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Spin-orbit coupling of optical vector vortices in coherently prepared media
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We investigate the propagation of an optical vector vortex weakly interacting with a coherently prepared
atomic medium (phaseonium) in a three-level A configuration. The vector beam consists of vortex pulse pairs
with right- and left-circular polarizations, corresponding to opposite spin angular momenta (SAMs) and carrying
opposite orbital angular momentum (OAM) charges £/. We show that during the propagation of the vortex pairs,
analytically obtained in the linear regime, the medium inherits the topology of the vortex pair, mapping the
OAM onto a spatially structured atomic coherence. This mapping produces 2|/|-fold azimuthal transparency
structures that reshape the beam intensity from a ring into a petallike pattern. The OAM-structured atomic
coherence induces a corresponding optical anisotropy within the medium, which feeds back into the propagating
vector beam, resulting in optical spin-orbit coupling manifested as SAM exchange, rotation, and evolution of
polarization textures. Depending on the initial ground-state population of the phaseonium, the polarization state
evolves between left-circular, linear, and right-circular polarizations.

DOI: 10.1103/trtn-m1tw

I. INTRODUCTION

Optical vortices have been extensively studied since their
first introduction by Coullet et al. [1]. An optical vortex is a
special type of light beam carrying orbital angular momentum
(OAM) with a discrete value of /7, where / can take any inte-
ger value [2]. The integer / is directly related to the topological
charge of the phase singularity, which corresponds to the
helical phase factor é'? where ¢ is the azimuthal coordinate
in the plane transverse to the propagation direction [3]. Com-
bined with the photon spin angular momentum (SAM), which
is associated with the beam’s polarization [4], optical vortices
have become a key research area for quantum communication
and information processing in higher dimensions [5-8].

Many important effects arise when optical fields interact
with atomic ensembles, opening up a wide range of possi-
bilities for controlling information processing using optical
vortices. Notably, the effects arising from the coherent su-
perpositions of atomic states have led to the discovery of
electromagnetically induced transparency (EIT) [9-11], slow
light propagation [12,13], enhancement of optical nonlinear-
ities [14—16], and the formation of adiabatons [17,18]. In
particular, for EIT, a transparency window can form in an
otherwise opaque medium due to quantum coherence effects
induced by a control field, leading to modification of the
medium susceptibility [12,19,20]. The transparency window
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in EIT has been shown to depend on the properties of both
the medium and the light [9,21], as well as the presence of an
external magnetic field [22-25].

The rich variety of new phenomena demonstrated by EIT-
enabled atomic systems, together with the unique properties
of optical vortices, has sparked extensive investigations into
their interactions. These studies have led to the demonstra-
tion of exotic effects such as the transfer of the OAM of
light [26,27], azimuthally dependent transparency [28], and
entanglement of the OAM state in photon pairs [29]. However,
most of these works have focused on cases where the vortex
beam is uniformly polarized (a scalar vortex), leaving the
manipulation of the SAM of vortex beams largely unexplored.

In contrast to scalar vortex beams, an optical vector vor-
tex beam allows utilization of the SAM of the beam to
achieve a wider range of applications. A vector vortex beam
is composed of a superposition of two beams with orthogo-
nal polarizations, resulting in a spatially varying polarization
distribution [30]. Such a beam can be described as a vector su-
perposition of Laguerre-Gaussian (LG) modes carrying OAM
with right- and left-circularly polarized (RCP and LCP) com-
ponents [31]. The resulting spatially varying polarization can
exhibit radial, azimuthal, or spiral patterns when the super-
posed LG modes have equal but opposite topological charges
[ [32-34].

Recently, studies of vector vortex interactions with EIT-
enabled atomic media revealed several intriguing phenomena.
Among them is spatially dependent transparency [35,36] in a
four-level tripod atomic system, which can be utilized as an
atomic compass [37]. The propagation of vector vortex beams
and transfer of SAMs in such atomic media have also been
explored [38]. In addition, a different four-level system in a
V configuration was employed to demonstrate the transfer of

©2026 American Physical Society
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structured polarization [39]. However, these schemes rely on
the presence of a weak transverse magnetic field to establish a
closed coupling loop among the atomic states and to facilitate
coherent superposition. Consequently, their applicability is
limited to systems in which a weak transverse magnetic field
is present.

In this work, we demonstrate that the SAM exchange and
spatially dependent transparency effects previously observed
in four-level tripod systems under external magnetic fields can
also be achieved without any magnetic field, relying solely on
atomic coherence in a weakly interacting, coherently prepared
medium. We investigate the propagation of an optical vector
vortex composed of a pair of vortex pulses with orthogonal
circular polarizations and opposite OAM charges through an
ensemble of atoms in a three-level A-type configuration. The
atoms are initially prepared in a ground-state superposition
(phaseonium) [40]. By deriving the steady-state solution for
the atomic coherences and analytically solving the Maxwell-
Bloch equations in the linear regime (neglecting diffraction
effects), we find that the atomic medium fully inherits the vec-
tor topology of the vortex. Specifically, the OAM is mapped
onto the spatial atomic coherence, giving rise to azimuthally
dependent transparency windows with a 2|/|-fold degener-
acy that preserve their topological structure during vortex
propagation. This spatially structured coherence induces an
optical anisotropy in the medium which channels back into
the propagating vector vortex, enabling polarization conver-
sion, rotation, and modification of the spin texture. In this
sense, the propagation dynamics realize a coherence-induced
optical spin-orbit coupling. Overall, this work establishes a
clean interface for transferring the vector topology of light
onto matter and for controlling coupled SAM-OAM dynamics
through atomic coherence.

II. THEORETICAL MODEL
A. Atom-light interaction Hamiltonian

We consider the propagation of a weak optical vector vor-
tex beam through a coherently prepared atomic medium ina A
configuration. The vector vortex beam consists of pulse pairs
of two circularly polarized components with right- and left-
handed polarization, each carrying opposite OAM charges
[38]. Their coherent superposition gives rise to the full vector
vortex structure. To simplify the discussion, we assume that
the polarization components are represented by LG modes
with the lowest radial order:

Qr(0) = Qo = |Qro[LGF = ezA(r)e?, (1a)
Q(0) = Q10 = |QL0[LG" = €,A(r)e™®,  (1b)

where Qp and €2 are the corresponding Rabi frequencies
of the right- and left-circular components and are related to
the electric field via QL(R) = JL(R) . EL(R)/h, where JL(R) is
the dipole moment of the atomic transition corresponding
to the electric-field component E(L,R) [41]. |2z and |21 0l
denote the Rabi amplitudes of the right-handed and left-
handed beams, respectively, and A(r) describes the transverse
amplitude profile of the beam, which is given by

A(r) = (é)'”e*%, )

A f A,
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FIG. 1. Schematic of the three-level atomic system forming a A-
type configuration. The excited state |e) is coupled to the ground
states |g;) and |g,) by right- and left-circularly polarized light fields
with Rabi frequencies Q2 and 2, respectively.

with w being the beam waist. The relative amplitudes eg and
€, can be expressed as

€. = ecos (0), (3a)
€r = esin (0)e', (3b)

where 6 is a tuning parameter that controls the relative
strength between the left-handed amplitude and the right-
handed amplitude and v is the phase difference between the
two LG modes at the entrance of the medium, while ¢ is an
arbitrary scaling constant. Consequently, the resulting vortex
beam at the entrance of the medium can be written as

E(r,¢,2=0) = E(0)é, + Eg(0)ég
= g cos (0)LG e, + esin (0)e’V LGReg. (4)

The atomic medium consists of two ground states, |g;) and
|g2), and one excited state, |e). The right-circularly polarized
component with Rabi frequency Qg couples the transition
|g1) <> |e), while the left-circularly polarized component with
2, couples the transition |g;) <> |e), thus forming a A-type
configuration, as illustrated in Fig. 1. Under the dipole approx-
imation, the Hamiltonian describing the atom-light interaction
can be expressed as

H = Hy + Hj, (5a)
Hy = hwyg,181)(81] + hawg, |82) (82| + hevele) (e],  (5b)
H; = e ™" e) (g1| + i e™" e} (g2] + Hec., (5¢)

where w is the optical frequency of both the right- and left-
handed beams, Hj denotes the atomic Hamiltonian expressed
in the basis of the bare states with eigenenergies /iw; (j €
{g1, g2, €}), and H; is the dipole interaction Hamiltonian.

To express the Hamiltonian in a time-independent form in
an appropriate rotating-wave frame, we introduce the follow-
ing unitary transformation:

U = ' @e=o)lg){gil+i(we—w)t|g2) (s2|+iwet |e) (e| (6)
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under which the Hamiltonian transforms according to

H = ih%U* +UHU". (7)
Applying this transformation yields
H' = — hAjlgi){(g1] — iAs]82) (gl
+ iQ2|g1) (el + i |g2) (el + Hec., (®)
where the detuning of the optical fields is defined as
Al = Weg, — W, Weq, = W, — Wy, (9a)
Ay = Weg, — ©, Weg, = We — Wy, (9b)

B. Equations of motion

We assume the system relaxes solely via spontaneous emis-
sion from the excited state |e) to the ground states |g;) and
|g2), and the total decay rate associated with state | j) is y;. The
system dynamics are described by the evolution of the atomic
density matrix via the Liouville-von Neumann equation,

i 1
p = ——[H, p] — ={L, p}. 10
Iy h[ Pl 2{ o} (10)
The decay operator L can be written as
Lij = bijyj, (1D)

with §;; being the Kronecker delta. Substituting the time-
independent Hamiltonian from Eq. (8) and the decay operator
from Eq. (11) into Eq. (10) yields the following set of optical
Bloch equations for the coherence terms:

pgle =i(A + iyegl )pgle — IQ2p(0ee — Pgig )+ iQLpglgzv
(12a)

iQL(pee - pgzgz) + iQRpgzgl ’
(12b)

pgze = i(AZ + iyegz )pgze -

where the transition decay rates are related to the state decay
YetY, Yet Vs

rates by Ve, = Tgl and Y., = —gz .

We assume that the atoms are initially prepared in a coher-

ent superposition of the ground states, so that the atomic state

before interaction with the laser fields is

|W(0)) = cilg1) + c2182). 13)

We consider both laser fields to be weak, satisfying
|Qk|, 121] K Veg,» Veg,- Therefore, the steady-state solution
for p;; can be found using perturbative expansion up to the
first order combined with the atoms’ initial state, giving p,, ~
0, Pgrer = IC11%, Pargs & |c2]?, and pg,q, & cic3. This leads to

_ le1*Qr + c1658,

e = N s 14a

Pg, A+ Ve ( )

e = _cjefg + lea Q2 (14b)
%20 Ao+ 7 .

It should be noted that the steady-state solutions of the co-
herences pg,. and pg,. are position dependent if the Rabi
frequencies Qg are position dependent, as described in
more detail in Sec. II C.

The validity of the first-order approximation requires
[0g,el, |Pg,e] << 1. Beyond this regime, in the strong-coupling

limit, the ground-state populations 04, and p,,, evolve
significantly during propagation. In the weak-probe regime
considered here, however, the excited-state population p,,
does not appear at first order in the perturbative expansion.
Contributions from p,, enter only at second order and higher,
where they lead to optical pumping and, consequently, to
a depletion of the initially prepared ground-state coherence
defined in Eq. (13). In that case, the population excited by the
probe does not fully return to the original superposition and
instead decays incoherently.

These higher-order effects become relevant only in the
nonlinear regime when the probe intensities are appreciable.
In contrast, our analysis is restricted to the linear regime,
where the weak probe ensures that the initial coherence re-
mains effectively unchanged during propagation. Moreover,
we treat the probe fields as pulses of finite duration rather
than continuous waves. As long as the pulse duration exceeds
the optical coherence formation time—set by the spontaneous
decay rate—the atomic response remains in the quasi-steady-
state regime, and the prepared ground-state coherence is
preserved. For instance, in 8’Rb vapor, the decay rate is typi-
cally y ~ 10 MHz, corresponding to a lifetime of ~100 ns.
Thus, probe pulses longer than 100 ns (readily achievable
experimentally) ensure that the atoms adiabatically follow the
instantaneous steady-state optical coherence.

C. Maxwell-Bloch equations and propagation of vector vortices

To study the propagation of optical vector vortices through
the atomic medium, we employ the coupled Maxwell-Bloch
equations (MBEs) for both circularly polarized components
of the field. Within the paraxial and slowly varying envelope
approximations, the MBEs for the right- and left-circularly
polarized components 2z and €2;, read

Q0%

- .1 Veg,

= e 15
0z T o oL P (152)
8QL -1 8QL .02 Veg,

- .. 15b
0. T¢ o Tl Pe (15b)

where o) and «; are the optical depths of the medium with
length L and c is the vacuum speed of light. These equa-
tions are indirectly coupled through the steady-state solutions
of the coherence terms in Eq. (14), which contain contribu-
tions from both Qz and €2; in each coherence. This indirect
coupling originates from the initial coherent superposition de-
fined in Eq. (13), which forms a closed-loop interaction in the
system. However, the coherence term p,,. does not directly
drive Qp, nor does p,, . directly drive €2;. This is because
Qg exclusively couples the |g;) — |e) transition, while €,
drives the |g2) — |e) transition, as enforced, for example,
by the magnetic quantum numbers m, of the states and the
corresponding dipole-transition selection rules.

We have assumed that the transverse derivatives of fields
ViQg and VIQ, that correspond to the diffraction effect
in the linear propagation regime can be ignored in Eq. (15).
A similar treatment was performed in [27,38] for different
types of atom-light configurations, and an approximation was
assumed to be a valid if the phase change due to the diffraction
effect was lower than m. If we estimate the transverse-
derivative components as V3 Q ~ w™2Q and the temporal
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variation of the fields as % ~ %Q, then the phase shift due
to the diffraction is given by 21&? Here, k = 27” is the wave
number of the beams with wavelength X, and w corresponds to
the transverse dimension of the fields, which is the character-
istic width of a Gaussian beam without a vortex or the width
of the vortex core for a beam-carrying vortex. Therefore, the
condition for which the diffraction effect can be neglected is
% <« m, which can be satisfied by choosing the appropriate
sample medium length for a certain range of wavelengths A.
The steady-state solutions for the atomic coherences in
Eq. (14) when they are inserted into the MBEs of Eq. (15)
produce a set of coupled differential equations governing the

propagation of the beams in the atomic medium:

% = —ifi(le1*Qr + c163Q0), (16a)
38—5? = —ifa(cierQ + 2P Q1) (16b)

where 8; (with j = 1, 2) is defined as
Bj = i¥es a7

2L(A/ + i)/eg/) '

The analytical solution of Eq. (16) can be obtained by
specifying the initial conditions at the entrance of the medium
7 =0. Let Qr(0) = Qg and 2.(0) = QL ¢ denote the initial
values of the fields at the medium entrance which satisfies
Eq. (1). The field solutions of Eq. (16) take the form

Qr(z) = %QR,O + %QL,O, (18a)
() = T o+ L0, (18b)

where the coefficients gy, ¢z, g3, g4, and X are defined as

q1 = Baleal® + Biler e, (192)
@ = Picics(e” X — 1), (19b)
g3 = Bilci]® + Balea e, (19¢)
qs = Pacica(e™** = 1), (19d)
X = Bilei* + Baleal. (19)

The evolution of the Qg and €2, components during prop-
agation through the atomic medium can be analyzed using
Eq. (18). Together with Eq. (19), these equations show that
both light beams will experience loss during propagation due
to the imaginary part of X. However, the loss will present only
at the medium entrance before the EIT regime is established
for both beams. A more detailed discussion of the absorption
is presented in Sec. III. Moreover, the solutions were derived
assuming that both beams are initially present at the medium
entrance, but these equations can also be used to study the
generation of the secondary beam and OAM transfer when
only one beam is present at the beginning [27]. This can be
implemented simply by setting one of the input fields to zero
at the entrance. In what follows, we will employ these solu-
tions to study various cases of propagation of vector beams
with different polarization states and OAM charges.

III. RESULTS AND DISCUSSION

In this section, we first analyze the characteristic prop-
agation distance of the beams inside the atomic medium,
which defines the typical length within which absorption is
dominant. Furthermore, we investigate the absorption patterns
and propagation dynamics of vector vortices in the coherently
prepared A medium, highlighting how the interplay of SAM
and OAM influences the evolution of the beams.

A. Characteristic propagation distance

The evolution of the beams described by Eq. (18) is gov-
erned by the medium parameters contained in the coefficients
q1, 92,93, g4, and X defined in Eq. (19). The exponential
terms in Eqgs. (19a)—(19d) depend on the generally complex
coefficient X . Separating X into its real and imaginary parts,
the exponential terms can be expressed as

€7iXZ — e*iRe[X]zelm[X]z. (20)
In Eq. (20), the real part of X governs the oscillatory behavior
of Qg and 2, during propagation through the atomic medium,
while the imaginary part accounts for exponential damping.

For simplicity, we consider oj=a;=0a and y.,, =
Yee, =V, giving B = m We also assume that both
laser fields have the same detuning, A} = A, = A, which
leads to 81 = B, = X according to Eq. (17). In the resonant
case (A = 0), we define the absorption length as L,,s = é,
representing the distance over which the fields experience
absorption in the medium. For propagation distances much
larger than the absorption length (z 3> L,s), the exponential
terms in Eqgs. (19a)—(19d) vanish since the imaginary part of
X dominates, leading to field extinction. In this limit, Eqs. (18)
and (19) simplify to

Qr(z > Las) = |e2*Qr0 — c165Q1.0,
QL(z>> Laps) = —cjeaQr0 + |c11*Quro-

(21a)
21b)

As obtained in Eq. (21), the effect of attenuation disap-
pears after the beams have propagated a sufficiently large
distance, and both fields reach a stationary condition where
their amplitudes remain constant. In this regime, the EIT is
established, allowing the beams to propagate without loss
within the medium—similar to free-space propagation [11].
However, the establishment of EIT also depends on the initial
atomic coherence coefficients ¢; and c¢,, as well as on the
input beam parameters at the medium entrance Qg o and 2y o.
For the specific case where ¢; = ¢, and Qg ¢ = 20 (equal
amplitudes and equal OAM charges), one gets complete ex-
tinction of both Qx and 2, from Eq. (21) at large propagation
distances. In this case, the medium does not become trans-
parent, and therefore, the beam amplitude is continuously
attenuated throughout propagation until extinction is reached.
Consequently, the realization of EIT can be actively tuned
by adjusting the relative amplitudes and phases of the optical
fields and the initial atomic coherence.

In the off-resonant case, the propagation distance required
for lossless propagation increases, and the fields exhibit
damped oscillations because X is no longer purely imaginary.
The characteristic attenuation distance z. in this regime is
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Characteristic distance vs detuning

a =20

0 ‘ ‘ ‘
2 B 0 1 2
Ay

FIG. 2. Characteristic distance z. as a function of detuning A.
The curve exhibits a parabolic dependence on A. The detuning is
normalized to the decay rate y, and the characteristic distance is
normalized to the absorption length L., such that, at resonance,
Ze = Laps.

defined as
1 1

" 2Im[X]’ (22)

Zc =
where the factor of % serves as a normalization term ensuring
that z. = L, under resonance conditions (A = 0). From the
definition of X in Eq. (19e), it follows that the characteristic
distance z. is independent of the initial choice of atomic co-
herence coefficients c; and ¢; when 8; = B, = S since in this
case X = B. Consequently, z. depends solely on the medium
parameters, namely, the optical depth «, decay rate y, and
probe detuning A, through their relation to g.

In Fig. 2, we present the characteristic distance z, as a
function of the detuning A. Figure 2 shows that as the sys-
tem moves further away from resonance, the characteristic
distance z. increases in a parabolic manner. This behavior
indicates that the propagation length required to establish EIT
becomes longer at larger detunings. Once EIT is established,
however, the beams propagate through the medium without
absorption and eventually reach a stationary state for propaga-
tion distances z > z.. Therefore, examining the propagation
dynamics and absorption behavior up to the distance where
this stationary regime is achieved is desirable.

B. Azimuthal absorption and EIT patterns

When the vector vortex beam interacts with the A-type
atomic medium, the evolution of its right and left components
is governed by Eq. (18). By substituting the input vortex fields
from Eq. (1) into Eq. (18), we obtain

Qp(z) = %|QR,O|LGR + %|QL,O|LGL’ (23a)

1(2) = T120ILC* + T20ILC"  (23b)
Equation (23) describes the coupled evolution of both field
components along the propagation direction z, showing how
the individual vortex components interact within the medium
and laying the groundwork for later analysis of the resulting
vector vortex behavior.

Before we analyze the propagation dynamics of the result-
ing vector vortex beam, let us first examine the absorption
behavior of the individual vortex probe components at dif-
ferent propagation distances within the medium. This can
be achieved by substituting Eq. (23) into the steady-state
coherence expression given in Eq. (14). For the analysis of
absorption properties, we focus on a specific case where the
initial atomic coherence is symmetric, i.e., c; = ¢; = Lz’ and
the system is on resonance, A = 0, leading to 8 = —%. Un-
der this condition and according to Eq. (19), the coefficients
q1, 92, 43, and g4 reduce to

G =G = —%(1 + e, (24a)
- - i _
G = Gs = =7 (-1 +¢E), (24b)

Assuming 6 = /4 and ¢ = 0, such that |Qgo| = |2 0] =
eA(r), from Egs. (23) and (24), the propagation of fields
follows

Qr(z) = e?A(r)[e_ZCY’LZ cos (I¢) + isin (Ip)],
Q1(2) = eA(r)[e % cos (I¢p) — isin (I9)],

(25a)
(25b)

where €A(r) represents the radial amplitude distribution of
the LG modes described in Eq. (2), which is identical for
both the right- and left-handed components. Inserting Eq. (25)
into Eq. (14) yields the steady-state atomic coherences, vary-
ing radially, azimuthally, and longitudinally (in resonance,
A = 0), which take the form

eA(r)

Pgie(r, @, 2) = Pgre(r, ¢, 2) = cos (Ip)(ie” ). (26)

The steady-state coherences in Eq. (26) reflect the spatial
profile and topological charge / of the input vortex beams as
they propagate through the medium. In particular, the cos (/¢)
factor preserves the azimuthal symmetry of the coherence,
indicating that the medium inherits the topological structure
of the input fields. While these terms describe how the inter-
nal atomic states vary spatially within the medium, they do
not directly reveal the absorption experienced by the fields.
To quantify absorption, one must consider the medium sus-
ceptibility x, which in the linear regime is proportional to
the atomic coherence. For a transition |i) — |j) driven by a
light field with Rabi frequency €2, the corresponding linear
susceptibility is given by [11]

Xij ~ ;, 27

where i, j € {g1, g2, e} and k € {R, L}.
Combining Egs. (25)—(27) yields the expressions for
the medium susceptibilities experienced by the right- and
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FIG. 3. Absorption pattern of the right-handed beam on resonance A = 0 for different topological charges |/| at z/L,s = 0: (a) |I| = 1, (b)

lI| =2, (c) |I| = 3, and (d) |I| = 4. Other parameters are @ = 20 and ¢; = ¢, = -

left-handed beams:

l . _lz
o~ Dme JCosUe) per ., (28a)
Qr y e xtcos(lp)+isin(lp)
l . _iz
SR L S S
Qr y e 2 cos(lgp) —isin(I¢p)

We use the analytical expressions in Eq. (28) to plot the
absorption patterns for beams with various OAM charges
|l| and propagation distances z. The propagation distance
is normalized to the absorption length L., allowing the
results to be scaled for any medium length L. Figure 3 il-
lustrates the absorption pattern of the right-handed beam for
different topological charges. For a beam with charge |/|,
the absorption pattern exhibits 2|/| transparency windows
(regions of reduced absorption) in the azimuthal plane, con-
sistent with the cos(/¢) dependence in Eq. (26).

Figure 4 shows the evolution of the absorption pattern
and the corresponding intensity distribution for a right-handed
beam with |/| =2 at various propagation distances. As the
beam propagates deeper into the medium, absorption regions
in the azimuthal plane shrink, and their magnitude decreases,
resulting in broader transparency windows. Correspondingly,
the beam intensity evolves from a doughnut-shaped profile
at the entrance (z/L,,s = 0) into a petallike structure with
four intensity maxima as it propagates. These intensity peaks
coincide with the transparency regions in the absorption map,

ek

where the field experiences minimal losses. Furthermore, even
though the transparency regions expand with propagation, the
overall topological structure of the absorption pattern remains
conserved, and the number of transparency windows (2|/])
does not change with distance.

C. Vector vortex propagation dynamics

In this section, we analyze in detail the propagation dy-
namics of the initial vector vortex beam with its components
carrying opposite orbital angular momenta, satisfying [r =
—I;, = 1. The initial vector vortex beam, formed by a super-
position of counterrotating LG modes, evolves into a more
complex field configuration with spatially varying polariza-
tion as it propagates through the atomic medium. The total
electric field of the resulting vector vortex beam at any prop-
agation position z can be written as E(r,¢,2) = EL(z)e, +
ERr(z)ég, where Eg(z) and E(z) are obtained from the analyt-
ical solutions in Eq. (23), allowing for arbitrary initial beam
amplitudes and general atomic superposition coefficients c;
and c;. Explicitly, these field components are expressed as

Ep = e[sin (Q)ei‘/’LGR% + cos (9)LGL%], (292)

E, = e[sin (Q)ei‘/”LGR% + cos (Q)LGL§]. (29b)
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FIG. 4. (a)—(d) Intensity distributions and (e)—(h) absorption pat-
terns of the right-handed beam with |/| = 2 at different propagation
distances: (a) and (e) z/Lys = 0, (b) and (f) z/Lys = 0.5, (c) and (g)
z/Laws = 1, and (d) and (h) z/L.,s = 20. The other parameters are the
same as those used in Fig. 3.

The spatial evolution of the beam polarization distribution
during propagation can then be characterized using the Stokes
parameters in the circular polarization basis [33]:

So = |ErI* + |EL|*, (30a)
S) = 2Re(E}EL), (30b)
Sy = 2Im(E;EL), (30c)
S3 = |Eg|> — |EL. (30d)

The Stokes parameters defined in Eq. (30) are used to de-
scribe the beam’s ellipticity ¢ = % sin™! (g—;) and orientation
angle & = %tan’1 (g—f), which define the polarization states
of the propagating beams inside the atomic medium. Three
distinct polarization cases can be identified based on the ellip-
ticity: linear polarization for ¢ = 0, circular polarization for
¢ = #£m /4, and elliptical polarization for 0 < |{| < 7 /4. On
the other hand, the orientation angle £ determines the local
rotation of the polarization at each point in the transverse
plane, and the rotation after propagation over a distance z is
given by A = £(z) — £(0).

Using the Stokes parameters defined in Eq. (30) together
with the field components in Eq. (29), we can analyze the
intensity distribution and polarization dynamics of the beams
inside the atomic medium. We consider both the resonant
and off-resonant cases. For the resonant case, the propagation
distances are chosen to be z/Laps = 0, 1, 10, 30 to illustrate
the initial changes in polarization and intensity at short dis-
tances and then the evolution in the regime where EIT is
fully established, i.e., at larger propagation lengths. In the
off-resonant case, shorter distances of z/L,s = 0, 1, 10, 15
are sufficient because the SAM in this case is more sensitive
to propagation due to the nonzero detuning, which induces
oscillations between polarization states.

We first consider the case where the atomic superposition
coefficients have equal probability amplitudes, ¢ = ¢; = Lz
Figure 5(a) corresponds to the resonant case (A = 0), while
Fig. 5(b) corresponds to the nonresonant case with A = 2y,
with equal initial beam amplitudes in both cases (|Q2z 0| =
|€210]). At the entrance of the medium (z = 0), both cases
display a doughnut-shaped intensity profile accompanied by a
uniform linear polarization across the transverse plane. Three
distinct polarization textures are presented for each case,
radial (¢ = 0), spiral (y = 7/2), and azimuthal (Y = 7),
determined by the choice of the relative phase . The lin-
ear polarization at z = 0 arises from the equal amplitudes of
the right- and left-handed components, whose superposition
produces a linearly polarized state.

Under resonance [Fig. 5(a)], the intensity profile evolves
into a petal-shaped structure with two distinct lobes at larger
propagation distances. These lobes correspond to the regions
where the beam intensity inside the medium is not attenuated,
representing the transparency windows observed in Fig. 3 for
|I| = 1. As shown for the cases with ¢ = 7 /2 and ¢ = 7,
the transparency windows and, consequently, the lobes rotate
by an angle of /2. Furthermore, the linear polarization is
maintained throughout the propagation, indicating that the
strength of the right- and left-handed components remains
balanced.

In contrast to the resonant case, the nonresonant case
[Fig. 5(b)] exhibits an oscillatory evolution of the polarization
state. Here, the polarization transitions from a purely linear
state to a mixed regime where linear, left-circular (red el-
lipses), and right-circular (blue ellipses) polarizations coexist
at z/Lys = 5 and 10, before reverting to linear polarization
at z/Lys = 15. These oscillations arise from the position-
dependent phase difference between the right- and left-handed
field components, introduced by the exponential phase factor
e % in the coupling coefficients defined in Eq. (19). This
phase modulation leads to a periodic exchange of SAM be-
tween the optical field and the atomic medium, manifesting
as cyclic conversion between linear and circular polarization
states.

In Fig. 6, we investigate the case with relative ampli-
tude 6 = /8, such that the initial left-handed beam at the
medium entrance (z = 0) is stronger than the right-handed
beam [|EL(0)| > |Eg(0)[]. In this configuration, a complete
polarization transition from one state to another is observed
for both the resonant and nonresonant cases. In the resonant
case [Fig. 6(a)], the beam initially exhibits a left-handed cir-
cular polarization across the transverse plane, corresponding
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FIG. 5. Intensity and polarization-state distributions in the transverse plane of a vector vortex beam carrying topological charge |/| =1
and relative amplitude 6 = 7 /4, corresponding to equal left- and right-handed field strengths (|E,| = |Eg| since cos @ = sin 6). The transverse
coordinates (x, y) are normalized to the beam waist w, and the propagation distance z is normalized to the absorption length L. The medium
parameters are ¢; = ¢, = 1/ V2 and o = 20. Two detuning cases are shown: (a) resonant (A = 0) and (b) off resonant (A = 2y). The first,
second, and third rows correspond to relative phases ¢ = 0, 7 /2, and 7, respectively. Darker rings or lobes indicate higher-intensity regions.
The yellow lines denote linearly polarized states, while red and blue ellipses represent left- and right-handed circular polarizations, respectively.

to dominant left-handed SAM. As the beam propagates in-
side the medium, the polarization gradually evolves toward a
linear state at z/L.ps = 10 and 30. This transition from left-
handed circular to linear polarization reflects a redistribution
of SAM between the left and right components mediated
by the coherent atom-field interaction. Once the left- and
right-handed components reach equal amplitudes [|EL(z)| =
|Er(z)|], the beam acquires a linear polarization state. Af-
ter entering the EIT regime at larger distances, the energy
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transfer process ceases, and the resulting linear polarization is
maintained throughout the propagation. For the nonresonant
case [Fig. 6(b)], the beam exhibits polarization oscillations at
intermediate propagation distances z/L,,s = 5 and 10, where
linear, left-circular, and right-circular polarizations coexist
across the transverse plane, similar to the nonresonant case in
Fig. 5(b). In contrast to the resonant scenario, where the beam
eventually reaches a stable linear polarization, the nonreso-
nant propagation leads to a complete polarization flip from

(b) Off-resonant: A=2y
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FIG. 6. Intensity and polarization-state distributions in the transverse plane of a vector vortex beam carrying topological charge |/| = 1 and
relative amplitude 6 = 7 /8, such that the initial left-handed beam dominates over the right-handed beam |E;(0)| > |Ex(0)|. The transverse
coordinates (x, y) are normalized to the beam radius w, and the propagation distance z is normalized to the absorption length L,,;. The medium
parameters are ¢; = ¢, = 1/ V2 and & = 20. Two detuning cases are shown: (a) resonant (A = 0) and (b) nonresonant (A = 2y). The first,
second, and third rows correspond to relative phases ¢ = 0, 7 /2, and m, respectively. Darker rings or lobes indicate higher-intensity regions.
The yellow lines denote linearly polarized states, while red and blue ellipses represent left- and right-handed circular polarizations, respectively.
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first, second, and third rows correspond to relative phase ¥ = 0, w /2, and 7w, respectively. Darker rings or lobes indicate higher intensity
regions. The yellow lines denote linearly polarized states, while red and blue ellipses represent left- and right-handed circular polarizations,

respectively.

left-handed circular to right-handed circular polarization. This
SAM reversal arises from the detuning, which modifies the
energy transfer between the circular components, resulting
in a final state dominated by the right-handed component
(IEr| > |EL).

Now, we consider the case where the initial atomic co-
herences are unequal, c¢; # c;. In the coherently prepared
state given by Eq. (13), the probability amplitudes c¢; and
¢y satisfy |c1|> + |ca|?> =1 to conserve total probability. A
relative phase ¢, between c; and ¢, can be introduced such
that ¢, = |c;|e® while still satisfying probability conser-
vation. For illustration, we consider ¢; = 1/2 and ¢, = 0,
so that ¢; < c¢;. All other parameters and variations are
kept the same as in Fig. 6, where the initial beam at
the medium entrance exhibits dominant left-handed circular
polarization.

Figure 7 illustrates the case ¢; < ¢, where the left-handed
beam initially dominates at the medium entrance (z = 0).
In both the resonant [Fig. 7(a)] and nonresonant [Fig. 7(b)]
scenarios, the polarization transitions from left-handed to
right-handed. Unlike the case with equal atomic coherences
(ci=c=1/ «/E), where the polarization flip occurs only in
the presence of detuning, unequal atomic coherences induce
the flip even under resonance. The resonant and nonresonant
cases differ in transition dynamics: In the nonresonant case,
oscillatory behavior appears at intermediate propagation dis-
tances due to the real part of X, whereas in the resonant
case X remains purely imaginary, producing a monotonic
transition. Additionally, the relative amplitudes of ¢; and ¢;
determine the contributions of left- and right-handed compo-
nents through the coefficients g1, ¢2, g3, and g4 in Eq. (23),
shaping the SAM redistribution and the evolving polarization
pattern.

Figure 8 illustrates the spatial distribution of the beam
ellipticity ¢ as a function of the propagation distance z and the
detuning A for the case shown in Fig. 7. Linear polarization
is indicated by the white-colored region to enhance contrast
and to clearly distinguish transitions between left-handed cir-
cular, linear, and right-handed circular polarization states. It
is observed that the polarization dynamics are symmetric with

Z/Laps

0.0

Aly

FIG. 8. Color map showing the spatial distribution of polariza-
tion states from the magnitude of the beam’s ellipticity at different
propagation distances z/L,,s and detuning values A/y. The color
bar indicate the state of polarizations, where red corresponds to
left-handed circular polarization, white corresponds to linear polar-
ization, and blue corresponds to right-handed circular polarization.
The beam’s parameters are the same as in Fig. 7, but only one value
of the relative phase, ¢ = 0, is considered.
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respect to the detuning value at a given propagation distance
z. For the case of unequal initial atomic populations (¢; < ¢3),
the polarization state consistently evolves from left-handed
circular polarization to linear polarization, both on resonance
and off resonance. The detuning affects the propagation dis-
tance required for this polarization transition to occur, with
the shortest transition distance obtained at exact resonance,
Ay =0.

Previously, a similar case of polarization transition and
rotation was investigated in the four-level tripod configuration
under the influence of an external magnetic field [33,38].
The applied magnetic field introduces anisotropy inside the
medium, giving rise to circular birefringence and dichro-
ism. In such systems, the anisotropy originates from the
dependence of the medium susceptibilities on the right- and
left-handed circular components that drive the ground-to-
excited-state transitions under the action of the magnetic field.
The magnetic field breaks the degeneracy of these transi-
tions and produces unequal detunings for the two circular
components, making the right-handed field effectively red
detuned and the left-handed field blue detuned or vice versa.
The degree of anisotropy is therefore fully determined by the
applied magnetic field. In the absence of this external field,
the medium becomes isotropic, so the polarization dynamics
vanish.

In contrast, the anisotropy responsible for the polarization
dynamics in the present three-level A system arises purely
from the atomic coherence. The initial ground-state superpo-
sition introduced in Eq. (13) acts as an internal anisotropy,
breaking the isotropy of the medium through quantum co-
herence even though no external magnetic field is applied.
The nonzero ground-state coherence term cicj couples the
right-handed and left-handed circular components in the prop-
agation equations, as shown in Eq. (18), resulting in complex
susceptibilities xg and x; given in Eq. (28), which are no
longer identical even in the simplest symmetric case where
the input beams have equal amplitudes, the initial super-
position satisfies ¢; = ¢, =1 /«/E, and A = 0. In the more
general situation where the input amplitudes differ, the initial
populations satisfy c¢; # ¢, and A # 0, and the anisotropy
of susceptibilities becomes even more pronounced. This
coherence-induced anisotropy acts back on the propagating
vector beam, giving rise to spin-orbit coupling of light, which
manifests as polarization exchange.

IV. CONCLUDING REMARKS

To summarize, we investigated the propagation dynamics
of optical vector vortex pulse pairs composed of orthogonal
RCP and LCP components carrying opposite OAMs as they
interact with an ensemble of atomic systems in a A configura-
tion. The atoms were initially prepared in a phaseonium state,
i.e., a coherent superposition of the two ground levels. Un-
der the dipole and rotating-wave approximations and within
the weak-interaction regime, we obtained the steady-state
solution for the optical coherences. These coherences were
then used to derive analytical solutions for the propagation of
the vortex pairs through the medium via the Maxwell-Bloch
equations (MBEs) in the linear regime, where diffraction was
neglected. The MBE solutions enabled us to analyze the char-

acteristic distance z. required for the establishment of EIT, the
formation of topology-dependent transparency windows, and
the polarization evolution of the vector vortex pairs.

For vortex pairs with opposite OAM charges, a trans-
parency region (EIT regime) emerges after the beams
propagate over distances much larger than the characteristic
scale, z > z.. At propagation distances comparable to z., the
EIT condition is not yet fully established, and the beams ex-
perience absorption in the azimuthal plane. The characteristic
distance was shown to depend on the detuning A: Larger
detuning requires longer propagation to achieve transparency
due to the oscillatory response of the medium under nonreso-
nant excitation.

We demonstrated that the topology of the vortex pairs—
specified by their OAM charge |/|—is imprinted on the
medium through the spatial structure of the induced co-
herence. This imprinting manifests as the formation of
transparency windows with 2|/| azimuthal symmetry. These
transparency windows reshape the transmitted vortex in-
tensity, transforming the initial doughnutlike profile into a
petallike structure whose lobes correspond to the transparent
azimuthal regions. During propagation, the transparency win-
dows gradually broaden until EIT is fully established, while
their 2|/| topological symmetry is robustly preserved.

Importantly, the OAM-structured atomic coherence in-
duces an internal anisotropy and circular dichroism in the
medium. This coherence-induced anisotropy acts back on the
propagating vector vortex beam and mediates an effective
optical spin-orbit coupling, resulting in an exchange of SAM
between the polarization components and a rotation of the
overall polarization state. The strength of this spin-orbit inter-
action can be tuned by adjusting the initial ground-state popu-
lations and the relative amplitudes of the vortex components.
In particular, when the initial ground states are unequally
populated (c; # ¢2), the induced anisotropy becomes more
pronounced and manifests as a clear polarization conversion,
including the transformation of LCP into RCP light.

Last, the phaseonium system we investigated offers the
advantage of controlling optical vector vortices without the
need of an additional external magnetic field. The coherent
superposition of the ground states can be realized experimen-
tally using stimulated Raman adiabatic passage (STIRAP)
[42] that allows the selective transfer of the population into the
target quantum states without suffering additional loss from
stimulated emission. In the three-level A system, STIRAP
is done in practice by controlling the pulse delay between
the pump and probe pulses such that adiabatic evolution
that transfers the population of the ground state |g;) to the
ground state |g,) via the dark-state route (superposition of
|g1) and |g»)) occurs without populating the excited state
le). However, the possible physical elements to realize the
three-level A system can be implemented in ¥’Rb atomic
vapors [43]. In this atomic vapor system, the Zeeman sub-
level |°Pi5, F =1, my = +1) can be used as the excited
state |e), while the ground states |g;) and |g») can be im-
plemented in the Zeeman sublevels 1°S; 2, F=2,mp =+2)
and 38y, F =2, my = 0). Regarding experimental feasi-
bility, typical vapor-cell setups employ cell lengths of
L ~ 1 cm with optical depths o ~ 20 [44]. This corresponds
to an absorption length L,,s = L/a ~ 0.05 cm, implying
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that propagation over several absorption lengths is read-
ily achievable. In particular, propagation over approximately
15 absorption lengths corresponds to a physical length of
about 0.75 cm, which lies well within standard experimental
parameters. This confirms that the conditions required for ob-
serving the effects discussed in this work are experimentally
accessible.
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