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Abstract

CrossMark

We explore the spin—orbit coupling (SOC) mechanism for structured light in coherent atomic
media with low-light-level cross-Kerr nonlinearity. Using the five-level M-type electromagnetic
induced transparency (EIT) system as a prototype, we show that spin—orbit splitting for a weak
spinor image can be generated by a weak trigger field carrying orbital angular momentum
(OAM) at low-light intensity. By quantum-optical analogy, the paraxial focusing and defocusing
of the two pseudo-spin states in the spinor image can be governed by a Pauli-like equation. More
importantly, by changing the EIT parameters, especially the topological charge of the weak
trigger field, the SOC-induced radial quantization of the spinor image can be rather significant,
giving rise to positive or negative OAM-OAM mode separation in free space. This suggests that
the separation can be flexibly controlled due to strong image-vortex interaction based on few-
photon cross-Kerr modulation. Our findings may have the potential for all-optical OAM
multiplexing and demultiplexing of structured light fields toward few-photon quantum control
and multimode communication.

Keywords: spin—orbit coupling of light, electromagnetic induced transparency, low-light-level
cross-Kerr modulation, optical orbital angular momentum
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1. Introduction

A vital route for photon manipulation is electromagnetically
induced transparency (EIT). Such a quantum interference
effect in coherent media has received considerable attention
for decades because the strong light-matter interaction pro-
vides promising possibilities to realize all-optical processing
of classical and quantum signals [1]. In conventional A-type
atomic EIT systems, by adiabatically switching off and on a
strong control field, a weak probe field can be slowed down,
then completely mapped (stored) into atomic spin excitation
and finally retrieved back to photonic mode [2, 3], paving the
path toward optical quantum memory [4—6]. To improve the
speed and capacity of information processing in atomic
media, structured light fields, such as images and vortex
beams, have also been successfully stored and retrieved,
creating a variety of EIT schemes for multiplexed storage of
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light [7-14]. Another important function of EIT is the reali-
zation of giant cross-phase-modulation (XPM) between few-
photon light fields, playing a key role in numerous quantum
applications [15]. To this end, EIT-based multilevel (more
than three-level) atomic systems constitute many valuable
candidates for few-photon quantum and nonlinear optics. For
example, low-light-level or even a single-photon switch and
transistor for slow and stored light can be constructed based
on giant XPM between photons [16-26], which may also be
helpful for quantum nondemolition detection [27].

As a parallel between electronics and optics, spin—orbit
coupling (SOC) of light has been actively studied, which
could provide an extra degree of freedom for efficient photon
manipulation [28, 29]. In particular, for paraxial structured
beams bearing orbital angular momentum (OAM) [30], an
array of striking ideas and phenomena based on SOC have
been rapidly developed and experimentally observed. In free
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space, the SOC in complex modes of paraxial light beams can
lead to the variation of local entanglement during propaga-
tion, which may produce a device to deliver vector vortex
states to targets on demand [31]. In anisotropic materials, a
material-mediated connection between spin and OAM of light
has been illustrated, enabling flexible and efficient spin-to-
orbit conversion [32-34]. Moreover, the concept of SOC has
also inspired many related studies. At a sharp interface
between two media, it is found that the orbit—orbit interaction
of light can induce strong Imbert—Fedorov shift [35-37]. And
further, the orbit Hall effect of light is unveiled, which can be
very large in magnitude and is inherent to waves of any nature
[38—40]. Therefore, the orbit-dependent separation of the light
beam can be generated and manipulated by the reflection and
refraction at an interface. Very recently, the spin—orbit Hall
effect of a vector light beam via spin—orbit interaction has
been accomplished in the framework of a higher-order
Poincafe sphere, offering possibilities to separate the intrinsic
spin and orbital components of the light beam [41]. Conse-
quently, besides being of fundamental interest, these SOC-
related structured beam effects on matter or in free space offer
a broad range of novel technical applications (see [31-41]),
such as OAM generation and separation, large-capacity
optical communication, metrology, as well as multi-
dimensional quantum information processing.

Differing from the above-mentioned mechanisms, the
SOC of paraxial structured beams in EIT media has been
explored in recent years. By quantum-optical analogy, it is
quite interesting to see that the paraxial evolution of a spinor
image in EIT media can mimic the dynamics of a spin—orbit-
coupled quantum particle orbiting in a two-dimensional
central potential [42, 43]. Further study indicates that, by
introducing radially quasi-periodic structures in EIT media,
rotation-invariant ring-shaped gratings can be generated to
produce SOC-based diffraction for the spinor image, thus
enriching all-optical control protocol for the OAM state of
light [44]. However, these studies in EIT systems only con-
cern the spin—orbit modulation of a weak probe field by a
strong control field. This fact poses a real challenge for all-
optical SOC-based manipulation of light in the few-photon
regime.

To overcome this difficulty, in this work, we consider the
SOC effect of light in EIT systems at low-light levels, where
the weak probe and trigger light fields can strongly interact in
a five-level M-type EIT system with enhanced XPM
[17, 22, 45, 46]. More importantly, in our scheme, both the
probe and trigger fields are structured light beams. The weak
probe field bears a rotating spinor image consisting of two
Laguerre—Gaussian (LG) modes carrying opposite topological
charges (TCs) [47]. For the weak trigger field, we utilize a
single-mode LG beam having different TCs. Due to the giant
OAM-dependent XPM between the two weak structured light
fields in the M-type configuration, the SOC-induced radial
splitting in the spinor image can be fairly significant and
flexibly controlled by changing the weak trigger beam.
Eventually, XPM-induced large OAM-OAM mode separation
in free space can be accomplished, which could offer an all-
optical nondestructive method for optical mode decomposition

and OAM sorting based on strong image-vortex interaction at
low-light intensities. These results could help advance the all-
optically controlled SOC research for complex structured light
fields in EIT media. Our work may also build a bridge between
spin—orbit physics and low-light-level nonlinear optics, possi-
bly inspiring further exploration of EIT-based nonlinear mul-
timodal photonics in the few-photon regime and offering a
promising avenue toward multidimensional quantum signal
processing.

2. Theory

2.1. Floguet method for the spinor image in the M-type EIT
system

The five-level M-type configuration is shown in figure 1. The
probe field is a spinor image interacting with the atomic
transition |0) < |1), where the image is composed of two LG
modes having opposite TCs +¢, respectively. Without image
rotation, the probe field (frequency w,) has a single-photon
detuning A, = w), — wyo [figure 1(a)]. The weak trigger field
(frequency w;) is a single-mode LG beam having a TC m
interacting with the atomic transition |2) < |3). The control and
driving fields (frequencies w, and w,) are expanded Gaussian
beams interacting with the atomic transitions |2) < |1) and
|4) < |3), respectively. The single-photon detunings of the three
fields are At =W — W3y, Ac = W, — W12, and Ad =Wy — Wag.

To rotate the image with a frequency of €2, we can pass
the image through a rotating Dove prism with a frequency of
Q/2 [48] or introduce the frequency shifts +£ into the LG
modes, respectively [49]. Hence, upon rotation, the probe
field becomes bichromatic and the light-atom interaction is
shown in figure 1(b). The single-photon detunings for the two
LG modes become A, + ££2, where ££( can be treated as the
rotational Doppler shifts. In a possible experimental setup
[figure 1(c)], the weak probe and trigger fields carrying the
LG modes are assumed to be coaxial and copropagating along
the z direction. Because the control and driving fields are
assumed to be highly expanded and perpendicular to the z
axis, they only provide uniform illumination in our scheme.
An imaging system with a high-speed CCD camera can be
used to detect the transmitted spinor image.

Within the dipole and rotating-wave approximations, we
can use the following time-dependent Hamiltonian to exam-
ine the cross-Kerr interaction between the light fields in the
M-type EIT system [50]. It reads

H = —7(Ap811 + 62620 + 03833 + 040u4)

— (510 + Q612 + Q03 + Qu034 + hc), (1)

where 8,5 = |a) (8] (o, §=0, 1, 2, 3, 4) are the atomic
projection operators, 6, =A,— A, 063=06+4, and
b4=03 — A, are the two-, three-, four-photon detunings,
Q,= Qe+ Qe stands for the time-dependent
effective Rabi frequency of the probe field, {2, are the Rabi
frequencies of the LG modes in the spinor image, and Q,_., 4
denote the Rabi frequencies of the control, trigger, and driv-
ing fields.
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Figure 1. (a) A five-level M-type EIT system, where |0), |2), and |4) are the ground states, |1) and |3) are the excited states. The spinor image

is not rotating. (b) Upon rotation, the two LG modes interact with the |0) <

[1) transition in the presence of opposite rotational Doppler shifts

with w, = w, £ Q. (c) Proposed experimental setup to show the spin-orbit splitting of light in the M-type EIT system. The spinor image
rotates at a frequency of €2, and is incident on the medium at its waist, then propagates a distance z, to a charge-coupled device (CCD)
camera. The thickness of the medium is d. The control and driving fields are two expanded Gaussian beams to provide uniform illumination.
The weak trigger field is a single-mode LG beam with tunable TC m. PBS: polarizing beam splitter.

Thus, the light-atom interaction in the EIT system can be
governed by the time-dependent density-matrix master
equation 0,p = —i[H, pl//% + Lp, where the second term on
the right-hand side phenomenologically describes all the
damping processes. Substituting equation (1) into the master
equation, we can find the following equations of motion for
the non-diagonal density matrix elements

0ip19 = (=710 + 18,) p1g — 125(py; — Poo) + 12 P20,

Dipao = (=720 + 162) pag — 1P + I Py + 12 p3g
01p30 = (=730 + 163) p3g — 18031 + 120y + 124 4o
Orpao = (=0 + 168) pag — 1Qp g1 + 1030

2

To simplify equations (2), the perturbative approximation
concerning the weak probe field can be used in the EIT
system. All the atoms are assumed to be initially prepared in
level |0) and all other levels are empty. Also, the probe field is
so weak that its intensity is much lower than the saturation
intensity of the |0) < |1) transition. As a result, the popula-
tions of the atomic levels can be assumed to be pgp= 1 and
P11~ P & P33 & paq =~ 0. The second-order small quantities
Q,p021, Qpp31, and ,p4; can be ignored in equations (2).
Moreover, because the probe Rabi frequency €, i
time-dependent, to analytically solve equations (2), the
Floquet method is employed [51]. We thus decompose the

matrix elements into Fourier harmonics as pno(t) =
toe (“)(t)e“‘m’ (n=1,2,3,4), where £ denotes the

n=—0o0 p
magmtude of the rotational Doppler shift. Then, the Fourier
harmonics can be substituted into equations (2). By equating
the coefficients of the harmonics of #€), we can derive a
closed set of equations for the £1st order components of the
elements p,, having the form of

FpEY = —TipplED + 14 + QP

0Py = —T0p5 " + 1 p(FY + Qo550

BpED = —Thp Y + i, o0 + i3,

03" = ~Tis) + 085 ©
where we define T = v, — i(A, £ £Q), 5 =y, — i
(87 £ L), T5) = 9 — i(63 £ €Q), and T'5y = 7y — (& + LQ).

By setting 0, pﬁfol) on the left side to zero, one can achieve the

steady-state solutions of equations (3). But, we are only

interested in the expressions of pﬁ)[l), which can give the

susceptibilities for the £¢ LG modes in the probe field as

Q3 + 5% )rzo + OIS,
(QF + T Q5 + T3l + Q?Fﬁ)rfo

X(wie) = K
4

respectively, where w,,=w,+ ) are the angular fre-
quencies of the LG modes in the rotating spinor image,
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K= i./\f,ugl / (7€), N is the atomic number density, 1, is the
electric dipole moment of the |0) < |1) transition, 7 is the
reduced Planck’s constant, and ¢, is the vacuum permittivity.
The expressions in equation (4) thus clearly show that the two
LG modes in the spinor image can experience different XPM
induced by the control (€2.), trigger (£2,), and driving (£2,)
fields in the M-type EIT system.

2.2. Pauli-like equation for the spinor image propagation with
low-light-level XPM

Following a typical scenario in the EIT model, we consider
the ideal on-resonance scheme with 7,9~ 30~y and
Y20~ Y40~ 0 [1]. The central frequency w, of the rotating
spinor image, the control, trigger, and driving fields are all
resonant with the corresponding atomic transitions (i.e.
Ajpera=0). All the light fields satisfy the EIT conditions
Q] > €y, [Q4]? > €0y, and |Q*|Q)* > |Q4*¢Q. Thus,
to the first order of €2/w,, the cross-Kerr susceptibilities in
equation (4) can be simplified as

1,2 ) +£Q
1P ) 122

X (Wwe) ~ K(l + &)
It is seen that the cross-Kerr susceptibilities y(w.,) are
directly proportional to the rotational frequency shift /2 and
can be flexibly manipulated by the intensities of three light
fields. To satisfy the EIT conditions mentioned above, the
control (£2.) and driving (Q2,) fields cannot be too weak.
However, there are no intensity limits for the trigger (£2,) field.
This means that, in principle, the trigger field could be weak
to realize the low-light-level XPM simultaneously for the two
LG modes in the probe spinor image.

Furthermore, the propagation of the two LG modes
should obey two paraxial equations 2iki,0E.,/07 =
7v3!®gi[ — kizg X (wi¢)Exe, Where k., are the wave vectors
of the two LG modes, £, are their slow-varying field
strengths, and the operator V,z.yo is the transverse Laplacian
in the polar coordinate. The two equations can be combined
as  2ik,00/0z = —Vr,® — kI, x(wi)®, where the
spinor wave function ® = (€., £ )7 = (R,et0, R_e o)
under rotational invariance, R stand for the radial wave
functions, and e represent the azimuthal phase windings.
Mathematically, a unitary transformation ¥ = U® with U =

0 o2t the spin—orbit spinor V=
eO(R,, ROT = e(R,|+) + R_| —. )), where ¢? is the
orbital wave function and |£,) denote the pseudo-spin-up and
-down states.

Moreover, the two combined paraxial equations can thus

be mapped into a Pauli-like equation

(1 O) can produce

iD= —lkflvf s — Ele. — gfzﬂ 0, (6)
0z 2 " wWp
1/k 0 A
where k~! = Ikie and ¢4, is the Russell-Saun-
0 1/ky

ders-type SOC with the OAM operator i = —i0, and the
Pauli matrix &, for the z-component. The coefficient

_ KkQ QP . _ W
&= o |2(1 + o |2) with k, = —* can be defined as the

SOC factor for ££2 < w),. The last term on the right side is
only /-dependent and has nothing to do with the spin states.

Consequently, the Pauli-like equation (i.e. equation (6))
has the same mathematical structure (isomorphism) as the two
combined paraxial equations aforementioned, where the
radial wave functions R4 of the two LG modes can manifest
the evolution of the pseudo-spin-up and -down states |+.) in
the presence of the SOC effect. It is also seen that the SOC
factor ¢ is determined by the cross-Kerr susceptibilities
X(w4p) in equation (5), and thus can be tuned by the weak
trigger beam at low-light levels.

3. Numerical results

To indicate the XPM-dependent paraxial evolution of the
spinor image described by the above Pauli-like equation,
we assume the incident image at the entrance (z, =0) of
A\¢ ol 1 .
the atomic cloud as ¥ = ¢ (\/»—%) e /i e‘[@( ) ), where ¢ is
0
the normalization constant and wg is the waist width of
the probe beam. Moreover, the trigger beam is a single-mode
LG beam and its Rabi frequency can be given by

" m .
Q, = Q,O[c,(‘/f') e*’2/‘vf2e"”¢], where ¢, is the normal-

ization constant for the term in the brackets, €2, thus repre-
sents the peak value, w;, is the waist width, and m is the TC of
the trigger beam, respectively.

The D2 line in cold *’Rb atom is used to make the M-
type EIT system, where the wavelengths of the four beams are
all about 780 nm. Also, we assume the atomic number density
N=~102 cm™>, the decay and decoherence rates
Yi0o="Y30="7 = 2w x 6 MHz and ’)/20:’}/40:277')( lkHZ,
and the dipole moment /o =3.58 x 107> Cm for *'Rb
atom [52].

To carry out a thorough investigation of the paraxial
evolution of the spinor image, we employ the cross-Kerr
susceptibilities in equation (4) in our numerical calculations,
which include both the nonlinear dispersion and absorption in
the medium. In figure 2, we set the rotation frequency of the
spinor image as {2=100Hz. In practice, a rotating Dove
prism mechanically driven by a motor with the rotation fre-
quency of Q/2=50Hz can be adopted to generate the
rotating image [48]. We assume wy =50 pm, w, =200 pm,
the thickness of the atomic medium d =3 mm. For the light
fields, we also assume the control Rabi frequency €. = 0.2+,
the trigger and driving Rabi frequencies (2,=0.08y and
Q4=0.1, respectively. Thus the corresponding peak inten-
sity of the trigger field is ~42 uW cm™2, consistent with the
existing low-light-level XPM experiments in the EIT systems
[18, 19, 22, 26]. After the image propagates a distance of
Z, = 15 mm, an imaging system with a CCD camera can be
used to snap a shot [see figure 1(c)]. By changing the TC of
the trigger beam from m =1 to 8, we can see the evolution of
the pseudo-spin |+.) states in space. For m = 1 in figure 2(a),
4 in figure 2(d), and 8 in figure 2(h), the spatial separations
between the two pseudo-spin states are not very remarkable.
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Figure 2. Normalized intensity patterns of the rotating spinor image (&£ = 460 and 2 = 100 Hz) at z,, = 15 mm for the trigger beam with
different TCs m = 1-8, which can be captured by a high-speed CCD camera. The insets at the right-bottom corner show the relative intensity
profiles of the pseudo-spin |+.) states in the radial direction, where s is the separation distance between the two peaks. We can find

s =—62 um (a), —103 pm (b), —85 pm (c), 12 pm (d), 93 um (e), 113 pm (), 98 um (g), 71 um (h), respectively. Note that the relative
radial positions of the |+,) states can be switched for different TCs of the trigger beam [e.g. compare (b) and (f)]. In the calculation, we use
d=3mm, Q= 0.2, Q= 0.08v, Q= 0.17, wo = 50 um, and w, = 200 um. The size of the pictures is 1600 x 1600 xm>.

However, for m=6 in figure 1(f), a dual-ring structure
can be generated, indicating the most prominent separation.
To be specific, we can define the separation distance as
s = ryyy — r—) [also see figure 2(a)], where r| ) are the radii
of the intensity peaks of the |+,) states. Numerically, we can
find s=-62, —103, —85, 12, 93, 113, 98, 71 yum in
figures 2(a)-(h) (also see the insets), respectively. More
importantly, the relative positions between the |+) states can
be swapped for different values of m. In detail, for m = 1-3 in
figures 2(a)—(c), the |+,) state shrinks inward by focusing,
while the |—,) state expands outward by defocusing. Thus, we
obtain some negative values for the separation distance s. For
m =4-8 in figures 2(d)—(h), the |+,) state expands outward,
while the |—,) state shrinks inward, leading to positive values
for s.

In figure 3, we increase the rotation frequency of the
image to 2 =1000 Hz and the thickness of the medium to
d =4 mm. To suppress the absorption in the system, we also
adjust the control Rabi frequency to 2. = 0.8+, thus raising
the trigger and driving Rabi frequencies to 2,0 = 2, =0.37.
The corresponding peak intensity of the trigger field is
~591 W cm ™ in this case. Compared with figure 2, a similar
evolution trend can be achieved but stronger spatial splitting
can be observed. The OAM-OAM mode separation distances
are s =-—83, —139, —122, 14, 120, 155, 144, 106 ym in
figures 3(a)—(h), respectively. In particular, very clear dual-
ring structures can be seen in figure 3(b) with m =2 and
figure 3(f) with m =6. The weak interference fringes also
imply that the |+,) states are almost completely separate in
space. Therefore, by tuning the EIT parameters in the M-type

system, especially the TC of the weak trigger beam, the two
pseudo-spin states (LG modes) in the spinor image display
different spatial evolutions due to the XPM-dependent SOC
in the EIT system at low-light levels.

4. Discussion

In the viewpoint of quantum mechanics, the SOC term —52 0,
in equation (6) is the origin of the spatial splitting of the
pseudo-spin-up and -down wave functions because this term
can lift the spatial degeneracy of the pseudo-spin wave
functions. Apparently, without this term, the two pseudo-spin
states would obey the same dynamic equation, leading to the
same evolution in space, where no splitting could occur. More
importantly, the SOC factor ¢ is associated with the cross-
Kerr susceptibilities in equation (5). Therefore, the SOC-
controlled spatial evolution of the pseudo-spin states can be
flexibly tuned by the low-light-level XPM generated by the
weak LG trigger field.

In optics, the spatial separation (quantization) essentially
comes from the opposite phase windings of the helical
wavefronts of the two LG modes in the spinor image, where
the winding signs act as the pseudo-spin-up and -down states.
Although the two LG modes have the same TC modulus ¢,
they experience opposite cross-phase shifts associated with
the Russell-Saunders-type SOC term ffl? 8, in equation (6).
Moreover, the SOC term ¢ &, also tells us that higher-order TC
{can lead to stronger SOC, which is consistent with the SOC
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Figure 3. Normalized intensity patterns of the rotating spinor image at z, = 15 mm, where the rotation frequency of the image is increased to
= 1000 Hz. The spatial separations between the |+,) states are enhanced, where s = —83 um (a), —139 um (b), —122 um (c), 14 pm (d),
120 pm (e), 155 pm (f), 144 pm (g), 106 pum (h), respectively. In (b) and (f), significant dual-ring structures with very weak interference

fringes can be observed, but the relative radial positions of the |+,) states are switched. In the calculation, we use d = 4 mm, 2. = 0.8+, and

Q0 = Qg =0.3. Other parameters are the same as those in figure 2.

property of the high-orbital-quantum-number electron in
atoms. Hence, we choose the high-order TC ¢ =60 for the
spinor image in our calculations.

More interestingly, the ring-shaped profile of the LG
beam in the trigger field provides higher tunability for the
SOC splitting of the spinor image than a simple Gaussian
profile in conventional EIT-based lensing effect [53-57].
Because the inner and outer rims of the LG trigger field have
opposite intensity gradients in the radial direction, the |+,)
states (i.e. the two LG modes) in the spinor image experience
opposite radial gradients for the XPM, thus acquiring differ-
ent focusing and defocusing properties. By varying the TC m
of the LG trigger field, we can adjust the ring radius of the
trigger beam (characterized by r, = ym/2w, with w,=
200 pum being a constant). In figures 2(a)—(c) and 3(a)—(c), the
incident spinor image mainly locates around the outer rim
of the LG trigger field, while around the inner rim in
figures 2(e)—(h) and 3(e)—(h). Hence, SOC-induced spatial
splitting can be generated due to the focusing of |+,) state and
the defocusing of |—_) state, or vice versa. The relative radial
positions of the |+.) states can be altered and flexibly tuned
by the TC m of the LG trigger field, leading to all-optically
controlled OAM-OAM mode separation observable in free
space.

Note that, two special cases are shown in figures 2(d) and
3(d), where the spatial separations are so weak. The reason is
that the spinor image mainly locates in the vicinity of the
intensity peak of the trigger LG field which only produces a
very small radial gradient for the XPM. In detail, we can
estimate the peak position of the trigger LG field as

r, = Jm/2w, = 283 um for m =4 in figures 2(d) and 3(d),
while the peak position of the incident probe image is roughly
atr, = /{/2wy = 274 um [47]. Therefore, the spinor image
well stays near the peak regions of the trigger field in
figures 2(d) and 3(d) and the small radial gradient of cross-
Kerr susceptibilities leads to weak spatial splitting for the |+.)
states transmitted through the medium.

In contrast to figures 2(d) and 3(d), for proper TC m
values (e.g. those in figures 2(f) and 3(f) with m =6), the
dual-ring structures are highly desired to achieve the maximal
OAM-OAM mode separations in our scheme. Such sig-
nificant separations can attribute to the largest radial gradient
of cross-Kerr susceptibilities experienced by the spinor image
in the EIT medium. The radial susceptibility gradient can
be defined as 0,x(wie)|, where x(w.,) are given by
equation (5). Using the parameters in figures 2 and 3, one can
find that the maximal gradient appears at #,,x = 275 um for
m = 6 in the EIT medium. This position is almost coincident
with the spinor image characterized by the peak position
r, = /2wy = 274 pm. As a result, the two LG modes in
the image undergo the strongest (but opposite) spatial XPM
gradient in the radial dimension for the focusing or defocus-
ing nonlinearity, leading to the maximal OAM-OAM mode
separations for the |+.) states as shown in figures 2(f) and 3(f)
with m = 6. Therefore, in practice, the TC m of the trigger
field can be carefully selected to avoid the small SOC
splitting.

Technically, to flexibly control the TC m of the trigger
field, the liquid-crystal spatial light modulator can be used to
generate a fork-shaped blazed grating structure, also referred
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to as a computer-generated hologram in diffractive optics
[58]. When a fundamental Gaussian beam from a conven-
tional laser of waist width w; illuminates the diffraction
grating containing the characteristic m-pronged fork on the
optical axis, an LG beam with the TC m can be created in
the first diffraction order in the far field, which can serve as
the trigger field in our scheme. Because the liquid-crystal
device can be programmed through the video interface of a
computer, the design of the forked grating can be simply
refreshed by changing the image displayed on the computer.
Hence, in experiments, the TC m of the trigger field in our
scheme can be carefully selected by using a computer to
precisely control the forked grating structure.

To construct the M-type EIT system, we can choose the
five magnetic sublevels [0)=[5S,,,, F=1, m=—1),
1) =|5P3/, F=1, m=0), 2) =580, F=2, m=0),
|3) =|5P3/,, F=3, m=—1), and [4)=|5S,,,, F=2,
m=—1) in the D2 line of *'Rb atom, respectively [52]. A
magnetic field can be applied along the z axis to define the
quantized axis of the EIT system and also lift the degeneracy
of the sublevels. Thus, the probe field (spinor image) and the
trigger field are 0 and o~ polarized and co-propagate along
the z axis in figure 1(c). The control and driving fields are 7
polarized and propagate perpendicular to the z axis, where
their linear polarization directions are along the z axis.
Additionally, two methods could be used to rotate the spinor
image. First, a motor with a rotation frequency up to a few
hundred Hz could be adopted to mechanically drive a Dove
prism, which can rotate the image at low frequency [48, 59].
Second, for high-speed rotation, one can use acousto-optic
modulators to introduce 42 frequency shifts to the £/ LG
modes, respectively. Such a technique can tune the rotation
frequency of the spinor image from a few mHz to hundreds of
MHz [49].

Compared with the A-type configuration, the M-type EIT
system provides more advantages for all-optical manipulation
in atomic media. For example, at the dark center of the trigger
LG field, the M-type system naturally reduces to a typical A-
type system, which can easily maintain the transparency
conditions for the probe image. On the contrary, if a A-type
system with a strong control LG beam was used, the EIT
conditions could not be satisfied at the dark center and our
SOC scheme might not be applicable in this case. Besides, by
adjusting the EIT parameters in the M-type system, the weak
trigger field with tunable TCs can spatially modulate the weak
probe image due to giant cross-Kerr nonlinearity. Such a
strong nonlinear image-vortex interaction could offer unique
opportunities for all-optical SOC-based manipulation of
complex structured light at the few-photon levels.

We only use the M-type XPM as an example in this work
to show the possibility of a low-light-level SOC effect for
structured light in EIT media. The low-light intensities of the
trigger field derived from our numerical calculations (e.g. the
peak intensities are ~42 W cm 2 in figure 2 and ~591 W
em 2 in figure 3) are consistent with some existing XPM
experiments in EIT media [18, 19, 22, 26]. Note that, all the
optical parameters in our scheme have not yet been fully
optimized but serve as proof-of-principle for the low-light-

level XPM-induced SOC effect of light. Very strong photon-
photon interaction can also be produced in strongly interact-
ing atoms with highly-excited Rydberg states [60, 61]. Our
scheme might be combined with these fantastic advances in
Rydberg-EIT systems, holding promise to explore the SOC
effect of structured light even at the single-photon level.

5. Conclusion

In summary, by quantum-optical analogy, we have shown
that SOC-based all-optical splitting can be generated in a five-
level M-type EIT system with low-light-level cross-Kerr
modulation between structured light beams. Using a weak LG
trigger field, the oppositely polarized pseudo-spin |+,) states
(i.e. the two LG modes) in a probe spinor image can be
separated by focusing or defocusing in free space due to the
SOC effect, where the peak intensity of the trigger field can
be as low as a few tens of uW cm 2. Especially, by changing
the TC of the trigger field, the SOC-induced spatial quanti-
zation of the |+.) states can be quite prominent. And, the
relative radial positions of the |+,) states in the spinor image
can be flexibly controlled, leading to large positive or nega-
tive OAM-OAM mode separations in free space. Therefore,
the XPM-based spin—orbit mechanism in our scheme may
provide a highly efficient strategy for all-optical non-
destructive decomposition and sorting of LG modes at low-
light levels. Moreover, because higher-order OAM of the
pseudo-spin states in the spinor image can cause stronger
SOC in EIT systems, our work may establish a helpful plat-
form to sort very high-order vortex beams by spatial filtering.
Finally, the strong image-vortex interaction in our scheme
may be compatible with existing multiplexed quantum
memory techniques in EIT media [11-14], thus facilitating
all-optical multidimensional information processing based on
structured light in the few-photon regime.
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