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4.5\ (1)

1 i =R AR EAAEHX R TR G (al), (a2) 9 =0.0 < g12 = 0.7; (bl), (b2) g = g12 = 0.7; (cl), (c2) g =

1.5 > g12 =0.7

Fig. 1. Energy band structure in momentum space under different interactions: (al), (a2) g = 0.0 < g12 = 0.7; (b1), (b2) g = g12 =

0.7; (c1), (¢2) g =1.5> g12 = 0.7.

O R A PRS0 (912 = ),
FHEAEHREN 0, BEES T JEik 130 loop Z544. NI
L0 loop il 2t 1929 (1
30(2x0) = Do- loop HHHIHBLAE 1-BEHEAL FAEH 12
SRR P AR PR 5 6 SRR i 4

RO TR S AR (g < g12), 2291+

Jo(2X)] > 0, S5 R AR 4 M AH B AR H g HEJR 19,
loop 26t BRAE T e, 10 2470 N S [al AH B4R
SR (B9 > g12), P21+ 30(2x)] < 0, 47K
LA B AE I BE 5111, loop HiBRAE I BE .
R T N HAE R RN R 206 B loop 254 1Y
oM, 7R 2 thas 1T AT R N D R AH AR
T, B loop 454 I Il Fhr 20 A Q20 WAL A
ATLAE Y, g-00 T TRV T [ 5 7l o D~ () AH B
YEH g, TAE—Dim R P2 M-S 2, B 20 < 2
fieats A RE H B loop 4544, T HLIG FEHL S i & e &
Jeil 30 0K 0y 5 B X ) S R B IR/ IR SR M g < 912
i, SERCAE LA BAE R HER 0y, T Rgar B
loop 4514, 1 g > g12 B, SFRRARL M AH BLAE FH 2K
SRy, LREH B loop 2544, I H QB & 912 — ¢
OE DN N

NI 2 0] LR MY ] 30 5K 5l 5 B2 X6 R T 3
loop 504G B AR W ERIRZIR. o T EDULHb /R

JE IR S5 % T H B loop S5 A4 B IfG L 4% 120 5%
M, & 3(a) FIE 3(b) 3 Bl4 i T g<g12 Fl g>g12
A% 1 it J 30 90K 50 B X AR Ak 4 B Toop 45 Y
G S S A R, nTLE S, 5E 2 2540, 78 x-2
S YT — A RE A IR BhaR B X, AR AE— I
PL2RG 2, H 2WEER A EF A EAER g1

0.8
_X:O
_._X:1
Sox=2
0.6 =3
xX=5
p
S 04f s
N P
<N No loop 27
N a
N 7 )
N -7
02F N S
~ N P e
SN Pt
Loop down™ . Lz Loop up
0 ) ) )
0 0.3 0.6 0.9 1.2 1.5

g

P2 AN A IR 3 0 R T el B loop 45 14 14 I F 43t
SFRE Q0 BERN N I R AH AR Y B, g10 = 0.7.
& Fh “Loop down” & 7 loop H B AE T B4, “Loop up” &
7% loop HH BLLE L EAHF

Fig. 2. Critical Raman coupling {29 as a function of intra-
species atomic interaction for different periodic driving
strength with g2 = 0.7. “Loop down” means that the loop
appears in lower band, while “Loop up” means that the

loop appears in upper band.
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Fig. 3. Critical Raman coupling (2o as a function of periodic driving strength for different intraspecies atomic interaction:
(a) g < gi2; (b) g > gi12. The other parameters are gi2 = 0.7. “Loop down” means that the loop appears in lower band, while

“Loop up” means that the loop appears in upper band.
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Fig. 6. The Landau-Zener tunneling probabilities as a function of (a) the spin-orbit coupling strength ko and (b) Raman coupling

20 for various periodic driving strength Xx: (a) 20 = 0.03; (b) ko = 1.0. The different symbols represent the theoretical values

given by Eq. (12) and different lines represent the results obtained by Eq. (8). The other parameters are g = g12 = 0.02, = 0.001.
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Fig. 7. The nonlinear Landau-Zener tunneling probabilities as a function of (a) Raman coupling ¢ and (b) the spin-orbit coupling

strength ko for various periodic driving strength X. (a) ko = 1, (b) 2o = 0.1. The different symbols represent the theoretical val-

ues given by Eq. (14) and different lines represent the results obtained by Eq. (8).

g12 = 0.7, a = 0.005.
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Abstract

We theoretically study the band structure, tunneling dynamics, and tunneling probability of tunable spin-
orbit-coupled Bose-Einstein condensates under the periodic driving of Raman coupling. The time-independent
Floquet Hamiltonian is obtained in the high-frequency approximation. It is found that the periodic driving can
effectively tune spin-orbit coupling and nonlinear interaction. The system is mapped to a standard nonlinear
two-level model, and the critical condition for the appearance of the loop in energy band structure and the
width of the loop are obtained analytically. When the interspecies atomic interaction is equal to the intraspecies
atomic interaction, there is no loop. However, when the intraspecies atomic interaction is smaller (larger) than
the interspecies atomic interaction, the loop appears in the lower (upper) energy band. In this case, both spin-
orbit coupling and Raman coupling will suppress the appearance of loop. In particular, the critical condition for
the appearance of loop structure can be controlled by adjusting external driving. We also study the tunneling
dynamics of Bose-Einstein condensate with tunable spin-orbit coupling. More importantly, by tuning the
periodic driving, the tunneling dynamics of the system and the location of nonlinear Landau-Zener tunneling
can be controlled. We also find that the spin components of the system can be reversed. Finally, the Landau-
Zener tunneling probability of the system is calculated. The research shows that the periodic driving can

effectively change the tunneling probability of the system.

Keywords: Bose-Einstein condensates, tunable spin-orbit coupling, nonlinear band structure, Landau-Zener

tunneling

PACS: 03.75.Lm, 67.85.Hj, 05.30.Jp DOI: 10.7498 /aps.71.20220697

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12164042, 11764039, 11865014,
11847304), the Natural Science Foundation of Gansu Province, China (Grant Nos. 17JR5RA076, 20JR5RA526), the
Scientific Research Project of Gansu Higher Education, China (Grant No. 2016A-005), the Innovation Capability
Enhancement Project of Gansu Higher Education, China (Grant Nos. 2020A-146, 2019A-014), the Creation of Science and
Technology of Northwest Normal University, China (Grant No. NWNU-LKQN-18-33), and the Excellent Graduate
Innovation Star Project of Education Department of Gansu Province, China (Grant No. 2021CXZX-180).

1 Corresponding author. E-mail: xuejk@nwnu.edu.cn

210302-10


http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
https://doi.org/10.1103/PhysRevE.103.022204
https://doi.org/10.1103/PhysRevE.103.022204
https://doi.org/10.1103/PhysRevE.103.022204
https://doi.org/10.1103/PhysRevE.103.022204
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
https://doi.org/10.1103/PhysRevE.103.022204
https://doi.org/10.1103/PhysRevE.103.022204
https://doi.org/10.1103/PhysRevE.103.022204
https://doi.org/10.1103/PhysRevE.103.022204
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
https://doi.org/10.1103/PhysRevE.103.022204
https://doi.org/10.1103/PhysRevE.103.022204
https://doi.org/10.1103/PhysRevE.103.022204
https://doi.org/10.1103/PhysRevE.103.022204
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
http://doi.org/10.1103/PhysRevA.90.023608
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
https://doi.org/10.1103/PhysRevA.95.043623
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.93.063633
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
http://doi.org/10.1103/PhysRevA.98.053606
https://doi.org/10.1103/PhysRevE.103.022204
https://doi.org/10.1103/PhysRevE.103.022204
https://doi.org/10.1103/PhysRevE.103.022204
https://doi.org/10.1103/PhysRevE.103.022204
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1007/s11467-016-0560-y
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.66.023404
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1103/PhysRevA.99.023616
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.1088/1367-2630/5/1/104
http://doi.org/10.7498/aps.71.20220697
http://doi.org/10.7498/aps.71.20220697
mailto:xuejk@nwnu.edu.cn
mailto:xuejk@nwnu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

IR E R-HUER S P O-F R HTHE R AR 5 3 1%
LRk Ak B RRR KER BAE
Tunneling dynamics of tunable spin—orbit coupled Bose—Einstein condensates

Ma Yun-E  Qiao Xin  Gao Rui  Liang Jun-Cheng Zhang Ai-Xia  Xue Ju-Kui

5 Fi{5 B Citation: Acta Physica Sinica, 71, 210302 (2022) DOI: 10.7498/aps.71.20220697
TEZE [T View online: https:/doi.org/10.7498/aps.71.20220697
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

AR EEUERE 5 B 6 -2 NI BER AR AR e RE T Fp 1k
Nonlinear energy band structure of spin—orbit coupled Bose—Einstein condensates in optical lattice

WIFEAEA. 2021, 70(20): 200302 https://doi.org/10.7498/aps.70.20210705

TP 1 eI R 5 R 3 (0 D T BB SR R 2

Ground state of spin—orbit coupled rotating ferromagnetic Bose—FEinstein condensate in toroidal trap

YIFI£4. 2020, 69(14): 140301 https://doi.org/10.7498/aps.69.20200372

LRPEIE S B RO A - R 00— DU I BE R U h s T3 2 B B

Effects of linear Zeeman splitting on the dynamics of bright solitons in spin—orbit coupled Bose—Einstein condensates

PPz 2019, 68(8): 080301  https://doi.org/10.7498/aps.68.20182013

BREERE ST F e BRI 5 e P 73 0 D ST SH B R AR (9 3 25T 5

Ground state of spin—orbit coupled rotating two—component Bose—Einstein condensate in gradient magnetic field

PyFEEEAR. 2018, 67(11): 110302 https:/doi.ore/10.7498/aps.67.20180539

Peo -7 P HEER P YRR I3 )y
Dynamics of ring dark solitons in Bose—Einstein condensates

WIFRZEAR. 2020, 69(1): 010302  https://doi.org/10.7498/aps.69.20191424

B - N T EER A FMAE B AT 2

The research progress of topological properties in spinor Bose—Einstein condensates

WIFEAEAR. 2020, 69(1): 010303 https://doi.org/10.7498/aps.69.20191648


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.71.20220697
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20210705
https://doi.org/10.7498/aps.69.20200372
https://doi.org/10.7498/aps.68.20182013
https://doi.org/10.7498/aps.67.20180539
https://doi.org/10.7498/aps.69.20191424
https://doi.org/10.7498/aps.69.20191648

