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ARTICLE INFO ABSTRACT

Keywords: We investigate coherent control of photonic spin Hall shifts in a hybrid platform where a quantum emitter layer
Photonic spin Hall shifts is placed in the near field of a plasmonic nanostructure supporting surface plasmon polaritons. The hybridization
Electromagnetically induced transparency produces a plasmon-induced transparency that reshapes the polarization-dependent reflection of a multilayer

V-type quantum system

! cavity. Two control parameters, the imbalance between the s- and p-polarized reflection channels and the an-
Plasmonic nanostructure

gular variation of the p-polarized reflection phase, govern both the magnitude and sign of the spin-dependent
transverse displacement. Beyond the linear regime, nonlinear optical response arising from the third-order sus-
ceptibility introduces an intensity-dependent correction that modifies the angular phase dispersion and shifts
the sign-transition angle of the displacement. By tuning the probe detuning, driving strength, and emitter-metal
separation, we predict large, sign-reversible photonic spin Hall shifts near the surface-plasmon coupling angle,
with angle-detuning maps revealing a thin control ridge for deterministic polarity switching. The scheme is in
principle compatible with on-chip integration and may be promising for room-temperature implementations.

1. Introduction in which the emitter-nanostructure distance modifies both the absorp-
tion profile and the group index, enabling tunable transparency windows
and controllable group delays in a geometry compatible with integrated
nanophotonics. By varying detunings and relaxation rates relevant to the
emitter—plasmon hybrid, one can balance plasmonic losses and Purcell-
enhanced decay with coherent driving to restore transparency while
retaining large dispersion, a prerequisite for slow-light applications.

Since this pioneering work, the same type of quantum emitter—plas-
monic nanostructure hybrid has been used to study a range of coherent
optical phenomena, including modified spontaneous emission [9], con-
trolled absorption [10], spatially structured optical effects [11,12],
patterned light amplification without inversion [13], spatially patterned
spontaneous emission [14], and enhanced Kerr nonlinearity [15,16], as
well as optical bistability [17]. More broadly, the merging of quantum-
optical interference with plasmonic confinement opens the design space
for on-chip delay lines, narrowband filtering, and enhanced nonlinear
optics at low photon numbers [1-5].

The same subwavelength structuring and strong field gradients that
enable EIT-like interference in plasmonic environments also enhance
spin—orbit interactions of light. Beyond dispersion engineering, one can

Electromagnetically induced transparency (EIT) offers a powerful
means of tailoring optical dispersion and absorption through quantum
interference in multilevel media, producing narrow transparency win-
dows together with steep normal dispersion and greatly reduced group
velocity [1]. When such interference effects are engineered in the near
field of metallic nanostructures that support surface plasmon polaritons
(SPPs), the local density of optical states and radiative pathways can be
dramatically reshaped, providing new ways to control light-matter cou-
pling at deeply subwavelength scales [2]. Interference between bright
and dark optical pathways, closely related to Fano resonances in plas-
monic systems [3], can then be used to reproduce EIT-like line shapes
and slow-light behavior in nanoscale environments [4,5]. Recent studies
of plasmon-induced transparency (PIT) in hybrid 2D-material nanostruc-
tures and terahertz semiconductor plasmonic waveguides further illus-
trate the breadth of transparency-based control in nanophotonics [6,7].

In this context, a four-level quantum emitter placed near a plas-
monic nanostructure has been shown to produce transparency and slow
light through the interplay between quantum interference and plasmon-
enhanced decay channels [8]. That study identified parameter regimes
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therefore exploit polarization-trajectory coupling to control beam shifts
and transverse momentum flow at interfaces and in inhomogeneous
media [18]. This motivates the present study, which explores a com-
plementary mechanism for beam control based on spin—orbit physics.

The photonic spin Hall effect (PSHE) is a representative example
of spin—orbit coupling in optics: a light beam acquires a polarization-
dependent transverse shift when it encounters gradients or discontinu-
ities in refractive index [19]. This displacement reflects the coupling
between a photon’s spin angular momentum (its polarization) and the
trajectory of its wavefront, serving as an optical counterpart to the spin
Hall effect known from electronic systems [18]. In this analogy, spatial
variations of the dielectric environment play the role of effective fields
that generate opposite lateral shifts for the two circular polarization
components [19-21].

Foundational theory by Onoda et al. established the basic mecha-
nism and predicted measurable beam shifts [19], while subsequent work
by Bliokh and coauthors connected these effects to conservation laws
and geometric phase [20]. A comprehensive overview of the underly-
ing Goos-Hénchen and Imbert-Fedorov beam-shift physics is given in
Ref. [22]. A decisive experimental milestone was achieved by Hosten
and Kwiat, who employed weak measurement techniques to amplify
and directly resolve the tiny polarization-induced deflections at an in-
terface [23], and Zhou et al. subsequently demonstrated the spin Hall
effect of light on a nanometal film using weak measurements [24].

At a fundamental level, PSHE expresses the conservation of total an-
gular momentum in light-matter interactions, making it a sensitive probe
of spin—orbit physics in structured and inhomogeneous media [18,25].
Weak-value-based metrology has become a standard tool for detecting
these subwavelength shifts with high precision [26,27]. As a result,
PSHE underpins a growing range of applications from precision sens-
ing and quantum photonics to advanced imaging, where spin-dependent
beam steering and enhanced displacement sensitivity serve as key per-
formance enablers [28-30]. Recent comprehensive reviews cover the
theory, manipulation, and emerging applications of PSHE [31-33],
while new platforms based on metasurfaces [34], surface plasmon reso-
nance [35-42], quantum wells [43], quantum dot molecules [44], and
cavity magnomechanical systems [45] continue to extend the scope and
controllability of PSHE. Flexible coherent control of plasmonic spin-Hall
shifts has also been demonstrated [46].

In addition, recent application-oriented studies have demonstrated
PSHE enhancement and sensing functionality in BaTiOj-based plas-
monic platforms, piezoplasmonic structures for refractive-index sens-
ing, anisotropic black-phosphorus systems for NO, detection, silicon-
waveguide plasmonic magnetic-field sensors, and graphene-assisted
near-infrared plasmonic sensors, further highlighting the versatility of
PSHE-enabled nanophotonic and sensing devices [47-51].

While PSHE has been explored across various photonic architectures,
a quantum emitter operating in the near field of a plasmonic nanos-
tructure offers a powerful and still underexploited route to spin—orbit
photonics. Plasmonic modes supply extreme field confinement and large
optical density of states, which in turn enhance light-matter coupling,
accelerate radiative channels via the Purcell effect, and generate steep
spatial gradients that strengthen spin—orbit interactions of light [2,18,
52,53]. In contrast to purely dielectric platforms (metasurfaces, photonic
crystals) or dilute atomic media, the emitter—plasmon hybrid combines
a nanoscale footprint with dispersion control through interference (EIT-
and plasmonically induced transparency-like responses) and broadband
geometry-based tunability [1,3,4].

Beyond their linear optical response, quantum-plasmonic systems
can also exhibit modified nonlinear susceptibilities. In particular, a
nearby plasmonic nanostructure can give rise to an effective third-order
nonlinear response in multilevel emitters, whose strength depends sensi-
tively on the emitter-metal separation and on plasmon-controlled decay
channels [15,16,54]. Such behavior provides an intensity-dependent
mechanism for influencing the optical dispersion and refractive in-
dex experienced by a probe field, opening the possibility of actively
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tuning interference-based optical effects through the probe intensity
itself.

Building on these advantages, we focus on a regime in which a
weak probe field interacts coherently with a hybrid quantum emitter
layer, thereby tailoring the complex susceptibility seen by the probe.
By varying the emitter-surface separation, the hybrid structure reshapes
both absorption and dispersion, enabling amplification or suppression
of spin-dependent lateral shifts with a programmable sign and magni-
tude. In this framework, the same interference mechanisms that give rise
to plasmon-assisted transparency and slow light [8] provide a practical
means to control the PSHE: interference restores transparency and re-
duces loss, while the engineered dispersion profile exploits the coupling
between polarization and trajectory to generate large, tunable beam
displacements [18-20].

Several recent works have explored the control of PSHE using atomic
coherence effects. Wan and Zubairy proposed controlling the photonic
spin Hall shift via surface plasmon resonance with an N-type coherent
medium [55]. Wu et al. studied spin Hall shifts in multilevel atomic
systems [56]. More recently, Waseem et al. demonstrated gain-assisted
control of the PSHE [57], and Abbas et al. investigated tunable PSHE in
tripod configurations [58] and through vacuum-induced transparency
in an atomic cavity [59]. The PSHE has also been explored in cavity
magnomechanical systems [45] and coherent control schemes in cavity
QED [60].

In contrast to earlier coherence-controlled PSHE schemes based
on vacuum-induced transparency in atomic cavities [59] and double-
tunneling-induced transparency in quantum dot molecules [61], the
present work considers a hybrid quantum-emitter—plasmonic cavity in
which the relevant interference mechanism is plasmon-induced trans-
parency generated by near-field coupling to a plasmonic nanoshell
array. This platform introduces plasmonically modified decay channels,
Purcell-enhanced anisotropy, and emitter-metal separation as physically
distinct control parameters for the PSHE. In addition, the present formu-
lation identifies the reflection-channel imbalance and the angular phase
dispersion of the TM reflection coefficient as the two compact quanti-
ties governing the magnitude and sign reversal of the transverse shift,
and extends the analysis beyond the linear regime through an effective
third-order susceptibility. Taken together, these features distinguish the
present scheme from earlier coherence-controlled PSHE platforms based
on purely atomic or semiconductor interference mechanisms.

Operationally, the proposed platform is in principle compatible with
on-chip integration and may be adaptable to room-temperature opera-
tion through suitable material and geometrical design. At the same time,
the present work should be viewed as a proof-of-principle theoretical
study based on an idealized hybrid structure. A realistic device-level
assessment would require explicit treatment of fabrication tolerances,
structural disorder, surface roughness, emitter-position fluctuations,
pure dephasing, inhomogeneous broadening, and additional nonradia-
tive loss channels. These effects, together with experimental validation,
are beyond the scope of the present work and are left for future inves-
tigation. Within these scope limitations, our aim here is to establish the
underlying physical mechanism and the main control trends by which
plasmon-assisted interference and nonlinear tunability can be used to
manipulate the PSHE in hybrid nanophotonic structures.

2. Theoretical model and physical configuration

We investigate a hybrid cavity-plasmonic structure using both an
effective cavity description and a microscopic model. In the effective
picture, the device is composed of three layers: two outer mirrors with
permittivities ¢; and e; with thickness d;, and a central active region of
thickness d, described by the effective permittivity ¢, = 1 + yog. The in-
put mirror M, is partially reflecting, while the second mirror M, forms
the output side of the resonator. The polarization-dependent reflection
coefficients relevant to the PSHE are determined by the optical response
of this intermediate effective medium.
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From the microscopic viewpoint, the susceptibility y.; originates
from a quantum-emitter layer positioned in vacuum at a distance d from
a plasmonic nanostructure. Near-field coupling between the emitters and
the plasmonic element modifies the emitter response and, in turn, the
effective optical properties of the central layer. The structure is driven
by a weak probe field of frequency w,, incident on M, at an angle 6;. The
probe contains both transverse-electric (TE) and transverse-magnetic
(TM) components.

When the probe reflects from the three-layer cavity, its left- and right-
circularly polarized components undergo different phase and amplitude
variations. As a result, the reflected beam exhibits a transverse out-of-
plane spin-dependent separation, which is a characteristic manifestation
of the PSHE, as shown in Fig. 1(a). The mechanism underlying this effect
and its relation to the multilayer configuration are discussed below.

2.1. Photonic spin hall effect: concept and working formulas

For the three-layer cavity configuration, the TE (s) and TM (p) re-
flection coefficients obtained via the transfer-matrix formalism are given
by

R12,p,5 + R23,p,s eZikZZq

p.s T ik s
I+ RlZ.p,SRZS.p,s e“t2zd

@

where ¢ denotes the thickness of the intermediate (cavity) layer,
and Ry, ,/; (Rys,/,) represent the reflection coefficients at the mir-
ror 1/medium (medium/mirror 2) interfaces, respectively. For a single
interface between media i and j, the Fresnel coefficients are

—k,

k
jz
L= =7 2
VU kg 4 kg, )

ek, —ek;
jKiz T €iRjz iz
R. =

ij.p ’
ejkiz +e,~ka

Here, the normal components of the wavevector are k;, = ‘/kge,- - k2,

with k, = /e ksiné;, and k = 2z /4 is the wave vector in vacuum.
From Eq. (1), it follows that the effective reflection coefficients
R, depend on the permittivity of the cavity medium, e,, which is
governed by its susceptibility y. The dispersive properties of the in-
tracavity material therefore provide a convenient means to tailor the
PSHE response. In the present work, the intracavity permittivity is
written as e, = 1 + y., Where y. is the effective susceptibility of
the plasmon-coupled quantum-emitter layer described in Section 2.2.
This effective-medium description is used in the cavity transfer-matrix

lasmonic
\nanostructur

Fixed mirror
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model, while the dependence on the emitter-plasmon separation d enters
through yg-

For a localized TM-polarized Gaussian probe, the reflected left- and
right-handed circular fields can be written as

+ Wo x% + y%
&y z) = 5 exp | = e

« [r _2ix, aRp12y,cot0,-
? kw 06 kw

(R, +R)|. 3)

where w = wy[l + (2z,/k,wé)2]]/2, z, = k]w§/2 denotes the Rayleigh
length. Here, w, is the waist radius of the incident beam, (x,.y,, z,) de-
notes the coordinate system of the reflected field, and the superscript
+ distinguishes the two spin states. In addition, k, = \/e_] k. Then, the
transverse shift of the reflected beam is given by

2
/y EX(x,. Y 2,)| dx,.dy,
Op = R 2 ’ (@)
/ff(xr,y,,z,) dx,dy,

which, after inserting Eq. (3), yields

ky nge[l +11:_,,] cot 6
8, =F > »5)
omR, |* R
Bw? +|—=2 <1+R—">cot0‘-
3

1% 00;

By symmetry, §,, and 5, have the same magnitude and opposite
signs. Here it is useful to distinguish the present observable from
other standard beam shifts. The Goos-Hanchen (GH) shift is an in-
plane longitudinal displacement of the reflected beam centroid along
the plane of incidence, usually associated with the angular derivative of
the reflection phase for a given polarization channel. By contrast, the
Imbert-Fedorov (IF) shift is a transverse displacement perpendicular to
the plane of incidence and originates from spin-orbit coupling of light
through the coupled amplitude-phase response of the polarization chan-
nels. The PSHE studied in the present work corresponds to this transverse
IF-type spin splitting, in which the left- and right-circular components
acquire opposite transverse displacements. By contrast, so-called in-
plane PSHE refers to a different type of spin-dependent separation within

+

Fig. 1. (a) Planar three-layer cavity bounded by mirrors M, and M,, whose central layer is modeled as an effective active medium with permittivity e, = 1 + yqg.
The effective susceptibility y.¢ is obtained from the plasmon-coupled quantum-emitter layer described in Section 2.2 and is used to represent the active intracavity
response. The quantities §,, and 6, denote the transverse displacements of the reflected probe for left- and right-circular polarizations, respectively. (b) Energy-
level scheme of the double-V system, where the probe simultaneously addresses the |0) < |3) and |0) < |2) transitions. (c) Metal-coated dielectric nanosphere. (d)

Two-dimensional lattice of such nanospheres.
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the plane of incidence, which can arise in more anisotropic or specially
engineered optical systems. The present theory and all reported numeri-
cal results are therefore restricted to the transverse, out-of-plane IF-type
PSHE.

Eq. (5) makes explicit the dependence of the PSHE on the Fresnel
ratio R;/R, and on the angular derivative dy InR,. To make this
dependence more transparent, we note that

dlnR, | IR
00, 00

i [R

oarg(R,)
pl

d0;

i

(6)

i

While no separate plot of arg(R,) is provided, Eq. (6) makes clear that
the PSHE depends on the full complex angular response of R,, and
the observed offset between the reflection minimum and the PSHE ex-
trema is consistent with a non-negligible phase-gradient contribution.
Hence, the PSHE is governed by the full complex angular response of
the TM reflection coefficient, with contributions arising from both am-
plitude variation and phase gradient [22]. Physically, the ratio R/R,
measures the imbalance between the TE and TM reflection channels.
When this imbalance becomes stronger, the reflected field acquires a
larger spin-dependent asymmetry, and the transverse splitting is cor-
respondingly enhanced. By contrast, dy, In R, measures how sensitively
the complex TM reflection coefficient responds to the incidence angle.
Its real part describes the angular variation of the reflection amplitude,
while its imaginary part describes the angular phase gradient. The lat-
ter becomes especially important near resonance, where the phase of R,
varies rapidly with angle.

The two quantities therefore play distinct but complementary roles.
The reflection-channel imbalance sets the overall strength of the spin-
dependent response, whereas the angular phase dispersion determines
the angular region where the displacement is most strongly enhanced
and where its sign can reverse. For this reason, the sign-transition region
is generally found near the TM reflection minimum, while the largest
positive and negative PSHE extrema occur at nearby angles where the
polarization imbalance and phase-sensitive enhancement act together
most effectively. In our hybrid cavity-plasmonic platform, both quan-
tities are tunable through the effective intracavity permittivity e, =
1+ xer- TWo compact control parameters therefore govern the PSHE:
the ratio R,/R, and the angular dispersion dy, In R,

Unlike most PSHE implementations, such as planar reflections, static
metasurfaces, or weak-measurement arrangements, which function as
passive elements, our cavity-quantum-emitter-plasmonic hybrid pro-
vides an actively controllable pathway. Here the probe susceptibility
Zer modulates the intracavity permittivity e,, which in turn tailors the
Fresnel responses R, , and their angular dispersion that govern Eg. (5).
Through this mechanism, PSHE can be tuned in real time by adjust-
ing system parameters and the emitter-plasmon separation, opening
operating points and dynamical protocols that passive optics cannot
access.

Our analysis uses the paraxial, small-displacement approximation for
a Gaussian probe. Material dispersion is captured by y.¢(6) derived in
Section 2.2. Under the parameters considered, higher-order spatial and
nonparaxial corrections are negligible.

2.2. Quantum system and optical susceptibility

The quantum system under study [Fig. 1(b)] is a four-level, double-V
configuration with two closely spaced excited states |2) and |3) and two
lower states |0) and [1). This labeling makes it clear that two distinct
three-level V subsystems are embedded in the structure. Topologically,
the scheme is also equivalent to a double-A system. The emitter layer is
placed in vacuum at a distance d from a plasmonic nanostructure, and
the resulting plasmon-modified decay rates and coherence parameters
determine the effective susceptibility y.g entering the cavity model. We
take |2) and |3) to represent two Zeeman sublevels.
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The dipole operator is chosen as
= pu([2){01&_ +13)(01 &, + 12)(1] &_ + [3)(1| &,) + H.c,, )

where the circular unit vectors are £, = (Z %)/ \/E For simplicity, the
dipole amplitudes are taken to be real.

A linearly polarized, continuous-wave probe field drives the transi-
tions [0) « |2),]3):

E(t) = % E, cos(w,1), (8

with amplitude E, and angular frequency w,. Within the dipole and
rotating-wave approximations, the system Hamiltonian reads

H= n(-5 - %) 12)2] + h(—& + “’232) 13)(3] o

- ?(m)m +10)(3] +He).

Here we define the probe detuning as § = w,—®, where the mean optical
transition frequency is @ = %(w3 + ®,) — w. The excited-state splitting is

w3, = w3 — ,. The probe Rabi frequency is Q = yEp/(\/Eh), with p the
relevant dipole matrix element and E, the probe-field amplitude. In our
configuration the probe addresses the |0) < |2) and |0) < |3) transitions
simultaneously. The bare energies are E, = hw, for n=0,1,2,3.

Both excited states |2) and |3) decay radiatively to |0) with rates
2y) and 2y}, respectively, and to |1) with rates 2y, and 2y;. We as-
sume that the |2),|3) — |1) transitions lie within the surface-plasmon
bands of the nearby nanostructure, whereas the |2), |3) — |0) transitions
are spectrally well outside those bands and therefore experience ordi-
nary free-space spontaneous emission. We work in the regime of a small
excited-state splitting and take equal decay parameters for the two ex-
cited states, y, = y; =y and y) = y; = y'. Coupling between |2) and
|3) mediated by the modified, anisotropic vacuum is accounted for by a
real coefficient x, which produces spontaneously generated coherence.
From the Hamiltonian in Eq. (9) and a Markovian master equation, the
density-matrix elements obey

Poo = 27’(/’22 + P33) - % (/702 - /720) - % (P03 - on) > (10)
P = =20 +7 o + % (Poa = P20) — k(P23 + P32) » an
P33 = =207 +7)p33 + % (P03 = p30) = x (P23 + P32) » (12)
P = (i5 + i% -r-= 7,)/’20 - %/’22 - %2/’23 + %/’00 = KP305 13)
P30 = (i5 - i% -r- }’,)P30 - %Pﬁ - %21732 + %POO = Kp20» a4
ha3 = (iw32 -2y - 27')023 + %ﬂo} - %on —x(pn +p33) > (15)

with the constraints py+p;; +p2 +p33 = 1 and p,,, = p;;, . The parameter
k represents the vacuum-induced coupling between |2) and |3) and is re-
sponsible for the emergence of quantum-interference effects. In addition,
the present treatment does not explicitly include pure dephasing of the
optical coherences or inhomogeneous broadening of the emitter transi-
tion frequencies. These effects are expected to be especially relevant for
realistic solid-state emitter ensembles. Their main influence would be
to reduce the coherence underlying the plasmon-induced transparency
feature, broaden the spectral response, and weaken the steep dispersive
variation of the effective susceptibility.

The spontaneous emission rate y and the quantum interference «
between the excited states follow from the local electromagnetic Green’s
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tensor G(r,r;®) as

2 =2
Bl e ImGr.ra)- ¢, (16)

Yy =

22
k=2l e ImGr.ria) 2, a7

Here, r locates the emitter, g, is the vacuum permeability, and @ =
(w3 + ®,)/2 — w,. Using the tensor components normal (L) and parallel
(|) to the nearby surface, we write

2=2
= 2 1m[G,(r10) + Gy (s @)] = 3 (T, 4Ty, 1s)
Hou>@? 1
== Im[G, (r.r;®) - G(r,r;®)] = 5(1“l ). 19)

We use G,(r,r;®) = G, (r,r;®) and G, 1;0) = G\ (r,1:®). The
rates ') and I' correspond to dipole orientations normal (along z) and
parallel (along x) to the surface, with T') | = yiu>®* Im[G, ;1/7. The in-
terference degreeis p = (') — /(@ +T). In vacuum one hasT', = Ty
and hence « = 0.

We consider a 2D square array of electromagnetic scatterers
[Fig. 1(d)]. The relevant electric—electric Green’s tensor component at
the emitter location can be written as

j 1
GEE(r,r:0) = gEE(r,1:00) — — / d’k R
i ) =8 ( ) P ;czK;z

(20)
X Vi () exp[ - iK; r] é,(K;),
with
Vok:i(F) = Z Ry (@, k) exp[ — K- r] &(K3), 1)
g/
and reduced wavevectors
172
KE =k +g kg — |k +g17"),  k=o/c 22)

Here, g are reciprocal lattice vectors of the 2D array, SBZ is the surface
Brillouin zone, ng is the free-space Green’s tensor, ¢;(-) are unit polar-
ization vectors, and Ry is the reflection matrix that sums all diffracted
orders.

The plasmonic nanostructure used throughout this work is the
same periodic nanoshell platform analyzed in our earlier studies on
transparency, absorption control, and spatially structured emission in
emitter—plasmon hybrids [8,10,14]. More specifically, we consider a
two-dimensional square lattice of silica nanospheres coated by a metal-
lic shell. The dielectric core has permittivity ¢ = 2.1 and radius S, =
0.7¢/w,, the outer sphere radius is § = ¢/w,, and the lattice constant is
a=2c/w,. The metal shell is modeled by the Drude permittivity

-1 < (23)
e@)=1- o(w+ift)’
with hw, = 8.99 eV and r~! = 0.05w,, so that the characteristic length
scale is ¢/w, ~ 22 nm. The parameter set adopted here also suggests
a plausible route toward experimental implementation. Using the char-
acteristic scale ¢/w, =~ 22 nm, the modeled structure corresponds to
silica-core/metal-shell nanoparticles with core radius S, ~ 154 nm,
outer radius S ~ 22 nm, and lattice constant « ~ 44 nm, arranged
in a periodic nanoshell array. A possible realization would therefore
consist of fabricating such a nanostructured plasmonic layer, introduc-
ing a thin emitter-host or spacer layer to control the emitter-metal
separation d, and embedding this active region within the planar cav-
ity used in the transfer-matrix description. In practice, the most direct
experimental control parameters would be the nanoshell geometry and
array period, the emitter-surface distance, the cavity thickness, and
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the probe incidence angle, detuning, and intensity. The predicted PSHE
could then be investigated in reflection by resolving the opposite spin
components of the reflected beam, either through direct beam-centroid
tracking or through weak-measurement amplification in the resonant
angular interval where the displacement is strongest. The present discus-
sion is intended to indicate a plausible experimental route rather than
to provide a fabrication-specific optimization of the device.

At the level of the present model, intrinsic metallic loss is included
phenomenologically through the finite damping rate in the Drude per-
mittivity of Eq. (23). This loss enters the reflection matrix and the
Green-tensor calculation, and therefore influences the plasmon-modified
decay rates, the effective susceptibility, and the resulting cavity reflec-
tion response. By contrast, extrinsic loss mechanisms such as surface
roughness, fabrication-induced disorder, and additional diffuse scat-
tering are not treated explicitly here. The present calculations should
therefore be interpreted as describing an idealized periodic structure
with intrinsic Ohmic damping included, but without a full device-level
treatment of structural imperfections.

The modified spontaneous-emission rates I'; and I'; entering the
density-matrix model are obtained from the perpendicular and par-
allel components of the electromagnetic Green tensor of the peri-
odic nanoshell array, evaluated at the emitter position, following the
multiple-scattering/Green-tensor formalism presented above. In prac-
tice, the reflection matrix of the periodic structure is first computed and
then inserted into the Green-tensor expression to extract the plasmon-
modified local density of optical states and the corresponding decay
channels. The same calculation also yields the distance-dependent inter-
ference parameter p. Over the distances of interest the parallel rate T
is strongly suppressed relative to free space, while I'; can be enhanced
near the array. Consequently p > 0.95 and often > 0.99. For the three rep-
resentative separations used in the main text, we obtain I’} = 8.080T,
and I; = 0.015T, for d = 0.3¢/w,, T, = 1.237T, and I = 0.0044T, for
d=06c/w,, and | =0.439T, and I'j = 0.002T, for d = 0.8 c/w,.

For a weak probe field, the linear (first-order) optical susceptibility
of the quantum-emitter layer is defined as

2V0) =

N2 (o,
a0 ) @9

where Q = uE,/ (\/Eh) is the probe Rabi frequency and N is the emitter
density. Solving Egs. (10)-(15) to first order in the probe field gives

. io .
%(—i6+i+y+y/>—£

o 2 2
20 = : - , (25)
. 7] ' . 103, ’ 2
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Substituting Egs. (25) and (26) into Eq. (24) and using Egs. (18) and
(19) yields, after some algebra,

6+iy +il
Il @27)

Z(l)(é) = N_”Z >
th 2 w32 ’ ’ . ’

=8+ =2+ L+ +7) =8+ +2/)

Eq. (27) fully characterizes the linear optical response of the active
quantum-emitter layer and constitutes the susceptibility that enters the
cavity model in the strictly weak-field regime.

The third-order susceptibility originates from the cubic-order coher-
ences p(;('; and p(;o), obtained by solving Eqgs. (10)-(15) perturbatively up
to order Q3. In direct analogy with Eq. (24), the third-order susceptibility
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is expressed as

Nu?

3) _ (3) (3)

100 = = (405 (28)
N;x“"

which gives y® () = F(5), where the dimensionless spectral

£0h3
function F(6) is

(+iy +ily) [(5 +iy + iFH)2 - % - K‘z]
(29)

F(6) = 3

w2
[—52 + R (O + 7Ty +y) =6 + T + 2V')]

This expression possesses the same complex poles as the linear sus-
ceptibility of Eq. (27), while incorporating higher-order saturation and
coherence-redistribution effects characteristic of Kerr-type nonlineari-
ties. The form of F($) is fully consistent with the perturbative solution
and ensures that the nonlinear correction preserves the spectral structure
dictated by the underlying quantum-emitter dynamics.

The intracavity permittivity e, = 1 4 yq defined in Section 2.1
depends on the effective susceptibility of the emitter layer. In the weak-
probe limit the effective susceptibility reduces to the linear response,
Yeir = 2.

To account for optical-intensity effects beyond the linear regime, we
incorporate the leading nonlinear correction arising from the Kerr-type
third-order response of the emitters. Within the standard perturbative
expansion in the probe-field amplitude, the effective susceptibility is
written as

Zet:®) = 2 0©®) + 3 79 @) 1917, (30)

The numerical factor 3/4 follows from the harmonic-field expansion
employed in the perturbative treatment of the density-matrix equations.

The perturbative expansion implicit in Eq. (30) is controlled by the
probe-field strength through |Q|. It is quantitatively reliable only in the
weak-excitation regime, where the cubic correction remains the lead-
ing nonlinear contribution and the resulting y.¢ stays close to the full
steady-state susceptibility. As the driving field increases, higher-order
saturation and coherence-redistribution effects become progressively
more important, and low-order perturbative truncations no longer pro-
vide a quantitatively reliable description of the nonlinear response. In
that regime, the all-orders steady-state solution of the density-matrix
equations should be regarded as the appropriate reference.

Since the probe Rabi frequency scales as Q « E,, the nonlinear contri-
bution in Eq. (30) introduces an intensity-dependent correction to both
the absorptive and dispersive parts of the susceptibility. This correction
modifies the intracavity permittivity and, through the reflection coeffi-
cients R, ,, directly affects the spin-dependent transverse displacement
described by Eq. (5). In this way, the optical intensity provides an addi-
tional coherent control parameter, complementary to the probe detuning
6, the incidence angle 6;, and the emitter-metal separation d.

Within this framework, the formulation naturally supports different
levels of theoretical description, depending on the extent to which non-
linear effects are included. In the analysis that follows, we distinguish
three representative levels: (i) the first-order susceptibility y(), corre-
sponding to the strictly linear response, (ii) the perturbative effective
susceptibility y.g defined in Eq. (30), which includes the leading third-
order correction, and (iii) the all-orders susceptibility obtained from
the full steady-state solution of the density-matrix equations without
perturbative truncation in Q. This hierarchy provides a systematic and
physically transparent framework for evaluating how nonlinear optical
effects influence the predicted PSHE response.

Finally, we emphasize that the present formulation is intended to
isolate the underlying mechanism of PSHE control in a hybrid emitter—
plasmonic cavity under idealized conditions. The model assumes a
perfectly periodic nanoshell array, a homogeneous emitter layer, and
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a Markovian description of the emitter dynamics. It does not ex-
plicitly include fabrication-induced disorder, particle-size dispersion,
surface roughness, emitter-position uncertainty, pure dephasing, inho-
mogeneous broadening, or additional nonradiative quenching channels.
Accordingly, the calculated spin Hall shifts should be interpreted as
proof-of-principle theoretical predictions and trend estimates, rather
than as quantitative device-performance bounds. Incorporating such re-
alistic effects, together with experimental validation, is an important
direction for future work.

3. Results and discussion
3.1. Distance-dependent plasmonic hybridization in the linear regime

We begin by establishing a baseline in the absence of any plasmonic
element. Fig. 2(a) displays the complex linear probe susceptibility for a
homogeneous quantum medium. The absorptive component Im[ y] (pur-
ple solid curve) exhibits a single resonance centered at § ~0, without any
transparency window or steep dispersive enhancement. The dispersive
component Re[ ] (orange dashed curve) is odd-symmetric, crossing zero
at resonance and changing sign across § = 0, consistent with Kramers-
Kronig causality. This spectrum represents the intrinsic linear optical
response of the emitters in the absence of any modification to the local
electromagnetic density of states by metallic nanostructures.

Having established the reference susceptibility, we next examine the
polarization-resolved reflection response at resonance. In Fig. 2(b), set-
ting 6 = 0, we plot the magnitudes of the total multilayer reflection
coefficients | R,| (TE) and |R,| (TM), obtained from Eq. (1), as functions
of the incidence angle 6;. At normal incidence the two coefficients coin-
cide, |R,|~|R,], as required by symmetry, since the TE and TM boundary
conditions become identical. As 6, increases, |R,| decreases and devel-
ops a shallow, broad minimum at an intermediate angle. This minimum
does not correspond to a Brewster zero of a single interface, but arises
from interference between the two cavity interfaces encoded in Eq. (1).
In contrast, |R,| varies smoothly and increases monotonically with 6,.
For larger 6,, both |R,| and | R,| increase toward large values, consistent
with the enhanced reflectivity of the multilayer at oblique incidence.
The resulting polarization asymmetry is an intrinsic property of multi-
layer interference rather than a single-interface effect, and it provides
one of the two key control parameters entering the PSHE expression in
Eq. (5).

Building on this analysis, Fig. 2(c) quantifies the polarization-
channel imbalance at § = 0 through the ratio |R|/|R,|. The ratio
exhibits a moderate maximum at the same incidence angle where
IR,| reaches its minimum. This enhancement originates from the
interference-induced suppression of the TM reflection coefficient within
the multilayer cavity, while |R,| remains finite and varies smoothly
across this angular range. Outside this angular interval, |R,| increases
and approaches |R,|, causing the ratio to decrease toward values close
to unity. The peak in Fig. 2(c) therefore marks the angular region of
maximal polarization contrast. However, as made explicit by Eq. (5),
the PSHE is not governed solely by the amplitude ratio |R;|/|R,|, but
by its interplay with the angular derivative of the complex TM re-
flection coefficient [see Eq. (6)]. In physical terms, this means that
the TE and TM channels contribute unequally to the reflected beam
in this angular range, thereby creating the polarization asymmetry re-
quired for pronounced spin-dependent splitting. Near resonance, this
angular derivative receives contributions from both the variation of
|R,| and the angular phase gradient d,, arg(R,). Consequently, the re-
flection minimum identifies the sign-transition region, whereas the
PSHE extrema generally occur at nearby angles where the combined
amplitude-phase contribution is maximized. This mechanism will be
used below as the common framework for interpreting the distance- and
nonlinearity-dependent results.

Finally, Fig. 2(d) presents the transverse photonic spin Hall (Imbert-
Fedorov) shift §,, /4 as a function of §; at 6 = 0. For small incidence
angles, the shift is positive and relatively weak, then increases to a
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Fig. 2. (a) Imaginary part, Im[y] (purple solid curve), and real part, Re[y] (orange dashed curve), of the linear probe susceptibility as functions of the probe
detuning 6. (b) Magnitudes of the reflection coefficients |R,| (orange solid curve) and |R,| (purple dashed curve), plotted versus the incidence angle 6, at § = 0. (c)
Reflection-channel imbalance quantified by |R,|/ |R,| asa function of 6, at 6 = 0. (d) Photonic spin Hall (Imbert-Fedorov) shift 8,./4 versus 6, at 5 = 0. Panels (a)-(d)
correspond to the configuration without a plasmonic nanostructure. Unless stated otherwise, parameters are w;, = 1.5T,, v’ =0, ', =T, ry =Ty N =102m3,
Hos = 379 x 1072 Cm, ¢, = ¢; = 2.22, Gaussian beam with waist w, = 504, A = 692nm, and intracavity thickness ¢ = 100 nm, where T, denotes the free-space

spontaneous emission rate.

moderate maximum. As 6, is further increased, 6,, crosses zero, re-
verses sign, and reaches a comparatively shallow negative minimum
before gradually tending back toward zero. The sign reversal reflects
the inversion of the spin-dependent transverse beam displacement upon
reflection. The angular positions of the extrema do not coincide with
the minimum of |R,|. As follows from Eq. (5), the shift is governed
jointly by the amplitude-related factor |R|/|R,| and by the angular
dispersion of R, through dj, In R,. Importantly, the negative shift mini-
mum occurs at a significantly larger incidence angle than the amplitude
minimum of |R,| and the corresponding imbalance maximum. This an-
gular offset directly demonstrates that the PSHE is not governed solely
by reflection-amplitude suppression, but is critically controlled by the
angular phase dispersion of R,. Thus, the TM reflection minimum iden-
tifies the vicinity of the sign-transition region, while the extrema appear
slightly away from it, where the polarization imbalance remains strong
and the phase-gradient contribution is still sufficiently large to enhance
the displacement. This observation provides clear evidence that phase-
gradient enhancement constitutes a distinct and essential mechanism for
spin-orbit interaction, even in the absence of plasmonic coupling.

This analysis demonstrates that, even in the absence of plasmonic
coupling, the PSHE can be tuned through angular control of the mul-
tilayer reflection response governed by Eq. (1). We now proceed to
introduce a plasmonic nanostructure, where the emitter-SPP interaction
reshapes y(8), modifies the p-polarized reflection profile, and enhances
both the amplitude imbalance and the angular phase dispersion, leading
to strongly amplified and sign-reversible spin Hall shifts.

The physical mechanism is therefore the following: plasmonic hy-
bridization first reshapes the complex susceptibility through PIT-like
interference, this modified susceptibility then alters the TE/TM reflec-
tion asymmetry and the angular phase response of the TM channel,
and these two quantities together determine the magnitude, sign, and
angular position of the PSHE extrema.

We now introduce the plasmonic interface and position the emitter
layer at a subwavelength distance d = 0.3¢/w,, from the metal surface.

Fig. 3 summarizes how this near-field hybridization reshapes the emit-
ter susceptibility, the polarization-resolved cavity reflection, and the
resulting photonic spin Hall shift.

In Fig. 3(a), the absorptive component Im[ y] no longer exhibits the
single-peaked Lorentzian profile of Fig. 2(a). Instead, it develops a nar-
row suppression centered at § ~0, embedded within a broader absorptive
background, while Re[y] acquires a markedly steeper odd-symmetric
variation across resonance. Within a narrow detuning interval, absorp-
tion is strongly reduced and the spectral derivative of Re[ y] is enhanced.
By causality, this suppression of absorption is necessarily accompanied
by increased dispersive variation, reflecting the Kramers-Kronig rela-
tion. The combined response constitutes the characteristic signature
of plasmon-induced transparency (PIT), arising from coherent inter-
ference between the direct radiative response of the emitters and the
surface-plasmon-polariton channel.

At 6 = 0, Fig. 3(b) shows that |R,| develops a substantially deeper
minimum than in Fig. 2(b), while |R,| remains smooth and monotonic.
Since only the TM polarization efficiently couples to SPP modes, the
plasmonic interface predominantly modifies the p channel. Compared
with the baseline, the p-channel minimum is both deeper and shifted
in angle, indicating modified interference conditions within the hybrid
cavity defined by Eq. (1). As a result, the imbalance | R,|/| R, | in Fig. 3(c)
increases, with the peak value clearly exceeding that of Fig. 2(c). This
enhancement originates from the strong suppression of |R,| rather than
from any substantial growth of |R,|. Relative to the no-nanostructure
case, the hybrid configuration therefore generates a moderately stronger
reflection-channel imbalance in the angular region relevant for spin—
orbit conversion. As in Fig. 2, this angular position lies close to a zero
crossing of §,,, indicating that the plasmon-induced reflection mini-
mum marks the angular region associated with the transition between
opposite spin Hall displacement directions.

The impact on the PSHE is shown in Fig. 3(d). The angular de-
pendence becomes sharper and the extrema increase substantially in
magnitude compared with Fig. 2(d). The curve exhibits a positive
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Fig. 3. (a) Imaginary part, Im[ y] (purple solid curve), and real part, Re[ y] (orange dashed curve), of the linear probe susceptibility as functions of 6. (b) Magnitudes
of the reflection coefficients |R,| (orange solid) and |R,| (purple dashed), plotted versus 6; at § = 0. (c) Reflection-channel imbalance |R,|/|R,| versus ; at § = 0.
(d) PSHE shift [ /4 versus 6; at 6 = 0. (e) Density map of " /4 as a function of (6;, 5). Panels correspond to the configuration with a plasmonic nanostructure, with
emitter-metal separation d = 0.3 ¢/w, giving '} = 8.080T, and I'; = 0.015T,. The other parameters are the same as in Fig. 2.

maximum followed by a sign reversal and a negative minimum within
a narrow angular interval. The reflection minimum and imbalance peak
occur close to the zero crossing of §,,, marking the transition between
opposite displacement directions. This behavior is consistent with the
general mechanism introduced above. Relative to Fig. 2, the main effect
here is that plasmonic hybridization sharpens the angular response and
increases the PSHE magnitude.

Fig. 3(e) presents the two-dimensional map of §,,/4 in the (6;,6)
plane. A narrow sign-switching ridge separates regions of opposite dis-
placement polarity, demonstrating controlled switching of the PSHE sign
through small adjustments of incidence angle or detuning. The ridge
intersects the angular axis in the same resonant angular region where
the reflection minimum occurs, indicating that the reflection minimum
is closely associated with the sign-transition boundary of the spin Hall
shift. In this configuration, both control terms entering Eq. (5) are si-
multaneously enhanced and the system operates in a balanced hybrid
regime where amplitude contrast and phase dispersion reinforce each
other.

We next examine the case d = 0.6c/a)p (Fig. 4), where the emit-
ter-metal separation is increased relative to Fig. 3 and the hybrid
response is correspondingly modified. This increase in separation does

not simply strengthen the previous behavior. Instead, it shifts the sys-
tem into a distinct hybrid regime in which the relative balance between
amplitude contrast and phase dispersion is altered.

In Fig. 4(a), the PIT signature persists: Im[ y] still exhibits a narrow
suppression of absorption around 5§ = 0, while Re[y] retains a steep
odd-symmetric dispersion. However, compared directly with Fig. 3(a),
the transparency dip is not visibly shallower. Instead, it remains very
deep, while the transparency feature becomes more spectrally local-
ized at this larger separation. The transparency window remains clearly
identifiable, but its spectral contrast is reduced compared with the
smaller-separation case.

At § = 0, Fig. 4(b) shows that |Rp| again develops a pronounced min-
imum at an intermediate incidence angle, while |R,| varies smoothly
and increases monotonically. The p-channel minimum is significantly
deeper than in Fig. 3(b), confirming that the interference induced by
the quantum-plasmonic hybrid structure produces stronger suppression
of the TM reflection channel at this separation. The corresponding im-
balance |R,|/|R,| in Fig. 4(c) remains strongly peaked near the same
angular region, with a maximum value significantly higher than in
Fig. 3(c). As before, this angular position lies in the same resonant an-
gular region as a zero crossing of §,, in Fig. 4(d). Outside this angular
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Fig. 4. Same as Fig. 3 but for emitter-metal separation d = 0.6¢/w, giving '} = 1.237T, and I'; = 0.0044T),. The other parameters are the same as in Fig. 2.

interval, |R,| increases and approaches |R,|, reducing the polarization
contrast toward unity. The amplitude-based contribution to the PSHE is
therefore significantly enhanced compared with the d = 0.3¢/w, case.
At the same time, Fig. 4(a) indicates that this enhancement is not ac-
companied by a uniformly stronger PIT signature than in Fig. 3(a).
Rather, the transparency feature remains clearly identifiable but be-
comes more spectrally localized, while the angular reflection imbalance
and the PSHE response appear to be enhanced more strongly than the
transparency dip itself.

Despite this increase in amplitude contrast, Fig. 4(d) shows that the
PSHE response becomes more strongly amplified and more localized
in angle than in Fig. 3. The underlying mechanism remains the same.
However, this behavior should not be interpreted as a simple uniform
strengthening of the hybrid response. Instead, it is consistent with a more
favorable balance between reflection-channel imbalance and angular
phase dispersion within the same resonant angular region.

Moreover, the density map in Fig. 4(e) displays a thin sign-switching
boundary separating regions of opposite displacement. Compared with
Fig. 3(e), the ridge exhibits stronger contrast and larger displacement
magnitude, confirming enhanced spin-orbit control at this separation.

In Fig. 5, we consider the configuration with d = 0.8¢/w,, which
completes the progression established in Figs. 3 and Fig. 4. Over the sep-
arations considered here (d = 0.3-0.8 ¢ /a)p), largest PSHE extrema shown
in Figs. 3-5 increase overall, but the response remains governed by two

distance-dependent contributions entering Eq. (5): the suppression of
the p-polarized reflection amplitude and the angular phase dispersion of
the same channel.

In Fig. 5(a), the transparency-like structure in the susceptibility
remains clearly visible but becomes more spectrally localized and
narrower compared with Figs. 3 and 4, indicating that the hybrid
interference persists while being confined to a smaller detuning in-
terval. At resonance, Fig. 5(b) shows that |R,| is suppressed to a
very small value near an intermediate incidence angle, while |R,|
remains smooth and comparatively large. This represents the deep-
est reflection minimum among all separations considered. The system
therefore approaches a near-zero-reflection regime for the p-polarized
channel that is qualitatively distinct from the smaller-separation
configurations.

As a direct consequence, the polarization-channel imbalance in
Fig. 5(c) increases dramatically, reaching values approximately 3.5
times larger than in Fig. 3 and about twice as large as in Fig. 4. Consistent
with the previous cases, this angular position appears near a zero cross-
ing of 6,, in Fig. 5(d). This enhancement originates primarily from the
near-vanishing of | R, | within a narrow angular interval rather than from
any substantial growth of |R,|. Simultaneously, the angular phase of
R, varies extremely rapidly in the same angular region. The angular
phase dispersion, governed by dy, In R, becomes extremely steep near
the reflection minimum.
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Fig. 5. Same as Fig. 3 but for emitter-metal separation d = 0.8 ¢/w, giving '} = 0.439T, and I'; = 0.002T,,. The other parameters are the same as in Fig. 2.

In Fig. 5(d), the normalized displacement 6; /4 exhibits the largest
extrema among the separations considered. What distinguishes this case
is the approach to a near-zero-|R,| regime, where Eq. (5) predicts
a strongly amplified and sharply localized spin Hall response due to
the combined enhancement of the reflection-channel imbalance and
the angular response of the complex TM reflection coefficient. This
regime, however, must be interpreted with care from an experimen-
tal standpoint. Because the same condition is accompanied by a strong
suppression of the reflected p-polarized intensity, the largest normal-
ized shifts do not necessarily correspond to the most favorable operating
point for observation. In practice, finite beam divergence, angular aver-
aging over the incident beam profile, alignment imperfections, detector
noise, and finite measurement sensitivity are expected to smooth the
sharpest features and reduce the effectively measured displacement. The
largest values shown here should therefore be interpreted as idealized
upper-bound predictions of the model.

The two-dimensional map in Fig. 5(e) further highlights the strongly
localized angular-detuning structure. Compared with Figs. 3(e) and 4(e),
the ridge becomes significantly sharper and exhibits much higher con-
trast, indicating the extreme sensitivity of the PSHE to the angular phase
response near the reflection minimum. From a practical standpoint,
more robust observation is expected slightly away from the exact near-
zero-reflection point, where the displacement remains substantial while

10

the reflected intensity and the corresponding signal-to-noise ratio are
more favorable.

Taken together, Figs. 3-5 show a systematic evolution with emitter—
metal separation: at d = 0.3c/w, the plasmonic interface sharpens the
PSHE response, at d = 0.6¢/w), the displacement extrema become larger,
and at d = 0.8¢/w,, the system approaches a near-zero-| R, | regime with
strongly enhanced normalized displacement. This progression should
not be viewed as a strictly monotonic strengthening of the response with
increasing d. Rather, the response remains governed throughout by the
distance-dependent interplay between reflection-amplitude suppression
and angular phase dispersion, whose relative balance changes from one
separation to another.

It is worth noting that the sharp PIT and PSHE features discussed here
are sensitive to plasmonic loss. In general, stronger intrinsic or extrinsic
loss is expected to broaden the transparency-like spectral feature, reduce
its contrast, and weaken the steep dispersive variation associated with
the plasmon-emitter hybrid response. In the angular domain, this would
smooth the phase variation of R,, reduce the depth of the reflection
minimum, and weaken the polarization-channel imbalance [R|/|R,|.
Consequently, both the visibility of the PIT response and the magnitude
and sharpness of the predicted PSHE extrema, especially in the near-
zero-reflection regime, are expected to decrease under more strongly
lossy or disordered experimental conditions.
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A full quantitative analysis of the dependence of PIT visibility and
PSHE magnitude on the metallic damping parameter is beyond the scope
of the present work. Nevertheless, the qualitative trends described above
follow directly from the loss-sensitive narrowing and phase-dispersion
mechanisms of the hybrid plasmonic response.

3.2. Nonlinear control of the PSHE

The results presented above were obtained in the strictly linear op-
tical regime. We now examine how finite optical intensity modifies the
PSHE through the nonlinear effective susceptibility y. introduced in
Eq. (30). In what follows, we distinguish explicitly between a weak-
driving regime, where the perturbative third-order susceptibility re-
mains a useful approximation to the full nonlinear response, and a
stronger-driving regime, where comparison with the all-orders solution
reveals the quantitative breakdown of low-order perturbative descrip-
tions. Because the reflection coefficients R, and R, depend on y.g
through e,, nonlinear corrections modify both the reflection-channel
imbalance and the angular phase dispersion that govern the transverse
displacement. To isolate genuine nonlinear phase-dispersion effects from
trivial amplitude scaling, the probe Rabi frequency Q was selected
separately for each separation such that the perturbative .y closely
reproduces the all-orders susceptibility. Under this calibration, the first-
order susceptibility exhibits small but finite deviations in both amplitude
and dispersive slope. In addition, the probe detuning used in panels (b)
and (c) was chosen to maximize the angular deviation of the zero-
crossing position of §,, between the first-order and third-order models,
so that the plotted curves correspond to the operating point of maximal
nonlinear sensitivity.

Figs. 6-8 examine how these nonlinear corrections influence the
PSHE for three representative emitter-metal separations. At d = 0.3c/w,,
shown in Fig. 6, the first-order and third-order susceptibilities exhibit
nearly identical resonance positions and overall spectral structure, dif-
fering only slightly in amplitude and dispersive slope near resonance
[Fig. 6(a)]. These small spectral differences nevertheless produce a clear
shift in the angular phase-matching condition governing the PSHE.
The reflection-channel imbalance in Fig. 6(b) reaches its maximum
at different angles for the first-order and third-order susceptibilities,
demonstrating a pronounced nonlinear shift of the reflection minimum.
Consistently, the PSHE displacement in Fig. 6(c) undergoes its sign
transition at correspondingly different angles. Importantly, while the
angular position of the sign transition shifts significantly, the extrema
of the transverse displacement remain nearly unchanged in magnitude,
but occur at correspondingly shifted angular positions. This behavior
demonstrates that, in the weak-hybridization regime, nonlinear suscep-
tibility corrections primarily shift the angular phase condition governing
the sign transition rather than altering the overall magnitude of the
PSHE. At d = 0.6c/w),, results presented in Fig. 7, the nonlinear influ-
ence becomes significantly more pronounced. Although the resonance
positions remain unchanged [Fig. 7(a)], the first-order susceptibility

(a)
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exhibits a visibly steeper dispersive slope and larger amplitude than the
third-order approximation in the detuning region relevant for the PSHE.
These spectral differences produce clear modifications in the reflection
imbalance [Fig. 7(b)], shifting the angular position of the reflection
minimum and altering the polarization-channel contrast. The transverse
shift reaches values on the order of +0.64, and the angular position of
the sign transition differs clearly between the two susceptibility mod-
els [Fig. 7(c)], confirming that even modest nonlinear corrections are
amplified in a regime of steep phase dispersion.

In Fig. 8 we present results for d = 0.8¢/w,, and find that the nonlin-
ear influence becomes significantly weaker. Small differences between
the first-order and third-order susceptibilities remain visible [Fig. 8(a)],
but their impact on the reflection imbalance is modest [Fig. 8(b)]. The
reflection minimum occurs at very large incidence angles, where the
cot §; factor in Eq. (5) becomes small, geometrically suppressing the
transverse displacement. As a result, the PSHE extrema in Fig. 8(c)
are strongly reduced and the sign-transition angle shifts only slightly
between the two susceptibility models.

Taken together, Figs. 6-8 show that nonlinear susceptibility cor-
rections reshape the same PSHE mechanism established in the linear
analysis, mainly through separation-dependent changes in the effective
reflection response. In all cases, the reflection minimum appears near
the sign transition of the spin Hall shift, confirming that the sign rever-
sal arises from the complex phase-amplitude response of R, rather than
from amplitude suppression alone. Thus, nonlinearity modifies the an-
gular position and strength of the response without changing the basic
physical picture. These results establish the PSHE as a highly sensi-
tive probe of nonlinear optical corrections. Importantly, even though
the detuning values were intentionally chosen to maximize nonlinear
deviations, the perturbative approximation up to third order remains
qualitatively accurate, confirming its validity in the weak-excitation
regime while highlighting the fundamentally phase-sensitive nature of
the spin Hall response. These results therefore define the regime in
which the perturbative third-order treatment remains appropriate be-
fore stronger-driving effects require the all-orders description examined
below.

To further investigate the limitations of perturbative susceptibility
descriptions under strong optical driving, we consider the configura-
tions shown in Figs. 9 and 10, corresponding to d 0.45¢/w, and
d = 0.8¢/w,, respectively. In contrast to the weak-excitation regime ex-
amined in Figs. 6-8, the probe Rabi frequency is intentionally increased
such that the first-order susceptibility exhibits substantially larger devia-
tions from the all-orders susceptibility, reaching amplitude differences of
approximately 30% near resonance. Furthermore, for panels (b) and (c)
of each figure, the probe detuning is chosen to maximize the difference in
the angular position of the PSHE sign transition between the first-order
and all-orders solutions.

At d 0.45¢/w,, these nonlinear deviations produce clear and
experimentally significant consequences. As shown in Fig. 9(a), although

(©)
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Fig. 6. (a) Re[y] versus 8, considering the first-order susceptibility " (light blue solid curve) and the perturbative effective susceptibility y.; defined in Eq. (30)
(orange dashed curve). The field intensity is chosen such that the third-order approximation closely reproduces the all-orders susceptibility. The corresponding probe
Rabi frequency is Q = 0.7[. (b) Reflection-channel imbalance |R,|/|R,| versus 6, at fixed detuning & = 0.05 ueV. (c) PSHE shift §,, /A versus 6, at the same detuning.
Panels correspond to d = 0.3¢/w, giving ', =8.080T, and I'; = 0.015T,. The other parameters are the same as in Fig. 2.
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Fig. 7. (a) Re[ y] versus §, showing the first-order susceptibility ' (light blue solid curve) and the perturbative effective susceptibility e defined in Eq. (30) (orange
dashed curve). The field intensity is chosen such that the third-order approximation closely reproduces the all-orders susceptibility. The corresponding probe Rabi
frequency is Q = 0.325T,. (b) Reflection-channel imbalance |R,|/|R,| versus 6, at fixed detuning 6 = 0.05 ueV. (c) PSHE shift 6,, /4 versus 6; at the same detuning.

Panels correspond to d = 0.6 ¢/w, giving '} = 1.237T; and I} = 0.0044T. The other parameters are the same as in Fig. 2.
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Fig. 8. (a) Re[ ] versus 8, showing the first-order susceptibility y'" (light blue solid curve) and the perturbative effective susceptibility ., given by Eq. (30) (orange
dashed curve). The field intensity is chosen such that the third-order approximation closely reproduces the all-orders susceptibility. The corresponding probe Rabi
frequency is Q = 0.165T,. (b) Reflection-channel imbalance |R;|/|R,| versus 6, at fixed detuning § = 0.62 peV. (c) PSHE shift §,, /4 versus 6, at the same detuning.
Panels correspond to d = 0.8 ¢/w, giving I'; = 0.439T; and ['; = 0.002T,. The other parameters are the same as in Fig. 2.
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Fig. 9. (a) Re[ ] versus §, comparing the first-order susceptibility y(" (light blue solid) and the all-orders susceptibility (purple dashed-dotted). The Rabi frequency
is Q = 0.860T. (b) Reflection-channel imbalance |R,|/|R,| versus 6, at fixed detuning 6 = 0.05 ueV. (c) PSHE shift §,, /1 versus 6; at the same detuning. Density map
of 5, /A in the (6;, 6) plane for (d) first-order susceptibility and (e) all-orders susceptibility. Panels correspond to d = 0.45c/®, giving I'; = 0.439T, and I'; = 0.002T,.
The other parameters are the same as in Fig. 2.
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Fig. 10. (a) Re[ y] versus §, comparing the first-order susceptibility y» (light blue solid) and the all-orders susceptibility (purple dashed-dotted). The Rabi frequency
is Q = 0.312T. (b) Reflection-channel imbalance |R,|/|R,| versus 6, at fixed detuning 6 = 0.05 ueV. (c) PSHE shift §,, /4 versus 6, at the same detuning. Density map
of 8,/ in the (6;, ) plane for (d) first-order susceptibility and (e) all-orders susceptibility. Panels correspond to d = 0.8¢/®, giving I') = 0.439T, and I'; = 0.002T,.

The other parameters are the same as in Fig. 2.

the first-order and all-orders susceptibilities retain identical resonance
positions and the same overall dispersive structure, the first-order ap-
proximation substantially overestimates the resonance amplitude and
the steepness of the dispersive slope. Because the reflection coefficient
depends directly on the susceptibility through the intracavity permit-
tivity, these spectral discrepancies lead to measurable changes in the
angular reflection response. In Fig. 9(b), the reflection-channel imbal-
ance peak shifts toward larger incidence angles in the perturbative
model and exhibits a higher maximum value. This shift translates di-
rectly into a corresponding displacement of the PSHE sign-transition
angle in Fig. 9(c). Importantly, this shift occurs without any change
in the resonance position, confirming that nonlinear corrections mod-
ify the angular phase-matching condition governing the PSHE rather
than the underlying resonance frequency. The density maps in Figs. 9(d)
and Fig. 9(e) provide a global view: the zero-displacement contour,
which defines the boundary separating positive and negative transverse
shifts, follows clearly different trajectories in the first-order and all-
orders models across the detuning-angle parameter space. This indicates
that under strong driving the first-order approximation does not merely
introduce quantitative amplitude errors but alters the phase-sensitive
angular structure of the PSHE response itself. The PSHE therefore di-
rectly reveals the limitations of low-order susceptibility expansions in
the strongly nonlinear regime.

A similar comparison at d = 0.8¢/w,, is shown in Fig. 10. As in the
previous case, the first-order susceptibility overestimates the amplitude
of the dispersive features [Fig. 10(a)], leading to measurable differences
in the reflection imbalance and PSHE response. However, the result-
ing phase deviations are significantly smaller than at d = 0.45¢/w,. The
reflection imbalance and PSHE curves in Fig. 10(b) and (c) remain quali-
tatively similar, and the sign-transition angle shifts by only a few degrees
between the first-order and all-order models. This reduced phase sensi-
tivity is further confirmed by the density maps in Fig. 10(d) and (e),
where the zero-displacement contours remain much closer throughout
the parameter space than in Fig. 9. These results show that the impact
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of strong excitation on the PSHE depends critically on the phase sen-
sitivity of the reflection response, which is strongly influenced by the
emitter-metal coupling geometry: when the phase sensitivity is reduced,
first-order descriptions remain qualitatively reliable despite quantitative
deviations, whereas accurate prediction in the strongly phase-sensitive
regime requires the all-orders susceptibility.

Nonlinear optical corrections do not change the basic PSHE mecha-
nism itself; rather, they modify it indirectly by changing the effective
susceptibility, which shifts the reflection minimum, the polarization-
channel imbalance, and the phase-sensitive angular condition governing
sign reversal.

4, Conclusions

We have theoretically demonstrated coherent spin—orbit control in a
hybrid platform where a quantum emitter layer is coupled to a plasmonic
interface. Interference between the direct radiative channel and the
surface-plasmon-polariton pathway generates plasmon-induced trans-
parency in the probe response, suppresses the p-polarized reflection
channel in a resonant angular region, and produces large, sign-reversible
Imbert-Fedorov shifts. By varying the emitter-metal separation, the sys-
tem is tuned across distinct emitter—plasmon hybrid regimes in which
both the reflection-amplitude imbalance and the angular dispersion of
the complex reflection response are modified. As a result, the magni-
tude, sign-transition angle, and angular profile of the transverse spin
displacement evolve with separation, rather than following a strictly
monotonic distance dependence. This behavior reflects the distance-
dependent restructuring of the hybrid plasmon—emitter response, shaped
by Kramers-Kronig causality and by the SPP-tailored local density
of states, with different observables responding differently across the
various hybrid regimes.

Beyond the linear regime, nonlinear susceptibility provides an ad-
ditional control mechanism. Even weak nonlinear corrections can shift
the sign-transition angle of the spin Hall displacement, while stronger
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excitation leads to substantial deviations from perturbative predictions.
These results show that the PSHE is sensitive to the full complex opti-
cal response of the hybrid system and can therefore serve as a probe of
nonlinear light-matter interactions.

Overall, our results provide design-level insight into hybrid spin—
orbit photonic functionalities, including spin-dependent beam steering,
routing, and phase-sensitive metrology. The proposed mechanism is
compatible, at least at the proof-of-principle level, with on-chip ar-
chitectures employing solid-state emitters coupled to nanofabricated
plasmonic arrays, and the predicted displacement could be investi-
gated experimentally through reflection-based, polarization-resolved
beam-shift measurements. At the same time, the largest PSHE values
predicted in the near-zero-reflection regime should be interpreted as
idealized upper-bound estimates rather than directly observable device-
level figures of merit. Their practical observability is expected to depend
on the trade-off between displacement magnitude and reflected power,
as well as on finite beam divergence, angular averaging, alignment
stability, detector noise, and measurement sensitivity.

In realistic solid-state implementations, particularly at room temper-
ature, pure dephasing and inhomogeneous broadening can weaken the
coherence underlying sharp transparency-like features, thereby broad-
ening the spectral response and reducing the dispersive enhancement
of the PSHE. In addition, fabrication tolerances in the nanoshell ar-
ray, including variations in core radius, shell thickness, lattice spacing,
surface roughness, and emitter—surface separation, can modify and
broaden the plasmonic resonances, reduce PIT contrast, and smooth
the phase-sensitive reflection response. These considerations are ex-
pected to reduce both the contrast of the transparency window and the
sharpness of the corresponding PSHE extrema under realistic conditions.
The present results should therefore be regarded as proof-of-principle
theoretical predictions and design guidance, while a device-specific
quantitative treatment of realistic losses, dephasing, and fabrication
imperfections is left for future experimentally oriented work.
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