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Fig. 1. Ground state of the rotating ferromagnetic BEC of 8Rb for the different spin-orbit coupling strengths under the toroidal

trap. The first, second and third columns show the particle number densities. The fourth, fifth and sixth columns show phase distri-

butions. Changing the strength of spin-orbit coupling can control the number of half-skyrmion in the system and the symmetry of

half-skyrmion with circular distribution. The parameters are set as follows: (a) kK = 0.4; (b) Kk =0.8; (¢) Kk =1.2; (d) K =3. And
the rest of parameters are A\g = 3200, Ao = =32, 2 =0.2, Vp =300, 0 =2 and w = 2n x 250 Hz.
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Fig. 2. Effects of the different rotation frequency on ground state. With the increase of rotation frequency, the system transforms

from plane wave phase to half-skyrmion chain phase with circular symmetry arrangement. The first, second and third columns are

the particle number densities. The fourth, the fifth and the sixth columns are the corresponding phase distributions. The parameters
are set as follows: (a) £2=0.1; (b) 2=0.2; (¢) 2=0.6; (d) 2 =0.9. And the other parameters are Ao = 3200, A2 = —32,

Vo =300, 0 =2, k=0.4 and w = 21 x 250 Hz.
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Fig. 3. Effects of the different spin-independent and spin-dependent interactions on ground state. Increasing the strength of spin-in-

dependent interaction can induce the transition of half-skyrmion distribution from a circular monolayer arrangement to a circular

bilayer arrangement. The influence of different spin-dependent interaction on the number of half-skyrmion is weak, which only

makes the ring arrangement of half-skyrmion more regular. The parameters are set as follows: (al) Ao = 1200, Ao = —32; (a2) Ao =
4600, A2 = —32; (b1l) Xo = 3200, A2 = —12; (b2) Ao = 3200, A2 = —96. And the other parameters are 2 =0.6, Vp = 300,

=2, k=0.4 and w = 21 x 250 Hz.
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(h2) Vo =600, o = 2. ZEHEABIUSEE N Ao = 3200, Ao = —32, 2 =0.6, k=04 w =21 x 250 Hz

Fig. 4. Effects of the width and the central height of the toroidal potential on ground state. The ring distribution of half-skyrmion
chain can be controlled by changing the width and height of potential well. The particle number densities of ground state are shown
in the first, second and third columns. The corresponding phase distributions are shown in the fourth, fifth and sixth columns. The
parameters are set as follows: (al) Vo =300, o = 0.8; (a2) Vo =300, o =4; (bl) Vo =60, o =2; (b2) Vo =600, c =2. And
the other parameters are A\g = 3200, A2 = =32, 2 =0.6, kK = 0.4 and w = 21 x 250 Hz.

(a) 12

Bl 5 KRS AL (a) XTRIE 2(a) 19 HBEMEL; (b) XTRE 1(b) 19 HBER Y (c) XTRLIE 2(c) /Y A BE B (d) XFRLIE 2(d)
P 1A TR 2] e B P X 3 3R 7R — A half-skyrmion 2584, % B Y EASLIE I -1 () 8] 1(4a6)

Fig. 5. The spin texture of the ground state: (a) Spin texture corresponding to the Fig. 2(a); (b) spin texture corresponding to the
Fig. 1(b); (c) spin texture corresponding to the Fig. 2(c); (d) spin texture corresponding to the Fig. 2(d). The circle region in the
graph represents a half-skyrmion structure. Values of the spin density are from —1 (blue) to 1 (red).
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Abstract

Realization of spinor Bose-Einstein condensate in an optical trap has made it possible to create a variety of
topological nontrivial structures, due to the vector character of the order parameter. Recently, artificial spin-
orbit coupling in the spinor Bose-Einstein condensate, owing to coupling between the spin and the center-of-
mass motion of the atom, provides an unprecedented opportunity to search for novel quantum states. As is well
known, the potential well in the Bose-Einstein condensate is adjustable. The toroidal trap is an important
model potential because of its simplicity and richness in physics. In particular, the spinor Bose-Einstein
condensate under the toroidal trap has brought an ideal platform for studying fascinating properties of a
superfluid, such as persistent flow and symmetry-breaking localization. For the case of the spin-orbit-coupled
Bose-Einstein condensate, the previous studies of the toroidal trap mainly focused on the two-component or
antiferromagnetic case. However, in the presence of a toroidal trap, there remains an open question whether the
combined effects of the spin-orbit coupling and rotation can produce previously unknown types of topological
excitations in the ferromagnetic Bose-Einstein condensate. In this work, by using quasi two-dimensional Gross-
Pitaevskii equations, we study the ground state structure of spin-orbit coupled rotating ferromagnetic Bose-
Einstein condensate in the toroidal trap. We concentrate on the effects of the spin-orbit coupling and the
rotation on the ground states. The numerical results show that in the presence of a toroidal trap, the ground
state structure is displayed as half-skyrmion chain with circular distribution. Adjusting the strength of spin-
orbit coupling not only changes the number of half-skyrmion in the system, but also controls the symmetry of
half-skyrmion with circular distribution. As the rotation frequency increases, the system undergoes the
transitions from the plane wave to the half-skyrmion chain with circular distribution, and eventually developing
the half-skyrmion phase of triangular lattice. Next, we examine the effect of spin-independent interaction on
spin-orbit coupled rotating spinor Bose-Einstein condensate. As the spin-independent interaction increases, the
topological defects in the condensate increase due to the variation of the local magnetic order. We also discuss
the influence of well shape on the ground state structure. These topological structures can be detected via the
time-of-flight absorption imaging technique. The spin-orbit coupled spinor Bose-Einstein condensate in the
toroidal trap is an important quantum platform, which not only opens up a new avenue for exploring the exotic
topological structures, but also is crucial for realizing the transitions among different ground states. This work
paves the way for futureexploring the topological defects and the corresponding dynamical stability in quantum
system subjected to the toroidal trap.
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