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Tunable photonic spin Hall effect in a tripod atom-light configuration
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We propose a four-level tripod atom-light coupling scheme to manipulate the photonic spin Hall effect (PSHE)
in the reflected probe light. Our study demonstrates that the tripod configuration enables enhanced PSHE near
the Brewster angle upon reflection for the probe field, with significantly stronger transverse shifts at resonance
compared to off-resonance conditions. The PSHE shift is maximized when all fields are resonant, aligning with
the transparency point of the system, and is notably weaker under off-resonant conditions, where gain effects
dominate. Additionally, the tripod scheme enables an enhanced transverse shift for the signal field at resonance,
resulting in dual-field PSHE enhancement. This combined enhancement of transverse shift for both probe
and signal fields underscores the superiority of the tripod configuration in achieving maximized PSHE shifts,
surpassing prior schemes and opening new possibilities for advanced applications in spin-photonic devices.
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I. INTRODUCTION

Quantum coherence in multilayer atomic systems con-
tributed to great theoretical as well as experimental interest
owing to its capacity to significantly alter along with pre-
cisely regulate material optical characteristics. Laser-induced
quantum coherence has a broad variety of applications in
quantum optics, which gives birth to various intriguing
phenomena, the most known of which is electromagneti-
cally induced transparency (EIT) [1,2]. EIT is an optical
method that uses the interference of electronic transitions
in a material to reduce absorption along with substantially
change dispersion across a small frequency range. Under
typical conditions, resonant excitation leads to considerable
absorption. However, when atoms are prepared using EIT,
absorption is efficiently inhibited, contradicting the traditional
relationship between a high refractive index with increased
absorption [3].

EIT in its simplest form typically requires a three-level
system. However, when a weak coherent electromagnetic
field is introduced to a four-level EIT system, two simulta-
neous transparency windows are created—one for the probe
field and another for the additional weak field—resulting in
the so-called double EIT (DEIT) [4-8]. DEIT enhances the
interaction duration between pulses due to reduced group
velocities and enables the lossless propagation of two simul-
taneous signal fields [9]. These unique properties make DEIT
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a promising candidate for a variety of applications in quantum
optics and quantum communication [10].

Schemes based on optical connections have garnered
significant interest, particularly as the effective number of
measured physical variables increases by orders of magnitude,
leading to the observation of new physical phenomena and
natural laws. One such phenomenon is the photonic spin Hall
effect (PSHE), a cornerstone of spin photonics, which enables
the spatial separation of light with opposite spin states in the
transverse direction as a result of spin-orbit interactions of
light [11,12]. This is distinct from the Goos-Hénchen (GH)
shift [13-16], which describes the lateral displacement of
a light beam from its expected geometrical trajectory. This
effect is the optical analog of the spin Hall effect in electronic
systems, where the refractive index gradient replaces the role
of spin electrons and represents the equivalent of an electrical
potential difference [17,18]. The PSHE was first predicted by
Onoda et al. in 2004 [11] and was later expanded upon by
Bliokh [12], who provided a comprehensive theoretical anal-
ysis. Empirical confirmation followed in 2008 when Hosten
and Kwiat demonstrated the effect using weak measurement
techniques [19].

The PSHE is now widely recognized as originating from
the spin-orbit interaction of photons, consistent with the fun-
damental principle of angular momentum conservation in
light [20,21]. Various mathematical and experimental meth-
ods have been developed to enhance PSHE, including weak
value amplification, which significantly increases the trans-
verse spin-dependent displacement linked to the Hall effect
of the photonic spin [22,23]. While PSHE has been stud-
ied in a few atomic configurations [24-27], none of these
schemes achieve simultaneous enhancement of PSHE in both
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FIG. 1. (a) A three-layer cavity system with two mirrors, M, as
well as M,, along with coherent tripod atoms placed in between
dielectric layers is shown schematically. (b) Energy level diagram of
a four-level tripod atom-light coupling scheme interacting with two
weak probe €2, and signal 2, beams, along with a stronger control
field Q..

probe and signal fields. Our proposed four-level tripod scheme
uniquely enables dynamic and tunable dual-field PSHE en-
hancement, providing additional control and tunability that
could be advantageous for practical applications.

The tripod scheme exhibits a variety of rich EIT phenom-
ena, including what is referred to as double-DEIT (DDEIT)
in Ref. [7]. The DDEIT phenomenon is characterized by the
presence of two EIT windows for both the signal and probe
fields under appropriate parameter conditions.

In this study, we investigate the four-level DDEIT tripod
atomic system consisting of one upper state and three lower
states. The system interacts with three simultaneous fields: a
weak probe beam, a strong control beam, and a weak signal
field. Using a semiclassical model, we analyze the tripod
scheme to explore its interaction with the probe, control, and
signal fields. The presence of double windows is observed for
both the signal and probe fields, with EIT observed at reso-
nance and gain emerging in another off-resonance window.
Leveraging these features of probe and signal fields in tripod
light-atom coupling, we examine the PSHE shift amplitude
at resonance and off-resonance frequencies. The results show
that the PSHE shift reaches its maximum at resonance due
to EIT. Conversely, at off-resonance frequencies, the shift is
suboptimal, likely influenced by gain effects present at those
frequencies. Since similar behavior can be observed for the
signal field, this implies a dual-field enhancement of the PSHE
in the proposed tripod scheme.

II. THEORETICAL MODEL AND CALCULATION
OF PHOTONIC SPIN HALL EFFECT

We analyze a probing light beam that is both TE and TM
polarized, incoming from a vacuum at an angle of incidence 6;
on the cavity mirror M1, as shown in Fig. 1(a). The monochro-
matic Gaussian probe beam may either transmit through the
tripod atomic system or be reflected at its interface. The circu-
lar polarization components of the incident light beam on the
right as well as on the left spatially separate upon reflection in
a direction orthogonal to its plane of incidence (the y axis), as
seen in Fig. 1(a). This spatial separation is referred to as the
PSHE.

The PSHE is an optical phenomena that is reliant on po-
larization and results from the separation of photons with

opposing helicities caused by the spin-orbit interaction of
light. The transfer matrix approach is used to calculate the
complex reflection coefficients for the TM-polarized R, along
with TE-polarized Ry components for the three-layer struc-
ture that is being addressed here. These coefficients can be
expressed as:

Ryt p + Rij pexpRika.q)
T L+ RZ R pexpQikag)’

(D

Ru e

where ¢ is the thickness of the intracavity medium, R;7
and R} are the reflection coefficients at the mirror one-
intracavity tripod atom interface and the intracavity tripod
atom-mirror two interface, respectively.

In the case of a two-layer reflection coefficient for the top
mirror medium-lower mirror interface, the expression for the
TM-polarized component is given by:

ij _ Eikic — €k @)
M ejkiz —+ Gika ’
and for TE polarized is
ke — ks
R} = —=. 3
£ kiz + k'z )

Thus, k;; = Vkje; — k? denotes the standard wave vector
inside the respective layer, whereas k, = ,/€1k sin[6;] repre-
sents the wave vector that moves in x direction. Additionally,
ko = 2m /A represents a wave vector, having A being the light
wavelength.

Equation (1) shows that the reflection coefficients depend
on the permittivity of the cavity walls, €; and €3, which remain
constant, as well as the permittivity of the intracavity medium,
€. The latter corresponds to the tripod atomic medium and
can be actively controlled by modifying the susceptibility x,.
The relationship between the permittivity of the intracavity
medium and the susceptibility of the tripod atomic system is
given by:

=14 @)

where x, represents the susceptibility of the tripod atomic
system, which can be calculated using the density matrix for-
malism described in Sec. III. This tunability enables dynamic
control over the PSHE of light.

For a TM-polarized Gaussian beam that is reflected by the
interface between surfaces, the field-effect amplitudes for the
two circular components of reflected light are ordered in the
following manner within the reflection systems:

2., .2
gri(xrv Yrs Zr) = ﬂGXpI: — m]
w )
2ix, O0Ry _ 2y,cot[0]
R, — Ztr OtM
8 [ M ke 0 T ke
x (Rg +RM)], (5)

where @ = wo[l + 2z, /ki})?1V?, z, = kjw}/2 is the
Rayleigh length, the incident beam’s waist radius wy,
(xr, yr, z-) displays the coordinate system for reflected
light and the superscript £ denotes the various spin states.
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Then, the transverse displacement of reflected light can be
expressed as

st — [ YIEEC, yr, 2)dx,dy,
b SIEF G, yry 20)12dx,dy,

(6)

Based on Eq. (5) as well as Eq. (6), the transverse

spin-displacement components 5; along with é, may be ar-

ticulated to the refractive coefficients of the three-layer cavity
tripod system’s represented as [28,29]
5 ki nge[l + 2= cott; -
=+
" 0+ | (1 4 ) cote

Here 8; denotes the transverse shift between the left and
right circularly polarized components of the incident light
with k; = /erk. In what follows, we will concentrate on the
transverse shift 8;' of the left circularly polarized component.
Since the two spin components have equal magnitudes but
opposite directions, the shift of the right circularly polarized
component can be adjusted concurrently.

III. INTRACAVITY TRIPOD ATOMIC SYSTEM

Figure 1(b) displays a tripod system’s detailed schematic.
The probing, control, along with signal beams, correspond-
ingly, connect three ground states to an excited state in a tripod
system. The transition |1) <> |4) is subjected to the weaker
probing laser €2;,. The control as well as signal beams couple
to generate atomic transition |2) <> |4) along with |3) < |4),
respectively, having Rabi frequencies 2. as well Q. The
detunings of the probe, control, as well as signal fields are
indicated by the parameters A, A, and A,. For j € {2, 3, 4},
the decay rates of the levels | j) are represented by y;.

Taking into account the rotating wave along with dipole
approximations, the semiclassical Hamiltonian that describes
the tripod-type atomic system is [7]

Y/ A P A
H' = Apc6p + ApsG33 + Apbus

h
+ E(Qpam + Q624 + Q634 + Hoc.), ()
|

(11 — pas) (T3 + 2iA + ng‘%‘;_Aw

)+ (p11 — P44) 5

wherein A,y := Ay — Ay denotes the two-photon detuning,
whereas H.c. denotes the Hermitian conjugate. The evolution
of time in the quantum master equation may be used to cal-
culate the tripod atom-light coupling response relative to the
applied fields [7]

. 4
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Both spontaneous emissions as well as dephasing are included
in Eq. (9). Here, the rate at which decay occurs between the
states |j) — [i) is represented by y;;, whereas the dephasing
rate of the state |j) is indicated by y,;. The complete set of
equations for the density matrix p can be found in Ref. [30].

We now turn to Eq. (9) to derive the equation for the off-
diagonal element p;4 of the density matrix in the steady-state
regime, which describes the interaction with the probe light.
The optical response to the probe field can be expressed in
terms of the off-diagonal steady-state density-matrix element
P14, as follows:

i(p11 — paa) + - 21A S5 P43

,014 = Qp 2 ’ (10)
|2 | 1€2]
va — 20, + Va—2ilpe + Va—2ilps
where
i —i(p33 — paa) + 5= 21A 014
o3 = £ (11)

: |Q 2 ’
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with T'y; = y& + y1. The electric susceptibility of the system
for the probe field x, characterizing the absorption and dis-
persion properties of the weak probe field is defined by

P14 Niwsl?
= —_—, = 12
Xp = Mp Qp Mp coh (12)
where in Eq. (12) NV, p,4, €0 and 7 represent the atomic num-
ber density, dipole moments, permittivity of the free space,
and Planck constant, respectively. The final probe susceptibil-
ity equation then using Eqgs. (10)—(12) is

2]’
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A similar approach can be applied to the case of the signal
field, yielding an analogous equation for the signal beam
susceptibility.

IV. PSHE FOR TRIPOD SYSTEM

In this section, we present the results for the PSHE, fo-
cusing on the scenario where the control field is resonant,
while the signal field remains off resonant. The population
is assumed to be distributed between states |1) and |3). This

)/2—2iApC

]/3—21Ap5

(

configuration leads to the EIT at the resonant frequency and
gain at the off-resonant window of the probe field. We use
experimentally feasible parameters to elucidate the underly-
ing mechanisms of this scheme, incorporating the theoretical
framework of the PSHE.

In Fig. 2(a), we show the response of the tripod atomic
system to the probe field when the signal field is off resonant
and the detuning of the strong control field is set to zero. In
this configuration, we observe the emergence of two distinct
windows. The first window appears when the detunings of all
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FIG. 2. (a) The graphical representation of Im[x] (pink solid
line) along with Re[x] (red dashed line) against the probe detuning
A, using Eq. (13). (b) Absolute values |[Rg| and |Ry| versus inci-
dence angle 6; for A, = 0. The other parameters are A =9 MHz,
A.=0,Q = l]/4, Q = 0.3)/4, Qp = 02)/4,N =10 cm’3, My =
1.269 x 107% Cm, I'y; = 18.01 MHz, ys = 18 MHz, y, = 40 kHz,
y3 = 10kHz. The additional parameters for plotting |Rg| and
|Ry| are €, = €, = 2.22, A = 852 nm, and thickness of intracavity
medium g = 100 nm.

applied fields are equal, meaning they are all in resonance,
which results from destructive interference between the in-
direct channels [31]. The second window occurs when the
detunings of the probe and signal fields are the same and set
to 9 MHz, while the detuning of the control field is zero. The
second window is narrow and is characterized by negative ab-
sorption or amplification, a phenomenon caused by the Raman
gain effect.

This observed gain can be attributed to signal-induced
coherence, as described by Eq. (10). The gain involves two
contributions: one associated with the population difference
011 — P44 and the other with py43 [7]. Gain is shown when
A, = A,, where the first term’s imaginary part is positive
while the second term’s imaginary part is negative. Through
the |1) <> |3) transition, the probe gain is caused by signal-
driven coherence, proving that this coherence connects the
transitions generated by the signal along with probe fields.

It is clear from Eq. (7) that the reflection coefficients for
TE- along with TM-polarized input light have a significant
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FIG. 3. Ratio |Rg/Ry| of reflection coefficient versus incidence
angle 6; for (a) A, =0 and (b) A, = 9MHz. The other parame-
ters are A; =9MHz, A, =0, Q¢ = lys, Q; =0.3y4, Q, = 0.2y,
N =10"cm™3, uy = 1.269 x 1072° Cm, I'y3 = 18.01 MHz, y; =
18 MHz, y, = 40 kHz, y; = 10kHz, €, = ¢; = 2.22, A = 852 nm,
and thickness of intracavity medium ¢ = 100 nm.

impact on the transverse shift /A. To investigate this fur-
ther, we analyze how these reflection coefficients vary with
the angle of incidence. Figure 2(b) displays the magnitudes
of the reflection coefficients for TE-polarized light, R, and
TM-polarized light, Ry;. As illustrated in Fig. 2(b), the TM-
polarized reflection coefficient Ry, (represented by the red
solid curve) initially decreases as the incident angle increases,
reaching zero at the Brewster angle 6p =~ 34°. Beyond this
point, Ry, increases again as the angle of incidence continues
to rise. In contrast, the TE-polarized reflection coefficient Rg
(depicted by the pink dashed curve) shows a steady increase
with increasing incident angle. This contrasting behavior of
Ry and R with respect to the angle of incidence underscores
the angle-dependent nature of the light’s interaction with the
surface.

According to Eq. (7), the transverse shift (Sljf /A is deter-
mined by the ratio of the TE- and TM-polarized reflection
coefficients, Rg and Ry, at a specific angle of incidence. A
pronounced transverse shift emerges when this ratio exceeds
unity. To investigate this relationship further, we analyze the
ratio |Rg /Ry | as a function of the incident angle 6;, for both
the resonant condition (A, = 0) and the off-resonant condi-
tion (A, = 9MHz), depicted in Fig. 3. The most prominent
observation from Fig. 3 is that the ratio |Rg/Ry| reaches its
maximum under resonance (A, = 0), surpassing the values
observed in the off-resonant region. Additionally, the ratio
experiences a steep rise near the Brewster angle, 65 ~ 34°,
in both cases. As illustrated by the red curve in Fig. 2(b),
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FIG. 4. The PSHE shift 8; /A versus incidence angle 6;
for (a) A,=0 and (b) A, =9MHz. The other parameters
are A, =9MHz, A. =0, Q. =1y, Q3 =03y, ,=02y,
N =10"cm™3, u;y = 1.269 x 1072° Cm, I'y3 = 18.01 MHz, y4 =
18 MHz, y, = 40 kHz, 3 = 10kHz, €; = ¢; = 2.22, A = 852 nm,
¢ = 100 nm and beam waist wy = 60A.

the reflection coefficient |Ry,| diminishes to nearly zero at
the Brewster angle, leading to a sharp increase in |Rg/Ry|.
This near vanishing of |R),| significantly amplifies the ratio.
To capture the influence around the Brewster angle accu-
rately, we limit our analysis to a narrow interval of incident
angles 6;.

We now turn our attention to the transverse shift induced
by the PSHE. For the sake of simplicity and clarity, we focus
specifically on the transverse shift associated with the right
circularly polarized photon spin-dependent component, which
we denote as 8; /A. This focus is motivated by the fact that, for
the two circular polarization states, the transverse shifts are
equal in magnitude but opposite in direction. This symmetry
allows us to concentrate on one polarization component while
understanding that the behavior of the left circularly polar-
ized component will mirror that of the right one, but with a
reversed direction of the shift.

We analyze the PSHE, 8; /A, as a function of the incident
angle 6;, comparing two specific regimes: the resonant con-
dition at A, = 0, where transparency is observed [Fig. 4(a)],
and the off-resonant case at A, = 9 MHz, characterized by
gain [Fig. 4(b)]. To ensure a clear and meaningful comparison,
we maintain consistent parameters across both scenarios. Our
results reveal a pronounced enhancement of the PSHE under
resonant conditions compared to the off-resonant case. This
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FIG. 5. The distribution of the electric field intensity for
(a) transverse magnetic (TM, p-polarized) and (b) transverse
electric (TE, s-polarized) waves as a function of the spatial co-
ordinates x, and y, in the reflection plane, analyzed near the
Brewster angle 0. The other parameters are Ay =9 MHz, A, =
0, Q =1y, Q=03 =02y N=10"cm>3, u,=
1.269 x 107% Cm, I'y; = 18.01 MHz, y, = 18 MHz, y, = 40 kHz,
y3 = 10kHz, €, = ¢, =2.22, A = 852 nm, ¢ = 100 nm and beam
waist wg = 60A.

enhancement can be attributed to the EIT and the transparency
window that occurs at resonance, in contrast to the gain-
induced amplification present in the off-resonant scenario.
Next, we present a numerical simulation of the reflected
electric field intensity distribution for TM polarization, de-
fined as Iy = |EF + &%, as a function of the spatial
coordinates x, and y,. This distribution is analyzed near the
Brewster angle, where partial reflection of the incident beam
occurs. The resulting intensity profile, shown in Fig. 5(a),
reveals two high-intensity spots symmetrically positioned on
either side of x, = 0, separated by a central dark region. This
dark region corresponds to suppressed TM reflection at the
Brewster angle (Ry; — 0), while the two lobes arise from
spin-orbit coupling (SOC)-induced longitudinal phase gradi-
ents (o 8%) in Eq. (5). These phase gradients reshape the
Gaussian beam into two lobes via constructive or destructive
interference between the reflected spin components (£ and
&7). While the transverse PSHE shift originates from spin-
dependent displacements o i%(RE + Ry ), these shifts
cancel out in the total intensity Iy = |£7 + £7|%, as £F and

& experience equal and opposite displacements along y,.
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FIG. 6. Density plot of PSHE shift 8; /A versus probe field
detuning A, and incidence angle 6; for (a) beam waist wy =
60A and (b) beam waist wy = 30A. The other parameters are
A.=0,Q = l]/4, Q= 0.3)/4, Qp = 02)/4,N =10 cm’3, My =
1.269 x 107% Cm, T'y3 = 18.01 MHz, y, = 18 MHz, y, = 40 kHz,
y3 = 10kHz, ) = €, = 2.22, A = 852 nm, and ¢ = 100 nm.

Consequently, no net transverse shift is observed in Ij;. The
true PSHE shift is instead explicitly quantified in Fig. 3
(through the ratio |Rg/Ry|) and Fig. 4.

Similarly, Fig. 5(b) presents the electric field intensity
distribution for TE polarization, given by Ir = |E + &%,
as a function of x, and y, near the Brewster angle. While
E ei is not explicitly defined in the paper, replacing the TM
reflection coefficient Ry, with the TE reflection coefficient Rg
in Eq. (5) provides the necessary relation [29]. Unlike TM po-
larization, TE lacks Brewster-angle suppression (Rg # 0) and
SOC effects are significantly weaker (0Rg /060 << dRy;/030).
As a result, the TE intensity distribution exhibits a symmet-
ric Gaussian profile. This confirms that transverse shifts in
reflected beams are far more pronounced in TM polarization.

Figure 6 presents a density plot of the PSHE as a function
of the incident angle ¢; and probe field detuning A, for vary-
ing beam waists (wg) of the incident beam. From Fig. 6(a),
it is evident that the PSHE reaches its maximum when the
beam waist is wy = 60XA. For larger beam waists, the beam
becomes less tightly focused, resulting in a broader spatial

distribution of the light intensity. This broader distribution
allows for a more gradual change in the polarization state
across the beam profile, which enhances the spatial separation
of photons with different helicities. Consequently, the PSHE is
more pronounced. In contrast, when the beam waist is reduced
to wy = 30A, the PSHE magnitude diminishes, see Fig. 6(b).
The smaller beam waist confines the light field more tightly,
leading to sharper polarization gradients and less effective
separation of helicities. This confinement reduces the spatial
extent over which the polarization changes, thereby limiting
the spin Hall effect.

Similar to the behavior observed for the probe field, the
PSHE can also be expected for the signal field (which is
not shown here). A double-window structure would emerge:
an EIT window when the signal field is resonant (A; = 0)
and a gain window in the nonresonant condition (Ay = A, =
9 MHz). A significant enhancement of the PSHE is expected
for the signal field in the resonant case (A, = 0), corre-
sponding to the EIT condition, while a comparatively weaker
transverse shift would be observed in the nonresonant case
(As = Ay = 9 MHz), corresponding to gain.

This behavior suggests that, in addition to the initial en-
hancement of the PSHE for the probe field at its resonance,
a similarly pronounced enhancement could also occur for
the signal field when Ay = 0. This potential dual-field PSHE
enhancement highlights the versatility along with potential ap-
plications of the system in tunable and amplified spin-photon
interactions, offering a significant advantage by achieving
strong resonance transverse shifts in both channels. Compared
to previous scenarios [24-26], which enable controllable
PSHE for only a single weak field, this approach opens new
possibilities for applications in spin-related technologies.

This dual-field PSHE configuration offers a significant ad-
vantage by achieving stronger transverse shifts at resonance in
both channels compared to the off-resonance condition. This
enhancement is driven by nonlinear interactions in the sys-
tem, which amplify spin-photon coupling and enable precise
manipulation of light’s spin and polarization. Such control is
crucial for applications in quantum communication, optical
spintronics, and advanced optical communication systems.
The sensitivity of the nonlinear configuration to resonance
conditions allows for sharper and more tunable effects, ideal
for high-precision applications such as optical switching and
sensing. Moreover, the enhanced EIT-induced interactions im-
prove the efficiency of devices such as sensors and quantum
memory systems, while opening new possibilities for innova-
tive technologies in quantum optics and metrology.

This study focuses on the fundamental mechanisms un-
derlying PSHE shifts while considering practical factors
such as Doppler broadening, atom-surface interactions, and
collisional broadening. While a full theoretical treatment
of these effects is beyond the scope of this work, our
predictions are most relevant to setups where Doppler broad-
ening is minimized. Ultrathin vapor cells and cold-atom
systems, where atomic motion is confined or laser cooling
suppresses velocity-dependent broadening, provide promis-
ing experimental platforms. Our calculations, based on the
density matrix formalism, neglect Doppler broadening to
isolate the intrinsic medium response. In practice, magneto-
optical traps effectively eliminate Doppler effects, while
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counterpropagating beam techniques have been shown to re-
duce broadening in warm atomic vapors [32]. Atom-surface
interactions in cavity-based cold-atom experiments, including
van der Waals and Casimir-Polder forces, can induce spectral
broadening. However, precise optical trapping can mitigate
these effects by controlling atom-surface distances. Addition-
ally, alternative platforms such as nanophotonic waveguides
and optomechanical cavities naturally restrict atomic motion,
reducing broadening effects.

V. CONCLUDING REMARKS

In this work, we presented a theoretical investigation
of enhancing the PSHE in reflected probe light within a
tripod atomic system. Using the transfer matrix approach,
we calculated the reflection coefficients for TE and TM
modes, highlighting a high ratio of these coefficients that
demonstrates PSHE amplification. A pronounced peak in the
transverse shift was observed around the Brewster angle. We
have shown that the magnitude of the transverse shift can
be effectively tuned by varying the resonance conditions.
Specifically, the PSHE shift amplitude is higher at resonance
(A, =0), corresponding to the EIT condition, and signifi-
cantly reduced at off resonance (A, = 9y ), where gain effects
dominate. Additionally, we found that the PSHE becomes
more pronounced with a larger beam waist, resulting in a
stronger transverse shift compared to smaller beam waists.
This behavior emphasizes the role of beam geometry in con-
trolling the effect. Similar to the behavior observed for the
probe field, the PSHE is also evident for the signal field, mean-
ing that the tripod scheme allows for achieving dual-channel
enhancement of PSHE for both probe and signal fields at the
resonance condition. This offers a significant advantage due

to its stronger and more controllable PSHE response, driven
by the nonlinear interactions present in the system.

Unlike previous studies that focused on a single weak field,
the tripod scheme naturally enables simultaneous enhance-
ment of the transverse shifts for both the probe and signal
fields at resonance. This dual-field response emerges from the
coherent interactions within the system, allowing for a more
tunable and controllable PSHE. The ability to enhance and
manipulate spin-dependent shifts in both channels provides a
broader parameter space for optimizing PSHE effects com-
pared to conventional schemes. Furthermore, the flexibility in
adjusting resonance conditions and beam parameters in this
system makes it well suited for applications in spin-photonic
devices and quantum optical technologies, where precise con-
trol over light-matter interactions is essential.

To justify the parameter selection in our simulations, we re-
fer to Fig. 1(b). In particular, we analyze the atomic structure
of ¥’Rb, where the states [1), |2), and |3) correspond to the
581> manifold, with quantum numbers F = 1, my = 0 and
F =2, mp = {2, 0}, respectively. Additionally, state |4} is
associated with the 5Py, level, specifically F' = 2 and mp =
—1 [6]. The decay rates and field strengths incorporated into
the simulations, assuming an atomic density of 10'* cm~3,
are taken from Refs. [6,7], respectively. Furthermore, for
the population distribution assumption p; &~ p33 we refer to
Refs. [30,33].
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