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We demonstrate the tunability of the tripod atom-light coupling scheme to achieve a double-frequency
photonic Spin Hall Effect (PSHE). The tripod model interacts with a weak probe field and two strong control
fields, enabling the realization of symmetric, asymmetric, or single Electromagnetically Induced Transparency,
depending on the Rabi frequencies and detunings of the control fields. Our results show that this configuration
allows for the generation of symmetric or asymmetric double-peak PSHE, resulting in enhanced transverse

shifts at two distinct frequencies. Additionally, we present a scenario that yields a single-peak enhancement of
the PSHE at probe field resonance. These results demonstrate the flexibility of the tripod scheme to regulate
spin-dependent light-matter interactions, which may find use in multi-frequency spin photonic devices.

1. Introduction

Photonic spin Hall effect (PSHE) is currently recognized as a key
phenomenon in spin photonics, which permits the spatial separation
of light with opposing spin states in the transverse direction, as a
consequence of light’s spin—orbit interactions [1,2]. This is an optical
variant of the Hall effect of spin in electronic systems, where the
refractive index gradient substitutes spin electrons for spin photons to
represent the electrical potential difference [3,4]. The PSHE was first
speculated by Onoda et al. in 2004 [1] and was further elaborated
upon by Bliokh and Bliokh [2], who conducted an extensive theoretical
investigation. Subsequently, in 2008, Hosten and Kwiat empirically
confirmed this occurrence by the use of weak measuring methods.

According to the fundamental concept of angular momentum con-
servation in light [5,6], the PSHE is caused by photon spin-orbit
interactions. When left- as well as right-circularly polarized photons
come into contact with the interface of a coherent medium in the PSHE,
spin-orbit coupling causes them to undergo different shifts perpendic-
ular to the incident plane [7]. Dual geometric phases as well as the
influence of optical angular momentum are the fundamental causes
of this phenomena [8]. Two of these phases are the Pancharatnam-
Berry phase, which is connected to the control of the polarization of
light, and the spin-redirection Rytov-Vlasimirskii-Berry phase, which
is connected to the direction of propagation of the wave vector [8,9].

The PSHE may be strengthened using a variety of mathematical
and practical techniques, such as weak value amplification, that greatly

* Corresponding authors.

increases its transverse spin-dependent displacement [10,11]. However,
these systems often show inadequate adaptability and flexibility for
dynamic control in a variety of experimental settings. The ability of
PSHE to regulate its spin-dependent behavior of photons in a variety of
optical mediums has recently attracted a lot of attention [10,12-16].

Electromagnetically Induced Transparency (EIT) is another intrigu-
ing development in recent decades. EIT, a notable phenomena resulting
from the interaction between laser beams as well as atomic ensembles
under a two-photon resonance condition, is a remarkable expression of
quantum coherence and interference [17,18]. Extensive experimental
and theoretical investigation has been conducted on EIT in three-
level systems, including the usual A-type system [19]. Experimental
demonstrations of its direct effects, including subluminal [20] as well as
superluminal [21] light propagations, have been previously made. After
that, with the model of dark state polariton [22-25], the EIT-based light
storage is theoretically proposed and then experimentally realized [26,
27]. Recent advancements in light-matter interaction have enabled
the development of novel quantum optical systems with enhanced
dynamical control [28-31].

EIT in its simplest form usually required a three-level system. How-
ever, when another control field is introduced to a four-level EIT
system, two simultaneous transparency windows are formed, so-called
Double EIT (DEIT) [32-36]. DEIT enhances the interaction duration
between the pulses owing to reduced group velocities and allows for
the lossless propagation of two simultaneous signal fields [37]. Due
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Fig. 1. (a) Schematic diagram of tripod type 8Rb four-level atomic system. The tripod type system comprises one excited state |b) as well as three lower states |a,), |a,) and
la;) same as in Ref. [32]. Transitions are controlled by the probe field and two control fields with Rabi frequencies €, ©2; and ,. Here 4, 4, and 4, are the detunings of the
respective fields. (b) Schematic of a three-layer cavity system consisting of two mirrors, M, and M,, with coherent tripod atoms placed between dielectric layers. Spin-dependent

splitting occurs for a TM-polarized incident light reflected on mirror surface M,.

to these characteristics, DEIT is a promising choice for a variety of
applications [38] in quantum optics and quantum communication.

This work examines the tripod atomic system, which consists of
three lower states along with a upper state. Three fields are used
simultaneously: a traveling wave probe beam along with two strong
control beams. We use a tripod atomic system in the cavity quantum
electrodynamics (QED) for investigating the tunability associated with
PSHE. The tripod arrangement has numerous transparency windows,
allowing for an adjustable PSHE across a larger range of probing beam
detuning. We will analyze a tripod atomic system exhibiting double
EIT, where the shift of the photonic spin Hall effect is maximized at
4, = ly. This frequency correspond to the points where the double
EIT tripod system demonstrates transparent behavior, highlighting the
superiority of DEIT over previous investigations by enabling a maxi-
mized photonic spin Hall effect shift. We also looked at the important
impact that atomic density plays in regulating the PSHE at probing field
resonance.

Our proposed scheme’s key feature is its ability to enable topologi-
cally protected light modes in the double EIT configuration, which may
be used to inspect and manipulate the PSHE. This makes the tripod
system a good candidate for studying and controlling spin Hall effects
in quantum optics. The coherent nature of the atomic interactions in
this model allows for precise control over the light’s polarization and
transverse shifts, making it valuable for cavity QED experiments.

Here is the structure of the investigation we are conducting. As
of Section 2, we describe the method we use of the tripod atomic
system to compute the response for the intracavity medium of PSHE.
In Section 3, we present the calculation of PSHE. In Section 4 we
present our results for resonant (off resonant) cases for linear response
of medium. In Section 5, we present possible experimental feasibility of
our proposed model. Finally, in Section 6 we present our conclusions.

2. Intracavity tripod atomic system

The schematic of the tripod system is shown in Fig. 1(a). This
system consists of three ground states that are coupled to an excited
state via one probe beam and two control beams. A weak probe beam,
denoted by @, drives the transition between |a,) and |b). Meanwhile,
two stronger control beams, with Rabi frequencies £2; and Q,, are
responsible for coupling the atomic transitions |a,) < |b) and |a;) <
|b), respectively. The detuning parameters 4, 4;, and 4, represent the
detunings of the probe and control fields.

The Hamiltonian for the tripod system, described in the interaction
picture and under the rotating wave and dipole approximations, can be
expressed as [32]

H = h(Q,e7'|a))(b| + Q,e7 1 |ay)(b] + Qye™*|a3)(b] + Hec.), (1)

where H.c. represents the Hermitian conjugate of the terms. The Rabi
frequency 2, (with n = p,1,2), for the transitions |a;,a,,a3) < |b)
is given by @, M (with n = p, 1,2),where i Hayb is the dipole
transition matrix element é, is the polarization vector, and &, is the
electric field amplitude of the corresponding laser field. The detuning
parameters for the probe and control fields are defined as 4, = w,~®,
4) = o —w,,, (4) = w,—0,,;). The dynamics of the system are analyzed
using a density matrix approach. By starting with the Liouville equation
of motion, we derive equations for the evolution of the density matrix

elements

(1) = —i(Tya, + Tyay + Ly, )P0 + 2, 04,50
8,40, (1) + -Q;Puzb(f) — 825 Ppq, ()
+ Q;ﬂa3b(f) = 23044, (D),
iPga,() = iLpg ppp() + il 4 Paya, ) + i1y,

Pazay () + Q]Pba] (1) = 27pg ),
ipazaz 0= lrbazphb(t) azal pazaz(t)

+ ’Fagazpmm (t) + szbHZ (I) - Q*pHZb(t)’

iPayay () = iLpa, ppp() = il 4ya, + Taya))Payas
+ 23040, (1) = 20,5,
iPa (1) = —(Ay +174,5)Pa p(1) + 21 (1)
=104, () = 24,0, (") = 34,4, (0),
iPayp(1) = —(A +1¥4,5)P 0, 6(1) + 25 (1)
= 21040, ) = 220 4,0, (") = 23044, (D),
iPayp(1) = —(A3 +1¥4,5)P4,5(1) + 23 p(1)
= 210430, 1) = 2204,0,(1) = 23044, (1),
iPg a, (1) = (Mg = Ay = iV4,4,)Paya, ) + L1 Ppq, (1)
82 94,0,
iPg 0y (1) = (A3 = Ap = iY4,4,)Pa ay () + 21 Ppa, (1)
23045(0),
iPayay () = (A3 = A3 = iY4,4,)Pa 0y (D) + 2294, (1)
83 pa,5(®), @

with pbb(t) + palal " + pazaz ® + pa3a3 n=1 and pnm(t) = ann(t)~ In this
study, we consider a closed four-level system, meaning no decay occurs
to states outside the specified manifold (for a comparison of open and
closed three-level systems, refer to [39]). The radiative decay rate from
state |n) to level |m) is denoted by I,,,, while the coherence decay rate
between states |n) to level |m) is represented by y,,. The coherence
decay rate is defined as:

1 1
=§Zrnk+§zrml+7:,ms 3
k 1
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Fig. 2. (a) The tripod atomic system susceptibility’s dispersion (dashedcurve) as well as absorption (solidcurve) properties against detuning of probe field at |2,| = 1y, |£2,| =1y,

A =1y, 4 =-1y, 74

15 Yaya, =0, v = IMHz, 7, ., =0, N =10" cm™3, Hayp = 1.269% 107 Cm. (b) |R| and |R,| (Fresnel coefficients) versus incident angle ¢, whereas (c) ratio

|R,|/IR,| plotted against incident angle 6,. (d) PSHE 5;' /4 plot against incident angle 6,. In Fig. 2(b,c,d) we taken into account 4, = 1y. The other parameters are ¢, = ¢; = 2.22,

4 =780 nm, ¢ =0.5 pm and beam waist w, = 504.

12000 |
(a)

10000 |

— 8000 |
o
o

= 6000
o4

= 4000

2000 |

0 £ Il Il Il Il ]
4 -2 0 2 4
A, (MHz)

20 (b) -
10

<

+ a 0

O
-10 5
-20 5

-4 -2 0 2 4
A, (MHz)

Fig. 3. (a) Plot shows ratio |R|/|R,| as a function of probe field detuning 4, while (b) is plot of 5;//1 as a function of probe field detuning 4,. The other parameters are
0, =3385, 12| =1y, || =1y, & =1y, & = =17, Vs = 11, Yoo, = 05 Yoy, = 0 Hgp = 1.269x 107 Cm, N =102 cm™, 0, = 33.85°, ¢; = €3 = 2.22, 4 =780 nm, ¢ = 0.5 pm and

beam waist w, = 504.

where k and / label the states |k) and |/) to which |») and |m) can decay,
respectively. The term y/ accounts for coherence loss (decay) caused
by inhomogeneous broadening effects within the medium. Inhomoge-
neous broadening can arise from various mechanisms such as atomic
or molecular collisions, electron—electron interactions, interface rough-
ness, or phonon scattering, particularly in semiconductor quantum well
systems. We neglect here Doppler broadening y/ = 0 focusing instead
on the intrinsic characteristics of the system and assuming negligible
broadening effects under the given conditions [32].

To examine the optical response of the system to a weak probe laser
field, we focus on the transition between the ground state |a;) and the
excited state |b). The system is initially prepared in its ground state |a, ),
such that p, ,, (0) = 1. The optical properties of interest are captured
through the steady-state susceptibility, where the imaginary and real
components correspond to absorption and dispersion, respectively. The
susceptibility in the steady-state regime reads

(€3]

where N is the density of the medium. The term p, ,(r) represent-
ing coherence between the states, is derived from the density matrix
equation (2) using perturbation theory. Assuming the probe field is
sufficiently weak, the excited state population remains negligible, al-
lowing the approximation Paya, () =~ 1 for all times. Applying this
weak-field approximation, we simplify the steady-state density matrix
equations and solve for p, , to first-order perturbation. This yields the
final expression for the susceptibility:

S 2
J\/|lla1b|
eyh

AB
(A, + i, PAB+12,PB+]2,1?A°

x(4,) = - )
where A = -4, + 4, iy, ,, and B=—4,+ 4, — iy, ,,. In the following
simulations, we neglect decay channels between the lower metastable
states, i.€., 74,4, = V4,4, = 0, and scale all relevant parameters with y
where v, , = 7.

3. Developing a model for photonic spin Hall effect

We subsequently focus on the dynamics for a probing beam of
light, which includes both TE as well as TM polarizations. As seen in
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Fig. 4. Density plot of §7/4 when (a) N = 10> cm™, whereas (b) is a density plot of 57 /4 when number density lowers by an order magnitude i.e. &' = 10" cm™ against
detuning of probe field 4, along with incident angle 6,. The other parameters are ||| = ly, |2,| = 1y, 4) = ly, 4, = -1y, Yap =175 Yaya, = 05 Vaay = 05 Mg = 1.269 X 107% Cm,
0, =33.85°, ¢, =¢€; =222, A=780 nm, ¢ =0.5 ym and beam waist w, = 504.
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Fig. 5. (a) The tripod atomic system susceptibility’s dispersion (dashedcurve) along with absorption (solidcurve) properties against detuning of probe field at |2,| = 0.5y, |£2,| =2y,
A =1y, 4 ==17, Y4 = 17, Yoy, = 0, Va0, =0, N'= 10" em™, p,, =1.269x 107> Cm. (b) PSHE plot &7 /4 against detuning of probe field. The other parameters are ¢, = ¢; =2.22,
4=780 nm, ¢ =0.5 pm and beam waist w, = 504.
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Fig. 6. Density plot of 57/4 when (a) N =10" em™* while (b) if number density decreases an order magnitude i.e. N =10'" cm™ against detuning of probe field 4, along with
incident angle 6,. The other parameters are |2,| = 0.5y, |£2,| =2y, 4, = ly, 4, = -1y, Yays = 175 Yaray = 05 Vo, = 05 Hgp = 1.269 X 107% Cm, ¢, = ¢; =2.22, A =780 nm, g = 0.5 pm
and beam waist w, = 504.

Fig. 1(b), this beam, which is originally traveling through a vacuum, polarization experience a spatial divergence along the y-axis, which is
contacts the cavity mirror M, at an incidence angle 6¢,. The probe beam perpendicular to their plane of incident, as shown in Fig. 1(b). This
may either penetrate through or reflect on its surface. After reflection, effect, known as the PSHE, arises due to the spin—orbit coupling of light,

the components of the light exhibiting left- along with right-circular which causes photons with opposing helicity to separate depending
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10'" ¢cm~>. The other parameters are |Q2,| =

1
ﬁr,

on polarization. By applying the Transfer Matrix method to the three-
layer structure under consideration, we can get the following formulas
for the reflection coefficients of TM-polarized light (R,,) as well as
TE-polarized light (R,):

RI2 4 R ikaza

= (6)
p-s 12 1223 L2ik ’
1+ Rp,st,se k24

The thickness that constitutes the intracavity medium is denoted by
the variable ¢ in the equation above. The reflection coefficients for
the interfaces that exist among the intracavity tripod atoms as well as
the second mirror and among the first mirror alongside the intracavity
tripod atomic system are denoted by the expressions Rfs along with
R}fs, respectively. The representation of the reflection coefficient across
the junction of the top mirror, medium, as well as bottom mirror for
TM polarization in a two-layer system is as follows:

€;ki; — €;k;

Rii = ‘JZ 7
P ek, +eik; )

i"jz
For the case of TE polarization, the reflection coefficient is given by:
ki;—kj;

RU_ _Jz 8
ki, +kj; ®

In the present scenario, the vertical component of the wave vector in
each layer is defined as k;, = ,/kze — k2, where k, = /e kg sin(6;)
represents the wave vector projectlon along the x-axis. In this case,
the free-space wave number is k, = 2% where A denoting the light’s

1921 = F570 4 =0, 4 =0, 70 = 17, T, = 0 Tapa, =0, Hyp = 12691072 Cm, € = ¢ =222, 4=780 nm, ¢ = 0.5 ym

wavelength. From Eq. (6), we find that the tripod atomic medium’s
permittivity affects the reflection coefficients, ¢,. Through the suscep-
tibility y, this permittivity may be adjusted, enabling dynamic control
upon the PSHE associated with light.

The field-induced amplitudes for the two circular polarization con-
stituents that comprise the reflected light distribute themselves inside
the reflected-light system as follows when a TM-polarized Gaussian
beam rebounds from the contact point between two surfaces:

2
@) x2 + y?
EF(Xps Y 2,) = EO exp <—;) x

@

ko 00

_ 2y, cot(8)

g
kw

2ix, OR,,
_—

(R, +Rp)] . 9

1/2
kyw?

19 .

— representing the

, with z,

2
where @ = @y |1+ <k212(2))
Rayleigh length, and w, indicating the waist radius of the incident
beam. The coordinates (x,, .. z,) refer to the system for the reflected
light, while + signifies the two distinct spin states. The reflected light’s
transverse shift may therefore be expressed as follows:

5 = fylé’:i(x,,y,,zr)lz2 dx, dy,_ 10)

S &5 (X 9,217 dx, dy,
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By applying Egs. (9) and (10), the transverse spin displacement com-
ponents, 5; and §;, may be articulated using the three-layer cavity
system’s refractive coefficients [14,40].

R
kja?Re 1+R—; cot(6,)
=7 . an
? k2 2 dlan 2 1 Ry (/] ?
105+ %, + (( +R—p)cot( 1)

The transverse displacement among the right- along with left-circularly
polarized constituents of the incoming light is indicated by & in the
formula above, where k;, = \/a k. In this analysis, we focus on the
transverse shift 6; corresponding to the left-circularly polarized com-
ponent. Because both spin components have the same magnitude but
different orientations, the displacement with regard to right-circularly
polarized component may be modified in a similar way. Furthermore,
the permittivities associated with the cavity walls, ¢, along with e;, are
considered to be invariant, whereas the intracavity medium’s permit-
tivity, e,, is linked with the tripod atomic system’s susceptibility by the
subsequent relation

e =1+ 1(4,). (12)

where y(4,) is featured in Eq. (5).
4. Results

In this section, we present our investigation of the PSHE through
the analysis of three distinct scenarios. In Section 4.1, we explore
the linear regime, where both control field strengths are equal and
the detunings of control fields are off-resonant, leading to symmetric
PSHE. In Section 4.2, we examine a scenario where the control field
strengths are unequal and their detunings are off-resonant, resulting
in asymmetric double transverse shift enhancement. In Section 4.3,
we investigate the case where both control fields are in superposition
under resonant detuning, yielding single enhancement of PSHE. Lastly,
in Section 4.4, we discuss the resilience of the system to noise and its
performance under practical imperfections. Throughout this analysis,
we utilize experimentally accessible parameters to reveal the underly-
ing mechanisms of double EIT (DEIT) within the theoretical framework
of the PSHE.

4.1. Symmetric double PSHE enhancement

Under the condition that y, ,, = ¥4 4, = 0, which we assume in this
study, the susceptibility in Eq. (5) vanishes when 4, = 4, or 4, = 4,.
Consequently, if 4, # 4,, the medium becomes transparent at two
distinct probe field frequencies. This is shown in Fig. 2(a), where we
present the response of the tripod atomic system when both control
fields are off-resonant, with their strengths being equal. We observe two
symmetric EIT windows at equal and opposite detunings of the probe
field 4,.

In Eq. (11), we see that the transverse shift 6* is influenced by
the reflection coefficients of the incident light, specifically for TE-
and TM-polarized light. To explore this relationship further, we first
analyze how these reflection coefficients change as the angle of inci-
dence varies. In Fig. 2(b), the reflection coefficient magnitudes for TE-
polarized (R,) as well as TM-polarized (Rp) light are shown. From the
plot, we observe distinct behaviors for R, and R,. The TM-polarized
reflection coefficient, shown by the color-red solid line, initially di-
minishes as the angle of incidence rises. It attains zero exactly at the
Brewster angle, 65 ~ 33.85°, after which it starts to grow as the angle
keeps growing. Conversely, the TE-polarized reflection coefficient, seen
by the green dashed curve, exhibits distinct behavior. It experiences
a pronounced decline prior to the Brewster angle, followed by a con-
sistent rise as the angle of incidence increases. This contrast between
the reflection coefficients between TE along with TM underlines the
angle-dependent nature of the light-matter interaction at the surface.

Optics Communications 590 (2025) 131930

A significant transverse shift takes place when the ratio of the
coefficients of reflection regarding TE- (R,) as well as TM-polarized
(R,) waves, at a given incident angle exceeds unity, since the transverse
shift 55 in Eq. (11) is determined by this ratio. Fig. 2(c) illustrates this
connection in further detail by presenting the ratio |[R,/R,| as a func-
tion of the angles of incidence 6;, where 4, = 1y, which corresponds
to the frequency detuning of the right EIT window seen in Fig. 2(a).
Since this frequency corresponds to a transparent window, the ratio
IR,/R,| reaches its highest value at 4, = ly. Interestingly, the ratio
shows a significant rise close to the Brewster angle, 6 ~ 33.85°. The
ratio rapidly increases when |R,| approaching zero regardless of the
Brewster angle, as seen by the red-colored curve for 4, = 1y in Fig. 2(b).
The green curve for |R,|, on the other hand, stays nonzero, leading to
a positive and improved ratio |R,/R,| for that angle. We concentrate
on a smaller range of incidence angles, 6,, in order to better capture
the impacts close to this key angle.

We now concentrate on the PSHE-induced transverse shift. For sake
of clarity and simplicity, we focus on the transverse shift associated
with the spin-dependent component of the right circularly polarized
photon, 5;. The selection is driven by a uniformity magnitude and
opposing direction of the transverse shifts for the two circular polar-
ization states. This symmetry enables us to focus on the right circular
polarization component, while acknowledging that the left circularly
polarized component will exhibit analogous behavior, although with
the direction of the shift inverted.

In Fig. 2(d), we illustrate the PSHE-induced transverse shift, 5; /2,
against the incident angle 6, at 4, = ly. For clarity and ease of
comparison, we keep all other parameters constant and observe the
enhancement of the PSHE at 4, = 1y. If §; < 33.85°, the transverse
PSHE is positive, while when 6, > 33.85°, it has the value negative.
This sign change has the result of a = phase transition among the phases
corresponding to the Fresnel coefficients R, along with R,.

Fig. 3 illustrates the ratio R, /Rpl (a) and the PSHE 5; /4 (b) as
functions of the probe field detuning for the Brewster angle 6, = 33.85°,
where enhanced effects were observed in Fig. 2. The plots clearly
reveal the double-peak enhancement in the ratio |[R,/R,| (a) and,
consequently, the PSHE 5; /4 (b) at the two EIT frequencies, 4, = +1y.
This result demonstrates that the tripod system enables enhanced PSHE
at two distinct frequencies, highlighting its superiority over previous
studies [41-43], which only achieved transverse shift enhancement at
a single frequency.

Fig. 4(a) displays the density distribution for the PSHE against
incident angle 6; alongside probe field detuning 4,, with a fixed atomic
density of N' = 10'> cm™3, to examine the impact of atomic density
upon the PSHE shift. A maximum PSHE of 251 is observed at 4, = +1y.
Lower-magnitude PSHE peaks, around < 104, are also seen at 4, =
+3.8y, because of non-zero absorption at such frequencies detunings.
A comparable density map of PSHE is shown in Fig. 4(b), but with
a lower atomic density of A" = 10'' cm=. The PSHE at 4, = +ly
remains constant at 254 at this reduced density, but there is a significant
improvement at 4, =+338y. Comparing Figs. 4(a) and 4(b), it is evident
that the PSHE at 4, = +1y is independent of atomic density and stays
constant at +254. However, at 4, = +3.8y, lowering the atomic density
minimizes the absorption of the probe field, thereby further enhancing
the PSHE. The increase in the PSHE shift with decreasing atomic den-
sity can be attributed to the reduced interaction between the medium
and the probe field. A lower density allows the spin components of
light to separate more distinctly, contributing to a reduced dispersion,
broader transparency conditions, and minimized losses, all of which
collectively enhance the PSHE.

4.2. Asymmetric double PSHE
Now, let us consider the case where the control field Rabi frequen-

cies are unequal, with an off-resonant detuning of 4, = —4, = 1. In
Fig. 5(a), we observe two asymmetric EIT windows: one at 4, = 1y and
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the other at the off-resonant detuning, 4, = —1y. The EIT window at
4, = —ly is broadened, while the window at 4, = 1y is narrower.

In Fig. 5(b), we plot the PSHE 5;' / 4 versus the probe field detuning
4,, while fixing the incident angle at 6, = 33.85°. Interestingly, we
observe two enhanced asymmetric PSHE peaks at two distinct frequen-
cies corresponding to the EIT windows shown in Fig. 5(a). The PSHE
broadens at 4, = —1y and narrows at 4, = 1y due to the medium’s
dispersion and the way spin-dependent splitting interacts with the
transparency window. A similar enhancement in the peaks of the ratio
R;/R,| is also observed (though not shown here). At 4, = —1y, the
broadening of the transparency window (observed in Fig. 5(a)) allows
for a more extended spectral overlap with the spin-dependent refractive
index variation, along with a wider frequency region that experiences
reduced absorption effects. This results in a broader distribution of the
PSHE shift across the probe beam. Conversely, at 4, = 1y, the narrower
transparency window confines the interaction to a smaller spectral
region, leading to a sharper PSHE shift. This behavior underscores the
dependence of the PSHE'’s spatial profile on the spectral width of the
transparency window.

To investigate the influence of atomic density on the PSHE shift, we
present the transverse PSHE, 6/, as a function of both the incident
angle 0, and probe field detuning 4,. Initially, we consider an atomic
density of N = 10'> cm~3, as shown in Fig. 6(a). At this density, a peak
PSHE of 25/ is observed at 4, = +ly, accompanied by a secondary,
lower-magnitude PSHE shift at 4, = +3.8y, where the shift is < 104 due
to non-zero absorption at these detuning values. Notably, at 4, = 1y,
the PSHE is more confined, achieving a peak of 254, while at 4, = —1y,
the shift is broader.

A PSHE shift density plot with a lower atomic density of N' =
10'" em™3 is shown in Fig. 6(b). At this lower density, the PSHE at
4, = +3.8y is enhanced, reaching 254, while the PSHE at 4, = +ly
remains unchanged at 254. A comparison of Figs. 6(a) and 6(b) reveals
that, like the previous case, the PSHE at 4, = +1y remains independent
of atomic density N and is consistently 251. However, at 4, = +3.8y,
decreasing the atomic density reduces absorption of probe beam, which
further amplifies the PSHE. Additionally, the angular range over which
the PSHE changes sign from positive to negative becomes significantly
narrower for N = 10!' cm~3 in comparison to A" = 10'> cm™3.

4.3. Single PSHE

Finally, let us consider the response of the atomic tripod system
when the detunings of the control fields are equal, i.e., 4, =4, = A. In
this case, the susceptibility in Eq. (5) takes the form:

- 2
Nl”albl (Ap_A)

5 - 5 > 13
€0 (4, + iy, )4, — 4) = |2,]" — |£25]

x(4,) = -

This expression is analogous to the susceptibility of a three-level sys-
tem [25], with the modification that the effective coupling strength
is determined by the sum of the squared Rabi frequencies of the two
coupling fields. As a result, the absorption profile features a single EIT
transparency window at 4 = 0, flanked by two distinct absorption peaks
located at A , = xly. This behavior is illustrated in Fig. 7(a) for the case
where A= 4, = 4, =0.

The profile of |R,/R,| reveals that the highest ratio occurs at the
Brewster angle, 6, ~ 33.85°, consistent with observations in previous
cases (not shown here). Fig. 7(b) illustrates the PSHE 6;’ /4 against
detuning of probe field 4, at 6; ~ 33.85°. The plot indicates a single
peak enhancement of the transverse shift near resonance.

The PSHE density plot against 6, along with detuning of probe
field 4, displayed in Fig. 8 highlights the impact of atomic density.
As in previous cases, reducing the atomic density enhances the PSHE
at non-resonant detunings, where it was previously lower at higher
densities, while leaving the PSHE magnitude unchanged at resonance
(4 p = 0), where EIT occurs. This behavior arises because lower atomic
density reduces dispersive effects, strengthening the coupling of spin
components and thereby increasing the PSHE shift.
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4.4. Robustness against noise and practical imperfections

While our theoretical results demonstrate the tunability and en-
hancement of the PSHE in the tripod atomic system, it is crucial to
consider the system’s robustness under experimental imperfections and
noise. In real-world scenarios, factors such as laser intensity fluctu-
ations, atomic decoherence, Doppler broadening, and stray magnetic
fields can influence the stability of the observed PSHE shifts. One of
the advantages of our proposed scheme is its reliance on EIT, which is
known for its resilience against moderate levels of decoherence [44].
The DEIT structure further strengthens this robustness by providing ad-
ditional transparency windows that can compensate for small variations
in control field parameters [32,33].

A key consideration is the sensitivity of the symmetric and asym-
metric PSHE shifts to variations in the Rabi frequencies and detun-
ings of the control fields. Numerical simulations indicate that while
moderate fluctuations in these parameters slightly affect the magni-
tude of the transverse shifts, the qualitative features of the PSHE
remain stable. This suggests that the system retains its ability to ex-
hibit spin-dependent splitting even in the presence of small perturba-
tions. Moreover, the use of cavity QED enhances light-matter interac-
tions, thereby reducing the impact of environmental noise by confining
photons within the cavity mode for longer interaction times [25,45].

Another important factor is atomic density, which plays a role
in determining the optical susceptibility of the medium. While vari-
ations in atomic density can influence the transparency conditions,
they primarily affect the amplitude of the PSHE shifts rather than
their overall structure. In high-precision experiments, temperature-
controlled atomic ensembles and optical trapping techniques can mit-
igate density fluctuations, ensuring stable operation of the tripod sys-
tem [46].

In general, our findings indicate that the proposed system main-
tains robustness against practical imperfections, making it feasible for
experimental realization. Future work could involve a more detailed
analysis of noise sources, including phase noise in the control fields and
photon shot noise, to further quantify the system’s stability in realistic
conditions.

5. Experimental feasibility of the proposed model

The experimental realization of the PSHE in a linear tripod atomic
system requires careful consideration of various practical factors, in-
cluding atomic coherence, field stability, and noise robustness. Our
proposed model relies on a four-level atomic system interacting with
a weak probe field and two strong control fields to achieve DEIT. This
configuration enables tunable PSHE by controlling the atomic response,
making it a promising candidate for experimental studies.

A possible experimental implementation can be realized with the
tripod scheme using 87Rb atoms. In this configuration, cold atoms can
be confined in a temporal dark spontaneous-force optical trap, which
is a variant of the magneto-optical trap (MOT) where the repumping
beam is temporarily turned off. In such a trap, atoms are transferred
into the 55,,,,F = 1,mp = {-1,0,+1} Zeeman sublevels of 87Rb,
leading to an increased atomic density compared to a conventional
MOT. These Zeeman sublevels correspond to the three ground states
of the tripod system, denoted as |a;), |a,), and |a3), respectively. The
excited state |b) corresponds to the 5P; 2 F =0 level [47]. This level
structure facilitates coherent control of the atomic system and supports
the experimental realization of polarization-sensitive phenomena such
as the PSHE.

Another crucial aspect is the detection of spin-dependent transverse
shifts. Weak measurement techniques, as demonstrated in previous
PSHE experiments [48], can be employed to resolve the small displace-
ments of left- and right-circularly polarized components. A combination
of polarimetric detection and spatially resolved imaging using charge-
coupled device (CCD) cameras or single-photon detectors can be used
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to measure the shifts with high precision [13,49]. Furthermore, the
sensitivity of PSHE to variations in atomic density and control field
parameters can be systematically investigated to assess the robustness
of the effect under real-world experimental conditions.

Overall, the proposed linear tripod scheme offers a highly con-
trollable and tunable platform for studying PSHE, leveraging well-
established atomic physics techniques. The ability to modulate the
transparency windows and enhance spin—orbit interactions through
DEIT provides a feasible route toward experimentally observing and
manipulating PSHE, with potential applications in quantum informa-
tion processing and photonic device engineering.

6. Conclusions

In this work, we investigated the tunability of the tripod atom-
light coupling scheme for controlling the PSHE by varying the Rabi
frequencies and detunings of two strong control fields. By analyz-
ing the system’s response to a weak probe field, we demonstrated
that the tripod model could realize symmetric, asymmetric, or sin-
gle EIT windows, depending on the control field parameters. Our
results illustrated that this configuration enabled the generation of
symmetric or asymmetric double-peak PSHE, resulting in enhanced
transverse shifts at two distinct frequencies. This provided insight into
the variation of PSHE profiles when the system was tuned to different
detuning conditions. Moreover, we also presented a scenario where the
PSHE exhibited a single-peak enhancement at probe field resonance,
highlighting the system’s flexibility across a broad range of detuning
conditions. Additionally, we explored the impact of atomic density
on PSHE enhancement, finding that a reduction in atomic density
led to more pronounced transverse shifts at non-resonant detunings,
where absorption was observed at higher atomic densities. At the EIT
frequencies, the PSHE remained largely unaffected by atomic density
changes. However, at detunings away from resonance, reducing atomic
density minimized absorption effects, leading to a larger PSHE shift.

The proposed tripod atomic system differs fundamentally from
conventional Spin Hall Effect (SHE) platforms, which rely on electronic
spin-orbit coupling in static materials, and from classical photonic Spin
Hall Effect of Light (SHEL) or Optical Spin Hall Effect (OSHE) plat-
forms that require engineered metasurfaces or nanostructures. Unlike
these approaches, our scheme leverages quantum interference (EIT)
in atomic ensembles to dynamically tune PSHE symmetry, amplitude,
and spectral response via external control fields, bypassing material
fabrication constraints. While classical SHEL as well as OSHE systems
suffer from optical losses or fixed geometric responses, our atomic plat-
form achieves low-loss, reconfigurable spin-dependent splitting with
enhanced robustness to decoherence through cavity-QED-enhanced
light-matter interactions. Additionally, the tripod system uniquely
enables multi-frequency PSHE shifts (symmetric along with asymmetric
double peaks), a feature unattainable in conventional single-resonance
platforms. This combination of tunability, noise resilience, and spec-
tral versatility offers a distinct advantage for applications requiring
adaptive spin-photonic control.
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