Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 14 (2025)

147101

BiE-HERSKBSERERMLZIHNZF

*og D JEAEIMNY

Rt e

BEXWY RN A DD

1) (W TR2Z=PHE R, BiM 310018)
2) (W TR, 2B R/TFYD 5 REESLRE, St 310018)

(2025 4E 3 H 30 HUk#l; 2025 4£ 5 A 2 HikZIENR)

LT HUE R % E 25 5 & I Gross-Pitaevskii J7 2, A SCHFFE T — 24 € A0 1 fié- PUiB Al 3 @ A A
SRRE S ARRE R MBI B 1A . 3 Hr T BER RGN B | A A AL A R AL AR RE ok 40 2R R LA WU AR (FREL
AR VT RE AN Sy A ) LSO R B AE AR . R I BE A S8 BN R A SRR R O 5K, RS T P A
T AR RE AR AR B (AR L IR 1 T -t e A0 8- P W) MR RR I A 8 3 2447 0. S5 SRR B, DU
A S AR B LA A 08 T 2 B AR B AR A AT S ELAS TR W0 A op 0 SR AR B SR B (2% 22 S, U A e
S 10 P Aol A A 4 SR T 2 B 11 o 2 AR G R IR v 45 8 T 88 % DRSO R A 11 - IO R 1 B (R
PR bR A WA R T 2 1 3y s 4R I S AL AR A

KGR FIE-PUEMS, LML, BLE-Z HITHEER

PACS: 71.70.Ej, 73.22.Lp, 67.85.-d
CSTR: 32037.14.aps.74.20250411

1 5

H ie-HE#H A (spin-orbit coupling, SOC) /&
FRLF A e S Haz sh 22 [ R A A EAE T, 5l
FET R RSB m AR, IR EEZ
PRGN A 52 TR, MR IR TSR T HA =i
PR K = L ER BE AR v 1, 2RO N T R
WAL SOC W E L& P2 A% IR 7 5L 5
Hh S B A ORI R 2 ORI SR
FHEAE R, FHARAERB IR 3% 65 TR R P SE 8l T —
e hr 2 A SOCH O, 4 A [a] 25 A SOCT 10 it =
H SOCHM, X HEGE R P 5L 6 1 A KES T SOC
FE i Z R Py B Pl PR O R A A 3 R
SRS R 020, R AR AR R o ar g
IR YA 04200 R SRR R T 22

i

DOI: 10.7498/aps.74.20250411

AR 25290 SR MR PR B 5032 SRSy ).
X & A [ - BB A AU, SOC fE
U R OHOC R, PRI AT 8 2 A
HromBE (HIhr LA AR5 F ™ A 4k 80l L P 1
U AE AN By e A A 22 B B R A AR B R i)
J&, SOC I E WUV IAR R rh P THIIE AR P R 1,
I A T roton-maxon £ 1) 835, Fifi 35
$ir LA 20N, roton BEBRAK AL M TF, RGN
IR A RSSO — B A AR, ARG LA
e 2 B A AN T 22 1Y H D — [ A A 3 G2 116,33.35],
M 5 — IRl PLHEATRIG R, RGEERUTTaE B334
e AL 0 e T A, HAERESE £ ) S 7 il
FHAM ] 243335 LG Fhr AR A, R REES K
A ST AR B Sl A B B AR AR, R R R S
PR B HIOC FR 3900 5 A 100 i ifs 5 3
FEEREIZE BT, XS TIRABIM AT roton-maxon

* ER HRFIERS (S 12204413) AT T KRR s34 (LS 21062339-Y) ¥ B4

t BIE1E#. E-mail: xiaolongchen@zstu.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

147101-1


http://doi.org/10.7498/aps.74.20250411
https://cstr.cn/32037.14.aps.74.20250411
mailto:xiaolongchen@zstu.edu.cn
mailto:xiaolongchen@zstu.edu.cn
http://wulixb.iphy.ac.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

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 14 (2025)

147101

SERE NS ) S PR 75 S AR A AR AR IR S
TSGR 22, R B AT, ST hi e 8 [ ie-PulE
AP ORI 3T 2 S TR,
HR 228052 55 s R BT R G T TEAR R 1 S Ay
PESCEREYIAR, WF TR A Z S AH. 7EAEH 73
ORRR, S SIS CEM R R R 2 R
FETARRRIOR IS FAR AR 3l 1 247 Ry (21229658,
XS 5Y £ 2K H Bogoliubov BiE B 45K i & %
RetE, I 2000 T 5 AR B DGR Y e — X (4
YR ASE A BT AR ) AR BT R A AR R
SRBUH B2 DL B A R R ARG I AL
RN IIFAT R (W AR IR X B840 F -
IR 1) BIB9S i =

KT ATE- ARG B AR O 2k s
Iz, AR AR SO OGS R U, AR
AR 0 AN [ A 00 5 B o, B AT 2% 1) 3 B ) P A
T RIFAR B IR, 7R Z A A OCHE 18 A58 55 SCHk
(UNSCHK [21-22,38-40,43)) H kB, (HX LRI £
K H 5 A SCASE ) F5 3, U Bogoliubov B¢ H 4%
KA TR, I 2 R AR T 5 R R B OCIK 1 2
— B (AR ) R, DA SO T
ANFEPIARJCHSE SRS, DL F5 A i F i EEAE
KBRS IR 1T R ) 2 )

BT BIRTE 5, A SCHE (75 R — 2 1 -
TEHE G 59 A BAE 3 SRR ISR RS &
ARG ALY AR rh T LRR BLRL IS BB AR IA P & A5
KBRS 1247 R . 38 EUE R R ER S Gross-
Pitaevskii (GP) A2 (W25 277), B IETHE L
AR R EER R S . A e AL | BE R Y
T8 SRS AR DA K T PR AH AR Ab ) S A
FRIE (UWL5F 3 719). B, H 0% R DA R WA IR
R DL S 3l 124728, A dm s A% B AH
KA WP SRR A X, DL RS e A EE A
SR TR AR RN BE-PF A RIS [R] i &
T3 253 N W L R B, I 3 s SR g B B
GP J5 TR A5 31 55 B o BORUAS) S Xof o LN 4t e ok
S3 AT 5 5 4% 1A e 43 %5 43 A Bt RS ] 1) A8 4k
Jr s = Fh B SR T G T I SR AR A B A 3
DAL 1547 (WA 4 797). e, 55 5 19 ey
FYSELH

2 IEipHEA
AR i AT B B R [ - B R — 5

AHEAE I3 A8 SR, AT ER 7 2 1 1 3 i 3R
B H = Ho + Hi . Forh, BORLT-ME 2500 5 Ho F1AH
AR WA S R Hp 50500y (41634

m/m@wwwvw&%%ﬁ>,

i = / dr Y T )0 e () ),
o,0’'=1,1

HH, gomor B goopor 53 510 258000 — HE TP N AT
FAH AR PSR EE . AR SOH 2% AR TR R AR ELAE 5
FERYIE AL, B G =9l =9- Hrr 8 A JiE-HlE
Gy BRI B R

5 A2
E&%£%L+g@+g@, (1)
X P, = 10V, N o 7wl ERIEN Sh 5, H
Wit o« oo, W5 A E A B RS A E-HhiE
AT 2, 6 F 6, . 73 AR AR | = HOLR
A AT, ‘b%’l%ﬂ‘]fi?;lﬂz;jjﬁ k. i = J5 ], Xf R
AR B = o

FET RIS, T LLESE G5 0, 7

NG ), , PR AR IS 3 07 R A5 B A
IRV () = 1/2mw?a? i) —4E B ie-FUE RS 3%
SR Gross-Pitaevskii (GP) 77, B (0 # 7 ):

Ho(P,) =

.0 N
lfi&% = [‘CJ + ga|7/1cr‘2 + g’l‘l|w6|2] ¢0+5¢6» (2)

Py Fk)? .
s, Loy = TRy s

Yo (@, 1) = o (w)e /M 1R I T R AL A
JiRe, AT SR R I R R B | RE R AR
SFHIE. FEMCEER B, &I GP U5 R (2) BF5E
PR Z PR ISR B 247 O RIPE . =
FERE IR, (R4 R G i Tk A #58, GP
i RE T RESAFAE T FHMEFIA RO A5 ), e B
W% pETE FHYS . 7EASCRYTHR R, g =
ARSI A TR, il SR R | B
ARG Y R, U A SO RIRYE GP iR RE
0 5 P 3t 38 H AR L A - PUE R S B
AU

Jefi A 4 — & F - PUERE & 3 AR
=R ST DA AR SR Z T RIS R B B,
FIE-BUIE AR & fE W35 Mtk /R R Bk T RE G 45 14,
BIVHE — %€ /INT HAE3R 11 i P9 L (5 B B T
I BB/ MBS, L, RGP R LI

147101-2


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

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 14 (2025) 147101

IR PEA B ZA TS A BN, TS [0 F 4% EANE NGO I BER RS & P, , FL LR 0,
XA IR R A 2 ) S0P 80 o 52 A ) 2 L FEASAERE BN A B T A Ay B
HH (stripe phase, ST). A< 3CAL T P ] I BUkL i, T R T AR w, , ] 1 /w, , 1
THEZS ISR A SR SO . BT LUURE 1 = \/R/muw, fER HAL
WO, AR IR R A 2R A R X PR Bk, 2R

Gefiife) TP XUR A i R — s 2, B A 3 HBABM BHRAHE. X

EZAE sh 7 A9 F P AH (plane-wave phase, PW). B EARE
T Y97 AR AR SEIG TN, ZR S0 Bk RETE-HE DA TR O
WU/ IMELEE FE) A8 i i B e/ MBS, BBk F-(8, WAL R RS GP T (2), B — L

BAEF S AL R4 R RN AL I, RS A (2 S N A - B IE RS & B O SR TE T PR
i 005 o) 5 2R 3 gy s ) R, RPN F Bl i H Y MR RE 2 KRRy e AR . BAAORE, A
#H (zero-momentum phase, ZM). AT, FEAR I bR SAAT B ST AL N K IR A 7 B BRI T 7, 75
Fohi A A e SR I AL, A i3 FNRGAERRE 2 AL EES I sRE L K 5 B 43
HATFAH S R IH b1 1815 S0 728 730k ek R P 1 () 308 5 o B A 4 3 BT BE S BRE SR AR R
WA KR T 7 43 75k 19, AT LA 3] =y AH Y B, w7 IS EERIK S & P B 2 1B AT
FHAZ 5. B0, ST-PW AHZZ 19 1l B4 He A 3 PRI Q2 JE R, KBRS R S YA, S
Q=2 (2Er+G1)(2Er—2G2)7012f;G2 ETEPRE PCERY SUAT R A 30 ¢ P, F 0 9
PW-ZM SO 4 B (e 4. — 4G, ST #H, %fﬂﬁ@,ﬁ;ﬁﬁﬂ?ﬂjﬂ H’Jﬁfﬁﬁv\?ﬁ (J'E%Efﬁi‘
Soh. G- AT Co e (o o) 4%%’ ) H | P, | BE 2 B R MZERI]; 2) HAT B —BER
Hh, G = (g+ 910/ 2= (9 —gn)n/ RSN PW AH, RIS LU0 B e 5 5%

=) 3 , 2SR yiei R 3) MRS P, = 019 ZM AR, 30 AE

0 = ORI (I R ors = 070 UORRHH0 v o e s (909,
SRS, ERALBHCF, = Un () St 1 i
HSTEE, B L AT STPW AR e .

PW-ZM A I SR LSRR S 9 0 = 208, FUREBRILAR (0u) = 5 p AR E e LA i it
1 Qs = 3.88E, . ASCHIZ 0Pkt b, MU hAERE  [0) = [ (2), 0y (2)]T. TT L 51, % F ST A1 2M

(a) 1.0 vms\ () 0 (c) 1
[~ —0.2¢ S
0.5 0 I
l1)4 =
<& —0.4t ' :
~ of N E R 3.90 3.95 4.00
- ~ 0.6} g g el
—1t5
—051
—0.8¢ 2.05 2.01 2.15
ST PW ZM ST PW ZM ST PW ZM
—~1.0 M A —~1.0 . A 92 " A
0 2 4 6 0 2 4 6 0 2 4 6
Q/Er .Q/Er _Q/E!

1 Hr 8 BE-PUE R A G SR SRS YA ST, PW LI R ZM o (a) #ERIKZ & Pr; (b) HEERILE (02); (c) BER E,
BEHL LA 2 M AEARAT R . (a) HA 181 R 7R & WA i ML B 95 O3 A7, Herh (0 54k L 20 (B 2k 430 3R BE ) B R A BE 1) T 2R 4%
PRV B G A (c) A 1A Sk 35 I 340 0T A 78 S B A B e OC TR LU IR 1 2 8 dE/de2 . BT A B R 4 R B R R 0 S0l B R AR SCRIB AE 48
i 19 ST-PW I PW-ZM #H78 s Ab$7 LA 2,08, 1 3.95F; .

Fig. 1. (a) The condensate momentum P, , (b) the spin polarization (o), and (c) the energy E in the ST, PW, and ZM phases, as
functions of the Rabi frequency {2 in the Raman-type spin-orbit coupled Bose gases. The insets in (a) denote the typical density dis-
tribution in respective phases, where the density distributions of the spin-up and spin-down components are indicated by the blue-
solid and red-dashed lines, respectively. The insets in (c) denote the derivative of the energy with respect to the Rabi frequency
dE/df2 to determine the type of phase transitions. The vertical dashed and dotted lines indicate the critical Rabi frequencies of the

ST-PW and PW-ZM phase transitions, respectively, determined by our numerical calculations.
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Table 1.  Exciting approaches and observables for

four collective excitation modes, including dipole
mode, breathing mode, spin-dipole mode, and spin-
breathing mode. Here, z; and a are both small
enough to perturb the systems slightly.
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Fig. 2. Time-dependent observables of the dipole, breathing,
spin-dipole, and spin-breathing modes in the stripe phase.
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Fig. 3. Collective excitation frequencies wqp sq,sb Of the di-
pole mode, breathing mode, spin-dipole mode, and spin-
breathing mode, as functions of the Rabi frequency f2.
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Fig. 4. Typical density evolution of dipole-mode (top panel) and breathing-mode (bottom panel) oscillations: (a), (c¢) Stripe phase at
2 =1.0E;; (b), (d) plane-wave phase at {2 = 3.0E; . Here, three colorful lines indicate the density distributions at 0, 7/4, and

T/2 of one full period T.
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Color scales: (a) —15 to 15; (b) —0.1 to 0.1; (¢) 10 to 15; (d) —0.14 to 0.
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Abstract

The ground-state properties and collective excitations in a weakly interacting Bose gas with Raman-type
spin-orbit coupling in one dimension are systematically investigated by numerically solving static and time-
dependent Gross-Pitaevskii equations in this work. Our analysis focuses on three different quantum phases, i.e.,
stripe phase, plane-wave phase, and zero-momentum phase, which are characterized by key static properties
including condensate momentum, spin polarization, and ground-state energy. The dynamic behaviors of total-
density collective modes, i.e., the dipole mode that drives harmonic oscillations of the atomic cloud's center of
mass and the breathing mode that is responsible for periodic expansion and contraction of density profile, are all
explored using time-dependent simulations. Mode frequencies exhibit non-monotonic dependence on Rabi
frequency in the three phases, and are significantly suppressed at the transition point between the plane-wave
and the zero-momentum phases. Additionally, the spin-dependent collective excitations, particularly the spin-
dipole and spin-breathing modes, are studied, which are governed by the time-dependent spin density distribution
(6n(z,t) = ne(z,t) —ny(z,t)) as shown in the following figure. The results indicate that two spin oscillation
modes exist only in the stripe phase and the zero-momentum phase, with the latter exhibiting substantially
higher frequencies. Notably, mode frequencies decrease monotonically with the increase of Rabi frequency in the
stripe phase, whereas they rise linearly in the zero-momentum phase. The spin-dipole mode induces rigid, out-
of-phase oscillations of the two spin components, while the spin-breathing mode modulates the spin density
distribution periodically. These findings offer fundamental theoretical insights into the dynamic behaviors of
spin-orbit-coupled quantum gases, particularly regarding spin-related collective excitations, and provide
valuable guidance for future cold-atom experiments.
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