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ABSTRACT

ABSTRACT

The determination and characterization of quantum phase transitions
in strongly correlated many-body quantum systems has always been an
important research topic in the frontiers of physics nowadays, and many
important research results have emerged in this field. Disorder and
disorder-induced quantum phase transitions are one of the hottest topics
in this field. The famous Aubry-André Harper (AAH) model is a typical
model to investigate this kind of disorder problem. It has an
iIncommensurate lattice potential and is a quasi-periodic potential that can
be used to mimick the true disorder in 1D tight binding systems. The
generalized AAH model popularized on this basis has become an
important research framework for studying the localization phenomenon
of disorder induction and analyzing the topological properties. We mainly
investigate hard core bose systems in one dimensional off-diagonal AAH
lattice. Hard-core bose gase is an important kind of strongly correlated
quantum many-body system. The so-called hard-core bose gas is a bose
gas with strong repulsion interaction between particles, which requires
that the bosons satisfy the hard core limit. Due to its unique properties,
hard-core bose gas has attracted much attention since the 1960s. In this
thesis, we mainly investigate the ground state quantum correlation of hard
core boson system in optical lattices and use it to determine and
characterize quantum phase transitions of the ground state.

In Chapter 2, based on a 1D diagonal AAH lattice model, we
introduce the exact approach of one-dimensional hard core bose system in
optical lattice from a very specific point of view. This exact approach is
essentially a Bose-Fermi mapping, which based on the Holstein-Primakof
transformation and the Jordan-Wigner transformation. Utilizing
Bose-Fermi mapping, we can obtain the exact ground state of the system
by using the properties of Slater determinant. Furthermore, as a simple
practice and exercise, we introduce the noise correlation of hard core
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bosons in the one-dimensional diagonal AAH lattice model calculated by
the above approach, and characterize the quantum phase transitions in the
system.

In Chapter 3, we investigate a hard core boson system in 1D
off-diagonal AAH optical lattices, in which hopping term of the system is
modulated by an additional incommensurate hopping term mimicking
disorder. By using the exact numerical method introduced in Chapter 2,
we obtain the exact ground state of the hard core boson system. By means
of parallel numerical calculation, we obtain the momentum distribution
and noise correlation of the system in different parameter regions. In
addition, by means of detailed scaling analysis of the above quantum
correlations, we can see that the scaling behavior of superfluid phase,
critical point and bose glass phase is clear and different in this parameter
region, and the system has two distinct ground state phases: superfluid
phase and Bose glass phase. Finally, we compute derivatives of the
central intensities of these quantum correlations with respect to the
strength of the quasiperiodic disorder, and there are clear peak appears at
the critical point. This provides a powerful signal that can be used to
detect quantum phase transition induced by disorder experimentally.

Keywords: hard-core bosons; noise correlations; quantum phase
transition; bose-glass phase; AAH model
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Luis A. Pefia Ardila ¢ /IR AR M T AN MR I8 B 0 i 9% 2 TR) R R A

7



Y A T AR B AR B R

SR 2 R LRI L T VR A V3 K o 8 A 1 7 28, I L S 1l
BT R TR B €8, (1 R g A R 24,
1.3 AAH & B/ 48

of B LY, AL RS R B R RAG 2 RE N E ST,
Aubry-André Harper (AAH) P20l e piig Fnsz gl #8577 2 . bl
T S AR B RE (P 2 i, XA ILAE T LAE G T AR PURA 5 1 R 46
GOl S L AT Bl T BRA IR A TS RS AT 2 B A&, #8—4E (1D)
ARG, ZARARREA SR, AR R KT Al R G A N SR,
YIBLA2 A DG0 ARAR 1L, 2 B SR AHAE, MG a8 2 3 e
S e e -4 AR AR ] . 5 —4E Anderson SRt ABIAR L, AAH BRI
BA B0 B2 BRI, nT LA G 2 RGP & 2 s = 1 4H
A7, IAEREURSSA I 2 52 0ad . H AT, AAH B o 7 —4E RGP ST
S MG AR A R & . AAH BRI SRR TE UURL B A A FE RS 34,
A5 | NIXAE AR 2 FE A2 B R AE — 4 R G T SR A I 1), 3Kl
N BERPAFAE AT DAL IE I « CEASTE SO P 3T = ZEE ST AR M AAH F51Y

JEUUG I AAH BRI LA LLR Hamiltonian #iiA P!

N

H=Yt(¢.¢ + H.c)+ivcos(27rbn +¢)C1¢
=1

(1.7

n
n=1

Horpr, R ERITARERIE, € M E MR IR TR MUK, v AR
IR, @ RARRLA 7o b UG CBREUN, A i AR eI, RN ARG
BRI RIEACAT AR I A E: O<v <2t, PrAMAMESHEY R v > 2t I 2 Rk

=

SR PR F AT 25T, AR AAH BRI HE) 258 WA [F] 49 BE ) 5
PR B, BA2EAERN MRS AAH B D4k T-0F 5080 b 48 A
(Adiabatic pumping) B5 12323, S g — sz g 293 B 2l ks S T
HEFIIH AAH BE8Y, JEWEE] T 5 BS— S R AL AT AR AR . —4E AAH F5
TSR] LIRS A s I 55 31 — 4k Hofstadlter 774126351
SIS 1D AAH B B LA 2 F 7



B e

n+1

N-1
H =Y w[1+Acos(2zbn+0)]El ¢, +H.c.
n=1 (1.8)

n

N
+>_vcos(2zbn+6,)E'¢
=1

KRAEHAN (n=1,2---N A& RN —4ifE . R FFLA S, n=1FMn=N
SN T e AR BAEHI I — 4 7RG, EA T RO TG %
i T ) 2 — WS AT SRR BN RE, e — B M s FRE o BRI S S A A RE Tt
(AN A s I A Ry A sZ R R o xS b, A28 @, F1
@, o HRFERIEDL, A=0, XA AAH B, v =0 BIXER AR 1 AAH FERY

sk, B TR AAH BRLWT SRRt T2 B Ak X AAH
B, W HAT P S (SC) ICATINK AAH BB, T SClCXS, RAAEMY
JEARAR B SRR 2 AT 4 SRt — IR X P, H R @i TR Bl A X
BCHEAT TIRAIHE . 1A, BEERM AR, VFZ W B AT LLE AAH 5
RIrhgl 2 9T, tean, 7E 2018 4F Archak Purkayastha 1l Sambuddha Sanyal 45
NWFFET AAH BERLLE AT R4 ) 2740 BRI TR G Hp A e P,

1.4 EIFIBHET

FASFIR T WL R GEREARIRZS B T IR A, 491 G [ A PR 445 1 B AAS ) 6 ]
20 WANAZ I A AT AR, R AR Y P AR ST R A I F I ARPIRAS
LU AR B Y AR A g A o TR A AR R AR AR e B3, AT
IS B & B AR S R K, R R Rk RS, Bl R R
AR RS o X AL T4 R ML AR SE, HLF P IR SR 4, &
TR 5 R AL WK, AR ERE A B AR A (1 R,

I CARPIT a1 AN FZET ST ) o ZASRARAE I A4 1 AR T di H e ol
RN FHE I R G0 b Koo N A0 Ry llizs

U4 s He O iR R RV ST R R ORISR T AR A B A A
R AR AR, L, S O o R (R T LU S BRI (SF) AT SRy
%1% (MD AHZ )5 AHAEMA e ks A S SR e I 7o B ml s A 2
HI TR IC TR FIFHMOE RO 2 (0 S 4= A [ e 2 4, Ry
AR T RGP BN T (B TERR) o SRR RIS E i3
7 55 AH LA P BCAR FLAE HY AR G P K0 P RO o o T S8 LA (K I PP 3 0 R 4



Y A T AR B AR B R

devt, WIEATE Z A BRI ERTE B XA T AR A H DX 0P 3% - na e A A
R FT TARYS O UE R T — R B 35S (BG) ARRIHT A S 774 .
J RUAH LA FH )56 5B VA RESR A R GER A B AR B A8 G AR (1A AR o 0 T35 0 3R
GiKUL, XPhAGARE B OB (BG) M. HHAF%E (MDD A, 3t
Py (BG) FHEA LREBIEMUR IS FIRFE, I HZ2 T R4 . ik 1 INZE
VA R SR T Jh B 9 B € B B A ) B AR S50 R 4, MR8 JE P HR R R AH B
1 P T OT ] LA T o b Y

HAT, CAVF2 B T SERSeBl 7 3R . o, 7E5 — kil HE
12 BG AHIN, A3 e S H T XUEHETC 0t Al o BIFSE A A S vh il
1BV B R T ARG R AR 3 TR A e, A A S50 8 00 2] 1) 8 A B
R BG Mo 15— MG RISEE TAEPIRM, =% REp, TFMEAE S
SF #HLL K& SF A1 M1 FLAFEAH K #ESE IR+ (Condensation fraction) 225 F&M%. 4bAT]
W BER D1 IR AR BG AH IR B

AR SCHTIR b 38 AR A P 38 €0 A5 b B - A ey 2 R )

H=-3%. %+—§Lm@fg+zﬁﬂ (1.9)
Forfrb (] ) g A ARKLT IO G A, ) =blb BRI THOAE, (5, ])
FTRN T A 1IR3 LI &, JE MM T e KL O S8, & I HL (AL
BLAG, LA AR R OB

a)A=0 c)A>U
disorder
wu A WU
3
2 SF SF
Mi el | L
= BG
Mi > n=1

0
JiJ

B 1.5 £ 548 ZAF B T 3 & F 440 ) 1S
HP ) ATk, UATHEIMERE, A ATFAFRAE
1 (1.9 Kbrg, =00, REMIESH I MU ZHFESRE. HUD I,
RGN THBIRA, L B0 725 R R ffft T KA. iU 0 J 1,
RGAE TR MI s, HAP AR TN 2, IF BAE S B AL ™42 Fock 2.
P AT L I AU IR 9CER AT DUME R GER AN SE-MI )& T AR AR
R FBENR i, IUER &, €[-A/2,A/2], W TITFA<U, M
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o 2R

SBWGENIFIEL—ANFTIAR, IV, W 15 (b)) s, HA>U,
A MR, RGN OB, 1 BG 5 MI A ILIRIFRHE,
HIPY & R A GRS, WA KA T, R A%,

AR R A — EE AW B = K2 AL, IRk, VR 2 B
FAVZAAH m B BT OGOk 2 B AHAR, Ledn, FRATTHT T B OCHE, &
STk T 2 AR DI, e R DA SR~ DG AN B 20 R PR 0 e AN SC BT
PERN A SR — B e — i - ORIk 2 AAH s Hh 1) — 4 A B 0 1<
A ) 25 A A B [ A AR T B T BRATTVE B T iy SO B R B B
BERAIME P OCHE, b T R ORI AR FEPE T
1.5 XX ERHE

BT LA BT SRR SRR B MER , AR SO TR N AR S5 A e HE N T
TR, FRATET —4E AAH BRI —AN o], A —Fh el B e
G T s ) — GEREAZ 3 (0 R T R G0 b IIF I 5 1% o SR A R T A5 1
&M (0 2 oKL, B 3E T Holstein-Primakof 454t & Jordan-Wigner 28 311 5 o
BT B ek me sy, Fediar LURIAD Slater 4781 2 (1 B3R AS R e 0 A% 24
e, AFA— AR SR 54, AN TR EIETE R —4E AAH
R R A 3 € AT S OQ IR, JF DA ZEA R T R A AR . SR =, 3K
ST —4EAERT M AAH 6 T AL (7 R Ge . T3 =R (W Juas
IO RGE R BB IT 5, BARB] T RGNS . B T IMTHUEE
S, BB TR R LA [ S5 K Bl 550 A A A IR %) B b KR
BT A EUIARE AT, AT LLE B RSB, 7R R LA AN IX 45 1
IR B A R A o B, AR DY R, AT IR S TAET T
G IR AR B AR LA S 2 n] LRSS FIAEAE T R .

5

CIK
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o BRI RGN R SR AR T i

FE BRI ERERTIEKERE

RAZ B /SR B A S R, A B2 T — B — AN W B 2R AT 15k
BT SR, G BRR P B 2% S RN SIS P 2 5K, HO0 IGAT AG IAR JEE 1 2%
2 — I, FAVEEAIR IO R G D, K Sk 2 B H A R A0
YERL, X TR faAd RGBS IR ROk . AL, BT YLk
O RRIVFZ RS TR T RGP 2R, — )1 (1) 5 0 R A %
RGOSR 2 ToA BAE R 9K AR R o, IX e n] LIORS it vt 55 LV 2 A 3
VT, ARFERAVEET —4E AAH BRI — BARSE], PRI T Jedids i —
ERERZ B T R G AR M WF ST T R B g oK iy, B R G S
Holstein-Primakof ZZ 4t &2 Jordan-Wigner ZZHefS 51, ST IR0 3 Kk, 3
AT AR Slater 4741 X1k ISR AT R A8 R s 3 . AR R B B D7 5 —
4t AAH FR P EAZ 00 1 MR A ORI, I H R Z A &R P i A AR
2.1 3% £ 35 K AR5

TERFFUREARZ B AR ZR I, R T 7 (8, T8 75 B B T 3 00 D K WLl g Ak AR 1
WAHPK TR, ZFERGEA AN TAAHEAEHERR, A ER— > ok o).
BEIN, RGHAR 2 M e in B PE A FR A Sy v T R B T, 3¢
=3 K S FL S 2 Jordan-Wigner(QW) A5 4. BYFT - Holstein-Primakoff(HP)P2 745
Wit .

HS b, BE-TORBU 2 PP T . 2T Holstein-Primakoff
AR Wty HATAZ 3% (01 R BE R GE 2 M X6 5% 2R, Holstein-Primakoff 45 4 H 51
Je O SRR e AT 22 1) ) A it

6 =6 \1-55,6 =i-555

&iz = bini -

B QRS T 7 37 ST N P B

(2.1)

N |-

b'=6' b =6 (2.2)

Hrh 67 2 Al HEEA H .67 & spin—1/2 R4 Pauli JEBE 2 435, — MR
SIAT AR FLLA B €67 A S A4 IR Cnormal order) HESUR
b/ (B, ) "I ELHEAT 67 (67 ) &4 BRI B, FEWUE LT, ek SR AU
BAEWE R S0 A0 . BRI (5 TR spin—1/2 R I 3R 22 5 FARIAE T
S B2 T AT A IR, P T A 6 RS T B (I (P R
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Y A T AR B AR B R

T RIIU B BR e, DRk R 808 4 2% LR SRS B IR v 55 3 101 1R ORIk o
Rk, TS AR = RS T A T RS (5U MELX) .
(0|bbb'b" |0) = (1|bb" 1) =2, f LI EHEST AT B TR AL (T AT
B AT I A . I, DR TSR A ), TE R () 5 2 A A AU
b (6,)—) G (67 ) A, A FHBE (o 53 06 B MR A 38 06 S A4 L 3 W 7R 1)

T, spin—-1/2 RGEHTHFEE AT ] LUt Jordan-Wigner 72 4 it if 21
TAREAE SR T RG =k R E AT

LN

i-1 PO
—izf} fﬂ ~ I7rf fﬂf.

: st (2.3)

>

t

| I
—h

’:l

o7

—h) ?

£,

I\JII—‘

e £1 0, 42 BTG B K T AR AN K AT . (2.3) 2 M B I
WA A% B0 5 SAT WL 2 9 oK T ST )AL, (H 5] Jordan-Wigner 424 —Fif
¥ B e B AT WG B SRR AR R K AT AR e, &1 SE i Pascual Jordan
1 Eugene Wigner $& tH FH T —4E S A 58, (HILAE —4E A BRI L 17 2540
()48 4. Jordan-Wigner A543 5 T RS R il — 4 bk, )40 Ising F1 XY £
R, J7ANs B SRR POK T RAT, RS AR SOR TR AT M. X
AN S by B spin—1) 2 b AR OK 1 TR AT DX ), e n) AN TR R

NI FRATSEA T T B E spin—1/2 ki 11K 1D [ EREWLET B 2k 14k
o R EBE spin-Y 2 WASEAT ] T— 4B AL, 67, 6, 5 6f. o),
& WM RF{S6],67) =1, IEWMMIK TP AR ST T U (0 AR
IR JE s B R E

&, =(6;+i6Y)[2=1] (2.4)
6, =(6;-i6))/2=1, (2.5)
6t=2ff, -1 (2.6)

RATATLLAHE R —H A0k TIORR S0 { £, 6, ) =1, (0, ARk
KT BRI %R 6] =0, Hob j=k, AL, RIS AR
RESRARTIR LRI KT, P LR (24-2.0) A F £ HHERAT
A1, L0 ERESERERYOR T HAFREATR L2 AT, VB IBIA E. (ESETERE L,
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o BRI RGN R SR AR T i

Jordan I Wigner T~ 1928 “F AT T — A . 3XJE Klein 284 ¥ —ANREE], R
W T ok aokse AU LA, e S i e A F AR U 2 T
% eii”Zi: fAkJr fAk ,

§ = "2 g 2.7)
At iﬂZ:;lo'kO'k +
al=e o (2.8)
é}éj =00} = ij f; (2.9)
4,8 =ojo] = f,f]
Horr,
{4.4]}=05;{a',4)}=0{4.4,}=0 (2.10)
HH UG RT3 H B e SAT AN 2 oK 1 ST 2 T (R AR 5 ZR AT A
5‘j+ = eii”Zk;fﬁk ij
(2.11)

2SR A
A_ +iz f f
Gj =g Zk=1 k Tk fj

ZELRTTH HP 284 fe iR W A8, e ZIRGUEANE IE, B &3R4 20108 %
PR BT 2 A R e R

R § R § (i (2.12)

p=1 p=1
2.2 —HEIR A - RERE PRI B TR S KB
2.2.1 IBiptERY
7F- Bose-Hubbard A5 75 [RIFERZ M BR o, ey 25 i v LS R
Hucs =t (B0, + H.c)+ Y ViA (2.13)

HoP tARRIRIT B, (V) UM 3. 1R 5T AT € T 07 A O 2
T4 AT LR BT R, s A = b, ForsH A0 AL OB TR . Bt 5 K R
(67,0, | = 6, ST T A i 8, AEIF R A=A R R SRR R BT = B =0,
i E A HAVAIE, X R TR B2 A X T R € Tk
F R 2.0 7 v ) ) 2 P 6 BRI S T DA B B T P 2 U
SRR 9 TEAT AR PO SR T s ks, R o

He =) (£ f.+He)+ YV (2.14)

P AS = 1 F R AL SR T OB TROERE . i W, BRI T T
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Y A T AR B AR B R

Ty 2 JONT S 253 [ 3 R ORI TEAR LA F B oK 7 R G R U AR S AT 2
S POR TR BEME TR S 7 ORI, P IR SR 7 ORI, O 1o

UKL TSI, T LUK PR T R B, =blb, = 6767, AL,

6,6, =06, +(-1)" 6,6/
PRI, BV AORIT BB py = (5y) » PIEEALA THEL T B A o 4
Gij — <6i—&j+> _ <\PF |ﬁeizfgf}, fl fjrﬁe—inf}*f}
p=1 y=1

:da[(PjTPi}

v

&

¥ =12 R.[0)

k=1 1=1

(2.16) 2 X B 1 9 OK 7 B ek B i SRR AT A0S0 L2 R R D

(P, 0 @=ivd s REMTINTSERAT IR T 20, 550

P for l<a,x=1..., N

—HAPEL py s aT AR ST AR B 5 2 R 23 A1 R AL
_ 1S ikeliei)
n = L izj:e Pij

Hrp, a2 imtg .
B, TSI R] B
Akk' = <ﬁkﬁk'>_<ﬁk><ﬁk’>_<ﬁk>§k—k', nK

(2.15)

(2.16)

(2.17)

JfF H.

(2.18)

(2.19)

(2.20)

Hi K =27/a B R, n@dEZRs, XHE piHs il v 55— (A, A, )

<ﬁk ﬁk’> _ %zeika(i—j)ﬂk'a(l—m) <t’)‘ir6j6lT6m>

ijim

(2.21)

Faut, §RE T U ORI AP LI SR A DY AOCHE, AT SR AR 7 OCHE . R
Yo REAZ 0 ST AN B e SAF 2 B (R Rss, ) 43 31 B e 545 Hh DY s QIR PR AR LT

RiIEN
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o BRI RGN R SR AR T i

(616,616, )~ 5, (576, )+ (55616,5, )

) (2.22)
=25, (67 &*>+( 1')(& 6,6,6,)
(222115 (6, 6,67 6, ) LT I T R
(67676,6,)
- 5|15Im +( 1)5” é‘Im <O’\-;&|+>
™6, (5,8 )+ (U 0, (6767 229)
+( 1)5ij+5|m+5 < O'\_r;of\_+6_l+> '

=8 +6,+(-1
+( )5 i +0Im 5 G +( )5+6|m+5imG

Im™~jl jmil

HP Gy, = (66,6767 )« 5 L 30 U SEP ALK MR IR IR A tol, 7D i
MR

Gy =(¥e |1_[emff fHemf fﬁf

(2.24)
% fkTHe—mf fy fTHe—sz f,; | >
ffH] Slater 17751 T, (2.24) AT THE A
Gw,zda[( )TP“} (2.25)

2.2.2 P 5)4E P R MR R KRB

N THIERAT TR LAY ST RE b A 3 6 R 41, AR GERI AR Dy i 549 3
(Rl 7S DG, IFVEAE AT 7T, X T AN h BB A il R4, #R2& )
ML S 4

TR 2.1 v, J7R T SEAH ELAE FH R U AR 2R 0 1 i Y e P OGRS
SHCh 200, AR TP ARS . A E T AR R, e, 1
k=K' =0 B tHIL—AN R RIS, X T R HIMERER . L, T8
T RETEHE AR AIMG, K] DR BNk = k' IREZL . 55, W k,0F
Ok &I T I, X—HGS RGP METFREAE XK.
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YR R T R B AR B ORI

B 2.1 & 200 A& 5 LA 100 MK 6T 6939 8 R 4T,
R AR A KA K R, B
] 2.2 JEMEFOCER A ME L p=N/L FIRREL, I8 T Uk, 0 211 M 75 SC IRk
(P 7ER] 2.2 ha] DUSEVE A Bk =0, +K UEAE R M 75 OCHE A, IR %
ATLLER], 75 p>05IF, Ay M KMEHIL, KR TR 7O FRME IR .

60+

B22aL=2000%%%F, K'=08%7FX%HEEKFptyE, B
AL, AR (PRI AZ 3 € Ak 38 3 mT LUK AN [R) 53 B2 TR 1) A o 0P BE 53 H7
JF AT I M 7 ORTER A g BIAREPE BORZ)E R GE ) =T AHAR . IXAE N — W AR =
wHIRATW T CAE P VR0 04T, BT DA A FAR SR .
2.3 M KERRIARE
TEIE, FRATTCAAE A BERE Sk i (0 — e R AL 32 (8 R 8 g 9, R EA% B (0 R Sk
WSRAEIS, PTUESCH RGN P OQIRG TS e A SC TR AT A 20 BT ) 45 L, B
WCARAEFEHE A T P A% B (0 1~ (HCBs) [T AHAZ .
FEATTAN R, AR 2 8 % r 1) — A% B € 1 1 ey s g BT
Huucs ==t (B]by,1+ H )+ Vi (2.26)

Hrp et =1, V2R j RSN, RS, TRk 2 B AL i
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o BRI RGN R SR AR T i

IR . ST,V RDJBREE,
V, =2Ac0s(270 j+5) (2.27)

LS5 2 ST AR ORISR B, o S P dfst 98 9% Z T 1 B
B, S MARGL IR 1. X, BRSO HARREA AR IE I 2 A il
TR SR (R AE T TR R o 5 I3 Fh /8 0 8 ) 1 28 13 A
UM, EARTT, B o WG LRI, o=(V5-1)/2=061808....
P P 3 €0 - B R RS s R A B (0 R G A B EAH BAE I I 9K TR R, RA
W] DAEAT EAE SR F S ORI PR AL

FHF 0 H Sy Tl N e 7 TR A GE XL ER(2.20)) o KFAS [A] DX 4 Hp g e
RIEATA R ARG KDDL 2.3 Bros. Wil 2.3 T 17X =4
A SRR R A > 3 ARSI F R, LA RIEA

50+

40}
30}

o 20+1
i -
<

10} 1

0K

10k

_20 I I I I
0 nl4 n/2 3n/4 T

ka
B 23 A=ZARR A, REKET RS LA,
s, L=233,N=166, 4#Ho=166/233.
BEATTRAF AR H—aT Rk, B
TEIX A FUI & AP A, WS SCTRCUAE (1) v B2 A S A8k o 9, r i
AR S AR ], AL, S R T SR AR AN T 70 I IR SR G 2R
AL, 3w DATHEE R SCHRIE Ay, FIFREE, B RS L%, HE 2.4
o TS A AE L. AR e p=05, BIERAS A2 <1
I, HAFEAH AHAR RO RS AR FEAT WA IR X . K] 2.4 HhaT LA
FH, Ay EEBTATFE SRS N HRIH AR, M Eg A, Sk
ARG RS LI R A, 3T A<1, R E—Fh K =11 Luttinger #
PP, X A1, 1824 B, Ay ABERG SIS ARk, I8 WIAE B (0B
B ORI TR B DY, AN B 4% Luttinger S AR1T 4 .
TEIG RN, Ay, IR L, HAREURZ 2 Luttinger AACIRASTREUT 1
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Y A T AR B AR B R

EE 24, M S A R RO p=1/2 I 4 0.48+003, 7E p=13 0 K
0.45+0.02. WHH], BRI, SKELHHRLE I TR L 12 B
G, AT IR N SR, B SR T R S B T LU o 7EAR
R0 b RS2 T B 50«

100 T

.=
®p=

173 —fa »=0.5
12 ’ .3

=
=]
<1 10}

20 100 600

B 2.4 5 REAMTERER LA, 0% 0947
Rk EARENS, P

AT SR A S AR BAE T R GErh T 5 5 AR AR S RFAE , 38 n] ARSI
T s BT (R M 7S SCTR (R AT A, W43 BT AR 5 A L R BB E A R4k mT eIl
TR AR NG P ST AR P 5 Ja) 1 EL G S e KAt IR I FEL AL, AT m] A3 S e
G FEA R A T B FAHAR, SRR TR LAESE =5 R PR A
2.4 I\g5

ANTE R BT WAL ORGSR AR VL AL T o 1S T B
PRI I ST JLUG DL — 4 s rh A% 3 4k 2 ], 1A
FIFH RS RR AT, AT BAF B S 2 5, T vl S e OGS i
ORIRPEII, A3 AT e 2Pl AH Ty, g DTRG0 v A Wb 2 A0 Ao T o e e DG
BEATBREE M7 5 R I FAH AR pSOR RIS Hh R bR BEAT A AT W R X 51, LA
B AT ST ZR G Ak T AR ) 10 A o [ s T L S A e 75 SR I 1 D i S
L FEE P AR E R, 7R IR AR Im FHE AR ) B SRk, X n]4E k)
Wi 7 AH AR AR o T — B TRATTRE AT A 20 1 74 (R SR 7 VEIE S AR M AR 2
JE AAH Sl i AL B (0 11K B ORIE,  JRTRANET LA AR
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B AR A AAH S AL B TR ORI

F=ZF EX A AAH @BBHERK B TRIZE T KK

FEATE S, FA1% e EARR A AAH B A R B (0 R 48, P R SE
BRAE F— MBS P (R AN AR 2 BRI AR A 1 o B8 Rl ARG 9t A9 PR T
FHE AL WL BTy 5 3 19 A EIE 21 30 C BB A 1) 1 AT AR o BT 20— B R 41
BB -FORMUS AN Slater 4781 3 UPE SRR H BB %, BATHEAITEA TR R
FEAN R Z B DX Sk ) Bl e 3 AT AN 7 ORI, e A, o BL B 7 SCIREA T 4l B AR S5
o, BATRTLLE BIE RSB, X @ mal . Im A M saEm, Bor
EH T AT 110 B S PRI BEAT O o i, AT TR et i it o 50 A ¥R o S99 KC 1 £ 1 i 31
BT AT AN 7S SCIBRIKIAT O FOHT AL T ARX A AR R IV T P IR B AR AR . AR I S
S PR Bl AT MG 3 I Lo 58 18— B S Bl s 1 WS R AR R AR X i1
T A ERMSERAR T, ] HRAE SR ERRINTC 75 3 10 B A AR
3.1 REBTIE

FERAFLAL T, —4EARXS AR B S HH A BEAZ B 0 7 1 B R Al
R PO A

H :ZJi(BiLBi"‘H-C-)"‘Zﬂiﬁi (31)
i=1 i=1
Hrp
J, =t+ Ay C0S(27cri + ) (3.2)

I IR A T W, o AN EEA AR RATERE @ N
(VB -1) /2.« I HLURAABHS A2 WG 32 BEBAE Rl e, 9 LB M e R (1 =1).
Ao W3R T ARRE AR AL . B (0, ) S B TR A A 7 A (R B

R, SR 5 R B,b] | = 6, R IOREA Kb =52 0. f, =B
SRR AR T, T R 2R3, L BRI, N= Y A

BRLTH AR, AT T BAG e R EUE R N T o = N/L=0.2 [ANH]
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