength, with the suppression mitigated under
stronger control fields.
The primary advantage of this approach lies in the strong and

tunable photonic SHE, which stems from the intrinsic nonlinear
interactions of the Rydberg EIT configuration. This enhanced re-
sponse, facilitated by the dipole blockade mechanism, renders
the system more efficient and versatile compared to linear op-
tical counterparts. Our findings open new avenues for the uti-
lization of Rydberg-based atomicmedia in advanced photonic ap-
plications, including precision metrology, quantum information
processing, and spin-controlled photonic devices. Future studies
could extend this work to experimental validation and further op-
timization of the system parameters to maximize control over
spin-dependent light-matter interactions.
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