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Fig. 1. (a) The NIST scheme to realize 1D spin-orbit coup-
ling; (b) the tripod scheme to realize 2D synthetic gauge
field; (c) the Raman optical lattice scheme to realize 2D
spin-orbit coupling.
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Fig. 2. (a) A quasi-one-dimensional Fermi gas, which is
coupled to a two-mode optical cavity, is under both trans-
verse (along —2) and longitudinal (along &) pumping; (b)

the level scheme of atom![™,
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(BEFIR, na = 1E;) MR (FLLMERKETR, na = 3Er) 720 AR S P IS L. 16 B ST 0 ~ 2.05E4b. 1
TSR AR, BT B A& X BRI 35 o 7] DUBCE (B 8 U8, X 0F 26 i SRR el m WK% (o) MR G F AR fak A
TSR &5, R TR ANZSTIF—RRERL, [ 3 — X FREMIL GRS (d) 2 na = 3E:0, & (c) T AL G5 B X i Y
e () P R AL AR B R A 80N BRI RS IR R, KRS BIEON: keT = E;/200, m; =0, Vo =5E;,
k=100E;, Ap = —10E;, &y =5E;. X T 6LiJii ¥, i@ & #%£ L x ~ 7.4MHz, ga ~ 27.1MHz, |A|~ 0.74MHz, A ~ 2 GHz I
T~ 17.7 0K "] LU 2 FIRSE 51 1

Fig. 3. TSR state in a quasi-one-dimensional lattice with open boundary conditions: (a) The cavity field |«| varies with ns across
the TSR transition; (b) 6(z) on the central six sites. The dotted curve corresponds to the 6(x) before the TSR phase transition,
where 1y = 1E;. The solid and dash-dotted curves to the 6(x) after the TSR phase transition, where ny = 3E;. The transition
point is around 1§ ~ 2.05F;. Because of the spontaneous symmetry breaking, the cavity field of the TSR phase acquires a positive
(negative) real part, corresponding to solid (dash-dotted) curve; (¢) when the system crosses the phase boundary, a pair of edge
states emerge in the superradiance-induced bulk gap. (d) the wave functions of the edge states in (¢) with 74 = 3Ex. In our calcula-
tion, we consider a half-filled lattice of 80 sites, with the parameters kgT = F;/200, m, =0, Vp =5E;, k= 100E,
Apx = —10E;, and &€y = 5E;. For 61 atoms, these parameters can be satisfied by choosing k&~ 7.4 MHz, ga ~ 27.1 MHz,
|A| ~ 0.74 MHz, A ~ 2 GHz, and T ~ 17.7 nK[™.
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Fig. 4. Thephasediagramofsteady-statewith kgT = E;/200 .
The solid curve corresponds to the TSR phase boundary,
and the topological phase boundary between the TSR and
the trivial SR states corresponds to dotted curve. The thin
dashed curve at m¢ =~ 0.132E; is the boundary between
the M and the I states, and the dash-dotted curve is the
conventional SR phase boundary. At the tetracritical point
(dot) with ma &~ 2.614E; and m =~ 0.132E;, the various
boundaries merge. Other parameters are the same as those
used in Fig. 2. Inset: change of bulk gap before (solid), after
(dashed), and right (dotted) at the phase boundaries
labeled by arrows![™l.
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W FE /R BN (quantum anomalous Hall effect,
QAHE) £ [77],

4 KWLt eRBRE TP RIS
XA PR AP A

XA X BRI FFMH (symmetry-protected
topological, SPT) 5T, CAFEAR KR F3ETt
T AT FRF M T A FL g 570 5P K AR iy
N ZLHF P A HE 5032 SPT A4 A A E R REBR AY
JOAR A QR (RIS B ORAP R AN A AT
B, SPT A0 w2 i B JC RE B ok &7 I 19 i ik
A WAHHEANEH B ésE i Haldane A 5, 2] [
2R T AR TN Sk Ak 34581 /I SPT AH Y Bt
AU, IR, B4 SPT AH AN JCAH EAE A /Y 2%
K SPT AHTE B 2 5% B2 MR AEAE 2ok ih 2%
A HA M EAEHP SPT A5 5 4L F % J& B
B 195961 45 Sl 2 S5 3 v AT T S A A ELAE Y
K SPT AH.

AT R A A EAE A2+ 4R R
FORBAUTEK SPT AH. M T EINZFEE
¥, e AR A KA R ORAS, DL
A A AN F R R ZR SRR L. %K 7R
FEB S (X HFR N |g) LA ) FNEASE P2 3P
(PR |e) FLIEZS) B, #% A TE A M B AT H - H H
FEARAHFE G, FIFH XA 50T LLSE IS BT S -4
ARG, DL A K AE SUN) XFFRHE
REMERL. RAEE LR O TR+
D | 15 B AR B A5 e 07124 HE 4R
KA YD JE A AL ELIE Feshbach a4 it
g8 HAT s AH AR B9 2508+ 4 e 1R R Rk vl

&b (195 1¢
R [125—127],

ARG S0 & 4 JE R 7 0 R, 50T
TEX KRGS BUA A AR FH 9K SPT A7
L. AR FMEAZ U (1) B7 5055 1 0T X Bk 114 £
1, XX FRMORIE TR LA IERFU(L) x 23 . R &R
1 SPT MAFAE SR G Zy AN, XS
ZHITHR A OC TS B BN AR SPT AR
WIE BT HL, J5 2 1T DAYESEE (6 R 58 h Se BT
H.5Z SU(N)/ Zy %R A B AR 3ok
SPT M X 5 TAHEAER APk SPT AHAEH AR
PERIGRE EAAR T L DX ).

41 MFWME

WF ST G AR AE G i b (9 1 — 2B v
A JE R GE. WA 5 s 1281, — X ol
P BOCRINEA FHUE FR A IES (g 1), (g 1)}
Al {le 1), e )Y HEAAE—. TE RIS T2 A9 P oK
PO B L LA A 53 Bl O 021 (x) = 24 cos (ko) I
2 exp(ikoy). WL X —fr 2 #, AR FEREA
S 1A A SOC, [FIHE RS 25 {la 1), Ja )}
(a = g, e) RN —4BE A E. P2 BOLRA
ZIWACHT, X TAFEFIEZg) Fl|e) T, SGans
AL S B A AL LR BT —8 X T
YD JiF, BELJIEA LS 550 nm™. FEXAE AR
Fr, BRI AR ] RN N

. i B, .
Hoz/dl‘zwim{—%v +V($)+5aa]wao’

+ / dz Z[M(x)zﬁlﬁﬁw +H.cl, (19)

Hrfio= (1), Yoo THUIE o FH E o XTI Y
T KBEAF, Sas 27N ININEESA T HH DL 1Y 2E 2 %
Bl B0, A& RV (2) = Vo cos?(kox), $r2 s
N M (x) = My cos(kox), HeH Vo Fl Mo #8415 BEXT
KNS AT AL L. 25 A3 R e 250
+ & JE FF PSP LE SOC 410 S 5 ik |, AR

TIWFTEAR R B A W BB H A S i rp ] S
U T REAT I XL B A S0 SOC A B
SR, H 24 Mo ASRAR KT, 59K n] LU FH B
(a) L (b)

AT 4
oF ¥
1

g X ——— 3P
0
S $
a O

K5 (a) AbTERLE T AYME— BB 1 UM (b) i
P2 R A R F R SUR B E g E i LR TR
A A5 22 8] 0 B e a2 A AR . GE R S AT 56
MOE RS, AT LUK P b it IO A % eSS 5 H A A S
O3B IR AT S 12

Fig. 5. A quasi-1D atomic gas under Raman lasers; (b) Ra-
man level schemes in the clock-states manifold. The green
curve corresponds to the interorbital spin-exchange interac-
tion. By using spin-dependent laser shifts, the four nuclear
spin states from 1Sy and 3Py manifolds can be separated

from the other nuclear spins!!?sl.
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Fig. 6. (a) The entanglement spectrum &;(¢ = 1,2,3,4); (b) in a chain with N = 60 lattice sites and under open boundary condi-
tions, the second-order Rényi entropy S2 and the von Neumann entropy Sy vary with Vix/ts; (¢) in a chain with N = 12 lat-
tice sites and under the periodic boundary condition, the bulk energy gap FEgp varies with Vix/ts. Inset: The bulk gap as a func-
tion of 1/N at the critical point, and the red solid line is a linear fit with Egap/ts & —0.02 £ 0.05 in the large-N limit. (d) in a
chain with N = 120 lattice sites and at the critical point Vex/ts = 1.694, the von Neumann entropy of a subchain of length [ var-
ied with sin(nl/N). The solid line is the linear fit with Sy = (C/6) In[sin(nl/N)] + 1.87 and C = 1.018. The central charge is
6 times the slope of the linear fit. All calculations are performed at half filling and with the fixed parameters I'Y 229 ,

U =0, and ts/ts = 0.4,

AL XA REB TR, AT LA — D0 E H
AHEAE AR 0 Fa A MRS e A 07 . AnIE] 6(b)
Fr 7R, — B Rényifii So = —log Tr(p?)14= 149 Fi
von Neumann 4§ S,x = —Try [py log pr ] 7E Il B 5 Ak
oz AR, 5] 6(c) e TR R AT
BN = 1289 SA% TR S T A BEBR 19 A2 1k
TEOL. 2 RS IG F T, RREBR S TE I T 122
R HE (AN E R ) S8 FRRETIF, X —
A BRI S FME AR 3 2. von Neumann 78
I Pt AL SEAEHR 7N T I SRR S I A A T H L™
Az g g T DL BRARAE YRR S 18] 6(d) 4 T
KM 1551 von Neumann 4% Fifi In[sin(nl / N)]
R R N S I RS AR 2 S D S s T AR Y
C 15051 25 € ~ 1.018, 5 Luttinger W& H ) C

{HHET (Luttinger WA C = 1). BLAF, AHEIHK
(SiaeSjaz) (Siaz il ATAEIFAE T o BLIE 1 L FUT
o B 1A Y A BEEAT) FEIm St ALK R B R A
138 TR BOE . AL, S5 76 4~ BhA [\ Y 7R
7% B 2 2 TG AL AR Tt AR MBI 48 B Ik
1728, Hag W R 8200 2.1, W UBEEEYIE B
FET R A EOCHER. X g LRI, IR R ARG FE Ak
#7 Luttinger .

B 7 7R T HH 2 25 RN ) (45 SR 40 th i
TR Z AR AR 0 R, T DL — 2
FE AR NS, ) AN TE B8 AR g R
2% (orbital or spin rung-singlet, ORS or SRS). H
far % B (charge-density wave, CDW) 25 FIFLiE
% (orbital-density wave, ODW) Z&%. 1E UNHY

016701-10


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 B ¥ R Acta Phys. Sin.

Vol. 69, No. 1 (2020)

016701

e, MU = o, KRS LT
MFi$R (topological, T) 5T A2 VA 5L AE.
TEE 79, B SOC 3 Mt /ty = 0.4. AN
M T TR too (8, TEIE FHE ¢S, A0KE K A= #i b
FAAS, IR RAE teo < &, BFFEAS AR, it 30
HE—2E5RIE T SOC TEARAE #hi4MH Iy TS 3 1Y 8 %L
YERL. 534, AT A MAEA IR ZE =Y ro ha] Lifg
LA,

12
ODW
ORS

§ 0E . SRS

CDW

_12 L L
—12 —6 0 6 12

7T AEABUN =60 HAR TREWRAE T MK RAME, H
rhpza — 28]

Fig. 7. The phase diagram of a lattice with N = 60 sites at
half filling with I'® = 0128,
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Fig. 8. Scheme for creating SU(3) spin-orbit coupling in
spinor BECs: (a) Laser geometry. The cloud of atoms is il-
luminated by three laser beams with different frequencies
and polarizations, intersecting at an angle of 2n/3 (b) Each
of the three Raman lasers dresses one hyperfine Zeeman
|[F=1,mp=1),
|[F=1,mp=0) and |F=1,mp=—1) of the *Rb
58179, F'=1. 61,02, and J3 are the detuning in the Ra-

man transitions!'62.
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Fig. 9. Two distinct phases of SU(3) spin-orbit-coupled BECS: (a)—(d) The topologically nontrivial lattice phase with antiferromag-
netic spin interaction (c2 > 0). (a) The heights and colors correspond to the density and phase of Wy respectively, (b) the posi-
tions of vortices (white circles) and antivortices (black circles) in the phase within one unit cell, (c) the corresponding momentum
distributions, (d) the structural schematic drawing of the phase separation; (e), (f) the threefold-degenerate magnetized phase for

ferromagnetic spin interaction (cz < 0). (e) the density and phase distributions of ¥y, (f) the corresponding momentum distribu-

tions!162],
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Fig. 10. (a) Energy comparison between the lattice and stripe phases. The solid (lattice state) and dashed (stripe state) lines corres-

pond to the energy difference AFE between the numerical simulation and the variational calculation; (b)—(d) the ground-state dens-

ity, phase and momentum distributions of the stripe phase with the parameters co = 202 and co = 10co 1%,
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Fig. 11. Vortex arrangement among the three components
in antiferromagnetic spinor BECs with SU(3) spin-orbit
coupling. There are three types of vortices, including a po-
lar-core vortex with winding combination (—1,0,1) (blue
line) and two ferromagnetic-core vortices with winding
number combinations (1, —1,0) (green line) and (0,1, —1)

(red line)'62],
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Fig. 12. The double-quantum spin vortex in antiferromag-
netic spinor BECs with SU(3) spin-orbit coupling: (a) Spa-
tial maps of the transverse magnetization. The colors cor-
respond to the magnetization orientation; (b) longitudinal
magnetization; (c) amplitude of the total magnetization |F'|.
The big and small circles represents the two kinds of topo-
logical defects: double-quantum spin vortex and half-

Skyrmion. 162,
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Fig. 13. Chiral supersolid induced by Rashba spin-orbit coupling and soft-core long-range interactions. The brightness and color rep-
resent the density and phase distributions respectively. The soft-core long-range interactions in (a) and (b) is
C{VN = 26 N = 250002 R2 /M , and in (c) and (d) is CSH N = 26T N = 2500n2 R /M . The directions of the arrows in
the color wheel indicate the elevation of the respective quantities. Other parameters are fixed at C’éN>N = 1250h2R:/M ,

k = 4h/MR, and gN = 1000%2 /M [200],
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Fig. 14. Particle currents j and longitudinal magnetizations S, of the spin induced by Rashba spin-orbit coupling ( (a), (b)) and
Dresselhaus spin-orbit coupling ((c), (d) ). S, and j are represented by the color map and black arrows, respectively. The colors

ranging from blue to red represent the values from the minimum to the maximum. The parameters used here are same as those in

Fig. 120200,
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Fig. 15. (a) The phase diagram by varying the soft-core long-range interaction strengths C’éTT) and C‘éu); (b) the phase diagram
by varying the Rashba spin-orbit-coupling strength s and the soft-core long-range interaction strength C’éu) . The spin-orbit-coup-
ling strength in (a) is fixed at x =4h/MR., and the soft-core long-range interaction strength in (b) is fixed at
C’éTT) = 250072 R%/M . Other parameters are taken as C’éN)N = 1250h2R%/M and gN = 1000h2 /M 200,
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Abstract

Artificial synthetic gauge field and spin-orbit coupling has been extensively studied following their
experimental realization in ultracold atomic systems. Thanks for the versatile controllability, such systems not
only provide possibilities to simulate and study important models in multidisciplinary fields of physics, but also
work as an excellent platform to engineer novel states of matter and quantum phenomena. This paper reviews
some recent progresses on the study of ultracold atomic systems with spin-orbit coupling, focusing on the effects
induced by dissipation, novel interaction forms, large symmetry of spins, and long-range interactions. The
investigation in these aspects is closely related to the characteristics of ultracold atomic systems, hence can
bring new inspirations and perspectives on the understanding of spin-orbit coupling. In this review, we firstly
investigate the appearance of a topological superradiant state in a quasi-one-dimensional Fermi gas with cavity-
assisted Raman process. A cavity-assisted spin-orbit coupling and a bulk gap opening at half filling will be
induced by the superradiant light generated in the transversely driven cavity mode. The topological
superradiant state and the corresponding topological phase transition in the system can be driven by this
mechanism. Then, symmetry-protected topological states of interacting fermions will be introduced in a quasi-
one-dimensional cold gas of alkaline-earth-like atoms. Raman-assisted spin-orbit couplings in the clock states,
together with the spin-exchange interactions in the clock-state manifolds will give rise to symmetry-protected
topological states for interacting fermions, by taking advantage of the separation of orbital and nuclear-spin
degrees of freedom in these alkaline-earth-like atoms. Furthermore, we show that an exotic topological defect,
double-quantum spin vortices, which are characterized by doubly quantized circulating spin currents and
unmagnetized filled cores, can exist in the ground states of SU(3) spin-orbit-coupled Bose-Einstein condensates.
It is found that the combined effects of SU(3) spin-orbit coupling and spin-exchange interaction determine the
ground-state phase diagram. Finally, we demonstrate that spin-orbit coupling and soft-core long-range
interaction can induce an exotic supersolid phase of Bose gas, with the emergence of spontaneous circulating
particle current. This implies that a finite angular momentum can be generated with neither external rotation
nor synthetic magnetic field, and the direction of the angular momentum can be altered by adjusting the

strength of spin-orbit coupling or interatomic interaction.
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