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Fig. 1. Schematic of the theoretical scheme and the effective lattice model: (a) The gray arrows labelled Ry denote two counter-
propagating lattice beams along the x direction, which form a one-dimensional optical lattice; the magnetic field B defines the spin
quantization axis, while the red, green, and blue laser fields are used to couple the internal atomic states; (b) the states |g) and
|e) denote two orbital states, and T and | denote two spin states, the green arrow ¢ represents spin-conserving tunneling between
the two orbital states, the red arrow Ar denotes inter-orbital spin-flip coupling induced by one-photon Rabi coupling, whereas the
blue arrow AR denotes intra-orbital spin-flip coupling generated by a two-photon Raman process; (c) effective quasi-one-dimension-
al lattice model, the gray and green bonds represent nearest-neighbor tunneling talong the x and y directions, respectively, the
blue and red arrows indicate the two spin-flip tunneling processes associated with Rashba spin-orbit coupling Ar , and U denotes

the onsite contact interaction.
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Fig. 2. Schematic of spin-Hall-effect induced transverse spin

flow and polarization.
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Fig. 3. (a) Time evolution of the longitudinal atomic flow J ; (b) time evolution of the transverse spin flow Jy ; (c) time evolu-

tion of the component-resolved particle number n and the transverse spin polarization Py ; the parameters are Ar = 0.6,

A, =02, K=00002, L=20 and N =4.
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Fig. 4. Time evolution of the component-resolved particle number n and the transverse spin polarization P, for several Rashba
spin-orbit coupling strengths Ar: (a) Ag =0; (b) Arx =0.2; (c) Ar = 0.6; other parameters are Ay, =0.2, L =20 and N =4.
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Fig. 5. Time evolution of the component-resolved particle number n and the transverse spin polarization Py for different linear po-
tential gradient A, . (a) A, =0.01; (b) A, =0.1; (c) Ay = 0.2; other parameters are A\g =0.6, L =20 and N =4.
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Fig. 6. Time evolution of the transverse spin polarization P (7) for different system sizes: (a) L =20; (b) L =40; (¢) L =60;

other parameters are A\ =0.6, Ay, =02 and N =4.
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SPECIAL TOPIC— Ultracold atomic and molecular physics

Spin Hall effect of ultracold atoms in a quasi-one-dimensional
optical lattice”

ZHANG Zeyu'Y?  ZHOU Xiaofan V21
1) (State Key Laboratory of Quantum Optics Technologies and Devices, Institute of Laser Spectroscopy,
Shanzi University, Taiyuan 030006, China)
2) (Collaborative Innovation Center of Extreme Optics, Shanzi University, Taiyuan 030006, China)

( Received 29 May 2026; revised manuscript received 30 June 2026 )

Abstract

The spin Hall effect is a paradigmatic manifestation of spin-orbit-coupled transverse transport, in which
particles with different spin components acquire opposite transverse responses under a longitudinal drive.
Ultracold atoms in optical lattices provide a clean and highly controllable platform for exploring such Hall-type
dynamics, because the lattice geometry, artificial gauge field, spin-orbit coupling, and interaction strength can
be engineered independently. In this work, we propose and numerically analyze a theoretical scheme for
simulating spin-Hall-type dynamics with ultracold atoms in a quasi-one-dimensional optical lattice. The system
is described by a ladder geometry, where two long-lived orbital states serve as a synthetic dimension. Rashba-
type spin-orbit coupling is introduced together with a linear potential gradient along the physical lattice
direction. Starting from the ground state without spin-orbit coupling and external driving, we quench on both
the Rashba coupling and the linear potential, and calculate the subsequent non-equilibrium dynamics using the
time-dependent density matrix renormalization group method. The dynamical response is characterized by the
longitudinal particle current, the transverse spin current, and the transverse spin polarization. Our results show
that the linear potential drives directional atomic transport along the longitudinal direction, while the Rashba
coupling converts this motion into a spin-dependent transverse response. Consequently, opposite transverse
currents emerge for the two spin components, giving rise to a finite transverse spin polarization. We further
examine how the spin-Hall-type response depends on the Rashba coupling strength, the linear potential
gradient, the system size, and the on-site interaction. The transverse spin polarization is enhanced by increasing
the spin-orbit coupling and the longitudinal driving strength within the investigated parameter regime, whereas
repulsive interactions tend to suppress the transverse response by modifying the local occupation and many-
body correlations. These results provide a feasible theoretical route for simulating spin Hall physics in ultracold

atomic systems and offer insight into non-equilibrium spin transport in engineered quantum matter.
Keywords: spin Hall effect, quantum simulation, optical lattice, ultracold atoms, non-equilibrium dynamics
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