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Chiral Raman coupling for spin-orbit coupling in ultracold atomic gases
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Spin-orbit coupling (SOC) in ultracold atoms is engineered by light-atom interaction, such as two-photon
Raman transitions between two Zeeman spin states. In this paper, we propose and experimentally realize
chiral Raman coupling to generate SOC in ultracold atomic gases, which exhibits high quantization axis
direction dependence. Chiral Raman coupling for SOC is created by chiral light-atom interaction, in which a
circularly polarized electromagnetic field generated by two Raman lasers interacts with two Zeeman spin states
δmF = ±1 (chiral transition). We present a simple scheme of chiral one-dimensional (1D) Raman coupling by
employing two Raman lasers at an intersecting angle 90◦ with the proper polarization configuration. In this
case, Raman coupling for SOC exists in one direction of the magnetic quantization axis and disappears in the
opposite direction. Then we extend this scheme into a chiral two-dimensional (2D) optical square Raman lattice
configuration to generate the 1D SOC. There are two orthogonal 1D SOCs, which exist in the positive and
negative directions of the magnetic quantization axis respectively. This case is compared with 2D SOC based on
the nonchiral 2D optical Raman lattice scheme for studying the topological energy band. This paper broadens
the horizon for understanding chiral physics and simulating topological quantum systems.
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I. INTRODUCTION

Chirality plays a critical role in a wide range of sys-
tems, from matter to light to light-matter interaction [1,2],
which displays a kind of symmetry breaking characterized
by lacking mirror-reflection symmetry [3] and has been at-
tracting intense attention in a broad range of scientific areas.
The recent discovery of exotic chiral matters and phenom-
ena involving chiral superconductors [4], chiral skyrmions
[5], chiral domain walls [6–8], chiral spintronics [9], chiral
currents [10], chiral electrons [11], nanoscale chiral valley-
photon interfaces [12], and chiral quantum optics [13] has
aroused widespread interest. In particular, interaction between
chiral light and chiral matter leads to chiral light-matter in-
teraction, which triggers exiting research directions and new
applications [14–16].

Recent experimental realization of spin-orbit coupling
(SOC) in ultracold quantum gases by light-matter interaction
[17–29] provides a highly controllable platform for the study
of topological materials and exotic matter states [30–43]. In
this paper, we explore chiral Raman coupling for SOC in
ultracold atomic gases by chiral light-matter interaction, in
which a circularly polarized electromagnetic field generated
by two Raman lasers interacts with two Zeeman spin states
δmF = ±1. Chiral Raman coupling presents characteristics
with high quantization axis direction dependence. We employ
two Raman lasers at an intersecting angle 90◦ with the proper
polarization configuration to generate one-dimensional (1D)
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SOC. Then we extend this case into a chiral two-dimensional
(2D) optical square Raman lattice to generate the SOC.

In Sec. II, we introduce the chirality of spin motion in a
static and ac magnetic field to better understand the physics of
the chiral Raman coupling for SOC generated by chiral light-
matter interaction. We then present a scheme of generating
chiral 1D Raman coupling for SOC by employing two Raman
lasers at an intersecting angle 90◦ with the proper polarization
configuration in Sec. III A and extend this case into a chiral
2D optical square Raman lattice in Sec. III B.

II. CHIRALITY OF SPIN MOTION
IN A STATIC AND ac MAGNETIC FIELD

A spin-1/2 has a magnetic dipole moment μs. When
subjected to an external magnetic field B, a dipole moment
experiences a torque L according to L = μs × B (known as
Larmor precession). Magnetization is defined as the vector
sum of the spin magnetic moments μs per unit volume, de-
noted by the symbol M:

M = 1

V

N∑
k=1

μsk . (1)

The spin with angular momentum S and magnetic moment μs

is subjected to torque L under the external magnetic field B,
which satisfies the equation

dS
dt

= L = μs × B. (2)

According to the formula μs = −γ S, Eq. (2) can be
written as

dμs

dt
= −γμs × B (3)
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FIG. 1. Spin motion in a static and ac magnetic field. (a) and (b) Spin motion for the circular polarization of ac magnetic field Bac+ =
B1 cos ωt êx + B1 sin ωt êy with the strong, static magnetic field B0 along the +z (a) and −z (b) respectively. When B0 is along the +z direction,
the Bac+ in the rotating coordinate leads to the magnetization Mϕ to rotate around xϕ at the frequency of ω1 for ω = ω0. When B0 is along the −z
direction, the ac magnetic field Bac+ will be the high-speed rotation at the frequency of 2ω0 and its influence on the magnetization is negligible.
This case is chiral since the chiral ac field induces the chiral interaction with spins. (c) and (d) Spin motion for the linear polarization of ac
field Bacx = 2B1 cos ωt êx with the strong, static magnetic field B0 along the +z (c) and −z (d) respectively. When B0 is along the +z direction,
only the component Bac+ in the rotating coordinate leads to the magnetization Mϕ to rotate around xϕ at the frequency of ω1 for ω = ω0 and the
component Bac− is neglected due to the high-speed rotation at the frequency of 2ω0. When B0 is reversed to the −z direction, the role of two
orthogonal circular components is reversed: the component Bac− leads to the magnetization Mϕ to rotate around xϕ and the component Bac+ is
neglected. Therefore, this case is nonchiral.

where γ is a proportionality constant called the gyromagnetic
ratio. From the relation between M and μs, the magnetization
vector expression of the Bloch equation can be obtained as

dM

dt
= −γ M × B. (4)

Consider that a strong, static magnetic field B0 along the
z direction is used to align spins. When the spins initially are
prepared along the z direction, an ac magnetic field Bac (rf
field) is applied, which is perpendicular to the z direction and
then will rotate the spins away from B0, called excitation. Note
that the influence on the magnetization is negligible when
ac magnetic field Bac is along the direction of B0. Here, ac
magnetic field Bac has the polarization helicity σ ∈ (−1, 1).
The polarization helicity (the degree of circular polarization)
is 0, ±1 for linear, right-, and left-hand circular polarization.
Therefore, the chiral ac magnetic field can induce the chiral
interaction with atoms.

The chirality of spin motion in a static and ac magnetic
field can be understood through the Bloch sphere in a labo-
ratory and in rotating coordinate systems as shown in Fig. 1.
At the strong, static magnetic field B0 along the +z direction

of the laboratory coordinate, the spins precess in the direc-
tion of the external magnetic field at the Larmor frequency
ω0 = γ B0. So the magnetization remains stationary when we
consider transforming the laboratory coordinate system into a
rotating coordinate system (xϕ , yϕ , zϕ) that rotates around the z
axis at a frequency of ω0 as shown in the right panels of Fig. 1.
First, consider the circular polarization of ac magnetic field
Bac+ = B1 cos ωt êx + B1 sin ωt êy with angular velocity ω as
shown in Fig. 1(a), that is, B = B1 cos ωt êx + B1 sin ωt êy +
B0êz. So the Bloch equation can be written in laboratory
coordinate

dMx

dt
= γ (B1Mz sin ωt − B0My),

dMy

dt
= γ (B0Mx − B1Mz cos ωt ), (5)

dMz

dt
= γ (B1My cos ωt − B1Mx sin ωt ).

The Bloch equation may be transformed into the rotating co-
ordinate with the angular frequency ω with the transformation
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matrix shown as⎛
⎝Mϕx

Mϕy

Mϕz

⎞
⎠ =

⎛
⎝ cos ωt sin ωt 0

− sin ωt cos ωt 0
0 0 1

⎞
⎠

⎛
⎝Mx

My

Mz

⎞
⎠. (6)

Therefore, the Bloch equation in the rotating coordinate is
given as

dMϕx

dt
= −(ω0 − ω)Mϕy,

dMϕy

dt
= (ω0 − ω)Mϕx − ω1Mϕz, (7)

dMϕz

dt
= ω1Mϕy.

Here, ω1 = γ B1. When choosing ω = ω0, the ac magnetic
field Bac+ always keeps along the xϕ direction in the rotating
coordinate, and then the magnetization Mϕ will rotate around
xϕ at the frequency of ω1 as shown in the right panel of
Fig. 1(a). The frequency ω1 that Mϕ rotates around Bxϕ

is
called the Rabi frequency. If B0 is reversed to the −z direction,
the ac magnetic field Bxϕ

will be the high-speed rotation at the
frequency of 2ω0 as shown in Fig. 1(b). Thus, the average
time performance is close to zero, and the influence on the
magnetization is negligible. This case is chiral since the chiral
ac magnetic field induces the chiral interaction with spins.

Then consider the linear polarization of the ac mag-
netic field Bacx = 2B1 cos ωt êx applied in the x direction
of the laboratory coordinate system as shown in Fig. 1(c).
It can be decomposed into two orthogonal components
Bac+ = B1 cos ωt êx + B1 sin ωt êy and Bac− = B1 cos ωt êx −
B1 sin ωt êy with the same amplitude and frequency and op-
posite directions of rotation. When the strong, static magnetic
field B0 is along the +z direction, only the component Bac+
in the rotating coordinate leads to the magnetization Mϕ to
rotate around xϕ at the frequency of ω1 for ω = ω0 and the
component Bac− is neglected due to the high-speed rotation at
the frequency of 2ω0. When B0 is reversed to the −z direction,
the role of two orthogonal circular components is reversed:
the component Bac− leads to the magnetization Mϕ to rotate
around xϕ and the component Bac+ is neglected as shown in
Fig. 1(d). This case corresponds to nonchiral.

III. CHIRAL RAMAN COUPLING
FOR SPIN-ORBIT COUPLING

As we all know, two Raman lasers can generate equiva-
lently ac magnetic field Bac [33,44,45]. The effective magnetic
field induced by the two Raman lasers E = E1e−iωLt +
E2e−i(ωL+δω)t can be written as

Beff = iμv

μBgJ
E∗ × E = Beff

dc + Beff
ac , (8)

where

Beff
dc = iμv

μBgJ
(E∗

1 × E1 + E∗
2 × E2), (9)

Beff
ac = iμv

μBgJ
(E∗

1 × E2e−iδωt + E∗
2 × E1eiδωt ). (10)

Here, ωL is the frequency of the Raman lasers with the fre-
quency difference δω, μv is the vector polarizability, μB is the

Bohr magneton, and gJ is the electronic spin Landé g factor.
From Eq. (9), we can see that the first term Beff

dc depends on
the ellipticity of light, which corresponds to the effective dc
magnetic field and is equivalent to the vector shift to generate
linear Zeeman splitting (light shift proportional to mF ). The
Beff

dc will add to the static bias field Bdc to act on atoms. There-
fore the influence on the magnetization is negligible when Beff

dc
is perpendicular to the direction of B0. The second term Beff

ac
corresponds to the effective ac magnetic field, in which only
the components perpendicular to the direction of B0 can drive
Raman transitions between different energy levels δmF = ±1.
Here, δmF = ±1 corresponds to the chiral transition. In this
paper, we only consider the second term Beff

ac and neglect
the Beff

dc .
The Hamiltonian including light-atom interaction as the

effective magnetic-field interaction is given as

H =
[

p̂2

2m
+ V (r)

]
Î + h̄ωhf

2
σ̂z

+ μBgmF
mF ′

2
B0 · σ̂ + μBηmF

mF ′

2
Beff

ac · σ̂ , (11)

where Î is the identity operator and σ̂ is denoted with the three
spin operators (σ̂z, σ̂x, σ̂y) or (σ̂z, σ̂+, σ̂−), V (r) is the trapping
potential, and σ̂± = (σ̂x ± iσ̂y)/2, ηmF

mF ′ is a coupling constant.
For some special geometry structure of the Raman lasers, the
effective ac magnetic field Beff

ac is spatially dependent. As a
result, one can realize spin-orbit coupling from the last term
of Eq. (11).

A. Chiral 1D Raman coupling for spin-orbit coupling

Here, we employ two Raman lasers at an intersecting angle
90◦ in the x-y plane to generate chiral 1D Raman coupling
for SOC. A homogeneous magnetic biased field B0 = 2.7 G
is applied in the z axis (gravity direction shown in Fig. 2),
which defines the magnetic quantization axis and gives a Zee-
man splitting. Two hyperfine Zeeman states |F = 7/2, mF =
−1/2〉 ≡ | ↑〉 and |F = 9/2, mF = 1/2〉 ≡ | ↓〉 are chosen as
the two spin states for Raman transition. The bichromatic light
field of the Raman scheme is written as

E = E1x + E2y (12)

where

E1x = (êzE1xz + êyE1xyeiϕ1 )e−ikRxe−i(ωL+δω)t ,

E2y = (êzE2yz + êxE2yxeiϕ2 )e−ikRye−iωLt . (13)

Here the ϕ1 and ϕ2 are the initial phase of two orthogonally
polarized components of the laser beam 1 and 2 respectively,
which determine the polarization helicity of the input Raman
laser beam 1 and 2, as shown in Fig. 2(a). kR = 2π/λ is the
wave number of the Raman laser with λ being the wavelength.
The frequency difference δω = ωhf + μBgmF

mF ′ B0/h̄ + δ differs
by a small detuning δ from the hyperfine energy splitting ωhf

and the linear Zeeman shift between δmF = ±1. Here, gmF
mF ′

depends on the hyperfine Landé g factors gF and gF ′ .
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FIG. 2. Schematic of experimental scheme of 1D Raman cou-
pling for SOC for δmF = ±1 and the energy level of 40K. (a) The
Raman lasers L1 (red) and L2 (blue) propagate along the x and y
axis respectively. Here, the Raman coupling is induced by (E1xz, E2yx)
and (E2yz, E1xy). The external magnetic field B0 along the z direction
generates the Zeeman splitting and the quantization axis of the sys-
tem. (b) Two hyperfine spin states are coupled with the electronic
excited states through two Raman lasers L1 and L2. Here, the Raman
lasers drive the chiral transition δmF = ±1 between |F = 7/2, mF =
−1/2〉 ≡ | ↑〉 and |F = 9/2, mF = 1/2〉 ≡ | ↓〉.

Then, the effective ac magnetic field can be expressed
as [33]

Beff
ac = Beff

ac-ele
iδωt eikR (x−y) + Beff†

ac-ele
−iδωt e−ikR (x−y), (14)

where

Beff
ac-el = i
01e−iϕ1 êx + i
02eiϕ2 êy − i
03ei(ϕ2−ϕ1 )êz. (15)

Here,


01 = uv

μBgJ
E1xyE2yz,


02 = uv

μBgJ
E1xzE2yx,


03 = uv

μBgJ
E1xyE2yx. (16)

Since the static bias field B0 is along the z axis and Raman
coupling drives transitions between different energy levels
δmF = ±1, the term −i
03ei(ϕ2−ϕ1 )êz of Beff

ac can be neglected.
Here, Beff

ac-el and Beff†
ac-el represent the ellipticity of the effective

ac magnetic field, which is determined by the phases ϕ1 and
ϕ2.

The time and space dependence ei[δωt+kR (x−y)] of Beff
ac

can be eliminated via the unitary transformation S =
ei[δωt+kR (x−y)]σ̂z/2 and the rotating wave approximation. The
resulting Hamiltonian can be represented as

HR =
[

p̂2

2m
+ V (r)

]
Î − h̄kR(px − py)

2m
σ̂z

+ � · σ̂ + (h̄kR)2

4m
(17)

where

� · σ̂ = �zσ̂z + �σ̂− + �†σ̂+,

�z = − h̄δ

2
,

� = μBηmF
mF ′

2
Beff

ac-el · (êx + iêy),

�† = μBηmF
mF ′

2
Beff†

ac-el · (êx − iêy). (18)

Then we can obtain the simplified Hamiltonian as

HR =
[

p̂2

2m
+ V (r)

]
Î − h̄kR(px − py)

2m
σ̂z − h̄δ

2
σ̂z

+ μBηmF
mF ′

2

01[sin ϕ1σx + cos ϕ1σy]

− μBηmF
mF ′

2

02[cos ϕ2σx + sin ϕ2σy]. (19)

When B0 is reversed to the −z direction, the role of two
orthogonal circular components of the effective ac magnetic
field is reversed:

� = μBηmF
mF ′

2
Beff†

ac-el · (êx + iêy),

�† = μBηmF
mF ′

2
Beff

ac-el · (êx − iêy). (20)

The Hamiltonian in Eq. (28) describes a 1D SOC consisting of
an equal sum of Rashba and Dresselhaus terms. This system is
nontrivial due to the noncommutativity between the Abelian
gauge potential A = h̄kR(êx − êy)/2 and an additional Raman
coupling term � · σ̂ , and leads to lots of interesting phenom-
ena studied both theoretically [40,46–49] and experimentally
[31,35–39,42].

To simplify without losing generality, we choose |E1xy| =
|E1xz| = |E2yz| = |E2yx| (
01 = 
02 = �0/μBηmF

mF ′ ). For the
setting with (ϕ1, ϕ2) = (−π/2, 0) shown in Fig. 3(a1), � =
�† = �0 and � · σ̂ = −σ̂zδ/2 − �0σ̂x. This corresponds to
generating the effective circular polarization [see Eq. (15)] of
the ac magnetic field and leads to the Raman coupling term
−�0σ̂x. When B0 is reversed to the −z direction [Fig. 3(b1)],
this is similar to the setting with (ϕ1, ϕ2) = (π/2, 0) to gen-
erate the orthogonal effective circular polarization of the ac
magnetic field. Then we have � · σ̂ = −σ̂zδ/2, which means
that the Raman coupling disappears. Therefore this case cor-
responds to chiral 1D Raman coupling for SOC since the
effective chiral rf field induces the chiral interaction with
atoms.

For the setting with (ϕ1, ϕ2) = (0, 0) shown in
Fig. 3(c1), � = −�0(1 − i)/2, �† = −�0(1 + i)/2 and
� · σ̂ = −σ̂zδ/2 − �0(σ̂x − σ̂y)/2. This corresponds to
generating the effective linear polarization of the rf field
and leads to the Raman coupling term −�0(σ̂x − σ̂y)/2.
When B0 is reversed to the −z direction shown in
Fig. 3(d1), � = �0(1 − i)/2, �† = �0(1 + i)/2 and
� · σ̂ = −σ̂zδ/2 + �0(σ̂x − σ̂y)/2. Therefore this case
corresponds to nonchiral 1D Raman coupling for SOC since
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Nonchiral

FIG. 3. Raman spectroscopy of 1D Raman coupling for SOC for δmF = ±1. (a) and (b) Chiral 1D Raman coupling for SOC. The external
magnetic field B0 is along the +z direction for (a) and −z direction for (b), respectively. (a1) and (b1) The polarization of the Raman laser L1

along x is circular while L2 along y is linear at a π/4 angle to the vertical direction. (a2) and (b2) The absorption images of two hyperfine spin
states after 12-ms TOF for the different Raman two-photon-detuning δ. (c) and (d) Nonchiral 1D Raman coupling for SOC. (c1) and (d1) The
polarization of the Raman laser L1 and L2 is linear and orthogonal at the ±π/4 angle to the vertical direction. (c2) and (d2) The absorption
images of two hyperfine spin states after 12-ms TOF for the different Raman two-photon detuning δ.

the similar SOC exists in ±z directions of the magnetic
quantization axis.

Furthermore, we consider the special case of driving Ra-
man transition between different energy levels with δmF = 0,
which corresponds to the nonchiral transition, such as two hy-
perfine Zeeman states |F = 7/2, mF = 1/2〉 ≡ | ↑〉 and |F =
9/2, mF = 1/2〉 ≡ | ↓〉. Only the component 
03e−i(ϕ2−ϕ1 )êz
of the effective ac magnetic field Beff

ac [Eq. (15)] parallel to
the static bias field B0 can drive transition δmF = 0 and the
components of 
01e−iϕ1 êx and 
02eiϕ2 êy perpendicular to the
static bias field B0 are neglected. Therefore, � and �† in

Eq. (29) are expressed as

� = μBηmF
mF ′

2
Beff

ac-el · êz,

�† = μBηmF
mF ′

2
Beff†

ac-el · êz. (21)

Here, the amplitudes of � and �† are independent of the
relative phase (ϕ1, ϕ2). When B0 is reversed to the −z di-
rection, � and �† remain unchanged according to Eq. (21).
Therefore this case corresponds to nonchiral 1D Raman

023323-5



BIAO SHAN et al. PHYSICAL REVIEW A 111, 023323 (2025)

coupling for SOC since the similar SOC exists in ±z direc-
tions of the magnetic quantization axis. It should be noted that
the nonchiral Raman coupling with δmF = 0 can be experi-
mentally observed both in 1D and 2D cases. For simplicity, we
only present the observation for the 2D case in the following,
which is sufficient and more representative for verifying the
theoretical analysis.

The experimental setup of the 87Rb and 40K Bose-Fermi
mixture is presented in detail with our previous works
[50–52]. The experiment starts with the preparation of a de-
generate Fermi gas of 40K atoms in the state |F = 9/2, mF =
9/2〉 in a crossed optical dipole trap. Around N = 3 × 106 ul-
tracold 40K atoms are prepared at a temperature of 0.3TF using
sympathetic cooling by 87Rb, where the Fermi temperature
is defined by TF = h̄ω̄(6N )1/3/kB. Here ω̄ = (ωxωyωz )1/3 

2π × 80 Hz is the geometric mean of the optical trap in our
experiment, N is the particle number of 40K atoms, and kB

is the Boltzmann’s constant. The remaining 87Rb atoms are
optically removed by applying a resonant laser beam pulse
(780 nm) for 0.03 ms without heating and losing 40K atoms.
The initial spin state |F = 9/2, mF = 1/2〉 ≡ | ↓〉 is prepared
in a rapid adiabatic passage induced by sweeping a rf field
from |F = 9/2, mF = 9/2〉 in 50 ms.

A pair of Raman lasers is located at the tune-out wave-
length λ = 768.98 nm [53], which is extracted from a
continuous-wave Ti-sapphire single-frequency laser. There-
fore, the Raman laser approaches zero ac-Stark energy shift
for free atoms [54]. The recoil energy ER = (h̄kR)2/2m =
h × 8.44 kHz is taken as the natural energy units. The Raman
laser beam L1 is frequency shifted around +380.808 MHz
by a single-pass acousto-optic modulator (AOM), and L2 is
frequency shifted −226.25 × 4 MHz through two AOMs in
double-pass configuration respectively, which match the hy-
perfine transition frequency ωhf = 1.28 GHz.

Here, we employ the momentum-resolved Raman spec-
troscopy of an ultracold Fermi gas to check the chiral Raman
coupling for SOC. We apply a Raman laser pulse with the
duration time of 35 µs and measure the spin population for
different frequency differences δω of the Raman lasers. After
the Raman pulse, we immediately turn off the optical trap and
the homogeneous magnetic field, let the atoms free expand in
12 ms, and take the time-of-flight (TOF) absorption image.
The absorption images of two different hyperfine states for
different frequency differences δω of the Raman lasers are
shown in Fig. 3. We can see that only atoms in certain mo-
mentum states are transferred from |F = 9/2, mF = 1/2〉 ≡
| ↓〉 to |F = 7/2, mF = −1/2〉 ≡ | ↑〉, which is determined
by the frequency difference of the Raman lasers shown in
Fig. 3, which shows the momentum-resolved features of Ra-
man spectroscopy.

Consider that the polarization of the Raman laser L1 along
x is chosen as circular while L2 along y is linear at a π/4
angle to the vertical direction as shown in Fig. 3(a1). This
case corresponds to |E1xy| = |E1xz| = |E2yz| = |E2yx| and the
setting with (ϕ1, ϕ2) = (−π/2, 0) to generate the effective
circular polarization of the rf field. The absorption images
for the momentum-resolved Raman spectroscopy in Fig. 3(a2)
demonstrate the existence of the Raman coupling �0σ̂x. In
contrast, when B0 is reversed to the −z direction as shown
in Fig. 3(b1) (or the polarization of L1 is changed into the or-

thogonal circular state) which corresponds to the setting with
(ϕ1, ϕ2) = (π/2, 0) to generate the orthogonal effective cir-
cular polarization of the ac magnetic field, there is no Raman
coupling as shown in Fig. 3(b2). Therefore the chiral 1D Ra-
man coupling for SOC is realized experimentally by the chiral
interaction between the effective ac magnetic field and atoms.

Consider that the polarization of the Raman laser L1 and
L2 is linear and orthogonal at the ±π/4 angle to the verti-
cal direction respectively as shown in Figs. 3(c1) and 3(d1).
This case corresponds to the setting with (ϕ1, ϕ2) = (0, 0) to
generate the effective linear polarization of the ac magnetic
field. We can see that there is always Raman coupling in ±z
directions of the magnetic quantization axis from the absorp-
tion images for the momentum-resolved Raman spectroscopy
in Figs. 3(c2) and 3(d2). Therefore this case corresponds to
nonchiral 1D Raman coupling for SOC.

B. Chiral 2D Raman coupling for SOC
in an optical square Raman lattice

The two Raman lasers E1x and E2y are incident from x and
y directions respectively and retroreflected by two mirrors.
The bichromatic light field of the Raman lattice scheme is
written as

E = E1x + E2y, (22)

where

E1x = 2

[
êzE1xz cos (kRx)

+ êyE1xyeiϕ1 ei α
2 cos

(
kRx + α

2

)]
e−i(ωL+δω)t ,

E2y = 2

[
êzE2yz cos (k0y)

+ êxE2yxeiϕ2 ei β

2 cos

(
kRy + β

2

)]
e−iωLt . (23)

Here, α (β) is the extra relative phase difference between two
orthogonal polarization components acquired by E1xy (E2yx)
via a wave plate before and after the retroreflected mirror.

Then, the effective ac magnetic field can be expressed as

Beff
ac = Beff

ac-ele
iδωt + Beff†

ac-ele
−iδωt (24)

where

Beff
ac-el = iMxe−i(ϕ1+α/2)êx + iMyei(ϕ2+β/2)êy

− iMze
i(ϕ2−ϕ1+β/2−α/2)êz. (25)

Here,

Mx = 
01 cos (kRx + α/2) cos (k0y),

My = 
02 cos (kRy + β/2) cos (k0x),

Mz = 
03 cos (kRx + α/2) cos (kRy + β/2)

(26)
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Nonchiral

FIG. 4. Raman spectroscopy of 2D Raman coupling for SOC in an optical square Raman lattice for δmF = ±1. (a) and (b) 2D chiral
Raman coupling for SOC. The external magnetic field B0 is along the +z direction for (a) and −z direction for (b), respectively. (a1) and (b1)
The polarization of the Raman laser L1 along x is circular while L2 along y is linear at a π/4 angle to the vertical direction. (a2) and (b2)
The absorption images of two hyperfine spin states after 12-ms TOF for the different Raman two-photon detuning δ. (c) and (d) 2D nonchiral
Raman coupling for SOC. (c1) and (d1) The polarization of the Raman laser L1 and L2 is linear and orthogonal at the ±π/4 angle to the vertical
direction. (c2) and (d2) The absorption images of two hyperfine spin states after 12-ms TOF for the different Raman two-photon detuning δ.

and


01 = 4
uv

μBgJ
E1xyE2yz,


02 = 4
uv

μBgJ
E2yxE1xz,


03 = 4
uv

μBgJ
E1xyE2yx. (27)

The time dependence eiδωt of Beff
ac can be eliminated

via the unitary transformation S = eiδωt σ̂z/2 and the rotat-
ing wave approximation. The resulting Hamiltonian can be

represented as

HR =
[

p̂2

2m
+ V (r)

]
Î + � · σ̂ (28)

where

� · σ̂ = �zσ̂z + �σ̂− + �†σ̂+,

�z = − h̄δ

2
,

� = M̄x[sin (ϕ1 + α/2) + i cos (ϕ1 + α/2)]

− M̄y[cos (ϕ2 + β/2) + i sin (ϕ2 + β/2)], (29)
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FIG. 5. Raman spectroscopy of 2D Raman coupling for SOC in an optical square Raman lattice for δmF = 0. (a) Two Raman lasers drive
the nonchiral Raman transition δmF = 0 between two hyperfine spin states |F = 7/2, mF = 1/2〉 and |F = 9/2, mF = 1/2〉. (b1) and (c1) The
polarization of lL along x is circular while the Raman laser L2 along y is linear at a π/4 angle to the vertical direction. The external magnetic
field B0 is along the +z (b1) and −z direction (c1). (b2) and (c2) The absorption images of two hyperfine spin states after 12-ms TOF for
different Raman frequency detuning δ.

with M̄x/y = μBηmF
mF ′ Mx/y/2.

We consider that the λ/4 wave plate is placed in the
front of both retroreflected mirrors, which corresponds to
the extra relative phase difference between two orthogonal
polarizations α = β = π . For the setting with (ϕ1, ϕ2) =
(−π/2, 0) as shown in Fig. 4(a1), in which the polar-
ization of the Raman laser L1 along x is chosen as
circular while L2 along y is linear at a π/4 angle to the
vertical direction, � = i(M̄x − M̄y) and � · σ̂ = −σ̂zδ/2 +
(M̄x − M̄y)σ̂y = −σ̂zδ/2 − �0

2 sin[kR(x − y)]σ̂y, which corre-
sponds to the 1D Raman lattice in the x̂ − ŷ direction. We
can see that the 1D Raman lattice in the x̂ − ŷ direction ap-
pears in the absorption images for the momentum-resolved
Raman spectroscopy as shown in Fig. 4(a2). When B0

is reversed to the −z direction that corresponds to the
setting with (ϕ1, ϕ2) = (π/2, 0) as shown in Fig. 4(b1),
� = −i(M̄x + M̄y) and � · σ̂ = −σ̂zδ/2 − (M̄x + M̄y)σ̂y =
−σ̂zδ/2 + �0

2 sin[kR(x + y)]σ̂y, which corresponds to the 1D
Raman lattice in the x̂ + ŷ direction as shown in Fig. 4(b2).
Therefore, this case corresponds to the chiral 2D Raman cou-
pling for SOC, in which two orthogonal 1D Raman lattices
appear for the positive and negative directions of the magnetic
quantization axis respectively.

When we consider the setting with (ϕ1, ϕ2) = (0, 0) as
shown in Figs. 4(c1) and 4(d1), in which the polarization
of the Raman laser L1 and L2 is linear at the ±π/4 an-
gle to the vertical direction respectively, � = M̄x − iM̄y and
� · σ̂ = −σ̂zδ/2 + M̄xσ̂x − M̄yσ̂y, which corresponds to the
2D Raman lattice in the x̂ + ŷ and x̂ − ŷ direction. We can
see that the 2D Raman lattice in the x̂ + ŷ and x̂ − ŷ direction
appears in the absorption images for the momentum-resolved
Raman spectroscopy as shown in Fig. 4(c2). When B0 is
reversed to the −z direction, � = M̄x − iM̄y and � · σ̂ =
−σ̂zδ/2 + M̄xσ̂x − M̄yσ̂y, which corresponds to the similar 2D

Raman lattice in the x̂ + ŷ and x̂ − ŷ direction as shown in
Fig. 4(d2). Therefore, this case corresponds to the nonchiral
2D Raman coupling for SOC, in which the same 2D Raman
lattice appears for the positive and negative directions of the
magnetic quantization axis respectively. Here, we would like
to mention that this case corresponds to 2D SOC based on
the optical Raman lattice scheme for studying the topological
energy band [55,56].

Furthermore, consider the Raman transition δmF = 0 be-
tween two hyperfine Zeeman states |F = 7/2, mF = 1/2〉 ≡
| ↑〉 and |F = 9/2, mF = 1/2〉 ≡ | ↓〉. For this nonchiral tran-
sition, only the component of êz of the effective ac magnetic
field Beff

ac [Eq. (24)] parallel to the static bias field B0 can drive
transition δmF = 0 and the components of êx and êy perpen-
dicular to the static bias field B0 are neglected. We can see that
the same 2D Raman lattice in the x̂ + ŷ and x̂ − ŷ direction
appears in the absorption images for the momentum-resolved
Raman spectroscopy in the positive and negative directions
of the magnetic quantization axis respectively, as shown in
Fig. 5(a). Therefore, this case corresponds to the nonchiral 2D
Raman coupling for SOC. Theoretically, the atomic absorp-
tion images from Figs. 4(c2) and 4(d2), as well as Figs. 5(b2)
and 5(c2), should display exactly the same pattern. However,
there are many factors to cause some residual difference of
the atomic response in the realistic experiment. For example,
when the magnetic field flips from the +z direction to the
−z direction, it is not possible to ensure a perfect 180◦ flip,
which leads to a deviation of the effective ac magnetic field
relative to the bias magnetic field. Moreover, the fluctuation
of atom number and Raman laser intensity can also cause the
difference of the momentum-resolved Raman spectroscopy.

Finally, consider the Raman transition δmF = 0,±1 based
on two same polarizations in the x-y plane of Raman lasers as
shown in Fig. 6(a), which drive the Raman transition δmF =

023323-8



CHIRAL RAMAN COUPLING FOR SPIN-ORBIT COUPLING … PHYSICAL REVIEW A 111, 023323 (2025)

FIG. 6. Raman spectroscopy of 2D Raman coupling for SOC in an optical square Raman lattice comparing δmF = 0 and ±1 with the
horizontally linear polarization. (a) The polarizations of Raman laser L1 along x and L2 along y all have the horizontally linear polarization
to generate square lattice and Raman coupling respectively. The external magnetic field B0 is along the +z. (b1) and (c1) Two Raman lasers
drive the Raman transition δmF = 0 (|9/2, 1/2〉 → |7/2, 1/2〉) and δmF = ±1 (|9/2, 1/2〉 → |7/2, −1/2〉), respectively. (b2) and (c2) The
absorption images of two hyperfine spin states after 12-ms TOF for different Raman frequency detuning δ.

0 (|9/2, 1/2〉 → |7/2, 1/2〉) and δmF = ±1 (|9/2, 1/2〉 →
|7/2,−1/2〉), respectively. For this nonchiral Raman transi-
tion δmF = 0 as shown in Fig. 6(b), the component of êz for
the effective ac magnetic field Beff

ac [Eq. (24)] is parallel to the
static bias field B0, which is the same as the case in Fig. 5(a).
However, for the transition δmF = ±1, there is no Raman
coupling as shown in Fig. 6(c), since the only component of
êz for ac magnetic field Beff

ac parallel to the static bias field B0

cannot drive transition δmF = ±1 to induce disappearance of
Raman coupling.

In conclusion, we present an intuitive picture of the chiral-
ity of spin motion in a static and ac magnetic field by the Bloch
sphere to better understand the physics of the nonchiral and
chiral Raman coupling for SOC. We study the chiral Raman
coupling created by the chiral light-atom interaction, in which
a circularly polarized ac magnetic field generated by two
Raman lasers interacts with the chiral transition δmF = ±1
between two Zeeman spin states. The chirality of Raman

coupling for SOC is demonstrated by setting different laser
polarization configurations under the different two-photon
transition rules. Both 1D and 2D chiral Raman coupling for
SOC are investigated experimentally in detail. This paper
provides a system for understanding chiral physics and inves-
tigating the states of matter with chirality.
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quium: Artificial gauge potentials for neutral atoms, Rev. Mod.
Phys. 83, 1523 (2011).

[31] X.-Q. Xu and J. H. Han, Emergence of chiral magnetism in
spinor Bose-Einstein condensates with Rashba coupling, Phys.
Rev. Lett. 108, 185301 (2012).

[32] V. Galitski and I. B. Spielman, Spin-orbit coupling in quantum
gases, Nature (London) 494, 49 (2013).
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