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Abstract

Abstract

Topological physics is one of the greatest advancements made in the study of
condensed matter physics since this century. The introduction of topology concepts has
taken the classification and understanding of matter to a new level. The first topological
material derived from the concept of topology is the topological insulator, which is also
the most representative one among topological materials. The bulk energy band structure
of topological insulators is topologically different from that of the outside; therefore, the
topological transition happens at the interface, giving the topological insulator stable
interface states. The topologically protected interface states are the most known feature
of the topological materials. After the discovery of topological insulators, many other
topological materials have been proposed and experimentally realized, including Dirac
semimetals, Weyl semimetals, nodal-line semimetals, and so on. In recent years,
researchers have started to investigate magnetic topological materials and higher-order
topological materials, and design and manufacture topological systems in classical
systems such as optical systems, acoustic systems, and electric circuits. Because their
energy band structures are topologically different from those of traditional materials,
topological materials often exhibit various novel physical properties. This makes them
the ideal platform for investigating a new class of transport phenomena. This dissertation
will study the transport properties of topological materials from the following aspects.

Starting from the quantum theory, we have studied the magnetoresistance in various
directions in several low-energy effective models, and the effect of different types of
impurities has been considered. By the analytical derivation and calculations of the
magnetoresistance, we have obtained two important results: first, the longitudinal
magnetoresistance in the quantum limit is inversely proportional to the magnetic field
strength, independent of impurity scattering, in materials with a single Dirac cone
dispersion; second, linear magnetoresistance in the quantum limit is not exclusive to
systems with linear energy dispersion, but can also occur in systems with quadratic
energy dispersion. In addition, calculations show that the long-range Gaussian-type
impurity can induce both linear longitudinal and transverse magnetoresistance, but the
screened-Coulomb-type impurity can only induce linear transverse magnetoresistance.
The above results reveal the scattering mechanisms and the corresponding physical
meaning in the quasi-one-dimensional systems with Landau bands, and explain the linear
longitudinal magnetoresistance observed in experiments. The investigation of
magnetoresistance in this dissertation brings new insights into the transport properties of
topological semimetals and advances research progress in the field of linear
magnetoresistance.
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We have developed the theory of the charge density wave under the magnetic field.
Calculations show that the electron-phonon interactions in ZrTes are responsible for the
form of the charge density wave, and the three-dimensional quantum Hall effect of ZrTes
is supported by a fixed-Fermi-wavevector commensurate charge density wave. The
three-dimensional quantum Hall effect supported by the charge density wave is special
in that the magnetic field strength simultaneously governs the order parameter phase
transition of the system along the magnetic field direction and the topological phase
transition perpendicular to the magnetic field direction. Theoretical analysis and
calculations in this dissertation can explain the three-dimensional quantum Hall effect
observed in ZrTes and help to further promote the dissipationless transport into practical
applications.

We have proposed using the nonlocal measurement to distinguish the axion
insulators and normal insulators, and comparatively investigated the nonlocal resistance
in the ideal axion insulator and the antiferromagnetic MnBi>Tes. Numerical calculations
show that there exists non-quantized nonlocal transport in MnBi.Tes, which is robust
against Fermi energy change, impurities, and electrode thickness. Additionally, this
dissertation discovers that MnBi>Tes devices of even-number-layer and odd-number-
layer can be distinguished based on the nonlocal resistance measured in different ways.
The above results provide a practical approach to measuring the nonlocal transport of
MnBi2Tes in experiments and search for axion insulators.

Keywords: magnetoresistance, topological insulator, topological semimetal, three-
dimensional quantum Hall effect
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Fig. 1-1 The quantum Hall effect!®). Experiment measurement of the Hall resistance Ry and
longitudinal resistance R,, of GaAs/AlGaAs heterostructure at a temperature of 0.3 K (B is the

magnetic field strength.
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Fig. 1-2 The concept of topology in math. The mug and donut are topologically equal and can be
related by a continuous deformation, and the topological invariant is the number of holes. The left
picture is created by Keenan Crane and Henry Segerman / [CC-BY-SA-3.0].
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AR GRS, LA SR AR AR SR A

Fig. 1-3 Sketch of the band structures of normal insulator and topological insulator. Both are two-

Edge states

dimensional systems, where periodic boundary condition is taken in one direction and finite size is
taken in another direction. Blue area denotes the bulk bands, and red lines represent the edge states.
Solid lines and solid fills represent the occupied states, and dashed lines and non-solid fills represent
the unoccupied states.
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HIZHmT DU 22 (] AR b, DRI T8 ) 2 ) v, N8 G ARt e A 2 R P 3 ) 5
T AL RIS A5 RER S A AR o R A A E D REBRIR R B &b 5, Fhath e
AR A ER RSS2 18] B9 ¥ A AS R, DR SN S AR ) i 2 AP AR RER N
RIS o XA S PN G A N B A S 5 L S AT o R B A R A ) 3 PR 4
P IR EIEE) KA KEZRWL, E5AHI GhiAERENT) KIS F %
() ST A — € S AFAEREBR AT A SIS o 3 X P A S FRAE S0 ORGP 1 S T
A, BEAERE (non-trivial) FIFTIAS . MIAHRLH)FE (wrivial) Fr&S— A & A R
K/NIRERR, I H B ZHAR M2 .

»
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Parameter change

Bl 1-4 SRIMEERRERR (Gap) ZBLIREE. TERIMEAES, SR RERL RN E,
Fig. 1-4 Schematic diagram of the energy gap change during the topological phase transition. In the
topological phase transition, the energy gap at the transition point must be zero.
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HI T S AR B S I S AEAE T T A W T Re i S AR T RIS R AR
T PR ENAERE R, ot St A i 1 o A DA ROK A RSR S T FE T e A A )

B NIRRT RN 2078 . —4ER G54 DT, 1 —4E R 555k
FHI TN . L et R G AR 1 4EIL S BT T 4ER ST

SR PR SEB FR T BOIR 1 $0 DAL — R 2 4 A 2 i 1 B8 (multi-terminal
device), PAJE B iEINF R I (excitation current) M & B & 1 7 VAR R LIRSS
P . BeAh, AT DU A REE B8 (scanning tunneling microscopy) B3
T AT 24308 (scanning microwave impedance microscopy) B & R A4 K
Jea S DX 3B P FL o T = ZESR A PRE, AR LG TN B e M PR R L 4 R T
A, HHADPECHE RIS (angle-resolved photoemission spectroscopy) E %
52 PN RN SR THT BT BB Y 485 1 B g A 2,

1.2.2 $hpeasxin

WA Gk R RTCh 2 e 2, e IR AR . RSeS|,
a5 AR LT 2007 SEAE HeTe/CdTe &1 Bk 1 CSEILIIA , fE oy iR $h a2
&, HIRIMR L FSIHA E MR RN IR, V& B IeE RN . fESL5
EIRYSEBNRIES S R AR NS S el o E N T P v o L g7 274 2 E2 QTN S
BHNEZIRIE InAs/GaSb BB FIFE W 2 112027, &7 1 e e /R s T
TN, ANTNE F BRI SR I T R S5

VT, 7E BisBrs BUSREG I8, B 5T TE S I A0 N R R B B
M E) [ A7 TiA A0 FEB RN FRES, WE 1-5 . BisBr B Sa RSt 5O M
R, gl Bi JRTM Br JE 1SR Se T B 4R TR PR HE B = ZE A . DRI AE
SIS HRE AR R 5 AR B —4Eih 5. B 1-5 (a)) BisBra A HHHAFE ST H
F R (scanning transmission electron microscopy) MLl 2 ) & B LR Hu 55 1
Hrb GNP Ay B PIANRIH I AR 2 —A> BisBre 12 Kl 1-5 (b) A3 fliBE1E
AR IS B A 2 R B A ) AR I, O A R RURES, WO SRR .
ALV R, 7E BiBra BENLSAAAE RN FHE . B 1-5 () AT B2 bE
JER/INIARAL T2, e 2T 60 R €0 BB 22 23 il 0f R AE ] 1-5 (a) P 20 s S (6
TEAL BN EE G, BIAZ AN . AT LR 2, 1£ BisBry N A 5 BOK Re 20
i (RUEBCRIBERRD; MEUZGMMETReELAE A S A, BIFEEITRERR T
WA B 1-5 (AN BB AR R 2, BN 1-5 () K & Sk bR il
) 6nm XA . ATLAER], SHE (RELAE) SR Bl 2 2 8 50l
i
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Fig. 1-5 Topological edge states observed in BisBr,[?8]. (a) Topographic image of a single-step-
shaped region in the BisBrs sample. (b) The spatial distribution of the differential conductance. (c)
Differential conductances of different regions as functions of the bias. (d) Differential conductance

as a function of the distance from the edge.

YNGR AR 2008 SR IR TSI TR EL 3, BixSes &AM B (1
F5 BioTes, BixSes, SbaTes 55) NI ip (R KB4, TEFH MG AR BIM R 26, T 22
FoKBE BN ARG IRERR 2 o AET 4idbkl, =48p 87033 F Vi 15 1 5 20k
MU H PR RER, TR SRR E A BB R I B Ak SL R . ] 1-6 sl
M3 (Bi1-sSns)2Tes FEA RIS ZR KL & I A1 40 HEOGHL - RE R0, H A& 1-6 (a) Ak
BB 4l BioTes HIAETE, FE(D). (c) () HIXTNIBIIRE § N 0.27%- 0.67%A1
0.9%Mf F e« Bl 1-6 B)F B 28 —AT Il & BT 45 1) 2 oK1, 58 =47 B il 116 e
W, 5 AT AR AT I R A s i N T 1R) 5 55 AT A SO - Bl SSBLUBCB.
BVB. Er FIFRIH A NR M ASRENT (surface state band) . #4574 547 (bulk conduction
band). &AM (bulk valence band). ¢ KEEE (Fermienrgy). MK IEENE AT
LUTE MG BIER S RERR Th 2 U R A RE T . Hhoh, MBRIKE § B3
0.67% M} FoK e e 7 TS R BVl R A s i), BPULi#R AR 1
LT N R L 2 R P P A e fks o
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(a) 6=0% (b) 8=0.27% (c) 8=0.67% (d) 8=0.9%
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SRS E 8 9 0% 0.27%- 0.67%F1 0.9%H o B —47 (1) illfS i 2 KT 58—
AT VRER:: B =47 (iti) M 55 AT R B A0 SR a6 4
Fig. 1-6 The angle-resolved photoemission spectroscopy of (Bii-sSns).Tes with different doping
concentration d. The doping concentrations 6 of (a), (b), (c), and (d) are 0%, 0.27%, 0.67%, and
0.9%, respectively. The first row (i), second row (ii), and third row (iii) of the subfigures are the
Fermi surface, energy dispersion, and origin data of energy dispersion.

BT 28— M IR B A RE T U B PN AR () R BT T E A A 082381 s
Frptklrb, hhdaSik N R 5@ L AR PR AN R RIE T B H R PUE R A
(spin-orbit coupling) 1 FH 7 K [ P4 5 57 I Y [ 7% (band inversion). PAth, 4
A 08 B IRPUERE S 1E IR SR 5k . B RFUER S 1EH T
5 P RO HT SO A D I8 48 S AR B PR e AR I MR ) S8 B 1-7 N T
SV E TR0 BixSes A B TREMT KBS, W LA 24 2% 58 E e IE R
HAEFHRS, RERER /MO T T AL 49758 B IRPUER S EH B OO T Re i B S,
I A AR BRI MAE K 7 AR B BT BRS8N 1) IXRELE T s Ab i 5EH i
JP T, Rl 4 B BEPUERE G B0 NI AR IR H G Iy, T s Bys B e
TN BT IR ETAR K



(a) *

AW

z F faﬂ

T r L “r2 F r L
B 1-7 ST MERE ) BixSes RS HL T REHF IR, b (a) RI(b) 40 BIA R %5 FE 1 et
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Fig. 1-7 Bulk band structure of Bi,Se; found by first-principles calculation[®], (a) and (b) are the

Energy (eV)
Energy (eV)

results with and without the effect of spin-orbit coupling.

RE 11 MR 5 % DN il ST BT i ) 9 FAE AR AE SE B A B AR AE AR A SR R o 3%
BIALGAR, BIINEN T IR FAZARR, B8 KRS E 2 & A = 1 E T
B4 sy pv dv FHUE (BEH). 1 HRSERMESIEH S SEEEE R, Wi i
REE NS K. BRI B e ShE R & 1 F 2l e SR AR I e S 5 1-8 Hiik T
BixSes MRS REMF T A ALBETT T S 5 St 2R3, 72 1-8 (), (DD (ID. (TID
=N FRE A 45 A (chemical bonding) . fliA37BE%4 (crystal-field splitting)
AE e UER S S R Bi M Se JRFRIBESR 3, HrhHEHUERME1E
R AR R R T T AR IR T K s . B 1-8 (b) A T2 — M B BT
H 13 BixSes AR TETOKEEE B TIPSk ReTHEAE B IEPUER & 1EH I IE 2 1 o
MAE T rabreE 2. FTLVE B RER S /ER 28 T &R T mAbhe
e AKRIIT KA T I TP SR (1) AR 2 B8 7 A7 16 O B e 1T 57 28 444
GARRASRET N IE T, DRI AR 1 24 S A A8 A, 1) 35008 40 Z AR I 0 SR P B o ST
R AR N IE P Ry A, X By B SCrb i B4 FhAH AR A2 1 SR ) 2 A A
o H9E E B EIE RS 1 2 BRI ES B 7 P S v BARTHE T SR A 2%
IR Z —

B 7RSS RET T B, BRARTHE I A PR 7 R e A R AR Ao . 5
—MTIENEEITH RAERRIALE . 4RI ER R H— Z AR ED
(s T = 4R P02 2k T el DO N PR A AR SRR B0 2 R Gt A A ) S X R
% Cinversion symmetry) I, $HF0AARERTHE T LRI 8T & 38 B AR IS Hh A R
HEHEYE (parity) BIFRARBA, 55— Pl e PRHA MR 77200 BT OISR T
AR 758 —MEEHEEE A, s SRR TR E AR T RGN KT
PR R HLST, AR PR o B0 R SR B R R R
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Fig. 1-8 The process of bulk band inversion at I" point in Bi»Se; . (a) Schematic diagram of the

band splitting and inversion at I point. (b) The band inversion at I point with increasing the strength

of spin-orbit coupling, found by first-principles calculation.

ICREA OB 40 404 BEEFIR N E B 78+ 70 B . AIRAEA RO AT AT 2 i
Pt B H A R, B AR — LU B O R BB T B DS o 723X Le 90 A ARG
AR r, BHZ #AYJUNEZ . BHZ BERHA N 2 — D Z4E iR A SRR,
‘B /& H B. Andrei Bernevig, Taylor L. Hughes I Shou-Cheng Zhang 7t HgTe & ¥ Fif
R gL R AR 0T, T o — M R L AR AT, ik - p 7R3 3] BHZ
fIRAEAT RS B &y

ez = (1090 Co)

H(k) = e(k) + d;(k)g;

e(k) = C — D(k2 + k2)

dy +id; = A(ky + iky)

ds =M — B(kZ + k2) (1-1)
Hrk = (ky, k)N8R, o MIERIEERE, ivBlx, yElz ( RidFRIA P FETE
HHPRFD. A By €. D. MARRZSE, eIMBUEH AR RS RE. UM
MBHUHFIFF F Iy, BIMB > O, TX AN R0 43 1y 4R A A AR A RS
SRR AT LB #E B R R R AR =B, B R BRI R ST 5
FIHLTCREBR LTSN, MMB < OFF, I B85 F 1A (1) — N80 1) — 44 2%
o BRI RAMICREA R0 A v, w7 DLd [ 5E B () HUE 15 MORB SR M AH AR .
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123 it ER

&R BRI AEZARZ Jafe th I — M kL. E& RN IE TR R
LA E RSN — KR &R 0 i AN i oK 2 M —
LAl A (crossing point),  H7EH firh i B T B B V0 ] A 1R B 1530 1 5 42
PEREEL . RAE Re T il R AN, AR FE S Nk ke, A
IRNA IR, TR A R IX = A AST38) e i i@ AL T R AN R (0 R G2 T
AR . AR TR a4k, bR IAS R IR A RERRIK, (HIRZ 4k
&/ A B M A
Fi¢ ] B PRV K R T~ 45 8 1) 3 s AN 5 FE PR BE BBt R — AN, Bk
$i 7% 5 (Dirac point), HAERKHE b 5 MU 1 BE 1A 55 26 M L UV RRAE o ZKBL e -4
JE A REVEAH 24 T S dm Re il () =4, A8y R L, B DL EEH LR E
(ks 5 75 FE TR R gk ve TR R B T S AR ) — AN, KB rs
N
H=cp-a+mc?p (1-2)
Hhe i, mAp = (py, vy, ) AR TR E, a = (a,ay,, a,) P
KB e . B RIRETE N

Ey = ty/m2c* + |p|2c? (1-3)
e E ME_ By, ATRUEE]: MR ETmBOyER, E,ME T a4
T, BENpl T, E BRI A, MOV, S DA R
RERIFIAS . 2m = O, Bk ST SRR 4 () TE R o 5 4 J 46 3 K fl i
R FRO R 0 3ot KL T B A4 R Eh1 ok o KL T 2 4 B B oK R WA
TR MR TR KL SR T B JE TR RGP AR, I
KT — BB HRIE IR -
TESEBRAPEL AT, NasBi Al CdsAsy Jy IR T 42 J AR e 114.3840-42) | e (15 9 K
B BT 359 — o L 5 o S Bt ) 0 PR A A T 52 0
SO (P [ BT, B 1-9 AsaeiilfS NasBi 845 Mot d AN, oy
LA 2 0 H A A 0 KR i A S R M RO B o R O RS 7E ¥ %2 3T R I
AR IR o B8 T ELBEA A 40 90 F T B RS AT I B4, T DS i
s S 7 ) S T K 50 e £ MR R . 3 DR A L = R R
I 19 HEL 5 5 0 TR A R VA D 244, £ SEBb bPRMEI 4 AT, T NasBi
L SR e 2, DRI A 4 JR (OB 78 % CdsAso BF i EIFIRINE 2

g [45]
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& 1-9 NasBi (M 73 #G R T REIEM. () [FIBE SN M 20 #t il T REiE R [ R s B AR R &
MHEZ L (b)Y 7 PG H T REIS SR 5 BE B MBI 2 KR R .
Fig. 1-9 The angle-resolved photoemission spectroscopy of Na3Bil*. (a) A stack of plots of the

o O . 02
}(7/‘4).01 UJ\‘Q"('\'Pq

constant-energy contour of spectroscopy intensity. (b) Intensity of the angle-resolved photoemission

spectroscopy as a function of energy and momentum.

WAL 58 - < g o F I 8] S 35 R 22 18] Se S AR PESL R ORI, i AR
X FRIERBIRI , KL 50 - SR H AR R SRR TR AR
B FRIFEA E LR BRL ARRE: EAVREERT, SR s s, BISk
IR a WU L, HAERAN MR S EAAAEE WA e RS . FTHUN 1H]
S B AEAE A 2 8] B Rk i) A 2R e e g a0 A — XA R R T8 1)
ISR TR A AEL A A R 150 S 330 AR P PR S0 2R 2 <5 e 2D A W X A1 R BT FE AR A
B30 B HE KL 5 AN AR DT R P R AR A, TR PR A ORT ) A0 R A 36 AR B 1
(chirality) . FHLEFAKALTE AL ANMREERRE 2%, RGNS HAACE T A 2 X5k
IR AR B A AL ELE RA AL » ELE A S B REAE A TR S AR
SeiE (RIARIKPL o)) FHTIFRERR . MR )m I iAS BAR B RERE, (2
AR R T, Gl AR ORI (Fermi are) o # BUMEHI 2K TH (AP
PORRERAL IS LB R 22 8] (7041 AR P& 1 4 i 7 oK T B Oy — > ]
IR BN R BRI, FOKRERALKISAE —4iah B2 ] 2R B0 A,
BV A AT B B B3 I PP i 0 N AR 2 o A AT IS R AR R

BIRER B2 HEA 1 ANRIOK T B TN, (B4 & RERL TP B i s 4a
[ AR AN R R T B UL, 10041 A e B A IR A A0 B 2 5 m] DLAE A e
RGP TSR T R TR IR R T . TaAs SEFRARN AR 4 Jm AR
L, B JE T AT A S AR TR AR SR, — A 12 W AMR .
1-10 A HCH T RENGE TaAs B iU 2 9 PR 9IS AR B B 1R T 5 45
KW TAE R, B 5B T A RO — 8. BARETOK AR BAL IS — Lk
Fot P RE A SINRIP& SOKIE, (BB KR i AT WA o

- 12 -



R

— -0.2 ﬁ
1
~ L2
T -0.4
= #
/ | -06/2
| / I
' >
aqmis -0.8
M<«<Y>M -0.10.0 0.1
Low === High k, (A
Surface Low o High
contribution Intensity

(a.u.)
® WP+ WP-
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Fig. 1-10 Fermi arc in TaAs. Left figure shows the theoretical calculation results, and the right figure
is the intensity of the angle-resolved photoemission spectroscopy as a function of momentum. The
green curve pointed by FS-1 in the left figure and the arc pointed by number 1 in the right figure are
Fermi arcs; red and cyan points represent the Weyl points with opposite chirality.

BEERT T AR, B2 E A BB R — IR EE e
H 475 A AR 3 B2 K B B ANV DDk AR i B S Ay a0, ax
KANREETRBFRNE KN RFEEJE (type-11 Weyl semimetals). 15— LEHfF 57 H
2 AR EU)KS of K e B WI G D)k A7 s AT I B4 0 K 43 N B = RO R S R
(51521 Sty RO A7 A AH RN, FEAS 2 52 BRI PE T o bk, X FARAE BB TR 1
SRTTEMRIFEEH Tk e &g . Ea@shRE&Et, BMMREHEA +1
B — 11 # #Maf (topological charge ), A L& 5 oK FHARVE HL824of (monopole charge) .
P ar T DLd i 5K H 3 A DU it 22 05 P BB ER AN 1R RO ERTRIAR 7315 31
FE— ek, Ay A 128 AR AR A AT LIS B 28043, e il iR AE
WEHNR¥-4 )8 (double Weyl semimetal) BIFI =4 /R¥ 48 (triple double Weyl
semimetal) B4, XU AP R4 @ M = EAMR P4 R M REETE PR Ae R BT A B2
LMEEHG A1 BRI =R  EAE B S SRS E AN O $h H a7 )
KAA—F . B RM B, 2 HEIMVREIEEREZ TR B 7T ETCKREE W
IS A A AT — AN, RN R 3 R AR R A TR
HefuhBol, eI RN T 4428 (nodal-line semimetals) . X £E)) & 7% ] (195 2%
A DAAH ELARE T IR, X A e AT A B9 S A I Hh A S5 o 5 26 F 4 A ok
IRFEBBEL, BRRMSEIED A T4 WP, 7Rt & bl — 59
&, S A A — ANl AR PR N T T 2 42 )& (nodal-surface semimetals )

[59]
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1.2.4 R&MEFRIMARL

R RGN E AR BIIL A, B SEITOH T & T8 K
REONATI IR T BEAEAS LN B GI NG o ek, AR A 1 7 o AR P 12 Joi 11 52 i 12
TMEASIRIC . IHEF PP ITETT LU ) N BN ARG R4 B o 55 —Fh 7%
Fe ik 5 A AR B T AT RN, (proximity effect) W ¥ A4 R R HIRE AL
[80.8L] 58 — b 77 v A JE ok W P A B 45 A K BV 51 N SR F A AL 162641, gk e i
izl RKKY (Ruderman—Kittel-Kasuya—Yosida) #HE.{FH 5k Van Vleck #H H.AE
FE AR B RE o AL 08 250 N AN 75 24K B 5 0 A A8 2 A4 B & A BEAEAH
H AR 5] NBON TS R REEDS, MiREYE S 2% I TV EAMY 7R B IR G A R
WA PRL R 2 5T, T L5 SR A0 45 15 AU BE A A 2% 5T 5 ) N R 1) R ) AN 4
PRI FH P RS0, Rk, AR A REVE SR AN ERLN. B A REVE S R, RUARTEREPE
4N EL (intrinsic magnetic topological materials) .

MnBiyTes 2 5 — AN SLI SEI A SR KGR 4 8 24 . AR BLAE 2013 4F
MnBi>Tes 5t CL 4 TE S5 H R Th A BRSO, (H M3 M ARG L 31 2019 4415 3
R TR TS 0T S G AN 23], MnBia Tes HH RETE F Mn T 5TMk, BB R
FoRUET Bi A Te J8 1 BHAEZIRG M, B— A HANT H IR, 102 A2
H SR AE R S AR — I . HRTE R JE/RIREE (£ 24.5K) I, MnBixTes NX
AR e g Ak . fE s T e RIRFERS, WP AN L At . W 1-11 (a)
FroRI67, @ 7R i P AT DE e W A 2R B L AR A e AR B . ARG T A R
i 1A 2 A P T A 28 Bt i 2 R AR A AN [R] - DR A 28 il 2R 7 JE R R FE AL A AN TE B o
MnBi>Tes THJZFEZ ) B8 # 2 B Dy BRI ZE A7 [ B REET4T R, 1M
BT B A2 R EFCRERR A, WK 1-11 ). Bl(e)M(d) 7 ml A% T4
— VA B MnBizTes b 3 HUFIN R 111 1) 6 5 45 44 1 81 78 51208 77 Thi
X RE R ) 2 1T FEL 1~ R i 45 1) B A 20 O FEL T R U = 45 SR H AT AR AE — L8 5
WIOT AT SR R ANAY: ol R TH PRI 1 2= T O o (H A - e rE T RIS 1O & C 2
T MnBiyTes F I (177 LEISTT 79,

BT 58— MR IR B DT SR T T VR 2 ARAE RGP B 2 4 B O8N, {5 s Bk Rk
P EE CuMnAs T CuMnP, AT 1] I8 0 R P 2 R R 1 R A2 CE T R 3 T8
R ATTARAT ) ) 2 ) S Jsi 4 B 0 AR 1B, ZESIIR 7 THT, T kagome fh AR5 F4 I Bk
FEAN R4 )8 CosSnoSy 15 B K EAF 78387, HAME S256 H 43 2 A A A ERE P ¥
It B BT CooMnGa. CooMnAl 450801, fo BRpg 2514 (¥) CdPtBi.

FeSn 210192,
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Fig. 1-11 Magnetic susceptibility and energy spectrum of the intrinsic antiferromagnetic topological

Energy (eV)
Energy (eV)

insulator MnBi,Tes. (a) The magnetic susceptibility data found in the experiment!®l. H is the
magnetic field, ab is the plane of layers, and c is the out-of-plane direction. (b) Sketch of the
electronic band structure of MnBi,Tes. The red and blue lines are energy bands of side and
top/bottom surfaces, respectively. (¢) and (d) are the energy spectrums of side and top/bottom
surfaces found in first-principles calculations, respectively.

1.2.5 SM#atharrt

BT N A TR =4 A B A 5 4RI AS, 1 = 4E0 S B # A B
19 %6 EARYE B 1) ST A 0394 5, = 4k (¥ — B ¥ 4 482544 (second-order topological
insulator) MUAZ A RERR, ERRESWNE —& KANAMIRERT, 8 RRILE (hinge
states) Je ILAERT A . RIFERXRAPRI A A il 3, Hofh XIS 4a 2k . i =480 =
IS AR AR L RS MBIL S RERR, HALRERR T A£G K A A (corner
states)o [AIFE, £ 4E “Frdndbagiid, LRSS AR ICRERRE, REfRH AL
EAE. B — " maEnfr 3N EZARKS N A (m — n) QERIFR N A A . AR,
TE BB B FR A 6 8 AP R SRR 1 oK 57 99961,

e o A0 AR R R S A AT SO 28 8 A A AR AT A R [FRE ETE L
JRA, EATHAT LA PR IMHAR SRR . DL =4k B SR SR N, e rR
R TH A BAREA e, (HIN RIS SRR, BN R I L = 1E
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FETREFR IR IAES . S PRI RDE B AR AR SR R A A RS [F) A7 B A A [ (1 o 4
XFFRAE

SR SnTe. BiBr. BiTe %P4IWF Z Akl B8 TOHHA i da Hh T, H
TE FLSEAPARE I8 AR B4 B (0 S I0AEdE . T, BRI ST BisBrs N
P anPh AL 2 R 8), JF HAESEES O R T SERMIGAE (TR mE 1-
5) 281, fER ARl b 10 SR A A T B BRI AT A — M . T — T TH, =B
INRGATAAE — 224 ot B RS oA s ),

1.2.6 ATHIERHINRS

FESRINI R ST A, ESEM RO SRIR W FU R £ 20T 6 o LS 3 Skl
WARHE f D EAE S B MINIR, BRI TR S SR AR A
VRIS o B ANAE AT SC AR 2R SOR SRR I, FOR SN PRIL IEAFAE — 28 P R AT (]
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B (Hopflink) i [108-1101,
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@
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0 2/3 4/3 2 0 2/3 4/3 2 0 2/3 4/3 2 0 2/3 4/3 2
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B 1-12 e d R I = 4ER A AR, (@t 7 iR T I — DR E B (b) 7R S s
HOE T EARSEE . (Db T RIRIEA RIS 58 B T IR TS o He P 20 MR /N RO R A 7
TR ISR RN E
Fig. 1-12 Three-dimensional Chern insulator in the photonic crystal™?. (a) sketch of a unit cell of
the photonic crystal. (b) Photo of the photonic crystal used in the experiment. (c) Surface states of
the photonic crystal under different magnetic field strengths. The red and blue balls represent the
positions of two Weyl points with opposite chirality.
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Fig. 1-13 Quantized conductance. (a) and (b) are sketches of the device and band structure of a one-

dimensional system (c) The quantized conductance measured experimentally by applying a top

voltage to constrain the width of the two-dimensional electron gas[!3117],
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Kl 1-14 (b). 7£ 2010 £EAT 2013 45, FRATTE P P9 A R BEZE 3 3] 16 FoUm) (A28 512
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Fig. 1-14 Schematic diagrams of the quantum spin Hall effect (QSHE) and the quantum anomalous
Hall effect (QAHE). (a) and (b) are sketches of the transport channels at one edge (upper panel) and
the corresponding band structures (lower panel) for the QSHE and the QAHE, respectively. The
solid lines and solid fills represent the occupied states below the Fermi energy.
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Fig. 1-15 Schematic diagram of the ballistic transport channels of the quantum spin Hall effect in a
Hall bar device.
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Fig. 1-16 Quantized transport from the quantum spin Hall effect in the two-dimensional topological
insulators. (a) Resistances as functions of the gate voltage in HgTe quantum well. Green and red
lines represent the measurements from devices of different sizes. (b) Conductance as functions of the
gate voltage in InAs/GaSb quantum well. Inset shows the temperature dependent conductance. Red
and blue lines represent the measurements from a « bar and a Hall bar, respectively.
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o
Fig. 1-17 The effect of exchange filed and spin-orbit coupling (SOC) on enrgy bands. (a) A finite
energy gap is present when there is no exchange field or SOC. (b) No energy gap is present when
there is no exchange field or SOC.
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Fig. 1-18 The quantum anomalous Hall effect observed in experiments. (a) Longitudinal and Hall
resistance as functions of the gate voltage in Cro 15(Bio.1Sbo¢)1.ssTes thin film!®2. (b) The magnetic-
field dependent longitudinal and Hall resistance in a penta-layer device formed alternately of Cr-
doped and Cr-free (Bi,Sb),Tes films1?4,
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Fig. 1-19 Unique transport phenomena contributed by the bulk states of topological materials. (a)
Negative magnetoresistance measured in ZrTes'%. Different curves denote magnetoresistance with
different angles bewteen magnetic field and excitation current. (b) Non-trivial SdH oscillation phase

measured in Cd3As,[*%]. The ordinate in the figure is the reciprocal of the magnetic field strength,

and the abscissa is the oscillation index of the magnetoresistance. (c¢) Linear magnetoresistance
measured in Cds;As[*%!. (d) Nonlinear Hall effect measured in WTe*44. Red circle (green and

purple) denotes the nonlinear Hall (longitudinal) voltage as a function of the excitation current.
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Z e AT IAGNH 2 FTE I AR LS SR ] R

B 58, XA F B AR T A R ARSI R e ik —, BT
7 THT PR 5 56 I B B30 Ak 22, (ELAE ARy T = X B R BE AR e PR RO R LU AT 5T AR AE
SE R A 0 SR H BEL29A821 e P LIS, Sl R R R H BEL IR 25 AR i 4414918
A H LR B AR, (BRI SR R HOM EARST o 51 20 =4 AT EEAL rh S i PE 2 LR IR
NI B R BEL R A T 2 PG PR B R LA R R AR B R R, PR S 2 RN Y B
Al — ARG PIE MR BAR T o BEAh, AT SCI8 T 5 T BT L] T 2 PR R B A B G
fERE3E T Abrikosov #2 HH ) & T RAFBBHEARTIST FEBLEOHESE R, MR IZ
PG B RELYC S 0 2 170 Fi BELXS B 37 5 B8 AR R R IEANTE 2 o RIINF B E — D R GE
HH % T i R BELARFAIE A BT A2 S0 v 55 RV R RIS A5 280 B DA A 1 Y SE 6
e . ORI, HATER FEIRHEZR T, S PhSRAL I B 45 A A% R 35 e X i i
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BELERISZ M AT 75 22— R G VE AT AT

= Is RN LR N H R AR LA PAG  B58, REHE T is#l 7
FLAM 0 sE b UL AR H G . Sl IR U IANIRSS ), SE8 F A
AMER RS T B RO R R R R 2641823 L TR B 2 SR I BE B
/N, SEES EATYIR T EEARA IR R SR To e 3 B 1A s o 3 A R 5 2 R oK
B ) SIS HOR BT AR MERE I P A B R . 3 — AN Se i & T s PR AS 9 -
H #if & 1 Hi iz th 1 o FE Rz i E DN ECER IR D . SIS BB R IR AR R Y
figyiz I 1E H AT N GEE B4, AR S — 7, SRES BAE ZrTes HRERILE =
YT RN A EE R IR — e A8 IR = A R T IR RN R ERE B iz
IE AT LLR R EA . SRTT H AR BRI T AN RN ey T I B e T U R
gy 7 =R RN, RIS B A Hi b Ay 2 FE e 0 B AR TR . SRIH ZrTes
() = 4 B SR AN B AR ML AN A0 708 75 2 AR B R, HS K EZ WA
SYER TR RN R 7R SR 1 B

PR E /RS B OISR BR TR R, (HSZES B R B E
PARD . B EE SR AR MR PN AR R A BRI T R B A
B, RS SR T BT PSSR 2 B R FE K H T A LR T a2 ik
(axion insulator) 500, SEIG | bl A Ah 000 2 11 45 52 ) DL K 3 42 46 B AR 1Y) PR
— EAE B B A R B S, HAT, SOBRRE PN 2R MnBiaTes 1
SEWNRZR BB R E /R B SR TR & (HIT R Seie il 2 1) HAx 7 = LA
J% MnBixTes $iiia M4 57 F B FUILR B Z

1.5 A EEARAE

BEXE bR R, AR SCRGIET AT TR R T R R, KRR
Ty LA BE SN I =4 B RN, B T MinBioTes AR /R AL HTIE
M7 I TN AR R BB . U 9 BAREIBE ST A A0 & ) 22 4k

5 T E TR KR SO R e, B eI T AR RGO R B E
RETT, BRI S T RBITERET 1) R G RIS, 55— ARG R AR R 2
HES A 1 LLALE T, AR EERY A A DR A AT HE S T Oh) L B A AN /R L R,
FERTIT T AEZR B T2 A BAR RSO0 N A 1 G P R 7 IR G PR AAR AL 2
R 5 i B 3 BIE . 1 BT AR PR T B oK e R B R B ) G AR AR S5 S M [ R
BH RIS

B T IIERET ARG ARV E TR, R AN SRS
AR SRR e, W IR WE R MTE SRRy 1 A RET AR I I TR)
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HMAga iy [ BEAT THES . SE=FWTE D AHEIE T & Haelikp. midae i
i PR RIS H Re IR T, IRen ) T ARIER IR A RS 5 0, AHNE TR
BEL T 2 e PR ] i R B 137 ER AR OK 3R

ST e T =4k B RN I B, 25 A ZiTes
KRR I R, RSP R RACRERE N %8 T o - T AH EAE R A
T-HTAHTAEH SR AT R, P53 R DT B BB T R TR 2
BINKAN, 2G0T T ZrTes H o far % BEP 14 5T DL B B AEBR AR 1 o 28 DY &
[ o 18 1 LT B R IR P A 51 RS ) FL At R R S SEBIL ) & s I A .

5% 1.2 M MnBixTes B HEAN-LEHZ AR E W E B K, HARETHPMEE X
BRI 254 MnBiaTes MG AL, 2 JE et 1 2 i H R R s fnis I & 07 2=,
F£H Landauer-Biittiker 2~ 3CTHE T 755 H MnBixTes a3 2FHH AR REAL P, &
FE T POKRE R R, DR R R R R R Al FL LR e . A, S TR
BTN VR 48 4R B AR R BAGHRH,  FF T MnBiaTes ()THE 25 RiEAT T
X EE o
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W IR Tk K 2218 S
F 2 B kREINR R TR ARIERZEB B Y
2.1 515

S — & 123 NHTIR, V2P &R A PO ae B ML AT 2R Ik (1 e i
RFAE, I HL BRI 28 R B TE R KA e 7 REFITAIA o H T A0RHK 7 2 P BRI A0
ALK R ML MR a5 B CHE, Ihib PRV 27 Al = RO 5 Ml
A3 RTT R RE T S5 R AR U RBAR AN [ AOARFALE o T o B KA e e s 1 5 4 T
FLH BRI AKEL 50 2 & 8 AR AR A g i A R R R VR REAT AL, BEAh, —S8hRl

(BN AgoSe M1 ZrTes) £ B KT P (¥ e iy 45 A R SO — A KA se HE R AR
[137,152-1541 B0 TG o e Kk o o ey B 0 B R P 00 76 4 — 3. DRI LT B B K b s
RNV 2 IR BRI T R .

FESH AN R ARG P BEL S T, T 7 B R 2 R R A T P S A R (1 97 L FEL
R 4212913132131 ) T A Tk e i A 1 e SRR 2R P H B M7 1508 A V2 SRR
FE LA rhlt29 132511581 gy IR 24 & I AR K 7 04 PSR oE SR 421 B R G B B . AR
AN DU A2 1 )5 P TR BOR %62 5 RE T iR RERE VT 2 iz B R, H
HAFONEEI %, HARBRARA R P ERNE TER M K. X eHism &
g, i AR AL 3 RN IR HESE AR AR 2 B R0 R 1121590, %6 T
e 2 WHERE W R 48, BT VL O AR R AR~ A S A 3
B, AHAH R FARHESE — EURBOV R4 . Forh R B Al — ER B AR . S —
JT T, ERARIR RN f L B A I T AR 2 T ORI, (BT BTIE R X M i
—HERG, AR I TS X A A R PR A B BRI E AL

AN TG TC o K v M s WU A, S 2.2 SRR Y B e AT
AAERS, 520 e g3 A R 43 1) = A X D) 45 6 o 8K R s kL i3k N &1
P PR Al S G SR o 2.3 RS AN 5 TR ARG F B DA S S L R R AR
ZJa R Geigs DR~ ORI WE RET RGeS B AR, B AR L A%
MR, HAE IAORHRREEE o 2.4 RS J0 R KA se b i HL ey 45 A
RPN R AR AL R R BEL, R X IR G IR MM AL HEAT I T 2.5 s e
TARBR T 2% X 2 1 B R BRI S A R TR AB IR PR o R, 2.6 TR AT
BHREIHE

22 REEBMAREBIERES
T AT M PR TOR T, TR (1-2) s R P2 x 2568, H
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55 2 BB vOR T HOAE R P FHAR
A HERRES . TAEAPRMA Sy, ORI BAEAE B T Pk RE B M 2 . it
VeSO AR 2 R 1 RE T, P UG RE R I I RE I, AT
IS B/ MIRREA RO . KR se @, IRAEA R s Ny

vial _ (HE) 0
HEH = ( 0 —H(k)) 2-1)
Hrp
H(k) = hvyk - o (2-2)

X BN TCEE, ve NIRRT, k= (ky ky, k) NIER, 0 = (04, 0y, 0,)
DR FE R o W B 0 R R B SR PR T EH R R A N AN R ey o mT DA
B, AR BBEAL(2-1)2 N5 i Rk by v M B 2 x 28 PEEUA A AR ) 4L
I, AERRE AR AR T FRAH LG, = 4ERR I B R EE IR ) 10% 21 10
AN

B FAEQ-1D) A, X A E R AN BRSO 52 A ARRR Y, BF 90 i A AR A —
ANHEAT VR I SR A s AN a8 15 7 18 T LAAS 21 (2-2) AN B S FIAH B I AERS  T6
JiR B KR SR BRI R B R RFIE R R Bl E AP E R AL

E,(k) = thvpk (2-3)

b3 R A A F RET K808, Tk = k2 + k% + k2.

H T3 B BT AIE 9 R ey 2 2 % LR PR 1 Ilkbf%ﬁﬁiﬁﬁﬂnﬁz”i%%’%m
1. BB NZ, FEBIEMTET, ARHBA = (—By,0,0). it /R
[160] (Peierls replacement) ] LATS EIf3%H RGN Z =2 NH (k + eA/h), BIfE
(2-2) SN B Kk 5B R (ky — eBy/h), He = 1.6 x 1071 C KM FHTH I H
i AR IS R 2 Ry (R 5T NFT Ry 7 ] B FR RRRE, 2E 1 5 8k, &
T ST o I W SR 460 J5 ey it T DR I LA T R — 4R Bk T AH AL,
LR DA I 5 SCARABLRR 7 A 8 R ST R I SR A R G AL REE AN AIERS . 38 X
e AR R at Fla s il

B
@ = f (e +2)

\/_( ) 2-4)
= Jh/(eB). ZJ&, FRMIIE jf@i?ﬁ?ﬁﬁ—fu'ﬁjj

k. fa/lg) aln = 1) _ (=1
vp( i) Gy ek =6 (22 Pk @9)
KRR A LR R, AEA T R S e =2 R

ESHA. AN, RMESHRNR G TR K w5, — AR 2
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IR 7 5 ()R ey, k) S5 80 M T 38 b 05 B (s A, R0 SERIB G2 1.
i 2 b Bk R 5 5 T AT B g, (U 7 B A S 0 LA T
SR A 1 72 GO LS IV . 7 A TR B A O B AAE RS b, 2325 G
WA T, (2-5)38AT LA

:  V2n
o, TN e

KRIEAIH T2 (secular equation) i AJ453 B ARMERE &8 LA R Al M, M. REAN

EN R0
2n
Ey,n+ = Thvp ’k; + A (2-7)
B

Xt R AR RS

2

0
—sin% ln — 1)
|kxi kZF n _) = 9 |kx: kZ> (2_8)

kzn
COS——|n
=2 |n)

Hricos Oy, = k,/\[kZ + 2n /12, LERIERAEF O, IR T J7 (0 W B
PR AT B — R A F 7

AN )T R B R R, (2-7)30F0 (2-8) NS B Y 2 BIE R AR = 1B
ARSI E30 no= OIS DL/ 2 AR B, B, (2-5)7UN Y

kz \/ia/lB 0 B 0
th (\/ECLT/ZB _kz > (C0|0)> |kx’ kZ> =E (C0|O>) |kx: kz) (2—9)

Mo NS WILRI AL, T A 25 s s iiiE/F 2R ES )G, XBERR
Bl —AJrkE, A

—hvgpk,|0) = E|0) (2-10)
B, in = OB, REMIAGE AR
EkZ,O = _thkZ (2-11)
HIRLAE 459
0
ek, 00 = (g ) s ) (2-12)

MELEAMERS HRIE AT UG B i R0 & T BNl Bk, Mk, LK fE
RS (n 28000, HFAMEREEN BT 8k, AT KBOCR, TRk, HH BT 15
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2 R R ICRL SR T A R B
B NALERERE AN, = eB/hE &I,

R (2-7)ZA(2-11) AT DL tH R G AL R & I <k, BRI Re T &, i 2-
1 Fin. BEEREZSRE A BIE S, NQ-7)R AT A AR K IR 25 A8 AT,
HAe 8] (R BE B AT . Ak, 7 F BEN, te Stdgwn i R IE ), Rk,
YRGEPRTEE BDER, BANIEARENE (YRR KrigweE
Womimn TR, B 2-1 @) (b)) PR MTHE-HAE—4ERer, AT
SRAFEE SR RE T TR S B N ()N

1
Nn+(E) = v Z §(E = Ex,ny)
e foy ks

N E /2
=— 0 (E F hvp —2"> (2-13)
I lg
hvp\/

E? — (hy)? 22
lB

KBV RHRGER, 0(x) Bk . AT LUE B, fEREEEN TR Ey, ny BETH R
Uit B Ey - BEHT T00SRIN , AN3 FERE2RH. DRI,  2RoK RE B U] 455 2% BE AT I 0] R 1)
ADE LN R ZARAN . RS R BN, DA BHIERE W 0% 4, BRI 2-1 (a)Pow
TEOL, BRGNS I 05 10 J0 AR OK X, 38 8 SR A0 B R 3 X (R RR A 2
2 JL[X 7] (semiclassical regime). 475w HORK, RATE BT < [A]E 25 2 8K,
BRI 2-1 (b) 7B 0L, RGP EE I 5T 2 B R 37 5 FE 1R AR AL = A2 R, PR A X
B FR A= T #R3% X 7] (quantum oscillation regime ). 4#37 150 KA, AUEHAKEA
EREH 4, RERIYENE PURAT I BERL Y R R XA DX A) 8 s v BT
WERIX 8] (quantum limit regime), B 2-1 (c)FintEil. MEFIRG XIAHANE
THRPR X TA) (e SR 58 B e ARG T B, Pk Re R WILF VIS Ey 1, BETH
JiI (AR RBBIR T, WNE,, - Red T ), R

min(Ey,14) = Exp0 (2-14)
TS AR (2-2)3, AQ-11)UtH & 7T A 25 TR BR T 28K R ke PR T
FEn WK R Nkp = 2nng/Ny. B, W LLSRAG G SR 5N

h
B, = E(Z\/Enzno)z/ ’ (2-15)

{5 RRA R 2= (2-1)N, Hke = nng/Ny, WFEEBRE LT HES A2 %
T RTA O B SR AT, BRI e T DAAE S5 Hh T 7 B0 1k
JEE Bl S5 37 5
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Energy

k, k, k,

Bl 2-1 o kb e T 7EAN R RGSA A N IRE NS . () REIA TR LRSS, WI3E Re Y 2 (B BE 2

Bk . (b)Wi3m RN, BERE™ 2 MK (c)f3m a1+ Ry, RA RAKBHIE
Rem bl 4. B IR SR AR IR NES, KEBRRERA SRS,

Fig. 2-1 The energy dispersion of massless Dirac particles under different magnetic strengths. (a)

The spacing of adjoining Landau bands is very small under the weak magnetic field strength. (b) The
spacing of adjoining Landau bands becomes larger when the magnetic field is strong. (c) Only the
lowest Landau band is occupied when the magnetic field strength is extremely strong. Blue solid
lines represent the occupied states, and gray dashed lines represent the unoccupied states.

2.3 REEMITE

T A=MERGE, BUE 5 1A A AR RN R R R A e
5 AR UL 2-2), W LUK RE FERE 2 o =38 RS BT M MIN A A O R
2R R D U (5 TR 3 S 3 5 TR AT IR, BT H ELE AR e
I RE LR, W 2-2 () 2Ok i R S G D5 TR BN, P AT RO AR
R 1ea 00 B L s TS 80 ) P LG o e ARV T L B, 0 B 2-2 (b)BlTos s Ok
7 T AN F IRy 1) A L L HLA TR B T AT A, R4S A HL R
NEERHFE, W 2-2 (o)ffm. XEFREFEMM R BILS 5 4 R G E XA
[A), £ 4 F G0 b 2 Bt DR 37 B 1 T AT B0 2 i e BELATEE 2R H LA
b3 = 4 s 1 H FELAT R 7R R PR

W TR EIGI N, 2] A5 ] B H PR AR 1S 2 2%, DRI — okt s LS O %R
FEal,  DAEAE it S R ax i st it ik RSy A FHAIE . A WmInZ T I, fEH
RIRAEFR RS, BRI



B2 B ORI R T I AR AT P B
Pxx Pxy O
pP=|Pyx Pyy O (2-16)
0 0 pz
X B B T p g p AR AE o 77 [ Jith I FELIAL T E B 7 [ 0 22 WL IS IS A L BEL 3R . Rk
P2z BV AHT ST UL RGN [ 1 FELBEL R 5 ey F oy, R A AR [0 G FRLPEL R o HH T RS S 207 11
B R R EIAEX -y~ N o0 A, A B IR LR pyy M pyy e A

@ ®) ©
= l O
\/
6) ' :_> | — , -
v — © 1

2-2 Wy =FANEN P s R . ()AL RE; (D) RE I RLHRE s (o) /R FEBH .
Fig. 2-2 Schematic diagrams of the measurements for three different kinds of resistance in the
magnetic field. (a) Longitudinal magnetoresistance. (b) Transverse magnetoresistance. (c) Hall

resistance.

L H 2R 5 Oy = 4R T FERE S, FH N B H T 2R N g = 4R 7 R R, 1T F R A
M7 NN =AT — FURIFERE (il B2 () R Y = AN T7 1)) e BEATTZ 18] ) 9% R ATH I8
F—ER-H, RN F IR bR iFe BN T R iR R I . RIS
REHHAZZAFRERN

o=p? (2-17)
He(2-16) AP B HE R SRURT AAF 3. 2 1) o i B 2R A0 P 3 26 BN 313, By, =
1/pgys Mo IRV R PH AR AL L 2R R RN

= Pyy (2-18)
pxxpyy - pxypyx

ST —MEX-Y T A S TR RR, pex = pyy Hpxy = —pyyr B EATEUE
e

O-X X

pxx
oo = (2-19)
o pEe +pEy
TR R F A
Pyx
Oy = (2-20)
Pkt Py
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AR Ll
2.3.1 BRIEREHHIASIRERBAN B BE

RGHIRE MR R AR A ZUTH B AR IR B, 1T 2% 00 FL S5 ) 5 e —
I RE AR BRI E RER T JE o AT AR R A AR R AN [R], B3y T i) = 4Ep kL
WHCAEIA LT 2 —4ERE T B RGN 1. 4140 (2-7) 3P BHIE FE b2 v] LR
TCT3KI o DRLEAE SR BHIE R 7 RS K 2R 25 A S R I v 75 B — S U4 B
T EERS, HaswwiEr— ke LSk
H=H,+V (2-21)
L Ho ROV 2359 Ry oA 25 58 252 53 (1 ey 5360t AR5 AR 4 o 34 R S5 o K oK 385 18 2% I
MARS, A
Holu) = E, |u) (2-22)
HAE M u) 7l RKos RGN ANERE EAAAER, X T Jo B &3k h vk 1B 8 (2-7)
Ry @-1D)FLL LK (2-8)F1(2-12) . AR HEFA JFE A R % (Matsubara Green function)
iy S I22990, kbR bR 5T R — RO 3 AT DU LR 4
G(iw,,) = (iwm — 17)_1
= {[Gotiwm)] " -7}
= {1 = Go(iwm)?} Goliwn) (2-23)
X Hiw,, /hEINFA TS AR B8 H P 1) B MR (imaginary frequency). Go(iw,,) WA
F IR N RS REBERT, EW VS AE, M u) ) RIE R,
Goliwn) = (iwy, — ﬁo)_l

= (iom = o)™ ) lu)ul

_ Z lu)(ul (2-24)

lw, — Ey
u

Horp BN = AMTHEAN T 2 lud(ul = 1.
14(2-23) 70 LA 2% ot 35 Be A e 80 e I vl LS 2

G(iwy) = Go(iw,,) + Go(iw,)VGo(iwy) + Go(iwn,)VGo(iwy,)V Gy (iw,y,)
+Go(iwpm)VGo(iwn)VGo(iwy)VGo(iwy) + - (2-25)
BTG ((wn) NE BTG RA IR REL, B G ((wyy,) ARA I AAE RS [u) 5
RN, FLARXT AR FE TG (ul G (fwp) [w VEIE— B L TN R . KRG E T
u— %o NE B RABEH TEbRD, X T(k, b|G (iwy)|K', by, TEHEAT 245 T2 CGimpurity
average) Jii, 1Nk, b|G(iwy,)|k, by, BIHSHR R ETELE SN 5 k25 [RDRF R S 9%
I, MAEREH AR S AR AL X T RS Z ek R, RERIGH
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55 2 BB vOR T HOAE R P FHAR

i & — MR 5 N BN IR bR ESORT B A T AR AR B TR SR 2, A SR Bl LA BE S
A LUK (2-25) 2R E 37 5 [91(2-23) 0N R . RGUIRS AR SR 00T B3R (2-23) 20 R
WA, Fopea S [ iR R R B SR AL S 7 AN AR f T (G ) RGeS
OLECBUREIR, BN RAE RE A H & 55 2 10, ok R R s AR . A i
W AR IX BRI AL B o AN RE AR PR ek EIAE B FR A 2 [A) TR R A 0, 0T
KAk u, HAEMHRERT LIS
Gy (iwm) = (ulG (iwy,)|u)

= (ulGo (iwp)u) + (ulﬁo(iwm)?@o(iwm)lu)

+u|Go(iw)V Gy (iw,)VGo(iwp) |u) + - (2-26)
b A SIS — WO TE IR B I (RAS AR BRI £, 55 =00

(] Go (iwm)V Go (iwm) [u) = Z ( Go (i) [/ Y IV [w"" W | Go (iwm) 1)

YL

= | 1 14 ! 2-27
= _E(ul Iu).wm_Eu (2-27)
A FE, ?a‘a)\zum)(umﬁﬁ/zi, BT LIS A
(ulGo(iwm)V Go(iwm)V Go(iwpm) lu)
= o (uIVGo(lwm)VIu) L.
(u IVIu) (2-28)
J%Lﬁtlji%fﬁﬂﬁa;ﬂmmﬂx&ﬂ% Tuﬁiuwﬁ:wﬂ%lﬁﬁﬁﬁb
Ol
Iy (lwpy) = Z " (2-29)
i A 52 (Dyson equation) 112151, 0] U155 25 u M Ak o8 i N
_ 1
Gy(iwy) ~ o —E .G (2-30)

WA TR E e CRPFREUH SR M4 A D 8 kA 7 2R T A AR
¥(2-30) T XA 1L B IT 5 5 (2-26) 35 XA 106k B AT A1 BLS 4% A R 250 5 R Al

T AChESS AH LOA L B 7 40 O I0T e ZEAHOR BT T 35 b B 5 2 O B3 P ALLAE % ok i

Firoim B AR LU NI 006 38 #(2-30)30F1(2-24) 0 LL AT 18, B RE R TN G R4t

R P BB B

G(iwm) = Z . [l . (2-31)

LWy, — Eu - z:u(lwm)
u

MU AT ORI T35 BITTE RETT AR AR R S, — 3T P ARl Hodr—
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Wb DAL PR I B R R, 5 — AR IR BITERERT B RGITRF A Y. (2-26)10E
R M R 5 a2 LRI 2) Tuss, BB 7 28N S SO R ITE e 2 18] 2%
IR o 458(2-29) 3 WH(2-30) N I AL 2% BT A AL BRI 52 M - 45 R BHIE RE
i ok T AHBR KNI % (band broadening) {HI% A5 K AE 7 8] (A ELAEF

FE 5 28 g8 B i L R RS, 38 R 7 2 AR A AR R 20 (retarded Green
function), & AT UL A JRAR MK o BOEAT MENTIE AT ) o SERRRAERS, R TR
JEASARER A R AL R R i, B 3 N + (01 RIAT A3 2 HEIB A AR R B (X L0 K
TFo g5 /NE) B2, ek, BRI K%L (advanced Green function) 5#EIRA& AL
PR H N % 3EHE (Hermitian conjugate), ‘& ] DL I X} HEIR A MK o8 0K B 2% JL 50
B AR AR AR B BOHAT RIS H0 Gy, > 0 — 107D 153,
232 HBSENARANITE

XTI RS, BHIELS 2 —4mem ik /438G, K SRHE
AN IE R GA T BRI T2 o A/ N1 DR P K 3 T HE IR AL < 3K B £ (retarded
current-current correlation function) 43745 A BHIE Ge 7 R G I m) HL T 3
AR [ FE A3 3

HL G R NIRRT IR R B 5 (D) ISR RN

Re[oy] = — lim %Im[ngﬁ )] (2-32)

MR R e 2 B ] 2-3 P B, DL E RS BRI SC Ik BR B K Rk 5
N

e’kgT
V
m
HiQ/RRBEINE, e SRR, ky NIURZZZHE, TRHIRE, VAR
SR, v Nad7 7] BT AT

Map (i) = Z Tr[ve G (i) V5 G (it + i2)] (2-33)

B 2-3 LI R Ik ER R 1 o i Sk I R B T RIS AR BRI, TR st [l Dy B2 5
R, P B TR 2 AT AR R K RE B 1 19 I A/
Fig. 2-3 One loop diagram of the current-current correlation function. The arrowed lines represent
Green functions of particles. Black solid circles denote velocity operators. Wiggly lines at two sides

represent the incoming and outgoing energy of the Green function.
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8 2 B TR T A R e PR
R /NSRRI R MR R ) RIA A (2-31) AARN B2 R 13

ZkB Tr[vg lu)(ulvglu')u'|]
Mg (i2) = Z; [iw, — E, — Z,(iw)][iwy, + 2 — Ey — 2y (iwg)] (2-34)

I HLAE SR IR R P SR E SR TR ERE R IR A B R SR AT A SR (R 24
PR CRIAE A B R0 B A SRR I A A SR AR, ml 13

Trve lu)ulvg [u'Wu'|] = (W' [vglu)(ulvglu') (2-35)
R TR AR, R A B
1 _ Ay(wy)
—E, -3, (iwy) ,[ lwy, — W, day (2-36)

XA, (wq) NI R 555( ( spectral function), B S5MHREEIILRN

Ay(wq) = o [GR((U1) - GA(G)1)] (2-37)
HAGR (w )G (wy) 7 AR AR R EAEE ATAS AR 2. AR AT IS R B e 2
Ja, #2-34) N AR AR RN

1 nF((‘)l) — np(wy)
kBTz (lwm — 0 ((wy, + 02 - 0)2) W, — wy + i (2-38)
ﬁqﬂjﬁﬂé-ﬁ(hﬁ/\fﬁﬁﬁm(ml) IS WA
1
np(wy) = (2-39)

e(w1—-EF)/kpT 4 1
¥ (2-34) R R ATR AN G, (RN IE4R10Q — 0 + (0 B AT 43 2 HEIR IR ST R 4L
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2
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e [(XCO R

Sl
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H A PRIRMTVE A, §(x)NIKFive & BhiEL (Dirac § function). H¥RETER, H
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TR,
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g A
h 2
Reldae] == ) Au(E) A BRI vl (2-45)
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BRI AR R 3
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Akz,b(EF) =—-— (2-54)
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Fig. 2-4 Band structure found from the spectral function. (a), (b), and (c) are band structures when
the imaginary part of the self-energy I' takes 2.5 meV, 5 meV, and 10 meV, respectively. The Fermi
velocity v is taken as 5x103m/s.

FERG PR IRIE(2-53) 7, X &1 ke Ak, ISR AT AT LLERAL Y

v,

(2-55)
Fex,kz
Hrf ke, KSR AL 1 #Ry, TSR &R >N
1 eBLy/h dk
L,L, Ef
=N, (2-56)
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W PR BEEVIILEy g BETT 72, TTUEy, o BE 1 X RE FEL 3R (1) DT RN B 37 552 5 B
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R, AR R K E (2-53) N A T DTk (b)WEHIH R . J B DR B B R A

W7o 2 T 2] 4 T XIARBCRIE . FERUE TS S, POoKRE v BUEDY 5x10°m/s, 3K
RkpHUER 0.3 nm (RIS N 2ROKAERAN 0.099 eV), HEEMEFEA/NTHUA 5 meV.

Fig. 2-5 Longitudinal magnetoconductivity and magnetoresistance of the massless Dirac particle. (a)
Longitudinal magnetoconductivity. The solid black line represents the total conductivity, and dash
lines of different colors denote contributions from different terms in equation (2-53). (b) Logitudinal
magnetoresistance. The inset is a magnified view when the magnetic-field strength is in the range of
2 T to 4 T. In the numerical calculation, the Fermi velocity vy is taken as 5x10°m/s; the Fermi
wavevector kp is taken as 0.3 nm™' (the corresponding Fermi energy is 0.099eV); the imaginary
part of the self-energy I' is taken as 5 meV.
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2
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Fig. 2-6 Transverse magnetoconductivity, Hall conductivity, and transverse magnetoresistivity of the
massless Dirac particle. (a) and (b) are transverse magnetoconductivity and Hall conductivity,

respectively. The solid black lines represent the total conductivity, and the dash lines of different
colors denote contributions from different terms in the conductivity expressions. (c) Transverse

magnetoresistivity. The parameters used in the numerical calculations are the same as those in Fig. 2-

S.
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Table 2-1 Phase shift of different systems found by Lifshitz-Kosevich formula
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y=a+kx (2-70)
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Fig. 2-7 Quantum oscillation of the longitudinal magnetoresistance. (a) Oscillation of the
longitudinal magnetoresistivity as a function of the inverse of magnetic field strength. The red dots
denote peaks of the oscillation. (b) Linear fitting of the peak-position magnetic field strength of the

oscillation. The red dots are in one-to-one correspondence with the red dots in (a), and the dashed
line is the linear fitting. The inset is a magnified view near the zero point of the axis. In the
numerical calculation, the imaginary part of the self-energy I' is taken as 1 meV, and other
parameters are the same as those in Fig. 2-5.
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Fig. 2-8 The effect of the self-energy’s imaginary part magnitude I' on the magnetoresistance-

F=3§ meV; ]

oscillation phase extracted by linear fitting. (a) The intercept plot of the horizontal axis and the linear
fitting lines obtained at different I'. The values of I' from the blue line to the red line are 3 meV, 1
meV, 0.7 meV, and 0.5 meV, respectively. (b) and (c) are the oscillation curves of the longitudinal
magnetoresistivity as a function of the inverse of magnetic field strength when I' is taken as 0.5
meV and 3 meV, respectively. In the numerical calculation, except for values of I, other parameters
are the same as those in Fig. 2-5.
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FERTH TR T, SORBERER O 1 [GE (L, 107 Hs 1 o ) S 36l &
— MRS TR RE R RO RERE AL, [ E AN RGN TR n .«
FORBERMBIR TIKE IR AN

1
Ny = VZ ng(E,) (2-73)

Herbng (B) a0 SCH H I (18 38 oK -IK L 5 0 A R e Xt T JE IR B AR L ok 1, Bk
T WP ng AT GRS G PSR Z . i 7R Ay 7 A, 3L
B TR RIE AR

1
no =1y Z [np(Ekz,o)@(Ekzjo) + Z nF(EkZM)] (2-74)

kxkz

Hro(E) NMrERRE . B 2-9 NI TR N 4.56%10"7 em™ O NG R4t
POKREEN 0.099 eV) I 2K BE B FERE ) 1AL R o 3\ BT AR BR (1 Sk 37 5
FEH2-15) R H A5 B, ~35.87 T. I 2-9 A WAE -2 il [X 8] Fl&T- 35 3% X 8] 37
KRG AR AR T2/, ABAE B TR PR IX () 2 K B 5 o 104 37 7 P55 38 7 i
B o DRI, 7E V15028 B[R] B 741 35 X TR) Ak Fe BELIST B e DR/ N oK R
HELR) . AETH T ARBR X (A R L RS, 205 RS SRR RE B AR AL

0.10 —W\/\/

0.09¢

Ep(eV)

0.08 ¢

0.07 }
B,

0 10 20 30 40 50 60
B(T)

K 2-9 [i 58 B TR EE I oK RE B BE R AL R . B R R 20y R G N BT AR RIS Y

I S SR E B B 70 FH e BUBTHE P p THUN 1 meV (FEIXH, HIRANRE N & T
RBUIIR G, ANl O R EUE K /INME A AR T oA 3240

Fig. 2-9 Fermi energy as a function of the magnetic field strength when the carrier concentration is
fixed. The black vertical line in the figure is the dividing line of the critical magnetic field B, when
the system enters the quantum limit. kzT is taken as 1 meV in the numerical calculation (The finite

temperature only smooths out the sharp oscillation peaks here without causing any other changes,

inducing the magnitude).
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MR TR T, R A B B AR PR DX TR A 2 1) e R 3R SRk 5T AR
N

whe?v? 2
Re[d,,] ~ " > [A,o(Er)] (2-75)
kxkz

B BT T ERIGE oG o/ (2m?), FFHLL T L)
GI{SZ,OGI?Z,O N Tkz,o(EF)

r2) ~ rh
Horty, o (Ep) AT PR BER AL HIAS | ky, K, O) UHUR IS E] (scattering time), JL7E

6(Er = Ex,0) (2-76)

h
—————=—Im[2f ] (2-77)
21y,0(EF) z

M EREREEHUE B —TH, NQR-75)ME5REA
eZ
Re[azz] = 7 : NLvFTkp,O(EF)
e N 2-78
2T LUF (2-78)

B ARG R B, ERYIER TROILF, KRR SR I
o o LU IR B R 9K e B kAR T VRS0 o SRR T
AR SR TR RE W B o BV KT B ftk,, JOEITT S50 T 7675 A
I OE,, o (hok,) K1y Bvy, BRI AW TR IO i 4 9K e Rt
BATEAT RO 7

FERPRHIILTT S0, KRR AL B4 68, ZEQT8)R ST, TR
SR S FIEE LTI 17y 0 (ER) 0. TR CBE 1 REAERD) B
TR T RGN 020 - 78 ARA T SIUTLIERE R, AT L 2 2
PR K HE AR ORI, {5 2.3 IR B (1 2-3) o,
AHAREREL CERTRIOZED 10 E BB B T %, Ak B
By RGEACHE TR AT T SIS, S BRI R 5 — R .
IS B S TT LAAR BT 50— T 0080 R 5 7 R
PP R ARB S L, P 2-10 )BT 5 FOWAT I T I AR B L I 4
BTSSRI BRI 1T 00 B P e 95 B L2 I 2 P38
MR AR TR SRR TSI BT, I1F 2-10 (0)RIQFTR - 2% 16 2 S
KRG TS, ARL% B 85— B R, DTS4 TN AR R AR
N Ty 0 (Ep), HFFIH B HQ-TR) R A/ 20D T AR AN U4 RE RS 22
ST ARIR T A LA R SRR I M A {72 B2 0 5 10
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55 2 BB vOR T HOAE R P FHAR

Wb, 75 A AR SR — 2R 2 2 R B JE A b gk 2T RE AR IR B = RN 45 RS e 1K
No KB 2R B & B TR B R SR ) 2 ot A5 [ A 2 RS B H S B A B EOR
PRR AT A8 IEM (vertex correction), "B BT IEAR 1) 7 7285 2K 3 2 ] 4 idk
17 7 SRA, XN 3 2 B A 2-10 (DFTR .

ha

K 2-10 75 FE A% B UM S T R IR BR B 2 2 18T o (@) - 20 A0 43507 B R R 801 i ot
Rk = e VAN (V) P S LV R R S LI N S A 12 Nk ol T PSPl Y
L2 [EAH EL AL o ()BT I RUNAE L 2B 70 AR 2 FB 3 AR AR R B 2 ), HL2R P AR08

AR H IR o (d) TR RAE IE Tons L) 2 2
Fig. 2-10 Feynman diagrams of the current-current correlation function with disorder effect. (a) The
impurity average effects of the upper-part Green functions and of the lower-part Green functions are
independent of each other. (b) The impurity average effects are between the upper-part Green
functions and the lower-part Green functions, but they are independent of each other. (c) The
impurity average effects are between the upper-part Green functions and the lower-part Green
functions, and they are correlated. (d) The Feynman diagrams of the vertex correction.

XTI S, AT LA S R S R v R T S I A TS IR
TR 22 3015 2 B 45 R A0 28 TAE L3l v 55 b R SO I 18] 7 o () B 45 04 i 32 1 (]
(transport time) 7'y, o(Ep)o it 7R AL T EHUN I R R A2 g, 2884510
iﬁtﬁ%ﬁ?iﬁfﬁ E‘J%“ﬂ/\@ﬂTKH [RIACEE, R

- 2
— Ey1,0)|(kx, k3, 01V |k, kg, 0))| (2-79)

27’- kF, O(EF)

R AT (2- 29)ﬁ$n(2 77):T:U: Eaﬁnﬂlﬂﬁbnﬁlilﬂbvk,o/vk o)
Hrhvy o = 0Ey, o/ (hok,), BUNFERARBAEREN bk, AR T His i A A
M3 e B IEE), AR RIS = SO éﬁ;zi & HU AT IR A TR S
HAAMEREER, RCERTFRE, BIHUR A S & B s a8 AR &3
FET7 A, AR R 1, B SREE  ns i oK.

XTI B Bk b R B AR B TE BB 7E ORI AR S k, 2 AH R, BUR A g
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KA FRL I BER IS T, REEMAMFEREE (v, WK 2-11
(@Pf7n. Bk, EQ-29) 3 KM BB Ak, S ER 7HE8%F . X582 AT
ZRAAREV I BT BRI TR R T, B RGEHHE
REIUAZR I LT, B ARIR N RPN R A R A1 (2-78) WP athidk ,  BIANHG T 2%
JoR R HAE LG TR 5 BE %ok IS PR L EL R DAy I 1 7 i P58 189 DR T s/ (R 7 5 P2
R,

XA IRAE 5 J8 58 BE W T i B K s v e i (2- 1) U SR AL . IR A
BIREE Q-1 AR TR N 2k, AE, HENZRIBA G, BIklE
[ A TOEAR BLERAE, W] 2-11 (b)) TR T4 B S KL sk, Jot &35
2R - IS AAEFF B Sk, BTN IIERSAR Y 0 R E S
MEAR ST IFERT, MO B PR T £k, IS Z IR BURIUR (T BURZE, Wi 2-11
(@B B TA PR R KL R, (2-78) A AEA L, ik FBL B 137 588 15
IR 2 th A LA ARV I BB R K tksg o EAh, X TR EN BT IRFR 10 TE ) &
WAL RL T, PHORBER VIR fabn KT 0 MIRTEREH - HIAEUR AT NI 2-11
(o) IR R oL — 20, PRIt 2 4 T2 i 5 se i1 B AR 2

@[ [ ] OF [ ] O

1+ JE R EaN JE S

0+

24//~\\\ 24//~\\\ 2-/ AN

k -k, k -k k
P F k. 7 P k. P

K 2-11 BRI T ke S R EE . (i iiEQR-2) ik KRG L. (b)hmg

WU (2-1) AT IR I TE i KL T R G IR DL e B CUNTER (P 2% B 7 Bl R 4

BAME R ERICHIERETT . (o)A BT IR S so e B R A1 L. 20 J7 Sk AR I
IR PR HIHUN -

Fig. 2-11 Schematic diagrams of the scattering of state kr under the quantum limit. (a) Situation in

9
9

Energy

the system described by Hamiltonian (2-2). (b) Situation in the massless Dirac system described by
Hamiltonian (2-1). The blue and purple straight lines represent the two lowest Landau bands without
coupling. (c) Situation of the massive Dirac Hamiltonian. The arrowed red lines denote the scattering
from the initial state to the final state.
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B2 T E KLV R ASAE G Ee B
2.6 KRB/

KRBT TR 5w RGN AN . =2 20T DL N o B
Je, Rggs T ARA R ERER IR 772, FR T A RO R R B
THEL T ARG B B BRI, BEAL T TR BARER FIAR AL, DL B A PR T 2R A
AERS N GIR 7N SEN oA P e S N 327 S TR NP NG i /W01 7\ AYALTUY VAR £ 8
LT TR AN, Beal B 5 2l K — & K/AMUAEAL. (2) fEEFIRIR T,
TE I KL TR T [ O e PR PELKS I LT REIA R, IR A4 SRR T B A I 4
R RE, HAKE oK R BB IR AR

XFF R T ARPR N AN R G PE, B AR S R b B, (L M R
T RABIERAE 7N o AN 2% 5 O i st M) 11 2 1) 0 12 B SRR T - A PR T v 8%
i 5 (2-2) N ik, BT R A —ANIUE, XS TR E RN H 1 S iis
RO, XTI ERR T REA, 2-1)3, EETHR T, Htk,ANERK
ARG, XAET B RN L ST 2 U . (ST RE/ E e
B IR BRSLAN [ 2 e I BT B Ay R N, T R 0, R U AR AE T AN R ke 2 T] 6
{187 B N 2 BT AR PR PRI v il Fh B e L -7 i B8 (P RV . FEAR R RS
BT IR N B2 E R R PR O SR T, 8 A kT 1a] RO R ELAE FH B oA PR % 5
NI BRI B BB RE B o 7ESEBRARl B 5 i 20 B P AT AT A B OS/N Jo &
TR R IR IR AN 2% o3 5 BT 2 M PR N T s Mo« DRI, Sk R (R i P T
T RERETEM B R W23, (HIEA BN THIERN RGP LB — B A
(LS5 1.2.6 /N1

- 55 -



W IR Tk K 2218 S
£ 3 F HIMEESREDRZ L RLBE
3.1 5|8

T P O 36 78 8¢ FH KA s S A R R~ R o, G A 2 P F PELI R G L A
Ho KPR EAL R, FLT L H 2 BRI R G K A 7 A (EAE— LER A AR
W, fh P B BRI 9 B B A G . RIS I E R, SR MERE FBH IR AL S TR
A R B, FELE I 51 R T T IZ A A OGRS B, A2 SRIR T 5T
B SR TE & AT RL B R I T R PR RE LB, BRI B se FAb R 2 4 J 1631661 =4y
224 JRIeT 188l O SRR, S A RO K R 4 P A AR 1AL

T2V R BH AR, B A 2 AR R . Hd Abrikosov & T
g H PR R H AP i — AN 2R KRS, B0 s PRS2 TSR A Kk A5 A
ok, EETRIR N2 T BBk A F R R i S BN 2L FfE . R AEVF 2
SRS R, 2R R I MR RE B A R S B T o RS S B B S R
(1761791 Abrikosov MU EARAFE] T HE— D IESL LU AET, (HIFEAHRT
St L BELATLAR A R B o 3 — X e M L L) 2 44 A B /9 Parish A1 Littlewood Jifr
PEH A BE L BE 28 0 25 4514411621801 (resistor network model) . i i H(E A 40 37
FHLH 2% X 2% () FRLBH., Parish Al Littlewood A& I &R Gt N &8 1 & AR S1VE K & 5 3k
FLFH A Aok B E RN ) DTk T /R S5 mE R R, 46 E—%(Q-
57) AT, 1 FL RH A R R BSOS ) DR o S B M I LR . (BT R R
G0 N AR 35 ) P 2 B 2R PG R, IR F 2 X g A e — TR
PRI HARRE, DAL HOO Ak FR e 5 1) 55 B B A AR AT OB - A2 )5 2R BIHIT 78 T
VE, PR P28 0 28 A 70 ol A it 52 — 4 (I8L182), BB A AR A (effective
medium theory) FJEFHPEFFE] T UERAIES8, e o, B AR BLEIR TR 1R A
P2 AR TR e 2 1 i e B 2R (R DGR R R US), B T R RS, I AR T
IR T IR T E A 24 240 (compensated systems) 26 R FH R YR R £
SR A RSO I8) DI K 2% oA FH 7 A 2 1 A BEL 11 2 28 e B a4 g e (1571581

DL 90T 20 1 i PR BEL SR U ) B0 AR RE 3B 4R T AE e ME A m W L RHL,  FE A
VT S22 e i P BEL RO IR 400 o AE SEEG I B, — SRR AE A 28 45 B [m) 1 FRLRHL
17 LIS A 281 2 [ i P BEL (235:167.186.1871 - 35 s 24 F) 0 v i P BEL H 11T FE 9% 5 75 2
FHN AR RS o 53— J71H, FLF-RETT 450 DL A 258 JoT 35 Re R i Fa, BEL £ 3 e B2 A o

AR E A ZR G OB 5T = 4R A RL L BE T 5 A0 R 2 o 3 BE NE A ) DA K% A [ e r
BEESZMT . 3.2 FTF & Je/r AHAE BRI F b R AL BRI U735, R 9l N JLRE F I %
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IR I (e a7 R s S e AN

JRAER . 3.3 R4S AN R AN e - e R R BE R AL, JFAE 3.4 5 R T SLARRL Y
A5 B e ASHUR I TRl 3.5 TPRISE TR R TR T N RAEMME TR, 2R
K73 R S F P BELXS R AR 0% 2R [ I 2 HR e Rt L FEL S IR 2% . B 3.6
TR AR B A U AT AR 12

3.2 BibHHR PRI Z R IE

A LA R AR 2R GE RIS PR R OGS RA M . AR B G HE S R AL B rh &
REE—L, BRI 2250718, 2585 43 AE BAR AT 70 H I = ok Jo i
it

3.2.1 ZRFEHIER

YR — M R 25 (ensemble average), it &P E, REH
(I AR 22 2% TR AN 2356 FL 28 1A P RS AN AR M s o DA SORL T A AR R B G (fwp)
%, FEIINBEANEPE (RIS TERGHIMA T RSO OR#AEe), fE R
JFEAE FH PRI PR PR G (Lwy) TT BA R R A AR BR B G (i) RV 252 53 35 BBV S8 L 34X 1) 7
ERERH CLRARMER T 5l NI B BAR A BN G . WL B 1) R4t
WA K B RPFRE A, I RBUG RS AHRE AN, £k
I FER N T, BRI A AR R B AT LRI AR S HE 1 Gy (fwy ) BN
T RS NIEXR ARG ((wy) » X T — M NN RBR RS, T3 n S
2 MBS T IXN AN B B AR A LB, BRI & A 4% 0 73 A7 1% DL BR 2L
M2 B35 2 RTS8 — M, B0 LA 2% 51 AT e 29 A7 17 100 A8 0 & 4 350
SR IR0, (R, A% 5T 2 A0 B R P B e AR SR A B RO R, AR
PS5 A B G ) R G R R LR AT R e [A) P R AN AR

IR P2 A PR )3 B B A AL LR B, o e AR U R . RS
JiR F e 138 H Rk XN

wﬂ=2ﬁ@—m)

N
d .
=D [ Gasen TR u(g) G-

HAPNJREEH, RANHIANRFAEFRT PO E. UG — R)RIYHAA AR
AR R A, HWEE SO A Er b i iAok, BB AT
B u(q) AU (r — RO A R . (R, 7ERGHIMEEEQ2-21)F, VK
& SCRN: ARl AT 28 FUH R N FABE RN X T — YO, ER A
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G ETA RN B (Ry, Ry R, ..., Ry) WIRREL, HAF-FI5R1N

1 N
(0 imp = (V) fff...deRlddeR3 ..dRy (3-2)
HAVRRGEWEIR . E EXF, BT PR AT DOESEBUE R 1 R0 E, 1/v

RIS —ANAAARER 73 B 28 (B3 o AT DA 31, 2% BV 3 AR 5 FEA G S AR T U 72,
B IE A AR R LR
fEE—F 2.3 WHHES Y, BT R P B R A PR R SO IR S KRR
o LTRSS, AT LS AR R 2 U 2R 280 753 21 2% SO BRFRE AT B 5200 5
AT DL AR I K BR 0045 21 2% S5 i 1 DT B s e o AN b — B A% A R BRI AL DR Bk
BRI FRIEX AT LR R, PAVUR IS 5 — TS AN [R5 H VAN bR 2R £ fR 1Y)
B MARAFINME (R, Ry, Rs, ., Ry) EEAMNEEEV . Hk, TiR2HME
BORSRTRIKREEREL, I Y I 4 E e — T BT VI AR b TEHE ST
S, ATRASRE Y B AR SR B A BT T JE R 2. AR AR R BB, 2.3 S
11(2-26)20, BT EWR R ARBERVALTNE TS HERENX, EidmA
AN [ dr|r)r| =1, "LAMSRIFESE i,
lVIu) = [ [ (ulr)r|V|r' W |u)drdr’
= [ ulrV () (rlu)dr (3-3)
Hrp
(riviry =v@)sa —r") (3-4)
KRN RAE—ADVE)RIIL 2853

VI imp = (%)N”...Jiz/(r—m) dR,dR, ..dRy

= i%f U(r — R,)dR; (3-5)

BRI T AR I, X TR R RE, HARE UG - R)IF
A E AR UL B, IR xR ARS8, HABA 23 A (1 / V)N BN L
R AR e RIE A oy HAd AR AL R R R, T DA 2

V() imp = %i [ asu@e [[ e=mary

I d .
- VZ f (2:)3 u(q)e'?” [(2m)*6(q)]

—N 0 3-6
_Vu() (3-6)
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IR I (e a7 R s S e AN

XEN VRN EEn, o H_EFURT W B 2 )5 & — AV (r) (IR 45 2R 09

B B HAE R E R ZJa RISEN T 1 JORBEE RN, A T8 5 2 s AN

e (2-26) X H 55 =T A B Re 70

|V V) = [ [ [ [ lr)elV e X w/ X e X [V v/ X' [uydrdrdrodr’
= [ [ (ulr))V ) (r[u' Y [r)V (rp)(r; lu)dr dr, (3-7)

BRI RN AR SO 2% & 2 B H BETU P B A% B3 Ae . FLAR P I EE

VEDVE)imp = (%)N ff ...fiU(rl —R)U(r, — R;) dRdR, ...dRy
ij

= i (%)2 f f U(r, — R)U(r, — R;)dRdR; (3-8)

i,j
N-1

i#j J

HAE G 5 G-6) AL FESLBrdR A, A5 A% H NI S AR 5 H B &
gAY, Bk BRI - /N2 W T = IS, BRI E SO Er Al
o AL B A U AR T 60 T R ARk iz, DR SR B i R X A2 T
RiZ& 52, Bl

N
1 N d .
Z- 7 | var = RoUG — ROAR = T | G u@uget T G-10)

B, (V) V (r2))imp 45 R BIN(3-9)2NFI(3-10) 02 A Jdid [FRER 7=, ATEA
BE— BV )V )V (r3)) imp AL S Z IR REV (r) TR 28 51 33, iX
B AR BT TR, BUOALE T O BN (3-10) 0. £ E—F1(2-29)r,
FEAR R H BE R RS TRV (r)V (1r2)) imp IV, IS ONFEAR SO 25 R
HIIREE 155, F V) imp PV )V (12) Y iy 73 1) 9 258 50 58 ) — B T A0 —
B, v G R R R G 0 A L S AE (3-10) U

3.2.2 ZeRiERY

PR A, WA A =R, 509 § HBEER (S potential ) = T
AeZY (Gaussian potential) . SRl FEIEFHHEAL (screened Coulomb potential). § % HE
iR AR PR — R, HRIE N

U(r—R,) = up8(r — Ry (3-11)
Hrbug AARERIREE, £ —MFEEIREE. XA R E 8 B ARl oy
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u(q) = uo (3-12)
A R R R A R E — e a2, HEREUA
1 \3 _Ir-R?
Ur—R;) = ( ) e 2d? 3-13

X AR HREREERA L. EEIA TS s e R A o KSR L, BB
A5 [A) PR B Ry 2 B e T Ao R 7 e L AR 3 e

u(q) = uoe_% (3-14)
KERqH g2 + q3 + qZ - 55— B BRYE FE 20 A 00 2% ot 35 6 9 e kAR 75 e
ERR IR A T 2 A AR, HRE N

eZ

Ame|r — R;|
X B e Jy 2 0] WL R 48 (absolute permittivity ), k9 fBI#EFE BF il 212 (reciprocal Debye
screening radius) o ST i R4 B e EUH (4 B AR e ek 2O

2

U(r—R)) = e ~KIr=Ril (3-15)

u(q) = (3-16)

e(q? + k?)
AL, 4axt o BE BT LS A
£ = &)&, (3-17)

Hirhiey ~ 8.854 x 10712 C2(J my' WIS/ HHHL, & AR A F AL
3.3 REERRUREFIENERET

AATKEA AT 1S (single-node) AP TT AL (two-node) FiFHHL R 41 IR /K7 5.
-4 & IS REA A5 2 T B DA S R BRI Re ity  JF 5 =4k o1/ B TE R AT
FEREFE o B AN VAN RS A Hh gk N BB PR P I T 1 3 o B

BT BRI VR T R AR AR A AR SR s BN R SR AT A . AU v
o JBARREA RS AL (2- 1) A A E I — N ESERE, AR i B A o it & ARk

Hi(k) = hugk - @ (3-18)

FHI Y RE TS A BIE ey (e E— SR et Jiad, XEAHES IR K

AR R R Re T 2546, DRI IE R FLRR O BT B A . 5 — AN F R Rk
AR 4B A OK e B TR R RE A RS B i

HO(k) = A(kyo, + kyo,) + M(k3 — k2 — ki — kZ)o, (3-19)

Hrh A, MAk,, 5T ZH . X G 5 5 ] ARG 7E k25 A3 e, 70 AT I AH BE K,

PN R S, RIS R O T B . 5 (3-18)xUAH b, T A 2wl DAAE i

5% (open boundary condition) TF3RHAMREEBEHERTE. #3G-195
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HBf 8] RN R 455, A

HO(k 0

( (k) ) (3-20)

0 [H(-B)
3N RISE € AU Sl s
PR 1T R B (1) B SE R [RIRE T DU b — 3 2.2 15 R R I 77 R R A, (R tax B
EAHERDG RS HER. U7 BI 7 W NZE, TR RT3 9 1 A A A
MESMAE F(2-8) AL K (2-12) X — B, EAENT AR dcos by, , = M,/
VM2 +2nA2/12, XHEM, = M(k% — k2) —nw, o = 2M /1%, FNFIERET IE
AW

EC =24 |mz42nl (3-21)
k;nt 2 = n

Hon>1. XFn=001H0, &
BQ o =5+ MO — k&) (3-22)
SRR Y

hk?

HEO (k) = —— (3-23)
MR, k= KT R T RE. e 006 ARk 0oy A,
FSLH A R EERE T (BHEn = 0N WA FAAFR
h2k2 R 1
o= T (77 2)

MM IANES S PR P RE B AR bt a5, BN ) ky, ky)o
RGN BT IR I S 37 55 B B, 5 #am TR BEng MG . X T BT iy,
R A2 AQR-15R. ATCAFEFER L —F A E T, SHAERNE TR =

FHTAAFZHTHEWMTRA

(3-24)

min(Ef;) = Egfo (3-25)
LT T AAS B R G SRR IE B, = he = (VZm?ng)™" ) Bl b — i L Bpk i
BORURATR) . % T 55 SO, ol T LA R 5 2, R A1 B 2 10 B, A ko
LK R AITES | A, B | BRI S, M1 A B BRI A . 24
SRR, Ak > 2/13, REWEL | BMAL K, = +\k3 — 2713 FILIG
L1 5 35 5 B VB TR FEmo 17 401 T 56
2

2
1ZM2

= (2m%1%2ny)? — k2, (3-26)
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il = JA/(eBo) . MBBHTRITEAN , HkE < 2/13, HHES |, BUMEA K, =
0. [ LI 508 5 12 BRI T o 26 R 9

2\? A?
(k‘%, — l_z) + 2 2Nz = (2m21%ny)? — k2 (3-27)
(o] (o]

3.4 BLGTET (8] FniariE At (8]

2 ST FH B 2% 52 DA I 18] sl 328 I 8] 9 78 aQRE N 2 r B R IR S . AT
Al Sn = 0Mn = 1HITEREH AU E BE,  FFTTSE0M N A EACE I 18] (0 a3z I 1]
3.4.1 &R{RBAERETHIMIZETE]

ME 5 (2-78) A T A AT AR I v 55 8 7 A PR T R 1 i m PHL A 75 21
E AR BITE RE T B s i 8], PRIk A #& ih Sin = OBERT Y A RERITT . 383 (2-29)3K, W]
LA H

(ks ke, b’ |P |k Ky, O)°
Ep — Ejpr + 00

Sk, 0(Ep) =
ky.kyb'
FH(2-77) AT FHELCE IS TR TR R fR 2 H R B, {8 Sokhotski-Plemelj 5E FH(2-
DRGSR 5T ERBER, RAD = 0ORIANE, KIAE T iH I
THED = 01T, N TR ARARVASHARE TS, @Bid53-7)R R T5
AT LA 2

(3-28)

(i, kg, 0|V |ky, Kz, 0) = [ (ky, ks, Ol (r)(T|ky, k5, O)dr (3-29)
o sz R 3 B O

(1l ke, 0) = 5,2l k) 10y

1 . 0
— i(xky+zky) _
RN ' <¢>o(y, kx)) (3-30)
Mo (v, k) W LLKE T A1 nHL01F 2
¢n(yf kx) = ;e—%(%—kxll?) Hn (l - kxlB) (3'31)
lp

’n! 2n\T

XHEMH, () NE%E Z TR, (Hermite polynomial). ffH] 3.2 715 i 7% 5“3 1) 45 B
d . /
<Voov00nmpzn{fcigquﬁm—quﬁﬂﬁ (3-32)
A LA 3(3-28) 3
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o drdr'dq
(ks ke, |V |k, ke, O)) nl<LL> fff 2 @u=q)

x etl(kx—kx)x+(kz=kz)z| gi[(kx—kex)x" +(kz=k;)z'] iq(r—1")

X ¢O(y' kx)¢0(3’: kalc)d)o(y,' kx)¢0 (y,l kalc)} (3'33)
B, Xrxs x's 2y 2 BRSNS RGNS & BREL, Ty sy B B 45
RArble 452

1 12 1. ’
f dyeti0Y ¢ (v, k) bo (3, kL) = el (ki) +a3|iBgiay (k)i (3-34)

i b b £ R DL 3]
ImBEa&ﬂ=—mnféﬁgmwmemaﬁ;—mf%ﬂé%ﬁ”W§ (3-35)
e/ ek 3 LA SR (2-77) 35 45 5 B I s S 2 49 B i
FESIBAAR . RGN RO LR P WE, o, TR EE
u(@)¥ -
i LS 0 25 25 A P LA FS 8000 5748 A2 B 0 o S 1
XS A E ot q, g, B4

fdedeQy —(q +Qy)d2 2(Qx+qy)lB — ifooqle_qi(d2+%lé)dql
0

2n)? o
1
" 2m(2d? + 12)
fE FR TR, B A0 AR R B ) T BRARRR R, Srfig, = (2 T D
g4 (2-77) AN (3-35) 2T LA 2] vy B 35 56 2 2% IR 45 s KK B Ag T A7 SR IR AU BN TR
E U

(3-36)

ZTZ 0 4nlz(1n+ugd2/l )f O(Br = Fir—qu0)e™ " da, (=57
H 7 Je T e B oA ek B A U ), BRI Tk, = ke KT S
AR, HE R UL B dB0%s . KBRS AR B u(q) R F(3-35)
A, ATRARH ERE 7592 0] LLR 2% g, Fl g, 38 53 AR 43

dq,dq et Y2, 22 e* « 1 12 2
jj ; Zy 2(q2 2z € 2T )tE - ZJ L £2(g? 2 22 € ZZBqldql
(2m)? £2(q% + k?) 2me (g7 +q% +k?)
e*l l
Sniflﬁoh+x)] (3-38)

=

Filx) = % + e* + Ei(—x) (3-39)
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Ei(x) = — f m%e‘tdt (3-40)
DRI, A 35 B 2R 23 Joit 25 S I BT A iy Pty >R RT3 I TR) AT DA ply T =X 2
h n; 4l lz
ZTlgp,O = 167'[81;[ S(EF - Ekp—qZ,O)Tl l_B (qzz + Kz)l dqz (3'41)

PELE SO PR BRI, SRARHIIZ N 1] (0 2 14 50 AT LA B0 4 DAL Feik R B
PRI (1 - 22 g 51, Hrhy, o = 2zt

hok,

kz=kp

3.42 BAiEn = 1AVRETH RUBISTRT(E]

THERE Ml B T R, A SRR U I A AN BTE T bR Al 22 9 LR R
B, IX— E 0] PAFE | — %5 (2-59) 70 AN(2-60) 20 1) e B N e & BRAUIARE H . Rl TH5
= IRBR R A ) G FE B R S Bl = 1EHERE T IO B BE . AL +RE7 N, R ¥R (2-
29)AR, ATRAEHHEERERIELA
[(kp, e, '[P |k e 1 +)]
Ep — Eqr y + 00°

ZEZ’H(EF) = (3-42)

ky.ky,b’

SiHIm[ER (ER|HIE, X T8 TR T BB, H%ED = 0

ﬁfo EE?Liﬁn(s-zs)i‘cE‘J%%lﬂlﬁ??‘éﬁi’yoE’\JZIK?H&%}S‘Z%%@'\::T?‘éﬁ?’ﬂl +HiRI A

, B R AUAIG-28) S AE TS R AR, SRR RS, 5 His
EF'THEI’Jﬂﬁﬁ 1 +ASEAS LA [ A b g B R TR 0N

Ok, 1
cosT(yIO)
(rlky, k1 +) = (x, zlky, k) 0
. Ok,
sin > (y|1)

Ok,1

1 . cos b0y, ky)

= = pilxkytzky) : 2 (3-43)
LxL, sin kZZ'l d1 (¥, ky)

HrFgo(y, k) My (v, k) FTHI(3-31)FAF 2 Kby Fly’ 3543 (AR 43 7] LB R X752

J dye 57 ¢, (y, k) po (v, ki) = e-%ka-k&f+q§]lsizwy<kx+kx)lg

l
x — (ky — ki, + iq,) (3-44)

V2
e 2(3-42):UrT DAL

O\t [ dq
Im[EEZJH(EF)] = —1n; (sm kZ 1) )’ [6(EF - Ekz—qZ,O)
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2 4 2)72
X u(q)u(—q) M e—%(q§+q§)l§l

R ae NG, Al At — it 5 q, M, #70 AR 73

(3-45)

fj'dqxdqy ~(a3+a3)a2 o —5(aF+a3)13 (43 +43)l5 = Efooqie—ﬁ(du%l?g)dql
(27‘[)2 2 41T 0
5
" 2m(2d? + 12)? (3-46)
B n] LIS A RE 2 2R T 48 1 + BB IS oK 10 BT Bk ) g

h n; uo Hkp 1)2 j-oo 232
i : S(Ep — Ej,._ —4zd% g 3-47
218 1, 4nla(1+ 2d%/12 )Z(Sm 2) | O(Br = Bip—guo)e™ " da, - (3-47)

fin/(2tg ML, B T THsin(0y,1/2)]" /1 + 2d2/13) . 3T IRMPEA
HEE, qutqy 0 IR

fquxdqy e? %(q,zc+q32,)l§ (q;% + qJZ’)llza
(2m)? €?(q* + KZ)Z 2
4- 00
lB 3 1 _llz 2
= 2 Bqld
4me? j- h e2(qt + q2 + k?)? ¢ =
el
B
=3 zf—m2+x%] (3-48)
Hrp
Fo(x) =—1—(1+x)e*Ei(—x) (3-49)

Ik, B S BERIA T im = 1+ A T SR IR A T B phy 4 5
4712 2
m£ﬂ+=fgé§(h&§ﬂ LwS@f—E@ﬂbaﬂﬁ%aﬁ+xﬂsz (3-50)
1 — A 1 1 R RTBOHI 1], 7H LL1 223 5P fsin (0, 1 /2) B B
c0(Op 1 /2) BT, 35K 55T LA A A5 9204 R 2-8)sURIE (AT 4 T 7
ffe, FTLLR-8) i B A AR LS ).
T S YT A, T R — MR AR, DE R 2 O
IR 1] 383 30 PR 25t Blsin (B, 1 /2) o

3.5 BEF MR THYE iR

Ergs s T ie v R ROy BB U I TR, AR AR SRR B HE SR T
AR PR BT RS RURT A Y AT DA K =4 F R AN A [ RV R B L 3,
SR AR L FBL BELS B 47 568 B2 ARG AR
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3.5.1 YEHEEBES

BT R BUAE B TR T A i i B DA B — % 2.5 b iEgany g, BLR
PN 7 S TR R T T Y R AR A i B PR 2 e i LB
AT E— 5 2.5 F7 R ATk, Rl LS 2 & AR R N 2 1l F 3 5 10 38

e? o
G2 = =Ny Y |tk 0 (B (3-51)
i

X BRARRIOKRER Ak, A F S AESEE R AR 2 G-5HHOVE TIRIR T
Il G T R AE R A RO A PRI O =4 R, (3-51) (RIS
AL W) Drude 22308, 0 T B0 AU, PR AR AL S U — AN TR K, »

(3-51) BRI 9(2-78) 3o X TP S B =2 o 7/, FORAER VI 1 He (I
BRET Ak, = ke WMER I (EARFE P RACRIERM PR R ). T ke S Z
I SHE A R R, e R TBOR I 8] sldinia i 1)t AR [F) 1, PRk b 3R] i fe oy

2

e
0, = 2~ Ny Wi 0Ti 0 (Er) (3-52)

E R ERAT mREA E DU R R POKE L (w0 = OEx, 0 /(hc’)kz)|k2=kF) IR
Theo BB TP IE AR, TR TR B . XK 1M 3 5
0 (Ep) SHEABEIE TR, o B A WAL T BE 5%

B IR R R IA N (3-21)F M (3-22) A5 & b — 717 TR 45 B A HICH I [A) F 1k 204K
AF & TR S SR a2, TS BRGNS TH R
R o 3 5 Ay P

0c €2 (Avi,o) 201 + 2d2/13)
zz h nuid 14 e—*kid?
AT LU BN [ i oL 5 RN S EE T 28 B B AR FE Y o 01 & F e e ot (RITEY
TR K = OF), GhIA) (kG B S X 37 5 A B2 RO R o T 7E R B
HELHIEL T, o ZC 4 BIMIE A5 B~ — 1. 76 _ L, ke BUNT e~ 4hFd” ~
1, R EHARERKE LB RN (242 > 12), BB TR A H S
o 3 AL
[F)RETT LAR 210 24 R G rh BRI AR SRR 2 0 3 S0, Ak S 30

2 2 2
UZQZ'C _ % £4l4 . 8(hka,0) - (3-54)
e g [73 (4k2 + Kz)] +F [73 KZZ]
b O RS 5 B B R R ELE A, FE—IRIGIL T, B B i B AR B i A2 1k
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[0 ER A (v 0/13) A IR BREB 220 52, (Rt oZC 36t B3R FE 1) Mo 5 4

j'—‘T—rD
EAEF, [13(4KkE + k2) /2] + Fi[1Exc? /2] 0 o W TR Gl 2, & n] L@ BL R
papawanc et

e? 2

= L
2me " Avg,

S S B R AT 2.3 F R, R T

2
1
kBTZ <lwm - Ekz:0> ] - S(EF - EkZ'O) (3-56)
m

R toZ itk o« Bo 5T BBF, [x], MRS fExHUE 20/, Flx] =~ x71,
MAEXBUER KIS, Fy[x] = x~2 FHN R EEL G0 3-1 s A L Eg RS,
FXFG-54) Rl LARF: 2M41Ek2 < 13Kk2, YA SR TF (122 /2], tnH
12k2/2 < 1, G aLCIEL TR, MRiZk2/2 > 1, B2 « B2; 24412k2 > [2k?
I, PRAEAE DL IS R, XN F, (12 (4kE + k?) /2] o (212kE) LI Fy[13k?/
2] o (12K /2) LS 8F, [12K?% /2] » Fi[13(4kE + k) /2]

(3-55)

lim
T-0

1072}

1079}

1 0—4 1 0—2 1 100
xr

Bl 3-1 BRELF [x] B R 5
Fig. 3-1 Power function fitting of F; [x].

=SSR T ARER T AN R L R A R R (3-53) WA (3-54) 3
X R =4 SRR R R/ (2m) B MR, e B B IR EE REATT AT Y A
BRI A LA — N E R E 2% (MEE), XA EHEENRA SR A7 AT
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{AT R o

BEAh, 2 R G B T IR ARSI R 5 B+ 20 KI , 3R TR TP e i
(I WAE R A i, IXFP SO0 T 75 2AE DL ERE R S R ARIE P 5 NBIE . X2 A
ONFERENTHE T B ARE TP 1 6 BB fbl. £E(2-76) 3 AUFHEAR MR o ZORTEE HiT RS
PR H ) R LA A 55 H BERE RIS { - Sokhotski—Plemelj & BEAF S & bR HHL 2
AR 25 70T e U 0 AT T8 BEE T I A Bh e DAY s AR ], XN U AR B
LeXt & R BHAT AR > RN

- dk, = S[M (k2 — k2)]dk
foon_[M(kg _k%)]z +T]2 Z ’l‘_oo [ ( V4 F)] V4

_ 1

Mkl
HAm B AR AT, EXE TR A FRETER /. ER Pt
BERTE T T HE S5 DLBEAT, ELYE@ S 500 T g R MR . (H Tk, — O,
RS R R B, BNER T4 TR AR R N R AE I« 7E T E LT
ERIF A

(3-57)

“ 1 N L[+ it + (i)
j_ooE[M(kg —kDP+m2 M|, [k;% N (%)2] (3-58)
AL, k2 > n/MI,  FaRIEE SSEN 1/ (Mkpl), BRI S B BGEBLE R4 1
R —FEI . H24k2 < n/MI, B4 RIE A 1/(2nM) . B, fEkp - 0
R & BREOEAUE B 45 1/ (M e ) B Ry 1/ (2nM) - R A [ 37
VR PR e OB S EU T BESASE B Y, S5 AN T 2 B b LY T 370 588 5 £ 4G
FOOR. T RICL B FIRE R, ESR AR B K A i i S B0 AU
AR S 4 SREALAT FRDRE R 1 L, R et 75 S 00 PR R RE AR R I B 1 . AR
TE(3-56) R0 EIFAERIBIB LG, (B IELS AL, EIRAL, BIKE £ L Bras R
O EE E k. BURSIDL AR PR FER P 2RI, 1£2-76) L)
R RE RS S R AU IR R, BATTRIE IR 7 S M LRI 3. [ (3-53)
F(3-54) AT ATERIE T I 98 TR B (3-54) R e s (E BT
WS I LRG58 15 K2R IEHFVB, X4 80  hals LR A
EIEES

AN T BFT SRR, T A0 T W O (T PR PR AT PR . £E SR R AL,
Plk, = kbR AB, BUERT (1 = vi—g,.0/ Vieg,0) T, B 1 HROIET] A 2k o X
Hq, REHEHHVISFAREZ W Bk, M2, W q, AOM2ke 2 X ik, = kp
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WIS EON Bk, = kpfilk, = —kpWES o PIRREUR X B R BCE B 7370 9 0F1 2.
ZNEAEIERR, (3-53)TH 4 BE(L + e *kFa* Y548 Hy2e~4kEd” | ifij (3-54) % 43 B
FillE(4kE + k2) /2] + Fi 122 )2V R2F [15(4k2 + k2) /2] FL, TSBIEAS
Xof e A A e R AR 5T 3 5 A P o0 1 R R OB B R o HL TS TR
B EAC H e AL A4 R S IORE L S AE 4122 > B St T [12(4kE + k2) /2],
RUIEELFB—38B ¢,

3.5.2 HEEBEMERES

FF R N AR RS, A(2-45)20 LA S (2-61) 2T 15 21 BT i AR 2 A
P RS
Oxx = Oxx,1+ + Oxx,1— (3'59)
He

Uxx,li = hezNL J- AkZ,O(EF)AkZ,li(EF)I(kx; kz: Olvxlkx; kz; 1 i)lzdkz (3_60)

B 8 B 98 A 2 40 A B e N S AT B & BB, TR TR R 9ok
RE RIS FLBEIRLE, 1, s, L, FIA, o(EDMIEE, EatebA, 1o (Bp) 2 Kl
WK B P S . SRR R, AT B AL

Ay, 0(Ep) = 8(Ep — Ex0)
1 1 h
Ay, 1+(Ep) = = 75 (3-61)
T(Ep — Ekz,li) Thep 1+
AT 0 IS e BB ATy 10 T

XEF AT AR,

2

Kk, Kz, Olvy ks, Ky 1 )2 = vE (cos szz‘l> (3-62)
BHACNE(3-60)R )5, nILAEE

2
he?v? ® cos(Oy,1/2) h
Chons =~ Mf5WVf@0K%_&1 —— |,
o o1+ Ky 1+

2
e? cos(6 2 h
T L CSYE) (3-63)
T Er = Expi+ | 2Tkp1+
g5 (3-47)A, FTCAS R E A RE AR T T, X R
e? nu? 1
Oiie =757 fls (3-64)

X1 T (2mi2)? (1 + 2d?/13)?
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L cos(@kpjl/Z) sin(@kp,l/Z) ?

1+ —

(3-65)

Er —Exoq1+
ool _MHE S R AL, HEAREN ool MEMESL . AL P
Epprs BHNE,, 1 BV AT1R Blog? HIOFE o BT 5 BRI W 58 B K
f2/lg » ke, FTUAREIfY = 15/[8(hvp)?]. FIL
Le € mug 1

T = anhup)? 13 (1 + 2d2/13)?
M AT RUE 59N m) G Ha 3 A [ 1) 7 B 1) s P 1R K /N 72 T B T 4% o A
BRI A AR TR N (B 8 AR ), onl IEELFB. %42d2 »
2, opf AT B, XT RGN B SRR R SRRSO, BRI
T FE v A5 2

(3-66)

ne et me'l &,
Px X (8mhvy)2e2” 2 IZ K
Forb R L F, o] PR BT WL 3-2 BB BEUG o TORET5 70 U, 2(3-55) =it o5

Rl VB, Iy o« B7L,

(3-67)

|
Kl
=
Y
)
H

107 +
104 -

10

]:Q(J))

10—2 +

10_5 -

10-4 10-2 1 100
x

Kl 3-2 BRF, [ ] 1) R DL
Fig. 3-2 Power function fitting of F,[x].

X T R, AN A AT

A 2M[ 1 @+ a®) .
vx—hax h\/lea a")|a, (3-68)
FSNiE]
2
1 0 V2M 6
I(kx,kZ,Olvkax,kz,li)Iz=ﬁ<Acos "ZZ'1+ —sin "21> (3-69)
B
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# B AN 2(3-60) X I 73 J5 7] LA 2]
o €2 2N, [Acos(0y,1/2) + VZMsin(6y,1/2) /ls] h
Oxxat T |Vierol h(Ep — Exp1+) 2Ty, 14 (5-70)
g e m i A R B 2R B R I EO I E], BRIy
2nud (1 + e *kFd%)

(2nl3vy,)° O+ 242/ 3

Q.G _
Gxx,1+ -

fs (3-71)

2
h

o - {A cos(Oy,1/2) sin(6x,1/2) + ﬁM[Sin(ekzjl/Z)]Z/lB}z (3-72)

a h(Er = Expi+)
2 il B BT p S B AR ], X B o AT ERIE,, 1 BN
Eppa—o P LAE BP9 s B o g R 1) B L 3 RS B S BRSO Y o I
RS BRI EAE SAH -3 P 70 g a4, #RIX B, ) ik v 5 50 i
PR A 2 R R S EOER A . 242M2 » A2IR0, FTLEEILS ~ 0
Mif2 ~ 12/(2h%). 22M? « A2LBH), B2 ~ 13/(8h?). [t at Bt ferd i £2
SR 2 R TR EB . Kk, 246 R b 3 SHU R CRIEGS
Wi K d = ORF), AT AR 2P s Y A BR N R I i ie S IELE T B3
K K B A RS R A R o S, 0% o B (EAEEIR TR
FERE T I T LT, AN R F 3 S U AN R], 15% eR B 3 AUURD 5 gE R T SR
Pl FEIR R &R, EATRME IR 2t B AR . Rk, 7277 R DL 25 A m)
Wi S 53708 R R R R TR R LB, X TRMESHR R 45, LAk
LRI HE S 45 2]
goc o me {? [§(4k2+x2)l+? lﬁle}f‘? (3-73)
xx,1+ h ZEZ(ZNUkF,O)Z 219 F 219 1+
T UATE B o2 0 37 7 B At A B AR o 454 DA X BR B, [ ] AR £ AN A2
HI AT RIS H4l3k; < 15x?, BEREE R SIEH T IRF, (13?21 /vg o0 WIRIGK?/
2«1, WHcZIEHTB, WRIEk2/2 > 1, MHE R TB: 24413k2 > 13K?
i, PR RO MR T A AR PR R R i, Fo [LAk? 2V A P A
Hkmi R, el T B.
T =4 R, (ERLEHES A 7R B M T B

(1) = 10
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sz,n

cos — |0)
0, - |1) (3-74)
. 2N
sin— |1)
JES S, = === (a+ah), LA
1/ A\
2 = - -
[{Ks K20 Ol vy [ Ky, K gy 1) = 5 <_m13> (3-75)

Gt RS TE, BEW R I G-TD)RAB-73) R £ B 912/ (202 B A
=Y AR TR R R e [ i R S 3R AR A 5

X L FF A A [ F gk — R T S E IE  XE R N B E S ANE,
MG S P 2 B F B Ty p 0 o BERRAETEORRTIANL HRE Y 2 IR] AU,
DRI, B ASE A0 B R AN o R IR B — & 2.5 R T f A8 R0 i 3 KR 1
PITE L. BEAME AR R T IO TS IE AN M AR AN, TS VAN

BAAP T B E R SR R R R AR, (HrbE VA B —2 2.4.2 /NS
HHRA 2R SaHmm—seg R0

A 2M[ 1 :
Vy =30y T _l\/ElB (a—a")|o, (3-76)
RNF(2-49) 7 VB HEAT 15, 3K RER AN D)1 1K 138 R N

2
e? 1 o sz,l \/EM . ekz,l nF(Ekz,1+) - nF(Ekz.O)
Oxy = ——7 dk, 1| A cos + sin 2

h wlz )_, lp 2 (Ekz,1+ - Ekz,O)

2
n <—A sin 9k2,1 n \/EM cos sz,1> nF(EkZ,l—) - nF(EI;Z,O)
2 lB 2 (Ekzll_ _ Ekzlo)

+ z A cos Ozt cos Oz + 2nM cos Okt sin Oz
2 2 Iy 2 2

nz1

2
Z(n + 1)M . sz,n+1 sz,n> ng [Ekz,(n+1)+] - nF(EkZ,n—)
Sin COS

lB 2 2 [Ekz,(n+1)+ - Ekz,n—]2

ka,n+ 1 . sz,n vVZ2nM . sz,n+ 1 ekz,n
Sin + Sin CosS
2 2 lp 2 2

2
n vV Z(Tl + 1)M cos ekz,n+1 sin ekz,n> ng [Ekz,(n+1)—] - nF(EkZ,n+)

+ (—A sin

; (3-77)
lB 2 2 [Ekz,(n+1)— - Ekz,n+]

I EE T, AU AT LUK I B L +FI0RET S 5 1 — DU S0, B
3-3 AR (R 2R CRIR =0 AL 38 I = S 4D BUE & W LUk oy, o B1s
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Oy (€2/h nm™1)

~0.020} 7 . . . .
20 30 40 50 60
B (T)
Bl 3-3 BEFHRIR I AR R R E R S A BESAONE R SR AME, BER
G-7D S BTk AR SHON: M =5eV (nm)*, A =0.5eV nm, k, =0.1
nm'e HIRTFIRENHCN 104 nm3,
Fig. 3-3 Hall conductivity of the two-node model in the quantum limit. The black solid line denotes

the total Hall conductivity, and the dashed lines represent the contributions from each term in Eq. (3-
77). The model parameters used in the calculations are M =5 eV (nm)?, A =0.5 ¢V nm, and
k,, =0.1 nm’!. The carrier concentration n, is taken as 10 nm.

X T AT AR R HL S, T L (3-77) X ARIM B 4 A R0 5 FH A
N RE EAMAE AT 15 i T REE AL E R A LR 5, PRI n] DL BT A5
FIEBIR TR, ST HRIR T HER B 3E N —eny/B.

X A TGRS, L RAE, HIE, 2B 5F5, B
_he? 2[”F(Ekp1)""F(EkZO)]< h )2

Oxy 2
4 kg Ky (Ekz.l - Ekz.O) V2mlp

e? 1
= Flzza v Z _nF(EkZ,O)

fezkx

L 3-78
=—— (3-78)

3.5.3 RAFE RN WA SR R BIK &R

L LLEXE 57 [ fh i 3 R i HE S AN A R DLt — DA S A R G LR
XGRS R o TG, E— BT RSl 1 E TR N R SR A )
T L BE S S LU T A7 S B o B RS TR PR ) DA R R L R SRR S L A
7 L, W] DL ELFRAS H A 17 PR EL O 1237 0 B2 AR O% 2 o T =4 fL 3SR 19 1
R TR (1 S5 ALK BAIE B e 2 NSl B T 2, HL g A R 2R ) T r LA R [ £ 7
DpsR AR R 2R [ 3-4 2 T SR B ARRNE R IS AL R B AR AR
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20 [ aussian potential ] 100 F Coulomb potential
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15 B? ~
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o & 10
v =
= S 02
~ ~ 10
N 5 N
Q <
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Fig. 3-4 Magnetic field dependence of the quantum-limit magnetoresistance. (a) Longitudinal
magnetoresistivity of two-node Weyl/Dirac semimetals as functions of the decay length when the
Gaussian-type impurities dominate. The decay length d is taken as 0, 1, 2, 3, 4, and 5 nm,
respectively. The carrier concentration ng is taken as 10* nm. (b) Magnetic field dependence of
the longitudinal magnetoresistivity when the screened-Coulomb-type impurities dominate. (c) and
(d) are the transverse magnetoresistivity with Gaussian-type impurities dominance, and screened-
Coulomb-type impurities dominance, respectively. The carrier concentrations are 10~ and 10* nm-3
for red and blue lines, respectively. The decay length in (c) is taken as 1 nm and 5 nm. Gaussian-type
impurity parameter n;u3 is taken as 1 eV nm? for all, and concentration n; of the screened-

Coulomb-type impurities is taken as 0.1ny. Other parameters are the same as those in Fig. 3-3.
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Fig. 4-1 Two mechanisms of the three-dimensional quantum Hall effect. (a) Three-dimensional
quantum Hall effect contributed by the hinge states from the Fermi arcs of the top and bottom
surfaces of Weyl semimetal. (b) Left figure shows that the Fermi energy always crosses the Landau
bands in the normal materials. Right figure shows the three-dimensional quantum Hall effect
induced by the charge density wave (CDW) opened gap.
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Fig. 4-2 Band bap in the Fermi energy induced by charge density wave. The yellow solid line
indicates the lowest Landau band without interactions, and the green solid line is the gapped lowest
Landau band when the interactions are considered.
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Fig. 4-3 Three-dimensional quantum Hall effect and charge density wave in ZrTes. (a) Hall
resistivity and transverse magnetoresisitivity measured in the experiment8l. (b) Schematic diagram
of the periodic length of the commensurate charge density wave. in the momentum space. (c)
Schematic diagram of the periodic length of the commensurate charge density wave in real space. (d)
Magnetic field strength dependent order parameter of charge density wave induced by electron-
elctron interaction. (e¢) Magnetic field strength dependent order parameter of the system with
commensurate and incommensurate charge density wave induced by electron-phonon interaction. (f)
Magnetic field strength dependent ground state energy of the system with commensurate and
incommensurate charge density wave.
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£ 5 F REKMIATMELF MnBiTe, FUIE 1t

5.1 515

¥R AE R AR B ) — Rl SR AR 11203, TTH A SR )R AR RS
VB R R S . Bl T A AR i T MR I P G R AL (topological
magnetoelectric effect) FI I AS M % 52 R I50-200205] ) = ok 31 R A8 25 A PR AR A5 2K
oL, Hh AR RAS W R AN EEFRE), (HE RSN R IASH A RERIR . Ak
BT AGARN — LT, A RO E /RS Al T4k BT R
AAHIZTT AR A, BISF IS HFe? /2R Fl—e? /R ME /R BT . B E TR
o ER S I E /R A S o T @ A AR T T E /R BHEAE, FrP A
SEZ G B v [X 43 HA Al L G AR N Al T AL AR e — e MERE I .

MnBirTeq 2 SE56 b1 IR SE DAL f Bkl ¥ 41 A S A4 U273, 58—k J o 5
5 R EZ MnBioTes 18 )2 1] B8 2 1 T 48 Z AR 0T - MnBiy Tes H 5 J2 R B SR LL
¥, HoR—)Z i Te-Bi-Te-Mn-Te-Bi-Te Jlit 7 [ -EAN R 7 R4 Rk, — Mok HARIEL
HE (FEIA A R IEER43 ). MnBixTes H BRI T Mn J5F ) THk
[74.208] g — AL E RIGIE R E T2 07 M. WEEZEM TN, LEE
I YA BL R W ) 45 G HE B TE I MnBiaTes dnnfd,  HAHSEHIBIAN-GE 2 LT T7 7]
M. H{EATAIAITEREAL T JE/RIEE (Néel temperature) B, MnBixTes 1) 2t
iR H BRI ITRERR, MR AT N ICRER . 24 MnBiaTeq B il 1l 7
E0, =T BR#] (quantum confinement) {F H & FL 0 4T FFRERE, RIULTE
MnBi;Tes 8 2 HAAFAE L REMR B IS » T _E MBS B iz T n) B T 3R TH
PERITT R X T A H)Z MnBioTes, H B TRMMBEETT IMAHE, KU BRI
AASLF TR 7B E /RS X T %2 MnBiaTes, o B R IR TT 7]
F, B BRI AAILFE T E /RS NE.
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MnBixTes FARF IS FRFE . 5.2 9K E e iiE MnBicTes B BRI FHHF 75 H R
AR RIE, IR 5 25 thAE 2 0m L 8800 L BR A THSR 7. 5.3 RS 7S i
R T4 gk LR IA N R B EHE . 5.4 R BUE V5 S I 1
MnBiyTes B 3E R 3L R H 5 5.3 i 5 2145 Rt AT Xl b b4k 5.4 ikt
i — DR TSI B SOKRE R L 2% 5T DL A & PRI R R Xt R e FL BEL ) S
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5.2.1 B4 MnBi,Te, L EEZRIMBZIRE

T =YER AN S A, RS RS iRy

M(k) vk, 0 vk_
_ vk, —M(k) vk_ 0
H(k) = eq(k)1, + 0 vie, M(k) —uv,k, (5-1)
vk, 0 —v,k, —M(k)

HA 1, NV BT AE RS, ky = k, £ ikyo B
€o(k) = Co + C1kZ + C,(kZ + k2)
M(k) = My + MykZ + My(k2 + k2) (5-2)
XHCyv Civ Cov Mo My My vy v, NS E, HPhSHC,. €. CHITEH
RNFTIRLF 23 O, Moy My Mo MBS 52 Re AT 1) ) i (HP Yo B8 1) 4 4
P, vl BEMAS R J7 [ RETE AR . BARIXAME R RE S IR IR =4k RGP 1Y
BEAT I FE03), (B I E AR R MnBioTes I S ERBESE ¥ - T & MnBirTes
PREAM-LE R, (R SR H (k) AL LA InRavE S o s S i &, BP
m 0 0 0
Ikx=<0 m 0 0 (5-3)

0 0 —m O
0 0 0 -m

HAm AHNERIBEE . H(k) + Hg, RN BRI 4 G AR
N TAET e IR BB 4 g SR AR, LK (5-1)NEE A
H(k) = eo(k)I, + vk, Iy + vk, T, + v,k,I5 + M(K)T, (5-4)
HAT . T T3y DA, @ oxs 0y @ 0y~ 0, @ 0y I, @ 0,5 X B, N YEH]
B AR

522 RERHEIE RARBYF] MnBixTes BETH £5 1)
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A5 MnBioTes #5271, 5 20K -LE R E WU E N KRR, Zak
LI 45 0 I 2 ) RO s R R PN I s B B T

FERLIE SR AR 2 T, /5 BESEHE SE 22 (B (A% )45 . 08 15 MnBiaTes d
PRRIARIERRIL, X BLAE 25 (8] R BN A A1, il 5-1 (o), mifEfRE T
P T A EAR R XN H R KRR R R, IR SR RN

a = (a0,0)
1 3
b= <§ a,7a, 0)
c = (0,0,c) (5-5)

Ferpra ey 7)oV 1 P AN EE BT 18] IS AH QB A R TB] R BE 1

(a)T‘rTTT1TT ® ’
o : ®
R A ! l'
PE ottt /
bbbl . ===
Pt ot ttttt
bbb bbb
® o

[ 5-1 MnBioTes (M 45 I FIS SR AR B . (a) MnBizTes St AR EIREE#4 LA R B LE 2R &
K. ORI . A, B0, RENERHIE My Biv Te 1. (b)t& A
BRI e o SRR O T AR AL, A Sk A S L A% S Ra b .
Fig. 5-1 Schematic illustrations of the structure and lattice model of MnBi,Tes. (a) Layered crystal
structure of MnBi;Tes. Red arrows represent the directions of magnetic moments. Red, yellow and
gray balls represent Mn, Bi, and Te atoms, respectively. (b) In-plane part of the lattice model. Red
dots represent the position of the lattice, and blue arrowed lines denote the lattice vectors a and b.

MR LA L S, T L M3 5 o A 2 20
H' = H} + H} (5-6)
FUrR HERTHE Sy 513 V10 PR3 17 1 L (0343

. 4 2v 1
Hf = [C —3 C,(cosky + cosk, + cos k3)] I, + 3 [sin ki + 2 (sink, + sin k3)] I

-~ 4
+ % (sink, — sink3)T, + [M —3 C,(cosky + cosk, + cos k3)] T, (5-7)

k, k, k,
Hi = (—ZC1 cos ?> I, + (vz sin ?> I; — (ZM1 cos ?> T, (5-8)
XHC =Cy+2C, +4C,, M = My + 2M; + 4M,, Tiky~ ky« kg2 P _EFERH
RAEE SLHT, BT Sk, Mk, BI9E RN
ky = ky
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(5-10)
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(5-14)

Za -5 5-10F. G-1DR. -12)R. 5-13)R. (5-14), FFAERAMHAD
W2 10 B G ks A B AE L 38 BE B2 N Emo, @ L A (—mo, @ 1) B ] 15 21 jz 2k bk

S5 K ) MnBioTes b i 584 . [ 5-2 bR R THEAS 2 B R giRETE, ]

(b)73 IRt Rim Ay 0 FIA B A /IS A5 10

k, (nm™1)

K 5-2 ik SRR R R RERE . (a)FI(b)7 BN SR EEmEL 0 A1 0.1 eV HITH L.

ST N N R TR AR, AR BT RN 30 )R

HorAr ] (a) i1

RGHE

Fig. 5-2 Energy dispersion calculated from the lattice model. (a) and (b) are situations when m is

taken as 0 and 0.1 eV, respectively. Periodic boundary condition is taken in the plane, and 30 layers

are taken in the vertical direction.
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L R 52 @ik, BT R R N EE R T ML 30 =, fEaflbTy
[ U BT Ak A . IS S T — MRS TS Rk - pR UYL, Rlg =
c=1nm.Cy=C; = C, = 0. M, = —0.11650 eV M; =0.11908 eV nm?. M, =0.09408
eVnm?. v = 0.31964 eVnm. v, =0.27023 eVnm. MEHFATLLER], HmA 0 i,
RGRENRER N A LREMMNRIZS (APEE AL E LD, AmAARK
AN, RIS ST RERR .

523 ZinOFHHEBRENTESE

MR DL A iR, ) DUE R R AR MnBiaTes RIS SR AR, R 5
5 R BE P P RELRR (1 S S R 4G 5 R R T SRS SR R R R . IR L L A FRLAR
eJEAEL DR DU Bl AR R R . ARYE MinBioTes [ fif A A2 AT
P (28], B A R SR RRE AR, ] 53 (@) . IR BN AN
MnBi>Tes i, £ MG A T5 K 70 731 2R 75 A BB AE A ot T BB S P o &
5-3 (b) i S F A R R H AR AR AR, e rp SR A DR A SR T R
N, LR OV IERAE BRI NS AR R AR A

(a) (b)

;’i,; Y
B g 4

IT

5-3 PSR BB () SEAE LR SR AR AR B . (b)@F_EAR T AORS KT
BRARURE . ng NS BAERE PN K.

Fig. 5-3 Schematic diagram of the device used in the calculation. (a) Hexagonal shape sample with

t
w

electrods attached. (b) Lattice model in the upper surface of the device. n; is the side length of the
hexagon in the hexagonal sample.

% v 1 #e P ff HL PH AT LLAR 38 Landauer-Biittiker P18 77 it & 181, Ho o
Biittiker A I AN — A A H(1-7)3. X Nim D8 tE, (1-7)30k 4 1 %m0
MR AR Z (A G R 6 N HE, K H 5 RFEREE RN
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Gy =—T; (5-16)

Forri = jo 3B R HT B0y B M 1 21 1A B 2 AR o AR AN 1 s
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BT J7 T b SR 231k R B R B g o g 120814

AR IFES R EUE T Kwant BRI R . Kwant AZmFEE S Python
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I 0 0 —ng n; +ng -n, Vs
I —-n; 0 0 —Npg n; + ng \'A

X BRIy, Ang 70 AR AL A% 13 5 BB 13 A0 i 05 17) ) a2 18 T8 Tk
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T Hh 25 S 1B R A -

2 2
_ ng(n; + ng)
=
n; +ng + nini

_ ng

R e R EL AR
V, =0
v, = i I

e (n, + ng)(n; +ng +ninf)

ning

Vs = n; +ng + n’ni

=Lk (5-18)

TlL + nR

ME AT Pt — 2D A il T 3R AR 2 1 F BEAE . B0 AR5 v AN SR
F A DR R, RS20 F R Y
Vi—Vs
I
N

R =

= 5-19
n; +ng + n’ni ( )

XAk, H BRI LA AT R IR A2 B Hiis 1838 77 1A AH e . BPJH
AR ILSEN, = e?/Qh)MIng = 0 (RGN 45 17 K%z isiE), i
B ANRHEHIEILSAN, = 0Fng = e?/(2h) (KA WKEJ7 1A i@ E) . &
5-1 FH 1 AERh TSR _EAR TN T 3218 7070 LAE] 5-4 (a)+ (b)+ ()« (d) T HIFd &
FIr 77 2 L e N A5 3 () L BEAE . 7T DA B, Bl A i B SR TN T R AR L
AW @ IE 7 AN [FK S EEA A R B ST — M — € RN ET KR
R RALAR, F TR SR R A A TR B s 8 TE 7 1) AH IR, DR (R e
0T R R TRV ZR1H145 21 ) H BB A [R]

K 5-1 AFETT 30N 152 8k e G R B R TAT T 2T L AR
Table 5-1 Resistances of the top surface and bottom surface of an axion insulator under different

measurement setups.
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5.4 MnBixTes 75im O 254 AV EE PR

ARATEEMETT 5 MnBizTes H AR RIRALHBE, Fo B FEMRHEBE . 7oK
B AR DA R A SR X E B R . FH TR EUZE MnBioTes (1) L3R H A R 3%
TH] FRTRG P AR e TR b 3 THTRH N SR THI AR 1 A5 $ L (i 3838 7 Il AR R, RISl 74
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4 (b)) HEFEMELE 5-4 (a)/h—28, XK 7RI ASTE B A o 1 22 (Al B2 ik i) H
Ab, JEEAR R 2 A FEF M S GX AT NS T 5343 2 1 548 5 R 5
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MEUE KAk AE BN, B 5-4 (a). (b)~ (c)~ (d)TF AP AR NI 5-4 (e)s
M~ (2)~ (WWLER. FTLES], S HEEESHZERSIR., XEFRNE TR
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HOZAEm SEEUZ AR R A ZE A A E T 800 Re BB A = N AL
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& ° ° 0.4 1
1 o
0,05° 0o 02
0 0 0 0
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 O 50 100 150 200
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Kl 5-4 MnBi, Tes HJAERIBAL . (a)s (b) (o) (d)F I ENA R & 77 AR s E,
THE R FKAEETCN 1 meV. El(e)Z(h) 5B (@)% (d)— %R, HIFKEERIN 10 meV. it
SRR T T A RS ng 9 25
Fig. 5-4 Nonlocal resistances in MnBi,Tes. Insets in (a), (b), (c), and (d) are sketches of different
measurement setups. Fermi energy in (a)-(d) is taken as 1 meV. (e)-(h) are in one-to-one
correspondence with (a)-(d), but the Fermi energy is taken as 10 meV. In-plane dimension n; of the
sample is taken as 25 in the calculation.

FETS PR RER AL b, 1 — 20 2 8% 0T RN A AR ) )2 A B ) 45
R 5-5 i~ ZfEAR 241 (Anderson-type impurity) 7] P 25 R 4t Hh &A%
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53], HILPEEHE/RB S EE/E Landaver-Biittiker [FIELRHELE T W ATE
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Fig. 5-5 Effects of disorder and electrode thickness on the nonlocal resistances of MnBi,Tes. (a)
Resistance as functions of the disorder strength. The even-layer sample and odd-layer sample
correspond to n, =200 and n, =201. (b) Resistance as functions of the electrode thickness. The
even-layer sample and odd-layer sample correspond to n, =100 and n, =101. In the calculations
ng is taken as 25, and Fermi energy is taken as 10 meV. The error bars show the standard deviation

of 100 calculations.
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