Zhiyuan College

Physics (Zhiyuan Honor Program)

RO,

2024 &

Author: Qiheng Wang, Xuanye Fu

Date: December 16, 2024



4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

Contents

1 ZRULHEIRAN

2 R TRARROY

2.1 BR .

22 BHIEEBIL . . . . .

23 fEMZRE. JREAAR RS TR .

24 HITEARASVE o

25 Kubo A3 ..o

3 SRR TR AREON

4 Sy EcRTEIRBON

4.2 Laughlin State(ground state) . . . . . . . ... ... ... .

421 ZiRK ) Laughlin State . . . . . ... ... ...

42.2 The Wigner Crystal (Laughlin State T2l FFR) ... ... ... ..

423 EEBTREEL .,

% SO 1 S

14

14

15

15

16

17



4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

43 PHES 18

4.4 FEARTA anyon ... ... L L 20

441 anyon FYTRIATAIERT . . . . . L 20

442 RBRATRIAEGST 22

443 FHINFT . 23
References

[1] David Tong. Lectures on the Quantum Hall Effect. Sept. 2016. arXiv: 1606 . 06687
[cond-mat, physics:hep-th].

[2] Gerald D. Mahan. Many-Particle Physics. Boston, MA: Springer US, 2000. isbn: 978-1-
4419-3339-3 978-1-4757-5714-9. doi: 10.1007/978-1-4757-5714-9.

[3] V. P. Gusynin and S. G. Sharapov. “Magnetic Oscillations in Planar Systems with the
Dirac-like Spectrum of Quasiparticle Excitations. II. Transport Properties”. In: Phys. Rev.
B 71.12 (Mar. 2005), p. 125124. doi: 10.1103/PhysRevB.71.125124.

[4] Philip Kim. “Bloch, Landau, and Dirac:” in: Zeitschrift fiir Physik (1929).

[5] Yisong Zheng and Tsuneya Ando. “Hall Conductivity of a Two-Dimensional Graphite
System”. In: Phys. Rev. B 65.24 (June 2002), p. 245420. issn: 0163-1829, 1095-3795.
doi: 10.1103/PhysRevB.65.245420.

[6] K. S. Novoselov et al. “Unconventional Quantum Hall Effect and Berry’s Phase of 27
in Bilayer Graphene”. In: Nature Phys 2.3 (Mar. 2006), pp. 177—180. issn: 1745-2473,
1745-2481. doi: 10.1038/nphys245.

% SO 2 L S


https://arxiv.org/abs/1606.06687
https://arxiv.org/abs/1606.06687
https://doi.org/10.1007/978-1-4757-5714-9
https://doi.org/10.1103/PhysRevB.71.125124
https://doi.org/10.1103/PhysRevB.65.245420
https://doi.org/10.1038/nphys245

4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

[71 V. P. Gusynin and S. G. Sharapov. “Unconventional Integer Quantum Hall Effect in
Graphene”. In: Phys. Rev. Lett. 95.14 (Sept. 2005), p. 146801. doi: 10.1103/PhysRevLett.
95.146801.

[8] Daniel C Tsui, Horst L Stormer, and Arthur C Gossard. “Two-dimensional magnetotrans-
port in the extreme quantum limit”. In: Physical Review Letters 48.22 (1982), p. 1559.
doi: https://doi.org/10.1103/PhysRevLett.48.1559.

[91 Robert B Laughlin. “Anomalous quantum Hall effect: an incompressible quantum fluid
with fractionally charged excitations”. In: Physical Review Letters 50.18 (1983), p. 1395.
doi: https://doi.org/10.1103/PhysRevLett.50.1395.

[10] John C Slater. “The theory of complex spectra”. In: Physical review 34.10 (1929), p. 1293.
doi: https://doi.org/10.1103/PhysRev.34.1293.

[11] Werner Heisenberg. “Mehrkorperproblem und Resonanz in der Quantenmechanik”. In:
Zeitschrift fiir Physik 38.6 (1926), pp. 411-426. doi: https://doi.org/10.1007/
BF01397160.

[12] Paul Adrien Maurice Dirac. “On the theory of quantum mechanics”. In: Proceedings
of the Royal Society of London. Series A, Containing Papers of a Mathematical and
Physical Character 112.762 (1926), pp. 661-677. doi: https://doi.org/10.1098/
rspa.1926.0133.

[13] Henrik Bruus and Karsten Flensberg. Many-body quantum theory in condensed matter
physics: an introduction. OUP Oxford, 2004.

[14] Michael G Medvedev et al. “Density functional theory is straying from the path toward
the exact functional”. In: Science 355.6320 (2017), pp. 49-52. doi: https://doi.org/
10.1126/science.aah5975.

[15] Eugene Wigner. “On the interaction of electrons in metals”. In: Physical Review 46.11
(1934), p. 1002. doi: https://doi.org/10.1103/PhysRev.46.1002.

[16] Eugene Wigner. “Effects of the electron interaction on the energy levels of electrons in
metals”. In: Transactions of the Faraday Society 34 (1938), pp. 678—685. doi: https:
//doi.org/10.1039/TF9383400678.

[17] Michael Braus. “The theory of electrolytes. I. Freezing point depression and related phe-

nomena (Translation)”. In: (2019).

% 453 T 6 e


https://doi.org/10.1103/PhysRevLett.95.146801
https://doi.org/10.1103/PhysRevLett.95.146801
https://doi.org/https://doi.org/10.1103/PhysRevLett.48.1559
https://doi.org/https://doi.org/10.1103/PhysRevLett.50.1395
https://doi.org/https://doi.org/10.1103/PhysRev.34.1293
https://doi.org/https://doi.org/10.1007/BF01397160
https://doi.org/https://doi.org/10.1007/BF01397160
https://doi.org/https://doi.org/10.1098/rspa.1926.0133
https://doi.org/https://doi.org/10.1098/rspa.1926.0133
https://doi.org/https://doi.org/10.1126/science.aah5975
https://doi.org/https://doi.org/10.1126/science.aah5975
https://doi.org/https://doi.org/10.1103/PhysRev.46.1002
https://doi.org/https://doi.org/10.1039/TF9383400678
https://doi.org/https://doi.org/10.1039/TF9383400678

[18]

[19]

[20]

[21]

[22]

[23]

R De-Picciotto et al. “Direct observation of a fractional charge”. In: Physica B: Con-
densed Matter 249 (1998), pp. 395-400. doi: https://doi.org/10.1016/50921~
4526 (98)00139-2.

James Nakamura et al. “Direct observation of anyonic braiding statistics”. In: Nature
Physics 16.9 (2020), pp. 931-936. doi: https://doi.org/10.1038/s41567-020~
1019-1.

Frank Wilczek. “From electronics to anyonics”. In: Physics world 19.1 (2006), p. 22.
doi: 10.1088/2058-7058/19/1/31.

Anil Khurana. “Bosons Condense and Fermions ‘Exclude’, But Anyons---?” In: Physics
Today 42.11 (1989), pp. 17-21. doi: https://doi.org/10.1063/1.2811205.

Daniel Arovas, John R Schrieffer, and Frank Wilczek. “Fractional statistics and the quan-
tum Hall effect”. In: Physical review letters 53.7 (1984), p. 722. doi: https://doi.org/
10.1103/PhysRevLett.53.722.

Yakir Aharonov and David Bohm. “Significance of electromagnetic potentials in the
quantum theory”. In: Physical review 115.3 (1959), p. 485. doi: https://doi.org/
10.1103/PhysRev.115.485.


https://doi.org/https://doi.org/10.1016/S0921-4526(98)00139-2
https://doi.org/https://doi.org/10.1016/S0921-4526(98)00139-2
https://doi.org/https://doi.org/10.1038/s41567-020-1019-1
https://doi.org/https://doi.org/10.1038/s41567-020-1019-1
https://doi.org/10.1088/2058-7058/19/1/31
https://doi.org/https://doi.org/10.1063/1.2811205
https://doi.org/https://doi.org/10.1103/PhysRevLett.53.722
https://doi.org/https://doi.org/10.1103/PhysRevLett.53.722
https://doi.org/https://doi.org/10.1103/PhysRev.115.485
https://doi.org/https://doi.org/10.1103/PhysRev.115.485

4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

1 YU IR O

{6 i A f B R Drude BEAY, FE i, %5 s TR IR g3 h A S -

i+ TixB=-"F (la)
m m
B
(% + €;;V;WB = —e—TEZ where wp = e— (lb)
m m
FE X pij = 0i + €wp, FATH:
er
iV = _EEi (2)
[H3% j = —nev, BTLA J = —ned, [Hitt:
, enr
m
P, kR
opC 1  —wpT . ne’r
7 1 —I—w%ﬂ-? <wBT 1 ) wi 9po m ( )
PR Ay F P 5K S AT DA Ry
m m 1 wpT 1 1 wpT
%= 3 =— (5)
e“nT ent \ —wpr 1 opc \ —wpT 1

% 45 1 1 6 e



4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

Figure 2: & f{b¥ g /KL IH

AMERIL poy T pyo SR 7 T HHATAT ORI R = Y2 1, 1w
DA 5

KR Ry = o SRR R

2 HEMCR TR

21 %

Tbr B ESLHENE TR SRS RHIE, PG IE:

B 2h 1

Pay = vel (7

et v
WE2PR . AR, T8 8 DX TR e R i L

B="2" _ g, )

v e 14

RXAETARY P57 AT HEFIERE RGN . I A S 28 2 R R
EM . FE L, WREAAZRM, FEFAMIHE. WT IQHE HUgH)— %2

% 45 2 T 6 e



4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

2% 7 David Tong ZF203E X [1].

2.2 HliERESHR

Lx

Ly

I

Figure 3: Landau Level
XFARUTE m* WEEPR R, HAERES T p s e Oy

H:

1
S (b +eA)’ ©)

PRI REIE, T DAS ISR ARAE D R AL, (Hig A S ImsEie .
TERHIERE T, i 15 2 ] PAARTS
Uni(z,y) = Ho(x + M%)e_(“k%)g/%% ety

[k BERERIAESEN L5, W = —hO By~ A I, BB 05 = ([ I ok y Iy
ORI AP, B2 R R TALH b = 2, m € Z. HOBRERZRE K RIFAY, n-th B
SHREALAYIFBEEN m ORI, AR 0 <~k < Ly, RATATOAISH:

h

P
max:_7¢) :—,(I):BLZ,L 10
m (I>0 0 e Y ( )

% 453 T 6 e



4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

MFRXATHERG, SCAETT v AN WIE BRSO M TN

1o B
=y = Z 11
n VS(I)O q)ol/ v e (11)

2.3 PEHZRI. JROHEE R A R

TESRREA , TOMEAE R SR AR RS — N ITERE S b B TROEE n, B
BWHOKRER B R . B B = ndo/v, WEWHILEA v AWIERESPIEN . R ER
AR AS Ny :

1 1

Ry =— = 12
B he eBV (12)

R ABEIGME B # ndo/v, MG HE S R WIERRI W, KRN
HIRICRE R, TR E K IR & . 4 TR I 2R AR A A DA B T
Yoo B IEIXFN IO P AP A I @ — M 388V, HAIR T WIE BE i BEBR /IS
V < hwp, HFMITERESEZ SRS AN XA BRI KL (5 EJeF
IR [VV| < Bz g i e ok 00 Rz p P o [ B IR AR B 8 B
SCRBLIE DA -

~ 7T.’E

X=i-"Y Y=g+

mwpg mwp (13)
R, PR AR SIS X 5 X R, TSI A TIPS
(X, H+V]=[X,V] V=Vo+VV-7 (14a)
ov. LoV
=[X.Y]o =ilhos (14b)

B [V, H 4+ V] = —il} 5% . BRIz s fEal DUEHH -

_d (X . v
zha < > = il3 ( ag‘/) (15)
Y ~ox

BT 5557V = s Ve FTOABLE A ORI BAL I G BRER IR, TRV 25
(TR 2y b - e oo s i DR

TS S M2 e ), PR AME T Rk i 5 4 95

S SO 4 T S AN



4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

24 PR

ZHTFATHE T R —HEH I R R 1 BB B R RN . BAE AT B T
JERFARL, M Lo X BEE T Bk, RIE TRRRY 2 SR LT ME
JRICRH o

ETRRMBER TR, BATEFPRMVERER TS T RIS 2 S HRAR
WA, NIRRT, RE R @, WIRERP RS

)
A=_—e,y
2mp

FATE ek, FAzm i TiashZ 2. Xn] AU REIERY PRI ShEEAT N

A _ho @ 1(h 0o q®
=i et = Lo g (135 ) )
AR A — 2 [r) g ] AR B AR RS S HO Y ) AN B
1 o
wn = —eln s (183.)
2mp
15 d >
E, = 2 (n+ (?To) , (18b)

WA Y © ShRiE T ©o EEEURR, BB RAHFEATR, HERITH.
W, UEEEAM 0 ZgHEINE] 0o iR, FORAL T-EASHY B T IRIEAE e BV iz &
{FEATERSHY B R A AR, 24 @ = o I, JFORAY RSP sRARE B2 T S — AR
AERL, JRAP:

Yo(® = 0) = (P = Qo) = 11 (P = 0) (19)

FEXAS—HE MR oA I pR B 2 P AL T B AR AT A A HBE R AR . IAES I8
HERRAT YL T, QR4 R . RIS R ITIR, SIARAR 2 = v +iy, & XD
LD SR

- . (20)
b = —iV/2 (0 + 3

i = —ive EEBM F% 7

% 45 5 T 6 e



4 Academic year 2024 : ¥ & A 4p32 Per aspera, ad astra.

Figure 4: &£ J1L{r]

DA (LLL) RO sRECH
Wy ~ 2 U — gimym o —r? /413, @1

FE IR R I AR AR b b, B TIB BRESCTT AR — AR A -
Vorap = e ATy (22)

PUE SoveSiSiisd EI’J U872 5 2 160 ) LA o ) B, TIRED 40 () = (o + 2m) o XA ER T4k
T P A

eAq) eACP
d) _

- Ad) = Nc1>O (23b)

(p+2m)+27N NeZ (23a)

IR, FIATRBUEERR D S RIA R — R INE o RS T30 2 3 25 A B A ]
PAWGES A, (HAESCERDER R, S SBud FIESHE . #70 Spectral Flow.,
BORAYE T 2 FI e R AL Bq. 2 R RBAE P42 r = \/2m0 4B, I TR —4

REZL ERIRFAS, RGBSR A Qo WERIEGFRIBSMIAY— N EES . X I RET, R
S L FRHHE H CRBE b, R ] LR

ZHIFATREM T4 v A BB RERBOE A I, EK A AR ST G IR AT . Hfes
e v v+ LA BHERRH FER, JF v A LL %ﬁméiﬁﬁﬁo I FLRESA AR, 3R

S SO 6 T AN



4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

L2 A IREAE T B R B A G —A3 7 AR 1, 7R Bl F P B Bl R A 1
EHCE, WX ERAE” e = 37, BRIRHESHImICN R, Bk
A Qo EIRHL T AR . WA K L B AT AT 3 -

Vy AD/AL 21

Ay A sy v L

(24)

ATPAR BN -G ME! E SRR 002 v 4~ LL RGP T ARRARE-T- 65 10 44

o

73—, H T ERATT R A e 0 1 PHE, FRATTE AT PATE @ 5 1) 4 it - T
HREEEEN— MRS, REEF DA 4 S0 “EoMER S,
KISFR . SRR, ALHABIRRGERIUT, AZFRT .

Figure 5: Laughlin fAHSZEG

2.5 Kubo A

HITEFRATE N TR W EIRRUY BT iR B2y 15300 S P IQHE Ry &
5, Kubo J7AET EANE, Kubo JyAR4y 1 /KA 5e 4l i1y nD UL I A4+
YU ke

E XAEMEIM A Z A, ARG EWE Hoo X 0] AR iR ERAEE T B d TG

WiE Eq.9, tn] DU IRAYREMT L TAERE) i il . SIS, 2B Temporal
Gauge ¢ = Ay = 0. QIICHIAMEIE £ = —0,A. A5 AKX LI S BB 4 (i

% 457 T 6 e



4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

SR
AH=-J-A (25)

Horp IR RN 2 AL RS E = Eoe ™, X T HRAZG AT AR w — 0
HIMKFR . Temporal Gauge £ 2R X5 :

A=t (26)
HEJCHITE A, o AH 05— B DRI 50
Ult,ty) = Texp< h/ AH(t )dt’) (27)
sl 7 3 Time Ondering 14 . 6ACHLIGAOSE I R 15754 A5 3 P-4
(e = OOl @80
— O I B)0) 8b)
<o (30+5 [ ariame.w) o 280)

XA |0(8)) A ARBPRBAMELS . f)a— A PUEA] T Dyson EURIF, I H LR
AP —Bripdt. 002 SR RAAIE G, AR PR S ABCE N 0. fUA
Bq.26, 13EIfuikiZans:

(Ji(t)) = Eiw/ dt’<0|[Jj( N, Ji(t )]|0> ot 29)
B ﬁiw (/000 di"e " (0]1J;(0) Ji(t”)]|0>) T (29b)

TEARHUTERAL S SN 5352 43, F A SebEEIE o L BODLBICH s e 775
RS R T 2kt

e =%/<W“m L®)0) (30)

sef N Kubo A5, BE—2, FADETTEL ERLAS A . E SRR K

% 45 8 T 6o e



4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

KRR [2] A LAy -

Ha,@(q’t - t,) = _iG(t - t/><0|[Ja(q7 t)’ Jﬁ(q’ t/)”O) (3la)

Mas(q,w) = —i / dte™ =0t — ¢)(0[[Ja(a, 1), J5(q,t)]|0) (31b)

YU 70 P A LA FRL 3 TR T AR 3]

ImII,
0y = — lim ()
w—0 w

(32)

3 47D IR TR AN

PRAR PR 2 SR i BB TR RO B AR R IIAT . LA T R SRR LTS
SR DA S A A A B E R R AL, AR BRI A SR R . A sSSEr
AR m PR R B P e, A R S S s . HAld g 5k
L BERE S F TR AR L, FOR R e i TR R P B TR B vp, ZYHOE
BUN=AEER . IEFEH RN TE”, ARENREE W R, HRR R TR R
PR LAY, HR P56 H I -

axy:—%ez(Qn—kl), n=0,1,.... (33)
R T AR SR I — IR BB TR A, FRATE e N B BRI IR Il i, 2
HIE AR 1 AT T T i Pk TR AN IE A, AT KR e . o X
MR L B RN

E(k) = £hup|k|

X B IE G005 70 S0 B (MLl e R AN A e [l AR e 7 AR Y

- 1 . i
(" 0y —m)p = 0 ¢=< >,7“:< ig>, (34)
1 —0

% SO 59 T S S



4 Academic year 2024 : ¥ & A 4p32 Per aspera, ad astra.

Band structure of graphene
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N 1
=T (49)
FL b B SR OCERIRA TR B T, FOARATIRA A A8 REN
Wi, FORA T HEBE TR ER, SHME A AR, AR RS ET
FEAEARRAA HAE T, I HAFAE Pauli exclusion principle. FRA TR 2250 5E X 15 K 4502
TEUERG, S AN I eR BRI BB AT 3 A I R BOM LR 22 M 247N, 7 99.99% Ky
. X—GRAEEZ K (DFT) 5 Hartree Fork Method £5 #5 2 UIAH X [13, 14].

4.2.2 The Wigner Crystal (Laughlin State J{0| -F})

ALK T, XA PR B A AP S, B B AN R RO TR R m ER AT
g, SEPR EXTTARKI m, FATHONGE X LR, 24 m RKE, WERE R F%E
WAL, M TSE T RRER, Wiie Wigner Crystal[ 15, 16], 1 A2 A5 Laughlin
State, —BORULIX MRS K ATE m > 70 O T &4 B TEE &R v, #
ANEFE i Wigner Crystal, 271] PA A Laughlin State JT{2LAY
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4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

423 FRTAELE

TN E TR IR MR I AR Ak BoE TR Y., H 2 2R
7 RS, LAESS BT B S RE A S50

X}F Laughlin State [ 3EIH—fLIMAESE, AT AS 1K,

Pl =] 'Zﬁz—ff'me_z % (50)
1<J
X ELSTBREL, WA A
N
Z = [ =Pl (51)
=1

BHAFOL, FATT A SR 2 MHEE ML, XA 2 LN, JATAT
A H HOOH B S5 25 75 fiE

|Zz Z]‘

—BU(2) ‘Zi — zj|2m 2 o 12
e i :P[Zi]:Hl?—me 2p =>BU(,ZZ)—22Z2

1<j B 1<J

(52)

AT 6 = %, WARFIXT m < 70 18, Xﬂ: m B, %iﬁlﬁi’]?mf“?)tﬁ;
%, HIRFATEI TR 8. JAVREW 6= 2 2, Sl U(z) WTARIS
TR, THREEERE, 61 LE%/I\%EQHE

() = tog ) ¢ G 3 (53)

1<J

X HUE— IR TE 2 AAFFERAT , 7E 2 AL B a8, HISK# —4E23 R4 Laplace J7
i —V?0 = 21qd* (7). IR E SO —MEE WA RS, RIRE e R
Laplace 7 —V2%¢ = —éo XA A GRE H TG G AR TR E 2 X p
A, Al DAZE AR 1) 4= A .

% O 45 17 11 49 X



4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

4.3 WMEE

HF RIS, TAVHET v = L 0 TRANN RS, RINEELEIMES, £
T TR PR SR TROMOR S, A B MR TR . Fo1BE9E T DIERT A
L T2 R L

TR T IR BAE R ) BIRAAES R, IR AR B ] LA A

N

Yoz, o) = [ [ (=) [ (2 — ) e 20 =040 (54)
=1 k<l

SLbr XA R BT R, NS TR AR, FTAILY, X LA A
AT rZest (impurity) . 7E55F B TRBCE S8, WERAFAE— AR5 B 7k v fr
R ARSEE 5T, IR AR Ie S5 B TR TR Rl X o R LR 4, TP R
PERUZ o TERHEBUZ DASE , XA 2R AN n] AT Z W 4, ITAE XA 2% ST Y 1
M ATDARA L TSR RCE S 0, XA A R BOAL T . IEAN T IR 45 Y Debye
BRI B HIAT [17].

© o ©
© © © o

Debye sphere

90 0 o)

Figure 11: Debye shielding

R, fEa—gE i b, BeREE G DA IR E A, X EAZ ROk U B
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4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

e AR WIARAE 0 AAFAERY 102 m BT, 845 Y Debye Bk 4hie 2 —2ny, It
INFRATHREEE & m Brig T i R SGR A4, FROT5ES W A 5 R 4

N
¢m—hole _ H(Zz . n)m H(Zk . Zl>m€* Son |z |2 /4l (55)
7 k<l

HA <5 B TR RE

Zi — Zj Zi —
Ui = = Y tog =2 - 3 tog( 22

1<j

n m
5+72mﬁ (56)
413 <

WAL S A B TR S RER L, WA BIAERXAN T TRYAL, A Ey — =, X
SRR A RN o FRATAT AL AR AN s 45 7T (quasi-hole), #EAHF T - (L fif
B xRk, 2RO, ROTMA L2 #id.

TSRFATT AT AR 0 RO ARy, SR o T BR AR B T ROV AR T B 1, W AR
NRERLA 7 BB AT 4R T B0 v FESE AT DA R A [18] MRk [19] &
R, BARSGERAT .

7

L A

Current noise, S; (1029 A2 Hz1)

t=073

|

0 200 400

Backscattered current, Ig (PA)

Figure 13: Interfere Method

Figure 12: Noise Method

Sebr X EIE B eR R, BA TR R B T ARSE Ay Iy sl X R i 25 AT 28
SAMEAEN, RIPREP SAAEEA n; — my W00, R F 02 R R 95 RE

Y(n,2) =] — ) G =na) [ [ (e = 2)me = el /Al =20 e Al (57)

a<b a, k<l
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4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

=—m Zlo |Zk_zl‘ Zlog Zl 77] (58a)

k<l 1<j

m
+—22|zkl2+—22|m!2 (58b)

4.4 syl anyon
4.4.1 anyon ¥4 FIPE TR

anyon fiz F 2l A FES ) FE2E % Jon Magne Leinaas £ Jan Myrheim -+ 1977 4E¥ERF5Y
A A p R TR R, RIS TR T ST A FEE A [20]. 1982 4, Frank
Wilczek $2 i T anyon fUMEE, IRAIRIE T anyon FE =S [a] P g it M. [F4E 404K
%?%%ﬁ@ﬁ%%iﬁﬁ&%@ﬂf?W%ﬁﬁﬁ%ﬂiﬁﬁi?§$ﬂr¢M@
K& anyon[21, 22],

TE=HE= f) v, FATATDMERL T3 A B T (boson) FIZEK T (fermion), 3 14

PSR PR R EORAE , ok T2 A AR FAH LA A NG, R

KT EPRRL T LR, AR S R A R T LA ?Eiu%tf

KREAA . R ARy, =4 E R AR R Z Aral, RERX AT SRS

FR ARG AR IR, TRBATLEL T AR B — A [l ﬁﬁ%ﬁc?ﬁ%ﬂﬁ/\ﬁ?éﬁ
HEE BB, BUEAFAE—A [l o] g [MULF- 350 AT

{H2Y 53K e 77 AT HLAE B o5 A s, XA 25 ) S A R — > 4B 85, B
E S (I /N 5 I e 1 15 SO 1 N2 v a9 1 e 0 T 2 S 2 d g 1 S S 1
FAE—ATT L, BIEAS ] B% TCIR 4R l— i X T AR AB R0 [23] 26H, AB R0
HAFE— TR KRS, Wl RS B s, SR 6L, XA
G2 AB M, 52 | anyon FXDMERMEML, TEACHMUR ARG, SHM—
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4 Academic year 2024 : % % A 4p32

Per aspera, ad astra.

ABL, AR 2 BYEEEAS, T A I

(1, 42) = €711, ¢hn)

[, 91) = ™1, ) (a#0,1)

Figure 14: anyon A4k 1 3R [

(59)

(60)

5 E anyon IR ZiZUHE (braid group), ANFRATEA NG HgFLaE TR0, AT BB

7N o

Figure 15: 2%

Feomledy, RS e R R, B

\V/|l —]| 2 2,0’in = 0,05

V1 S 7 S n — 1, 0;+10054+1 = 0;,0;410;
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4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

4.4.2 sy Bobaisr s it

51 anyon SEps P20 TG By, SEiighie, RmHREIERL T, B
quasi-hole 52 —FpUERL T, /2P anyon. FRA1HE /G 75 BT R H A4 A GE
AU AT DURIRI G A B A e 45 B R . RO DURIAR O AAE AB AL, 35X
— IR A LA

AR MR TR, BRI RRERE, LT Eq. 580R, FATRAEREL
FFBIIC o R BCSEER T C 2 R BOHE 2 FAT T VTSR DURAR LA oS8 . FRATT T DA H DLAI] I
%, FEEWAYHE, oy

0 _i0logZ

(©)
S [) I —DURIRS, R 2
1
z- [T exp(3 tom e —mf +m Y toglos == g 321l 64

A1 BTG, IIESRORE 8 = 2 RUKAESE, Debye KIZIEILT VT,
TEFRARRD, BT BAIAE S 18 42 25 (A A E 20 R RSORS00 P DA Z2 It X 28 27 it
SIS, S br Bt PR 2 s R OR — A HIME S U B T R B R, AE R O,
lgE)

1
C=/Tlf%WMﬂ%Wmﬂ:ZWN—EEZMQm—mF+ . 2=l ()

2ml?
i<j B

FRATRI R A2 P A DA s

i | i
= 66
An 2m ; ni — nj * 4ml% (66)
. ] -
A = — + (67)

172771 Py ?72—?7] 477?,1%

Hil B N2 2SI GE VTR AT 9%, T e B ATERAS 2y DURIRE 62 2%, B AB A .
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4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

/== e

Figure 16: path and Berry phase

A1 B IA A=, WA ISR — I, Al AR 3R S 2 Uy DA A
(A

ed
= — d —dn = — 68
0 %(;.Ann—i-%lnn - (68)

FBEH AB ML, v =S, WTAE BIFRATHEINAH M RGBT DR, A1 i o i
ART s FSEFANTRT AR — ARG T B A, B U m AR
THAT TG . XAEEIIE & ok T EIe 4 AR 2SN

WERFRATT 25 SE R T — A8, RP anyon BYGETTRLEE, FA TR LARSE] LI E L o
Hrofl, FEHSEHTTPARLE o = oo 1% B EZS 85— AN 2SR 360°,
WG AT AR A B4 T TG AN HEZS 7T, 22 RATAHAL e

21

v == A+ Ay = (9)
C m

BEIFFATTRE] T HRATHIE SR, FEIE 1 #2702 —Fh anyon,

443 hibF

TN F R T X T2 R ) K AR T a0 g0, FLARTT AR BIAE He D R B X
ATLAE BB A TR 5, XA SR M2 B IR MAETCE ¢, BHE TS
A, AR BRI R, R M2 B IR MAETCR ¢, FRAT%5 & —
ANTHETRIAZ AR —A> it R g — A AR Il 21 e, — A=A, AT 1A
i
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4 Academic year 2024 : % % A 4p32 Per aspera, ad astra.

T5

Figure 17: $HFNTHIFHFIE5H

FR AR FIAEE G T M T, T35 = RRES R TTDALE Ty, BIEISHbRERS 1, i
AN R BT DR T DA PSS, B T T = T
AR S 5 SRS — ], R th B AV, Sk 27/

Ty = ™™, T, (70)
BT ESORUE, AT A L H gL, H

Ty|n) = *™/™|n) (71)
Toln) = |n+1) (72)

XA B 1 BRI M. Y I i AR R HAF AR AN A &
Hll Chern Number, X1 RGAAE—LEIBIHI T, T EmIMAR, BORER
PERA SR AL

1

_ 2 _
C=57 ), 0% (73)
L 0A, 04,
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