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ABSTRACT

Optical lattices provided possibility for the realization of many physical
problems, such as quantum tunneling model and quantum phase transitions.
The phase transition of ultra cold atoms in the optical lattices from superfluid
phase to Mott insulator phase opened a new door for the investigation of
strong correlation mechanism under well controlled conditions. Currently the
fluorescence 1imaging technique allows us to observe space- and
time-resolved characterization of single-atom and single-site across the
quantum phase transition. In this thesis, we first give a brief introduction of
Bose-Hubbard model, and extended-Bose-Hubbard model with two- or
three-body on-site interactions, and calculate the phase boundary of the
superfluid state and the Mott-insulator state combining the mean-field
approximation with the perturbation theory. Meanwhile we give details on
how to evaluate the interaction parameter U and the hopping matrix t. Then
starting from the spin-1 Bose-Hubbard model under the tight-binding
approximation, we study the MI phase in the limit of t=0, calculate the phase
boundary of the SF-MI transition, and discuss the phase diagram with the
even-odd dependence of the MI phase. Finally, based on the above
knowledge and the theory of thermodynamics, we study the number density,
the superfluid density and the entropy of the atoms for the SF and MI states

in two and three- dimensional optical lattices at finite temperature. Our
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results can be readily verified in the current experiments.

Key words: Mott-Insulator Phase; Superfluid Phase; Bose-Hubbard Model;

Number density; Superfluid density; Entropy
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AN SRR B OO . A 4y A
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Si=S, +iS, =V2(a}a, +4la_,) (2.5)
SAi_: éix - iSAiy = \/E(éfoén + aA-iT—léio) (2.6)
S, =h —n_ (2.7)

a4, (2.8)
(2.8) RAEEFBUL AR B e R A, AR SHE R E .

TBIEMIS® L S, o A TR 5, DR WAV 20 R 1 A A5 T[S,y
KA, LA (A F

S |S,, is |> S S +1 |S|, s |> (29)
|SI’ I’ I> |S|’ |’ |> (2 10)
.min)=n[ S, m;n;) (2.11)

(BB (06 53 0 R AT A m AL =S, <m, <, R (2.9-2. 11 KT LA
SIS A B R A (70
HY|S, m:n)=E“(S,n)[S,.m;n,) (2.12)
A A (Y
O(8.n)=—um+ Un(n-1)+-U[S(S-1)-2n] 212
PR T TR HOECT A H AR LR BB A A BT AR R O 2, T
PP T AL A BT o th T 35500, WAL FL RSt A FRA . [
2 S AT S, Ak B AL, 2 A M S AT M. SO T PR O
. FICFP AT &), HAR] S, misn,) =, R S

15,8,:m) = ————(a})" (©])° |vac) (2.14)
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X
n —S,
Q= : (2.15)
10129 ) "
£(Q.8) S,1Q12°(2Q+2S; +1)!! (2. 16)
(28i+1)!!

Hrhoel=4?-2ala" MO, =4, 24,4 & [ BERSH- A KT AF, AIERAX
s S ATER 0 PN R 1 41 R, “54!‘]?7%&5‘]%3‘539‘%%79[&,@?] =40 +6 . L
TS, man ) (m <S;), BH S AEREIS;, S n,) B,

BAVH 8 RRMATTAER (RIU, >0) BIfESL, HYW N RS A B/ A
TS o M Rl PR HO B SRR AR5 (0,0;n ) A1 0y / 2N RS KT, % R TR BOR B
BUW SRR LA | L msn ) IRV B BES =10 Jr U e R o o5 B 5 2 W i e ik
AR oM MW, M & B A o EO(0n) W 2
EO(1,n, =1)>E”(0,n) < E® (1,n, +1), Bl (n, 1)U, —2U, < gz < nU, - & 4 $on,
Jo 7 %ow o, E”Lny) w2 E(0n -1)>EQ(Ln)<EY (0 +1) L |

(n—1)U, <p<nU,-2U, .

2.3 BAAE(ERRBRT BY-TF37iA

K THHFE SE-MI IRAT, BATHFIE 5" o 1T A lEN 0 Mk s
ARBREAY, AT VAL, I 45 R 5 5 1 S8R RIS I 45 AR &

oIS U R R RN, 3B By, =(a,) = n.C,
Sorbn, FRAEAE AR T IR L &, AR R Y g, =1
2 BTG 10 I, R &)4,, ~ (4,4] +via), ) -, RTINS
N

_tzz<é‘|‘raéja + é‘jaéla) ~ _ZIZZ<¢ZQIQ +/¢aa’\':ra)+ ZtNSZ¢;¢a
(i.j) « i a a

AIHAZALAN, e B ] 508 -

(2.17)
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H=>H" (2. 18)
Himf =H+V, + ZtZV/ZV/a (2.19)
V,=-2t> (w4, +v.4,) (2. 20)

Vi IR LS T SRR Ry, Z T BRI . BRI, V3SR

N, AR, AR E R H

SO0y A TN, ARG e A

b

N
NZAETBN N,

HY RS R [Lmsng) o RIS TH AR R B0 I REaS e i (R i 1 (93
e b 2 AR,
2.3.1 HIEHABHIMIZ
AT ST HE O B MI-SF AR S . 4 T iR R0 B

o, | SE Kk CEE I AE S |0,0; > oA _.> 2 [a] 7 B BE T
(1,m; ,0;n), (m==£1,0),
> —Zt( \/7 1,—l;n—1>+‘/nT+3l//1 ,1; >+\/§1//; ,0; —>
n+3 n+3
V¥ > \/7‘//1 >+\I—‘//1 >]
3 3 3 (2.21)

AT W R LSRR TS E, (1) = EY (0,n)+ A(n, LU, Uy, ) Yy, o Ho

1{ n+3 n 2
A(ntU,,U,, 1) =2t +— t :
(ntUeU,, 1) =1 +3£y—U0n+—,u—U0(n—1)—2U2]X(Z) (2.22)

BAMEIEA R T USRS RI0E. 4 A>0 N, HEERIREE, XN
v, =0 HA<ON, FARMBRE, S vy, WM. KIS fr

RANIIA T A= 0, KA ST p R, ATAF SR S
——U2+;[2n1 —zt]i {9U; +6[6U, —(2n+3)zt |U,

+[36U22—12(2n+3)ztU2+9(zt)2}} - (2.23)
K0 g 53 R AR S RN B TSR E RN, R o AR, HRE
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(2.23) AT LA B SRR A AT TR DX 1 t 55 K
zQ::Ebjégﬂl[(m1+3)—vJZH;ITEHJ (2.24)
HAEL <t M1, ARt = A G AR mAT LA, 1 H 4, >0
2.3.2 HTEEAFHHMIZ
PRk, A

,m;n) & =T

fIm=1,0,-1), A 732 Ittt B, BT SR — R A E

det[<1Jn;n

MRS SR M BIASEA -

Mmm<me

by DA B i s R B
EY =-3(+a)(zt) ZZ%%——[ (a+7)+7(B+8)](2t) Z%%

s (a-r1-sp-91 Bviv

V———l———V

EC(1,n)-H,

l,m';n>Er§2)5mm}—O (2.925)

)

'(1,n) - E<°>

,;>

1

|V V
E®(1,n)-H,

1mn> Z<1mn

172
H(3p+y-0)(@-2B+30)n ¢ -2 (2.26)
oA
a_n+2 1 ﬂ_n—l 1
3 AE"(0,n-1) 15 AEY(2,n-1)
n+1 1 n+4 1
y= o=
3 AE”(0,n+1) 15 AEY(2,n+1)
O(s,1)=E(s,1)-E“(1,n)>0 (2.27)

W (226) 2, ARG MR AR KN (38+7-0) G (a-28+35)

BIRT 0, B

3p+y—-90= 1

15AE (0,n +1)AE” (2,n 1) AE®) (2,n +1)
x 3(n—1)AE” (0,n+1)" +3(n - 1) x[AE (2,n -1)
+3U,JAE(0,n + 1)+ 15(n+ DU,AE? (2,n 1)} >0 (2.28)
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1
-2p+30=
S 15AE® (2,n—1)AE” (0,n 1) AE®) (2,n +1)

x 3(n+ 4AE® (0,n+1)" +3(n+ 4)x[AE®) (2,n +1)
+3U,]1AE (0,n =1) +15(n + 2)U,AE” (2,n +1)} >0 (2. 29)

Bt A B TR MERS |02 -2¢,¢ [ =1 (FY MU KA, W (F)=0. XN
VML 25 WAL A, 5 n I0A B0 00 5 0 M 7] o 0 IR I £ 25 B A R

E=E"(1,n)+D(nt,U,,U,,u)ng,

D(n,t,Uy,U,, 1) =2t[1—(a+4B+y+40)t] (2.30)

ST n AR ESL, K D(n, U U, 1) =0, HI153] SF A7 MIARIIL SR .

:$3'
3 . SF (polar state)
1 n=2 5=0 j&f““::::
n=1 S=1
% 0.1 02
2t/ Uﬂ

B 2.1 gikh 1 ek b bizian egta @™
U, /U, =0.04, Bl 2. 1 5T BleN 1 ARSI AR . 7T H,
7 3 B B MI A X S L S RO AT MI AR HARE, AN S A
Ao XA CLER A,  (HYEECMAEE M &, RS A BT R REIE G E

Jig BT, DALk i P2 A 2 2 R BRAE B i T AN RERRIE B AR SR IS 5
RSO ML A, B B N RPN K B e ASRT, e Bk E

FERS UM IS T BIA B e L ASRT
LA HI N BRBEAT ELAE TN (RIU, <00, AHIAFAE S 57 803 17 17K,

DR SRR AT R B E e, RS E RS AN RETE B -
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JEERRS R TR T SOOI A2 T, e O IRIR A B B s AR O T A
T RS, BT, AP RER, fE5 5K ERE W UL5E B B ) % 5]
AR LR A R ARAR P, Mg T A BRI R AR R EE A
7] (R i1 A e R P KA ) 0 A o 9 G AR B DA w00 e 2] B s ) B T
ARG FTIT TR, BRI E R T G A ) 1 5 51 B
5o YRk AESEI IEFVFR R, AR F 6 ks W86 0 A A O A 46
MRS s TR AR DA O e o A A . AN T RATTRITTUAT PR B 4
B YA T R SR AR TR, S5 A AR AP B A T
PAM SRR LG (R 0 S5 U AR it A 2 AN 25 TR PR 20 A o
3.1 BRRE R FIHIRiE

TR A ST (M 1 9B T A (2.2) g ™

H=-t) (a.4,+ a}aéia)+%2ﬁi (A, —1) +%z(§f ~20)-> A (3.1
{i,i)e i i i

JIFE (301D (SR —THIA (AR A0H T ) 5 ARG IRIT, BB TP U, 1]
— I RALRLF R AR ELHE R, U, 305 5 B e QAR FLAVE A, 12000nT I m] 4 vy
900 MDA FER O IRREAL, e 1 AORASh 55 e DG IRAR B T U, RO
PEIE T WA AL ) B e RT3 (0 T R BRI B, R B IE Ry = IR
SREAETR, 15 R = 0 Rl Ry =2 BIIE T, BURA B 2R A e & . U, <0 (AP
a, <a,) XIS, tEnYRb; U, >0 (Rla, >a,) %W Rekiis, tin®Na.
AT A %18, U, IBUEIE R -1<U, /U, <1/2,

FWE T, CHBAE A E BT B 1 MBRNAE, s 7545k

W (QMC) Y R ERALEE (DMRG) U T RIFE I R
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ABERE T, RSP 07 3500 T XA, G B A,
SUIRIERAE ¢ RN, G/ A PSS AV 0B B8 €5 0 AR T LA s )
WA Y AR R, G CLHEVF 2 2 0, LU S S A S A
M9 FRATHE -840 T il S04 AR ORS00 . A2 P93I R, g B IF
A (O) 2 — NI, R &L, ~(&],)4,, +4&], (4, )—(a] )(4,.) . [ e
WEs Ry, =(a),)=(4,), RGN R TR A G w2 R

H=> H" (3.2)

Uy« u,

H_mf: i -1 ~2
n(f —1)+ 5

M= (87 -21,) - e —gv’a(é‘fa J“'?‘ia)’“;h/fd2 (3.3)
VEBETPIR 2t = 1 R BB BRI 2 iy, (o = 1,0,— 1) F A4 — A R
FEERM AT Uy, HAEREPE AR R H™ AR TT. HETk
AR Fock &|n .0y g.n ) RIS, ny  ROREET AN AT EVEN o (36715 4
Boono=D0 0, AT SO T IR Ry A E B R R B T
BRIEFAE N 4 (WIn_ =4), HWidEn  =23ME R, BAIHEIXAME K%

O BT 1 Uo [ SE 05, BRIWT80N AI o BRI B4 25 1% Hilbert 2% 1)
UKl 35, WRERIE (3. 3) IS AN 35% 35 ISEIE ™ Y, st LA R, AR E]
TIIATEAL E, RIAAER|g,)

H™|4,)=E,|¢,) o=1,---35 (3.4)
ATV DS RGE, BRI T P 28 fbri o« 5IABL R
Z(pUy U, Ty, )=>e " (3.5)

$u E EEﬁE[ZS, 34]
F (1Uy,U,,T,w,)=-TInZ(uU,U,.T,p,) (3.6)
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TR P B 22 2 W B kg BEA 1, A5 1, U, U, BT 2558 (0T, lad e/
1k B HRERT 1S 2P 24k, R TT 1%
oF /oy, =0,

B8y, KT HE ™,y y, fGedleY . F b/ A ke EN N
N EH B N AL, g5 B/ B BEXT M AE RS . AEIX L) i ) At

&, ATUMSEIEEE p, R E ps FIS

p=—0F /8;1:%2555“ /T (g2 |0]g2) (3.7)
ps=21//§q2 (3.8)
S =-oF /aT=1nZ+%ZE§Qe-E?‘” (3.9

(e

Pai & N BN A T B RF 28y ™, p i TR er: b T
FRE Al RSN, SNy, =y >0y, =08 &y, =y =0y, >0; ATk
BRI, W, =w v, =2u, « BRI pg > 0 I, o W Bl AR s £
TR, oy = 00 W B LA G AH
B.2HEE. BREE. MELEEHTL

K 3.1 (a) £T=0,005 (LLzt/kg A7) FHEBRANL SR SAN LA, 5L
2ot T=0 INHAHAZ S, MR T=0.05 N AgAHAR St 3 5 T-U, BUEE T=0 I A I,
AT LUE BIBEA o OR8N, B E p BRI R, BB p=1, 20, XFRY
SRR, B 3.1 (by e ) AEWHET =0, U, =12zt IR RECS EE . K 3. 1

(b) U, =0, BHRAR NI 0, SERFAGAXN MRANL 0. HEEE p =
I, #§S=In(3): ML p=210F, S =In(6). IETILARIT LI FIAF: X

THEE p=11 (3.1 (a) DX, SR DAY 1 KT
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-0
U,=0
25 [----- T=0.05
—T=00
20
_ 15 SF
10+
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a 2 4
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25
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, bl ~U01Ug 4
p g
15 2 1
15 :
1 S $
=] 1 L
05 i
05
% 5 10 15 20 0
0 5 10 15 20
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(c) (d)

B 3.1 HE AR E Sa Tl

XFERA =R A e 5 (o =1,0,-1) , IR S =In(3) o X T p=21F (|8 3.1
(a) SHE_AMTBRO, FMERAWA AR 1 Ik, B EEN R, =0,1,2. H
T ABERBUIRIFRYE, F, = 182515, F, =2 BT AR IFMA S Fy, =0 B 15T
B, IS =1n(6) . K 3.1 (e) KonU, <0 C(BIERRL) I, X R R A A
FEE, BERTERU, =-0.1U, . 5K 3.1 (b) AFEME: Sl AEME U R, BAajE
{5 1) T IR KA, BIAERCR T p = 2 I, HEF = 2 IYIB DL, 1S =In(5) s B L p=1
i, BEEF, =1, #iS=In@G). B 3.1 (d) FxU,>0 BIEELD KN,
INHRU, = 0.1U, I, X FRFIECR FE P . IR ERERE & U N, B B e ) 33U
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5 AN 0 MW, St Al 1 M6 IR A G AR AT
PRIRLIE T 2 S WA AR IS . ] 3. 2Ca) AT, 4ET = 0.1, Uy =12, U, =0
B, 456 (wT) B, W BRRMAL T BoRE, BIRERE, i —mAmast
SEANELZLN) . A ER AL AR ORI T, — B AR A v o7 e - se b A e
(Clausius-Clapeyron) J7 2, HIHRIEAELLN), Al S H AR 2 AT BREEN .
MK 3.2 (a) AIDIESEIX— 5, BEEIAS / Ap=3.10 . B ERN, f5A20%

b, BRAIE WS A K. AR R R S, IEWE 3.2 (b) N, dE
HNT =02,

1.4 14
1.2 S 12} “%
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A -
08l P 08F s e P
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o6l 0.6 faese
0.4} aa 04}
jecesse,
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J.INTE. BREE. MHZEL%
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HEEE A -
H _—tZaTa +—Zﬁi(r‘1i —1)—Zyﬁi + E‘:erﬁi (3.10)
W =IAE AT C 230 ﬁiaﬁ%é‘%iﬁéﬁlﬂllﬁ, BIUE— NN o 22728
{4, o E, :Ema) d*, d@GERE RN, MBI FIFEEIR S
ﬁMF,%X%ﬁﬁaiwzﬁws@QoﬁA? B PRGNS S B
Al H:ZH{”,

H™ :%ﬁi(ﬁi —1) -y + E20 —p (8 -4 ) +|y[ (3.11)
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XEFZ 4, Bell 19T PSRN 2 7 B BRI, R 0= 0, - 0, = 0, /
T B, = matd? (2 2+ 262 )R, R T4 4N

ci

= md? (52 + 1), SR r LR x v, 2 TEIRIH, IR
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RN, S Sk FECE R I Z 0 2, DX b S i )
B —A3x3MHFE, R (3.4) XIRAE BN EIAIE E, MIAIER |0, )« K5
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.o 001200
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B PR AT AT, BRI SR H R 1,33 X10°: HARN 27um;

AL SR EH R 6. 63X 10°, T K EJE 426pm, AT 48um; PRIRI)
JAFHH Ry 3. 71X 10°, PRIRIE B E 22um, EARZ 160pm.
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