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Fig. 1. Nonlinear energy band structure for different system parameter. Different colored curves in every subplots correspond to

different optical lattice strength, Vo = 0.05 (red), 0.2 (green), 0.4 (blue). The energy minima is indicated by different colored

ball. The other parameters are g = 0.2 and g12 = 0.1.
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Fig. 3. Nonlinear energy band structure for different interspecies interaction gi2. The other parameters are 2 =1.0, ko =0.4,

g=0.2 and g12 =0.1.
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Fig. 4. Critical condition for appearing the loop structure in the lowest energy band at g = 0.2. The different symbols in panel (b)

represent the theoretical values given by Eq. (9) under the corresponding optical lattice strength.
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Abstract

In a recent experiment [Hamner C, et al. 2015 Phys. Rev. Lett. 114 070401], spin-orbit coupled Bose-
Einstein condensates in a translating optical lattice have been successfully prepared into any Bloch band, and
directly proved to be the lack of Galilean invariance in the presence of the spin-orbit coupling. The energy band
structure of the system becomes complicated because of the lack of Galilean invariance. At present, the energy
band structure of the spin-orbit coupled Bose-Einstein condensates in optical lattice is still an open issue,
especially the theoretical evidence for the in-depth understanding of the competition mechanism among the
spin-orbit coupling, the Raman coupling, the optical lattice and the atomic interactions of the nonlinear energy
band structure has not been clear yet.

In this paper, based on the two-mode approximation and variational analysis, the nonlinear energy band
structure and current density of the spin-orbit coupled Bose-Einstein condensates in the one-dimensional optical
lattice are investigated. We find that when the spin-orbit coupling, the Raman coupling, the optical lattice, and
the atomic interactions satisfy certain conditions, a loop structure in the Brillouin zone edge will emerge. The
critical condition for the loop structure emerging in the Brillouin zone edge is obtained in a parameter space.
The Raman coupling and the optical lattice suppress the emergence of the loop structure, while the spin-orbit
coupling and the atomic interactions promote the emerging of the loop structure and make the energy band
structure more complex. Interestingly, the atomic interactions can make the loop structure occur at both the
higher-lying bands and the lowest energy band. The energy band structure is closely related to the current
density of the system. The spin-orbit coupling causes the current density to be strongly asymmetric and leads
the current density distributions of different spin states to be separated from each other in the momentum space
near the boundary of the Brillouin zone. The optical lattice strength and the Raman coupling can weaken the
asymmetry. The appearance of loop structure breaks the Bloch oscillation and gives rise to the Landau-Zener
tunneling. The separation of the current density distributions of different spin states in the momentum space
means the emergence of the spin exchange dynamics. Our results are beneficial to the in-depth understanding of

the nonlinear dynamics of the spin-orbit coupled Bose-Einstein condensates in optical lattice.

Keywords: Bose-FEinstein condensates, optical lattice, spin-orbit coupling, nonlinear energy band structure
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