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Fig. 1. (a) Illustrates a non-Hermitian double-well model
constructed by a pair of counterpropagating Raman beams,
containing a spin-orbit-coupled ultracold boson within
the wells. Here, the green and red regions correspond to
the gain and loss of the left and right wells, respectively;
(b) Depicts the transition processes between different states
of the system, where the green solid and orange dashed
lines represent interwell tunneling without spin flip, while
the blue solid and purple dashed lines represent interwell
tunneling with spin flip. 1 and v2 denote the tunneling
strengths between the two wells in the absence of spin-or-
bit coupling. The black horizontal solid lines indicate the

four modes corresponding to their respective positions.
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Fig. 2. (a) The quasi-energy Im (Ep) of the system varies with the equilibrium non-Hermitian strength 5 and the nonreciprocal tun-

ing parameter g. The white curve indicates the boundary between the regions where Im (E,) is zero and nonzero; (b) When

B = 0.3, the real part Re (Ep) (solid line) and imaginary part Im (Ep) (dashed line) of the quasi-energy vary with g. In the figure,

EP denotes the phase transition point between P7T symmetry and P7T symmetry breaking;(c), (d) When the initial state of the

particle is |0,71) , the probability evolution of different states over time for g in the stable region (Q1) and the unstable region (Q2).

Other parameters are A =0.3 and ¢ =2¢/w =15, a=1.
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Fig. 3. (a) and (b) show the distribution of Im (E},) as A and 2e/w vary continuously for 8 = 0.3 and 0.6, respectively. The

boundaries between the purple and green regions indicate the parameter thresholds separating the stable and unstable zones. Points

Q1, Q2, and Q3 are selected in the stable regions of the figures above to study the spin-flip tunneling behavior of the particle. Oth-

er parameters are defined as dimensionless quantities: v =2, ¢ =0.5, 2 =100, w =50.
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Fig. 4. The first row of subfigures shows the real part Re (E}p) (solid lines) and imaginary part Im (E,) (dashed lines) of the sys-
tem's quasi-energy as functions of 2e/w for spin—orbit coupling strengths of (a) A =0.5, (b) A =1.0, and (¢) A = 1.7, respect-
ively. The second row of subplots show the evolution of the probability of the particle state at Q1 (d), Q2 (e) and Q3 (f) for differ-
ent parameter stability regions in the first subplot under the parameter condition of 2e/w = 4. Here, the initial state of the

particle is [0, 1) .
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Fig. 5. The first row of subfigures shows the real part Re (E}) (solid lines) and imaginary part Im (Ep) (dashed lines) of the sys-
tem's quasi-energy as functions of A, for 2¢/w equal to (a) 2.405, (b) 2.405, and (c¢) 3.0, respectively. The second row of subfig-
ures displays the time evolution of the particle-state probabilities at points Q1, Q2, and Q3, corresponding to different stable para-
meter regions in the first row. Here, Q1 and Q3 correspond to A = 0.4 (d, f), and Q2 corresponds to A = 1.5 (e). The initial

particle state is [0,1) .

I, R — I IR R TR To (2 /w) = TEFR, = Jp = 0 (RIJC [ BERHFLAH OGRS & 18 i
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Fig. 6. A =0.3, 2¢/w =15, and Q/w is an odd. (a) The distribution of the imaginary part of the quasi-energy Im (E,) as a
function of 3 and g. The solid white line represents the boundary between the PT -symmetric and P7T symmetry-breaking phase
transitions; Taking B = 0.2 in (b), the real part (solid curves representing Re (Ep) ) and the imaginary part (dashed curves repres-
enting Im (E)) ) of the system's eigenenergy vary with g. Obviously, the eigenenergy undergoes degeneracy twice at g = 0.556 and
1.0, forming two exceptional points (EPs); (¢) For the stable region before the first EP, taking g = 0.3, the time evolution of
probabilities for different states when the particle's initial state is |0,1); (d) and (e) correspond to the distributions of Im (E,)
during continuous variations of A and 2e/w for 8= 0.3 and 0.6, respectively. The white boundaries in the figures indicate the
separation between stable regions (purple) and unstable regions (green); Two points, Q1 (A =1) and Q2 ( 2e/w = 2.405 ), are se-
lected to plot the distribution of the E, as a function of the other parameter, as shown in (f) and (g); The time evolution of the fi-

nal state probabilities as shown in (h) and (i).
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Fig. 7. In a non-equilibrium gain-loss nonreciprocal system, the evolution diagrams of the probability Py = |az(t)|? for each state

and the total probability P over time under different conditions within the stable region. (a) and (b) represent the temporal distri-

bution of state evolution when the particle is initially in the right well and left well, respectively, for Q/w being an even number.

Here, Q =100, A =0.3,and € = 37.5; (c¢) and (d) illustrate the temporal evolution of particle probabilities under different stable

conditions when Q/w is an odd number. In this case, the particle initially resides in the right well with spin-up. The remaining

parameters are set as v =2, w =50, and g =0.5.
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SPECIAL TOPIC— Ultracold atomic and molecular physics

Nonreciprocal Floquet tunneling dynamics of spin-orbit-coupled
bosonic atoms in non-Hermitian double-well potentials”

JU Limei! ZHANG Yingying )T LIANG JileiV CHANG Shoukang!
ZHU Zunlue? QIN LubY* LIU Wuming"?  ZHAO Xingdong Df

1) (School of Physics, Henan Normal University, Xinziang 453007, China)
2) (Laboratory of Condensed Matter Theory and Materials Computation, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China)

( Received 8 February 2026; revised manuscript received 31 March 2026 )

Abstract

The stable tunneling dynamics in non-Hermitian
quantum systems is one of the fundamental issues in ‘
the study of quantum transport. Nonreciprocal £ recipEocity
coupling, as another crucial manifestation of non-
Hermiticity, exerts significant regulatory effects on the
stability of quantum devices and spin tunneling
dynamics. Here, we place spin-orbit coupled bosonic

atoms in a double-well potential with gain and loss,

investigating the effect of nonreciprocal coupling on the
system dynamics. Through analytical analysis of the Floquet states and quasi-energy spectrum under periodic
driving, we obtain the P7T symmetry phase diagram of the system. We further explore the synergistic
regulation mechanism of multiple factors, including the strength of nonreciprocal coupling, the non-Hermitian
strength arising from gain—loss, and periodic driving—on stable spin-flip tunneling. The results demonstrate
that precise manipulation of nonreciprocity and gain-loss can significantly expand the stable parameter region of
the system. In nonreciprocal systems with balanced gain and loss, the continuity and discreteness of the stable
parameter region are determined by the parity of the driving frequency ratio /w, and the spin-flip tunneling
can be precisely controlled via the parameters A and 2¢/w. For the unbalanced gain-loss scenario, the
equilibrium conditions for achieving stable spin-flip tunneling under different parities of Q/w are further
provided. These findings offer a new theoretical approach for realizing robust spin-flip tunneling, provide
guiding significance for the study of quantum state transport in non-Hermitian ultracold atomic systems, and

also serve as a reference for the experimental design of novel spin-based quantum devices.
Keywords: spin-orbit coupling, non-Hermitian double-well potential, nonreciprocity, tunneling dynamics
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