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Fig. 1. Schematic picture of BDMFT. In BDMFT, the
many-body lattice problem is reduced to a single lattice
problem coupling with normal Bosonic reservoir and reser-

voir of Bose-Einstein condensate (BEC)“9.
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Fig. 2. Schematic picture of BDMFT loop in Anderson im-
purity model. For an initial value of Anderson parameters,
physical quantities and self-energy are obtained by solving
the Anderson impurity model. After obtain lattice Green
function through self-energy, impurity functions are at-
tained. Finally, the loop is complete by fetched new Ander-

son parameters from impurity functions.
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Fig. 3. Zero-temperature phase diagram for spin-1 ultracold bosons in a 3D cubic lattice

119 for different antiferromagnetic interactions

Uz/Uy = 0.01, 0.04 (*Na), 0.3, and 2.0, respectively, obtained via BDMFT (black circle), Gutzwiller (red cross) and in Ref. [117]

(blue dashed). There are four different phases in these diagrams: superfluid (SF), nematic insulator (NI), spin-singlet insulator (SSI)

and spin-singlet condensate (SSC).

183701-7


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 % 3R Acta Phys. Sin. Vol. 72, No. 18 (2023) 183701

A=t 3 (6 by + 5,00

(i,3),0

U A
+702i:”i(”i—1)

+ OIS (8720, 498

+q)  0hig—p Y i, (30)

IR W TN S EGER NS (me =1,0,-1)
BEIFAZE RN, b p=(E_1 - E1)/2, ¢=
(By + E_1 — 2Ey) /2, Uo NIEFRIKAHEAER], Uy
NHBEAHEAEN]. TEX — KR, ESMELEHS
AR AR s 4 23 I BARH Z AR AH. X T
S8t B AR AR, L)L %Na (Us /U = 0.037 152)
], TR R B Z AR IR, R AT ) 51 4 2%
FHERRIEAH . 1 E SRS A8 Z0MH RIS ] 25 250 1) i A
TR W] R FE 8 U A5 L1 HO 800 DX
BT SN, 1 2E 2 RE AR ORI, A R B
Fro % X SE AL T I S SERFAE AR X TRk RE A e
FEAE B, LATLI(Us /Uy ~ —0.7112)) FISTRb
(Usz/Uqy =~ —0.005 ) SRy il 254l 1 Bk i) 51) 4
R R TLAAAEAR R, AR R I B FE 2 Ak
ISR, LA S Y X 0T E 1] 5] 4 G RH HL
AN, FRATABISE T X L A X ik v 1
SETE, 152 T BRI T AR,

[l X AR B o AP BER IEAT T OESE, 4
TR ZESH TR IE FEERIRIE T, 5 ) B AL
FERRZR. AR, TR AR R FATI
LR T HABANZS me = —1 21231011 FLIELE Bl 25 90
) AL SR E A AR ZE S Ak B N v A B )3
T, I S 1 SRR R 0, SR B K B —
B RAB G P 05 % T BREEA FAE T,
KEAAS me = 0 BYIG SFEBERIRIE T, 2378 S/ 3
— W IMELAL, SRF I B RO, FRJFI8/NE] 0.
TS T g SRR AV B (0 AR A AR R I

3.3 BREEEESHEIERERESHERINEME

=

TR S RS R HEARN, i
T 2R RGPS 5 RIPLE— B2 ST A S
WFFERY A Rilr, VR TR B O 7 1 SR B )
LTS RSB, AN i m I T i S TR
Py 11500 i < R R 4 S TR 5y (911820,

SR AE G ARG P 8 AT S i 4 A - 42
JEFIRA RIS, 16 3.1 1R 3.2 T iFse 1
FE-1 B TR R A FESARIEL, LSRR SR AP ER
Gy BIPET. AT EZWTTE =GRS b A TiE-1 65
GBI EE-0 BRI TR A R RS
AR 1331, (R 25 A U i phy SR A DL A (-
UEN (SRR SNk puck

H=- Y t, (l}j%l}j,y(, + Hec. )

(ig),v,0

+ > Utablg,b] 1, bi1, iz,

1,0

1 1 N
+ Z |:2U17AL7;51 (ﬁi,l — 1) + §U{ (Sil — 27%@1)

+ %UQﬁiQ (Ri2 — 1) — i1 — Hzﬁm] " (a)
SR, G (b, ) S A TR AL o 9
v MR R A (K B, f, = ZU vy s
iy =0, b, WRCFEOEAE, S0 =) bl
Loorbiy,, S FUE-1RETFH) FBERAE. Lo R Y
FBE-1 HERE, p, F7R v PR F B fL2E 3, ¢,
MT A% SR B 25 IR, Uy Ry L JE-1 R 8] A AR
YER, U] b AT EAE, HAMNEH FE-0 R +[8]
B AR Us LA K B Tié-1 F1E BE-0 4[] (1 46 B
YEF Ung . FRATTA I 53 35 22 161 28 A Bl i ] A9 4H B
VERIRIE, I TR R ES AR, niEl 403 iR,

T SCHEFERP R A BAEF Uro XAH RSS20 . X%
THRANFAMEAER Uio < VOLUs , PIFP R 2
HOAHIR A . B X T B R A B a) A 5 AR
Urs > VU Uz, KRR S BUAH ST B8, SR ] AH BAE
FHUUINEE, no= 1R XIS, T n = 2 19 X2y
K. XRERNIE U < Uipg AT, n=21
X IR 25 Zp B A e A A X TR (B AH B
YEH U /UL = 2, FATMEBMA R LT 5.
X HAEE] T HE-1 SRb JLFRME. 7R R,
WH Gutzwiller “FXFHHSTHE T AlE-1 A JE-0
TR R ELS AT, dn ] 4050 v 1 27 28 R
Gutzwiller 118 45 5% &/NTF BDMFT 1115 45
R, XIESEH T BDMET A5 T & Fikik.

T B A A STRD A1 S IR G IR R, B
fIHESRb MPEATE |, #23Sr MYEATE] . T15AERM,
AR n = ngy + 1 = 1 (nrp = nsy =0.5)
WA IEFR RN, Mo #0, MITEHFTEH n =2

183701-8


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. 72, No. 18 (2023) 183701
MIs;+SFry MIg, +SFry
| () (b)
1.0 12}
) Ul (n=2) ) UI (n=2)
T o5} I
: 0.6 ¢
FM (n =1) 2SF FM (n=1) 2SF
o . Uiz/Uy = 0.2 o : U2/Uy = 0.5
0 0.015 0.030 0 0.015 0.030
t/U, t/U,
MIs;+SFRrp
(c) (d)
1.4}
Ul (n=2) Lir gM (n=2)
3 Uia/U 7029S31; ) Usa/U. ,S};
E 12/ 1=0. E 12/ 1=
0.7 0.7+
FM (n = 1) FM (n=1)
0 . . 0 ) .
0 0.015 0.030 0 0.015 0.030
t/Uy t/Us

B4 =468 F i BDMET S84 2119 A iE-1 Rb( U} /Ur = —0.0046 ) Hl A JiE-0 34Sr S A% 3% (718 & 1K 2 78 A 5] b [l A
YER] U12/U1 = 0.2,0.5,0.935 F1 2 1 1 B 25 HH [ 1990, A% i BoRFIIFERON LI, RGEACTESRREAL G . 4% 5 R TR ECh 2
M, 1A ZR Oy JC 7 A0 2 AR A1 Bt 5 B 2 4R W 9 1 O 2 s B R O [] A0 R84 H v B R R AR Y =415 H -1 SRb R T
WAL TERRBEAN . T, S AP A EAE R K (Ur2/Ur = 2) I, Rgeh RA HE L BEE T /BRI, 406452 Gutzwiller
RGBSR LR S HO ¢t = 1, = 09Ty, , U2/U1 = 1.26

Fig. 4. Phase diagrams of heteronuclear mixtures of ultracold spin-1 $Rb (spin-dependent interaction Uj/U; = —0.0046 ) and spin-0
8Sr bosons in a three dimensional (3D) cubic lattice for different interspecies interactions Ui2/U; = 0.2,0.5,0.935 and 2, ob-
tained by BDMFT['3]. The system favors ferromagnetic insulating phase (FM) at filling n = 1, unorder insulating phase (UI) at
n =2, and two types of superfluid ( MIg; + SFgp, , and 2SF), where the three-components of spin-1 ’Rb demonstrate ferromagnetic
order as a result of ferromagnetic interactions. Note here that the system favors phase separation for Ui2/U; =2, and here we

only show the phase diagram of spin-1 bosons. For comparisons, the red cross is obtained by Gutzwiller mean-field theory. The oth-

er parameters t = t1, ~ 0.97t20 , and Uz/U; = 1.26.
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Fig. 6. Populating higher-orbital states with ultracold
atoms in an optical cavity!'l: (a) Atoms are prepared in an
opticalcavity, pumped by a blue-detuned laser in the trans-
verse direction with an imbalance parameter n = E_/E .
(b) Brillouin zone of the square lattice, where atoms are
scattered from the quasimomentum state k = (0,0) to the
excite state (m,7), with quasimomentum distributions for
the p- and d-orbital bands shown in right upper and lower
panels, respectively; (c), (d) dominating scattering pro-
cesses of atoms induced by cavity, leading to higher-orbital
excitations. By controlling 7, atoms can be selectively
scattered into the even-parity dgzy -orbital state with a
single node in both z and y directions for n =1 (c¢), or in-
to the odd-parity p-orbital state with a single node only in

one direction for n <1 (d). Here, J:‘f , Jgipy , Jszpjm , and
ng 4 denote cavity induced orbital-flip hoppings between

sites ¢ and j for the s- and dgy -orbitals, pz - and py -orbit-
als, s- and pg -orbitals, and py - and dzy -orbitals, respect-

ively.
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Fig. 7. (a) Pictorial illustration of SAI order. In presence of spontaneous spin angular-momentum coupling, the phase of spatial

wave-function is entangled with the internal degrees of freedom of an atom in each optical lattice site. (b) Stability of SAI order

against interaction quantum fluctuations. (c) Stability of SAI order against thermal fluctuations. (d) Phase diagram of the spinful p-

orbital system with an even integer filling. The phase diagram is obtained via BDMFT. The atomic filling is fixed at (n) =2, we
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Abstract

With the development of atomic cooling technology and optical lattice technology, the quantum system
composed of optical lattice and ultracold atomic gas has become a powerful tool for quantum simulation. The
purity and highly controllable nature of the optical lattice give it a strong regulatory capability. Therefore,
more complex and interesting physical phenomena can be simulated, which deepens the understanding of
quantum many-body physics. In recent years, we have studied different Bose systems with strong correlations in
optical lattice based on the bosonic dynamical mean-field theory, including multi-component system, high- orbit
bosonic system, and long-range interaction system. In this review, we introduce the research progress of the
above mentioned. Through the calculation by using bosonic dynamical mean-field theory which has been
generalized to multi-component and real space versions, a variety of physical phenomena of optical crystal
lattice Bose system in weak interaction intervals to strong interaction intervals can be simulated. The phase
diagram of spin-1 ultracold bosons in a cubic optical lattice at zero temperature and finite temperature are
drawn. A spin-singlet condensate phase is found, and it is observed that the superfluid can be heated into a
Mott insulator with even (odd) filling through the first (second) phase transition. In the presence of a magnetic
field, the ground state degeneracy is broken, and there are very rich quantum phases in the system, such as
nematic phase, ferromagnetic phase, spin-singlet insulating phase, polar superfluid, and broken-axisymmetry
superfluid. In addition, multistep condensations are also observed. Further, we calculate the zero-temperature
phase diagram of the mixed system of spin-1 alkali metal atoms and spin-0 alkali earth metal atoms, and find
that the system exhibits a non-zero magnetic ordering, which shows a second-order Mott insulation-superfluid
phase transition when the filling number is n =1, and a first-order Mott insulation-superfluid phase transition
when the filling number is n=2. The two-step Mott-insulating-superfluid phase transition due to mass
imbalance is also observed. In the study of long-range interactions, we first use Rydberg atoms to find two
distinctive types of supersolids, and then realize the superradiant phase coupled to different orbits by
controlling the reflection of the pump laser in the system coupled to the high-finesse cavity. Finally, we study
the high-orbit Bose system. We propose a new mechanism of spin angular-momentum coupling with spinor
atomic Bosons based on many-body correlation and spontaneous symmetry breaking in a two-dimensional
optical lattice, and then study the orbital frustration in a hexagonal lattice. We find that the interaction
between orbital frustration and the strong interaction results in exotic Mott and superfluid phases with spin-

orbital intertwined orders.

Keywords: quantum simulation of ultracold atoms, bosonic dynamical mean-field theory, quantum phase

transition
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