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Fig. 1. Numerical results of the tricritical points of the sys-
tem as a function of the LHY interaction coefficient g .
The green pentagrams and purple triangles represent the
numerical results of Eq. (19), and the red circles represent
the numerical results of Eq. (22). The parameters are set as
g11 =0.525, g12 =0.5, nc~37.5.
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Fig. 2. Ground-state phase diagrams of the spin-orbit-coupled BEC system under different LHY interaction strengths. The order

parameter is the momentum k1, and n¢ denotes the critical particle density at the tricritical point within the mean-field approx-

imation. Phase I corresponds to the stripe phase, Phase II to the plane-wave phase, and Phase III to the zero-momentum phase.

The white solid lines indicate boundaries between adjacent quantum phases, while the white dashed line marks the division between

the =0 and B =1/4 zero-momentum phases. The panels correspond to different LHY interaction strengths: (a) gL =0;
(b) g =3.5; (¢c) gL =5.5;(d) gL = 7. Other parameters: gi1 = 0.525, g12 = 0.5 and nc =~ 37.5.
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Fig. 3. Effects of multiple interactions on the ground-state phase of the system: (a) g =0; (b) go = 7.5. The other parameters

are fixed as g12 = 0.5, n=25.
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gL = 4, respectively. Other parameters are g11 = 0.48, gi2 = 0.5, nc = 37.5.
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Abstract

We investigate the effects of the Lee-Huang-Yang (LHY) correction on the ground-state phases of a one-
dimensional spin-1/2 Bose-Einstein condensate system with spin-orbit coupling. The LHY interaction,
originating from quantum fluctuations beyond the mean-field approximation, introduces an additional nonlinear
term into the Gross-Pitaevskii equation, fundamentally altering the ground-state phase diagram. Using a
variational method with a trial wave function, we derive the system’s ground-state energy and obtain analytical
expressions for the stripe phase, plane-wave phase, and zero-momentum phase. The phase boundaries and
tricritical points are determined by solving the energy minimization conditions. Numerically, we solve the same
Hamiltonian via Newton iteration and construct phase diagrams using momentum and polarization as order
parameters. Our results show that the LHY correction introduces a uniform, density-dependent energy shift
across all phases but more profoundly modulates the stripe phase. Notably, it gives rise to a new zero-
momentum phase, denoted as phase III (8 = 1/4), which emerges only at low densities and exhibits a more
complex energy expression than the conventional phase III(8 = 0). Increasing LHY interaction significantly
expands the stripe phase and phase III (3 = 1/4) regions at the expense of the plane-wave phase, causing the
latter to nearly vanish. This reorganization leads to a new triple point at low densities. The triple point initially
connects to phase III (3 = 1/4) and transitions to phase III (8 = 0) as LHY interaction strengthens. In systems
where intraspecies interactions exceed interspecies interactions (g;; > ¢12), the LHY modulation extends both
stripe and zero-momentum phases into regimes with smaller intraspecies interactions. In the opposite regime,
where intraspecies interactions are weaker (¢;; < ¢;9), the LHY effect shrinks the plane-wave phase, expands the
zero-momentum phases, and induces the emergence of a stripe phase, creating additional triple points. In this
regime, a smaller disparity between the two intraspecies interactions favors the formation of a larger stripe-
phase region. As LHY interaction increases, the system undergoes a continuous quantum phase transition from
plane-wave phase to stripe phase to zero-momentum phase. Theoretically, the stripe phase emerges because the
LHY correction alters the curvature of the ground-state energy landscape, disrupting the original phase
distribution. Physically, this suggests that strong LHY interaction can compensate for weaker intraspecies
interactions. The LHY-induced expansion of the stripe-phase region provides enhanced control for investigating

exotic states such as supersolids and quantum phase transitions in spin-orbit-coupled BEC systems.
Keywords: Bose-Einstein condensate, spin-orbit coupling, Lee-Huang-Yang corrections, ground-state phases

DOI: 10.7498 /aps.75.20260234 CSTR: 32037.14.aps.75.20260234

* Project supported by the National Natural Science Foundation of China (Grant No. 12374247).

1 Corresponding author. E-mail: cyyuan@shu.edu.cn

120301-9


http://doi.org/10.7498/aps.75.20260234
https://cstr.cn/32037.14.aps.75.20260234
mailto:cyyuan@shu.edu.cn
mailto:cyyuan@shu.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
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

ZFEMMBIET Bie-PERE B E-ZRIHRE RGN ESHER
2%£E HRER

Ground-state properties of spin—orbit—coupled Bose—Einstein condensates with Lee—~Huang—Yang corrections
WU Jixuan  CHEN Yuanyuan

5] Fi{ &, Citation: Acta Physica Sinica, 75, 120301 (2026) DOI: 10.7498/aps.75.20260234

CSTR: 32037.14.aps.75.20260234

TELR L View online: https://doi.org/10.7498/aps.75.20260234

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

A BE R & R (2% UITHBER R AR INT-

Soliton solutions of the spin—orbit coupled binary Bose—Einstein condensate system

PyFEEEAR. 2023, 72(10): 106701 hitps:/doi.ore/10.7498/aps.72.20222319

eI R B CO e SR PR PP ) TR 20 2 e

Dynamical response of spin frequency spectrum in spin—orbit coupled Bose—Einstein condensate

YIBR2A4R. 2025, 74(9): 096701  https://doi.org/10.7498/aps.74.20241783

JHE%% FI e —BUIE £ B iR & B0 DN ST HHE SR PR ) BE 2P I

Ground state properties of rotating spin—orbital-angular—-momentum coupled Bose—Einstein condensates

YrHE2E . 2025, 74(19): 190303 hitps://doi.org/10.7498/aps.74.20250542

AT F - R A 3 (- T EE SR AR % 2 gl g

Tunneling dynamics of tunable spin—orbit coupled Bose—Einstein condensates

YIBR2A 4. 2022, 71(21): 210302 hitps:/doi.org/10.7498/aps.71.20220697

FIRE- R & B (5 2 PR IR BE SR vh 22 e A VH R BR

Adiabatic elimination theory of multi-level system in spin—orbit coupled Bose—Einstein condensate

WIBEAEAR. 2023, 72(21): 216701 https://doi.org/10.7498/aps.72.20231052

WEIGE I BB R 5 — 70 B (0 — 2 R L BE R A ) S
Ground state of three—component Bose—Einstein condensate with helicoidal spin—orbit coupling

WAL 2025, T4(17): 170302 https://doi.org/10.7498/aps.74.20250587


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.75.20260234
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20222319
https://doi.org/10.7498/aps.72.20222319
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20241783
https://doi.org/10.7498/aps.74.20241783
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250542
https://doi.org/10.7498/aps.74.20250542
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220697
https://doi.org/10.7498/aps.71.20220697
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20231052
https://doi.org/10.7498/aps.72.20231052
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250587
https://doi.org/10.7498/aps.74.20250587

	1 引　言
	2 理论模型
	3 结果与分析
	3.1G2>0系统的基态相图
	3.2G2<0系统的基态相图

	4 结　论
	参考文献

