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ABSTRACT

ABSTRACT
Computational Désign and Simulation on New Classes of

Topological Insulators and Semimetals

Sun Yan (Materials Processing Engineering)

Supervised by Prof. Yiyi Li, Prof. Dianzhong Li, Prof. Xing-Qiu Chen

In recent years, the topological insulators (TIs), as a new type of quantum state of
matter, which highlights an exciting frontier, have been proposed. Physically, TIs can
be viewed as the counterpart of quanturﬁ Hall effect in time reversal symmetry zone.
The studies have already demonstrated that for TIs the spin orbit coupling (SOC)
effect plays the role as what magmatic field performs in quantum Hall effect. In
difference from normal band insulators (NIs) and metals, TIs exhibit spin-resolved
metallic surface helical states, whose electrons with opposite spins are always moving
in two opposite directions. Due to the protection of time reversal symmetry, the edge
states of TIs are doubly degenerated at the time reversal invariant point of the & space,
which results in the spin helical Dirac fermions. This property makes TIs be a natural
candidate for the future quantum computers and spintronics. Inspired by TIs, Fu Liang
also proposed another type of topological nontrivial state, which called as topological
crystalline insulators (TCIs). However, it is different form TIs that the topological.
states of TCIs are protected by the cfystal symmetry rather than the time reversal
symmetry. In fact, it is also interesting to note that the topological band theory can be
further applied into the metallic states, thereby highlighting the presence of Dirac
semimetals and Weyl semimetals: They possess three-dimensional bulk Dirac cones

inthe £ space, in which the Fermi surfaces are consisted of isolated Fermi points.

After the proposal of topological band theory, it becomes urgently necessary to

seek new toporlogical materials with the non-trivial topological states. In this thesis,
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through first-principles calculations within the density ﬁlﬁctional theory (DFT) in
v combinations with the tigh;£ binding (TB) model and 12]3 approximation, we have
proposed two types of topological insulators, one type of topological crystalline

insulators and a type of three-dimensional topological Dirac semimetal.

(1) We have found that A/3BiN (M=Ca, Sr, and Ba) with the antiperovskite structure
can be tuned to a three-dimensional T1 under a proper uniaxial strain. In its native
state, the calculations uncovered that M;BIiN is a trivial normél insulator with the
direct narrow band gap at T’ pdint. Utilizing the uniaxial strain by extending the
ab-plane, the band inversion between Bi-s state and Bi-p, states occurs atl point.
Since Bi-s state and Bi-p. states have opposite parities, this band ‘inversion

~accompanies a Z topological phase transition, thereby resulting in the TI
occurrénce with the non-trivial topological state. Furthermore, the (001) surface
band structures demonstrated that, when the slab thickness of the thin film is

thicker than 15 unit cells, the single Dirac cone appears at the T point.

(2) We have explored the topological behavior of the binary Zintl phase of the
alkaline-earth-metal-based compounds Sr,Pb and Sr,Sn using both standard and
hybrid density functional theory. It is found that Sr,Pb lies on the verge of a
topological instability which can be suitably tuned through the application of a
small uniaxialbexpansion strain (>3%) which induces the band inversion at I point.
The resulting nontrivial topologically -insulating state displays well-defined
metallic states in the Sr,Pb (010) surface, whose evolution is studied as a function

of the film thickness.

(3) With the DFT calculations and tight binding model, the compounds of A4;Bi
(A=Na, K, Rb) all exhibit the inverted band gap at T’ point and three dirhensional
Dirac cone locating bﬁ theI"-A liné. Therefore, the type of 43Bi compounds can
be called as 3D topological Dirac semimetal. By using the Wannier function based

tight binding model, we further calculated the surface electronic band structures of

\



ABSTRACT

both (0001) and (0110) surfaces. The results demonstrated that 2D Dirac cones
exist on those surfaces. For the (0001) surface, because theI'— A line in the 3D
Brillouin zone (BZ) can be projected to the T point in the 2D BZ, the surface
Dirac states and \3D bulk Dirac states become indistinguishable. But, for fhe
(0110) surface, the surface Dirac cone also appears, just locating within the
energy region of the bulk banfi gap because the‘ I'-A line of the 3D BZ can be
projected to the 1:—2 line i’n‘the 2D BZ. In particular, it needs to be emphasized
that the symmetry breaking of the (0110) surface, the slab is thick enough to

yi.eld the appearance of the 3D Dirac cone. -

(4) We have discovered that the rock-salt compound of SnSe and SnS are TCls.
Although the band inversion happened at L points, they are not TI due to trivial Z,
invariant. However, because of mirror symmetry, they are TCIs. Through
calculating Berry phase and Berry curvatures we derived the nontrivial topological
invariant (mirror Chern number) ¢, =—2 for these TCI méterials. Their
non-zero mirror Chern numbers ensure the appearance of the gapless surface
Dirac cone on the surfaces perpendicular to the {110} mirror and the crossiﬁg
bands of the surface Dirac cones always have opposite mirror eigenvalues. For the
(001) and (110) surfaces, since the two L points in the 3D BZ are projected to the
same surface momenta Ain the 2D BZ, the coupling effects between different L
points move the surface Dirac cone away from X . For the (111) surface, because
each L point in the 3D BZ can be projected to one single point of Fand Min the

2D BZ, the gapless Dirac cones exist only at the high symmetry points.

(5) Via the k - p model, we have also investigated the behavior of Dirac cone in TI
~and NI based superlattice and heterostructures. The results demonstrated the
- appearance and locations of the Dirac cone are strongly -related to the band

alignments between TI and NI. It has been found that, when the TI Dirac cone

Vil
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locates in the NI band gap, the Dirac cone of the TINI superlattice always appears
just by increasing the NI band gap or the slab thickness of the NI part. In this case,
the NI part indeed behaviors the role of the quantum barrier. However, when the
TI surface Dirac cone submerges into the NI bands, it is no way to achieve the
Dirac cone of the TINI superlattice. This origin is that the NI part serves as
quantum well and two Dirac cones with the opposite helical directions nieet each
other in the NI block, thereby ’resul’ting in the disappearénce of Dirac cone. In
addition, we have also analyzed the casés of TI|NI[Vacuum heterojunction and
found that, when TI surface Dirac cone matches within the NI band gap region,
Dirac fermions always locates in the TI side which nearest neighboring to the
TI|NI interfaces, and when the TI Dirac cone submerges into the NI bands, Dirac
fermions can shift towards the NI block region. These theoretical results are

further confirmed by our first-principles calculations.

Key Workds: Topological Insulator, Topological Crystalline Insulator, Topological

~ Dirac Semimetal, Three Dimensional Dirac Cone

Vil
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(5140 BT S8 T Wannier ) o BE Rk 0 08 S5 0T R o T 5 SR A0l v A
k- DITEESUREET T AR PR AR TR . R 5 — RS R A
SRR & - B IR & RS 3R B DL R ECTS S 103 AR AT MR VB L R
G IEAR.

21 F—FEEHHE
211 BEZREWRHEAREBSE

FEZRERRHIEE Hohenberg-Kone P, X EM S L, BT

AR B, LU A AR, %%%%E%%MTméﬁEﬁ
E[n] = v, lp())dr + F[p(#)] (2.10)

F[p(?)]z%—/l\ﬁé%%%iﬂﬁﬂﬂﬁﬁf MNRIER, BEFTEETHIRE T p(F)], L8H
T-BT ML EN Hartree AHEAEMD, E,[p(F)) L M B F- T HKRE
HEER. BRAESEEEIMSBE,

OE[p(r)]

=0 S 2.11
o) " - >0
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BB HEGE

Hoep BT BEON R
J o =N 2.12) .

B3 Hohenberg-Kone it thRAERFIBTHENHEAX, ERXANFE
SR EEERERE. |

KT HEVEX /AR, Kohn A1 Sham $2H T —F 5K, HHoherberg-Kohnjd]
ok 1 1 TSR R R R T A M BB, B RETRT 75 B34
— WA NERTFIRT,, AW T -T,) RKE S AT HEBES . FFHR
SR I TR S B |

1 B, |
I:"Evz +I/eﬁ(r)}11”i =&Y, (2.13)

w (7 Bk Kohn- Sham Lt &5 A ELEEAOA R 3 SL, P LI A
RRSHHOT RAMTT R B R RS BT R

P =Y Iy (I - (2.14)
T py(F) B T BRSO TS 2.12). BAHE M BRIV, -
Hartree 3V, FIAZHREXHA Y, «

Vi =Vout Vs 4V (2.15)

A, 74 - (2.16)

ext 472'80 ~ l;';_k" I - . .
1 epG)

Vv, = I 2 oy 2.17

” 4m%fm—a|” | —
Ok

7, =25al2] e
3lpl v

R FAFEH (R, Ry ) METHR, EHRMERN:

- - 1 ~
EO(Rll,t..,RN)=Zgi—EEH[p0]+Exc[p0]—jchpodx+'V_pn(R1,....,RN) (2.19)

25



INE IR %)‘?EJ?E?I\éﬁ%ﬁ%ﬂ%‘?l\ﬂé%ﬁM%JE‘JH%J?)%%EE%Tﬂ

2.1.2 THRBIELL
2.1.2.1 R X R,

SR R G0V RV P 3R U R T A BRI E,, IR TATES T R
WA FIFR: R B I LDAYE SR BEIL (GG A, A2t Btfe— i
FTA: ,

EP'p)] = [ dF p(Fle [ p(F)] » (220)

Horp g2 p(F)) E P EA BT RSB, | U BRI & TR R
HULAE LT3 B B F 2R BB Vo (7) 3 T BR A T HE B 0 R et
ok 5 p(F)] = flp(F), Ap(F)] o FERZ B SEBRIE ML T PIRA DR IR AR 2
(B RFEE A AL, RIS EA R E i, T IR B E R
TR M RS A 8.

2122 FUBBREELZR

H T b A 2 V2 B AR (RS LRI SUBR BEAE ) A2 A o F AR R B E F
FIARR, HIEEAIBAGAR, BE ST R, Becke 7E 1993 4

BINT —FH7vk, HEMEME R B Hatree Fock <EHER 5 GGABILDARI AL #e6
BEAEIZIE — At BIAIE &1, BRI R B S0k 2 M BRI S 43 e
T

E_ =cE" +cE, (2.21)

e, o # o, AIRA R Eo & Kohn- Sham #Li y (7) Slater{T 5134 §7 5 7= i Hatree.
FoclAz #: g ' |

o NG G PG AG
HF — 3 3= 1 J J 1 222
E; 2%:jd Fd’F o (2.22)
TIENEE G MAsE, OVEEERE, Beckef H T — Uil
1 LDA -
E, =5Exc [p(P] (2.23)

(B RN T 5 #3014 fF Hatree Fook 3o A RAESE), 81 R 28 I3k B FA0
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FoB HHEHE

RERBEE BN, BB SIE. 2B ATELERRY X HBET T o, KA
b3 B S B9 Carlo AdamoFll Vincenzo BaronefE 1999 #E4R H IS HH BEA

: (PBEO)[HS], Jochen Heyd. Gustavo E. Scuseria 1 Matthias Ernzerhof (HSE)7E 2003
S 2006 4E57 3 A IR RIS S A B 3 (12, EPBE A AT O IBk A
R

EE = B + (1-a) ES¥ + (2.24)

HSE #177 HB 53 e B 4 S KBRS IR 24y, £EAEFE R4 B Fock MIZ5 S
AR, TIKERA A IE Y R TR, R E AL R A
' E™E = g E¥ (@) + (1- ) ES% (0) + ES (@) + EZ* (@) (2.25)

Hep BT (o) B 4G 72 Hatree Fock R3#efg. EZ4 F1 EJY (0) T~ XBEEEIEMLT
STRAKRNEBEY, % (0) I SUBBLE MR, Rl Bl B 7
ZAL SRR, RN ER 2 =25% . o NRHIEEXENEY, X
0=08 E™F % B | %0 5 ol X0 T SUB B

2.1.3 HiRS5HIEREHMN

DL EABIERE T BT RETZKEIAE. BF-B2TF. BT-RTRNETZ-R
TR AR EAEF, - FLIB IS B R BRI LR P T R B U R K 25 4 1)
W HERL T LEH S BB AR R . FEAIRSCRT FERIA R, (R T B ER
MERZSN, BleSPERMNEGHIFFEE.

Hie SHER SN ARMIIE BT IEMNER, XN TELEKRTIE,
TEREBANA B T K R Al LLRm NP7,

H>=p* +m’c? (2.26)
52X RIEE RS |
(H* =" p* —m*c )y =0 S (2.27)

BORAISERE o R p WETTEM BIRAS: |
(H—cY a,p,~ fmc*)(H ~cY. a,p, + fmc*y =0 - (228)

AR 3 — TR T LIS BIRA TR M0, FEIX B — 0,
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PEBEW: FRIBIMAGHREINE S BRI R S

(H-cY a,p, - mc?)y =0 , (2.29)

i=1,3

FEA SR
(H—gp—ca-(p-2 A)— Pmc?YH-ef—ca-(p~LA)+ fmc )y =0 (2.30)
C C
AR e A2 AT LR 2:

ch he = _ h U
(_1—(19——,4) + ¢——0 Bri—2E-p——2 20-(E><p))w=Ww 2.31)
2 2mc 4m o’ Adm-c

01 0 —i 1 0 . ~
—EEPO-:[I Ojéx+(_ OZ]éy+(0 Jéz, EN®HY, BRWLY, W+me AFR
Z —

G EEEE. XHEEEETE, BRI NI, ”*—Iﬁﬁfﬁm}}%w B,
DTGNS e B ARSI IE, BRIE B e 5PUEME R, K,

&h

Hyoe =4—-—0-(E><f9) (2.32)
m cC
ﬁ?¢uﬁ%Emé$%:ﬁﬁEﬁ%ﬁL% TR AR MR BT 28 4G
T
ch 1dV - _
Hsoc ——2m z drl (2.33)

MEANARFATUE L, BRRIER AR E‘J?ﬁfﬁ'—%fl—f BREGTETR AR 5 Xﬂ‘ﬂﬁﬁﬁ

HIJLR fn%ﬁ%ﬁid—lfﬁio RAANERRAEUFRAFFARK, BA

1AV
2mic’ v dr

AL BN APUEShEFAANEA THER, AT TE, &
FRA L, TAFRAEESHEEERE.

2.14 HHETE: VASP RitH

ST R BAME SR RA, Kohn-Sham $UIE &% & Bloch X, K IL7ERET
BH n FIGEAE I E & BIRAE T Kohn-Sham HUE— LT N: w, (7). ATHHI

&, :F@&E—/\ﬁiﬁﬂ']lﬁ?* A] LUK Kohn- Sham #E E I~
v, ()= ZCG 07 @34

Hep G RE T HEERE.
HETHBRES —MRRKghA, HTESLE T IIE MBI R 5
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BoE WHIE

‘%#%ﬁ@hﬁﬁﬁT@ﬁ%ﬁﬁ%&%ﬁ%&@ﬁﬁ%%?%?Eﬁ%ﬁ%#'
BEX. FHibATIHHE BRI EH AR S, ATRRE T BHELL.
B E BN SR AT LR (U S AR R B T |

e RS — R E T 25 FVASP(Vienna Ab-initio Simulation Package)f

FEBERESELIUNARFEZRP, BT ERITEBIRENES.
7£ VASP 7 4 i Kohn- Sham %18 m%ﬁ¥ﬁﬁ FI| F Bloch 2 Hi (1 % 82 1 5 ¢
(projector-augmented wave)ﬁ%*’]@ﬁ% B, EANKTNES, FEMARELTT
¥ 93 T Perdew-Burke-Ernzerhof M3 i 1 S BE AR B M 20 A28 R
BR o

2.2 BRAEA

TRANAZAR RO R B R R B RO PR S, TR T BEH B 2 T SLAE SR
SR F 1B SR A R R — MRIER R, AR R T, AR

A AR g B AR T .
H Zztrmr}ﬁ rxa rjﬂ (235)
Fie 7' jB

b A AR B AR A, A1 REREINE jANET, o pRERE
W, 1, 5., REBE (F,1,0) W (7, j, ) ZIAI hopping FEE, cf, M, 7
i) R, j, B) HIF AL R R A . 223 (ST M AR MR B RS e 5 W) O W 250

=l

==

\

HE)= Y, 3 b flREmmE ™m0 o (2.36)

Hirny i
o7 R 7 B F =7 + R(,mn) BER . SRAR k& 23 AI08 25 IR B IO AE T 2 AT LIS 2]
ARSI O A . TR R T A TET S ARIE, EET)
LR AP %ETME%%W%*ﬁﬂ%ﬁ PE BT U T
HE R |
R U O 3 — S B TS 5%, Wannier %, 1T Wannier &
HET B L RSBTSRBTS, Wannier B3] LB
% Bloch #iEI X EAHGEE]. ST A« APEHEEN n H) Wannier BECH
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EB IR BRI AZEMEI SRR TH E R IT 5

w (F—R)&|R,n>,; 'B5 Bloch By,  HIRRN:

4
@y’

ly . >=>"e"*| Rn>
7

| Rn>= "

J.d]_c’e—ii-ﬁ Il// >
‘ (2.37)

HAV Sy A mEEiR, NHRESEH Wanier RETERKE —EERE.
Bloch BMIAMIAE L H:

u (F)=e"y (7) ' (2.38)
| A2 FRANALFRFJ7 SR EUAE Wannier 22 T FIRRA:

4
@y

<§n| r ’6m> = (217/[)3 J.a’lge"lz"'—a <u"];

<En| F|6m> =1 IdEeiE'R <“n1€ ‘VE lumz>

(2.39)

Vi|u.e)
T o (F) ARG (UM B e, 76 X EH T

mn mk

|u . >—>ZUE lu . > (2.40) -

TXAPAE AL AN T8 M B SRS BE AR EE A Wannier B 30 PP 0 7 B (modulo &4 #&H 3D,
{B B Wannier & £ 0L B KA. FEkBloch PUB KM AR ER, #
Wannier & ¥ (125 I R RIE—10, AT ARPSX A, Nicola Marzari, Arash A,
Mostofi. Jonathan R. Yates. Ivo SouzMiDavid VanderbiltsE X T — 4455k i Wannier
B, FRNER K R4k Wannier 55 31 (Maximally localized Wannier functions)!'2~1*7,,
5B X Wannier bR $ I3 /F IR

’ Q=Zn:[<r2>n—iz] (2.41)
Hoeb (7)) BT 5 BN Q.23)F (R |Om) 30 (RO 068 600 SRS,
[ & IEAS B Q B /MK, XA 715 21 # Wannier B $0FR 5 K R 38046 Wannier B 5 .
FFYER K AF Wannier90!>", 5t 7] P 1bh JER 38 S 30 Wannier B 30 & K B 3k . A8
SR 2 I ALMB R N ) FH A K= 38 Ak Wannier R S1E S 225 BR 3L
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2.3 k- pRHRIEM

%T%ﬁﬁﬁ@%,Eﬁﬁ%ﬁwﬁ%~4ﬁﬁ%ﬁ&omfﬁﬁﬁ&%@
SLAEPRIE RS b, BRISARRS T SORAHNA ML B RTHIE I = FVE E AR B
RO R R B B X . AT BT EREHBRF S, ERHRYEE RN

ERAIR I MB .
k- poTRRTT LA 2 e T R s 5 RS E,
Hy (F) = E, (), (F)
% Bloch &0 A B FAI IR B0

— ik-F —
Ve (F) =0, ()

il
2
H=L_1v(
2 0
FEel o
p2
2mg Vi (r)
A 2 L=
_ p elk~run]; (;;)

- ( ! )(hzkze”?'f —2inke™ "V — X BV )unE )

2m,

R - hlg - iE-?V k72 2
= b7y I Pe +& L ()
2m, my, 2m, )"

XREFE(2.41) FILLERTRA:

KE iz Bk-Be™™V e ok |y oy B (7
(—e + + +V(r)e unE(r)zE(k)e u(r)

2m, m, 2m,

R AR k- R,
H(Fyu  (F) = &, (kYu z ()

/\EFI:
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WAL FREIESENRINEEBRM R E R S5

‘H =—Fkp »  (248)

2712
6, (K= E (i)~ 1%
\ 2m0

XEF AR, LA K, AR, LB AR R BB £ SRR
FEMKR, HTHE BE =0,

- k2 h_]E - <n0|p]lO>k|
En(k)—En(0)+2m0 +m0 (n0| p| n0)+ Z E.0)-E) (2.49)

ST EIFER, BEMNBREFEE AL, BERZNEINLL, RETEER
TARTH
H, , =<uo(7)| H(k)|us, (F) > |
:h_zzw;o(f)\E-p|1av><zav[1€-13|u;0(f)>

My tav E,-E,
=h—22k,.k.z<u"°(r)|p' |lav ><lov| p, |u,o(F) > (2.50j
my g E,-E,

Hoh loy FoRREH I o RE T HvAE. MHALIIERET LIS L, = 0 HEZHvAE
EOEEKRA.
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RRFU =B INMG A AT EENALE L EAMUERESYE
B RERIESR, T L AR SN G i M B B U R B 1E 7 PR SR LR RO RLT
&. B—T, N7 AL ERTIRI MG RO EEIERE, DR RS T 24
G A HETTA = AR LA ROR= S, SRELE B ZIREM B R IR BER . ZT5
W, ERREAER MG AT R R A b R

mER R, B AR RS AR MR R SR LU . B
SRR R = YR MRS ) — B 5 1 B AN IE , IRk,
B T S5 I U He Te AL I B F BT, BB RS = 4ALA4, HIAIBL,Ses R
e ST FREE M e Heusler & £ M TIBi; Sey &A% . AZEFETTRIRATLIAIPSE
SRIRINAZ IR, — R RAEAKE S M BINGE T M=CafiSo ik &4, 5—Fh
F& IEAT 45 /I Sro P

3.1 S RS SN 4% 4k MLBIN
3.1.1 M;BiN f Sk HM B TR 41

ST GEHIMSBIN (M=CafSoib-& 91 B8 KA 4511, B 3.1(a) h454k
B ABOs, SEAL, FEMBINFR(E] 3.1b), BRI FOR A B E T MBS,
B R 5 A P B B I B TN B, O VA MU SR A A S MR
IR BIE T 5 N AR TE MR £5(0,0,0), TEEATTHER UBIR T AT L H O
WG, B REMETE A MFREG P RN S H,P]=0, WERHA
AT L, TR LA RG] DA EL BRI £ 22 sf )\ A 1] R R
A8 SR TR S B R Z I AR, R
MR EERWEY N, HUAEAN—T RGN TR, XA Rz
AR TR BT RN B —65°6p° . Ca®™ —4s°. Sr™*— 5s°)\ Ba* —65°
FINT-25"2p°, BHIHIZALEYIMBINE RN BT EECH 16. BUAREHIET
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AR FRRINAZENE SRR E R SR

RIS PR NG .

B 3.1 (a) #FHEESERE 45144B0;. (b) MBINE AT 41, () MsBINFE (100) N LTI
FERI TR ARV, (R T MRS 4 RS Fi 25,

Fig 3.1 (a) Perovskite crystal lattice of 4BO;. (b) Antiperovskite crystal lattice. (¢) Using the
uniaxial tensile strain within (100) plane, two M atoms in M3;BiN become two nonequivalent in

the symmetry.

T I BL CasBiN 4 9l 43 47 B BE A5 45 14 Eﬁﬁ d R SR B AR B
a=4.8884A, SHAT R MMIMIAE RIS N11x11x11, TERE BT E P AEER Bt AR
M 2344 AP o B, SF T 3 R EL B AR B 29 5006V . i H R H
Perdew-Burke-Ernzerhof 5 HIGGAUTL. &l3.22 Ca; BINKIZAE AN B IHIX mrxt
FRAX-T-M-RZ A B FRET 4544 M#&ﬁﬁf}fb‘* NEeT Al LURIL, Shih &4
Sik, SEBFREBFHEBMSN —T EWEINHTARE. BEFER
FNEFRERR, FTLUE H KL EUE KR8k B T Ca-d. Bi-pAIN-p
HlE. Bi-si B BAMAD, ERETHMETSTPTLSBIERERREEE.

553k E CasBINK B FRE 1S CLak B TAHE, ERT E M B B X

FRI: X (0.5,0.0,0.0)~ T (0.0,0.0,0.0)~ M (0.5,0.5,0.0) ¥R (0.5,0.5,0.5), E
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®m=& RN MBIN F SroPb

151 5 = (R E 2R 8 SUA E1=2—’5(1,0,0)\ EZ=,27”(0,1,0)5Fn1§3=27”(0,0,1), Hrg
a

AEREEE R E T R A A, B S8 AR S K K/NERIECa-d.
N-p. Bi-pFIBi-s&SEANFEASXTREH TP IILLE.

©
QUtps U1
) )‘

v
<«

Energy(eV)

'
‘——\)ml

1
y b
N w3
S8

Energy(eV)

Density of States
B 3.2 CasBiINHIFE T4, (2)FI(b)REA Bl 5HER G RN K BEH S5 AR 955
E: @OFDEEERSPERERNEHFEMNSEE

Fjg 3.2 Electronic structures of Cé3BiN. (a) and (b) Band structure and density of state without
SOC; (c) and (d) Band structure and density of state with SOC.

ME 32PN, EAEEBERSHERESHURN, Ca;BINZ— RN
0.54eV [ ELBET BRAG A o 417 TOURN S R 23 3 9 25 AL FN/Bi-p 9 T C-deg PLIE
LE5 ARERARRG, SR HEICRAMILAR AL TR . &
SeBEREAS N, MR SR 0.54e VRN 2] 30meV(E 3.2(b)), X & BT K Bi- p

SR, BTBIRTHREERACGE 8 B, RARSHEBERN
IBRRE T LA B 1256V, Rtk W5 BB AR & BB I 250k & M ORI
TN T ABIRT I AR AR R ], ST 2 A N/ Bi-pyn 55
I ST N AU Bip7S o 26 75 B e S HLIAE & BURLE . A BTN
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S T SR B T B 2, BT T Calfl T M AR R %
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£ 3R TE S FARA B R, (2 1T Sk AR IO M A0 S B o FRRAE R 1
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BAMERIRIMERIHIAR L, BEIRINMAZIE. |
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SKAEIE O REHERT RAB SR RS AP U0, BB 2
BB SRR B, — M A PR, —H Rk
FEEOSHT A OBEHE : F—RI I s KR ST A KPR e T
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T, WARER, RAT ANFREK BRENRGNHFRES, NEEE
B SRR I Sh. ERR BRI, MM Bi- py, Sl
SR Camd? SUEZ FRAE T RWRE, T AMES SAALUERIF
EFRaE NN E RN RS BEENNEK, S%KEERED,
Bi- p;, B 5 Cad’, JE AR B AL IO IEATK, TALAPIRE 0T BRI
BB, MEFELTT% 0, CaBINHAGBENKATLER,
I 8 e St R AR ) = R S AR FE T X T2 .

Energy(eV)

Energy(eV)

Bl 33 %S Eﬁﬁ%ﬁiﬁﬁé‘&kﬁﬁ‘%ﬁ?ﬁ a. b o EANMEIEYE, TOKREMNEREHS
HWEA . @RFEETEL (0 (S FAZ RN GEE 3%, 5% 7%. EEARIE

FITF Ca—d:, HUMAIBi- py, UEZ FIRAE T BEH R4
Fig 3.3 Evolutions of band structures around the Fermi energy for Ca3;BiN under the hydrostatic
pressure. (a) The strain-free ambient condition. (b), (c) and (d) Three axes compressed by 3%, 5%

and 7%. Note that band inversion appears between Ca— d:gandBi— p;, With the increasing of -
pressure.
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MR, Bi-py, 5 Ca—d, 27T SHASE REGAREAE. TS
W B s A, BEEEANK, B RWT . RATEEMERNEE T
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Energy(eV)
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B 3.4 Ca;BINSH [5G oMM bHIREH (B S B EPERB & M) . (2)AKE RS HIEET,
() (RS Bl NaTbH FIRT 451 3%, S%H0 7% 457, ‘

Fig 3.4 Band structures of Ca;BiN(including SOC) with the uniaxial compression within a-b
plane(but the c-axis is allowed to be relaxed). (a) The experimental lattice constants. (b), (c) and (d)

The cases with the uniaxial compression strain of 3%, 5% and 7%, respectively.

B 3.4 A 3.5 4B RAPHAREENSBEFNYT K, cHERMILE
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GRS T NG R R — AT INE. (B2, BN BRI R U2 —
ER, BT RERBIR, Bk A58 Bi- py, Ml Ca—d, RAEBR.
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- Energy(eV)
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& 3.5 Ca;BiNfafIb& T B (A& Bt SHEREGRR)MEETEN. @QALRDHEH,
(b)~ ()R AyafF b FIR 53K 3%, 5%A0 7%HIfE bt |

Fig 3.5 Band structures of Ca;BiN(including SOC) with stretching of a and b axes. (a) The
experiinental lattice constants. (b), (c) and (d) The cases by tensile strains of 3%, 5% and 7%,

respectively.
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Fig 3.6 (a) The schematic diagram of energy levels around the Fermi level at T" point. (I)
Experimental lattice constants and without SOC.(II)Uniaxial strain within ¢-b plane. (III) Uniaxial
strain within a-b plane and including SOC. (b) Band-inversion strength at I" point as a function of
strain. (c) The products of parity eigenvalues from the occupied states at eight time-reversal

invatiant momenta before and after the applications of uniaxial strains withinthe a-b plane.
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Fig 3.8 (a) Slab model of Ca;BiN in [001] direction. (b) Corresponding projection of 2D Brillouin
zone (BZ) from 3D BZ.
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Fig 3.9 Surface band structures for Ca;BiN on the (001) surface as a function of the thickness.
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Fig 3.10 Crystal lattice for M,X. (a) The unit cell. (b) The projection of the unit cell along b axis.
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Fig 3.11 Electronic structures for Sr,Sn and Sr,Pb. (a, b) Band structures without and with SOC
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Fig 3.12 HSE band structures for Sr,Pb. (a,c) Not including SOC. (b, d) with the incluéion of
SOC. (¢, d) 5% stretching strain within a-¢ plane. (e) Band-inversion énength at I point as a

function of strain.
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Fig 4.1 (a) Crystal lattice of 43Bi (4=Na, K, Rb). (b) Corresponding BZ.
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Fig 4.2 Band structures of Na3Bi (a-b) and Na3Sb (c-d) with and without SOC. The enlarged local

band structure along A-I'-L line are also shown in (b).
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Fig 4.3 Band structures of K3Bi (a-b) and Rb3Bi (c-d) with and without SOC. The enlarged local
band structures along A-T'-L line are also shown in (b) and (d).
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Fig 4.4 Electronic band structure of Na;Bi: the tight binding (TB) model (red dashed curyes) and
the first-principles DFT calculations (black solid qurves).
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Fig 4.5 (a) The slab model of (0001) surface for Na;Bi. (b) The projected 2D BZ from 3D BZ.
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Fig 4.6 Surface band structures of Na;Bi for the (0001) plane. When the thickness is bigger than

50 unit cells, Dirac cone appears.
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Fig 4.7 (a) The slab model of (0110) surface for Na3Bi. (b) The projected 2D BZ from 3D BZ.
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phase.
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Fig 5.4 (a) The evolution of the band gap E, calculated with SOC as a function of the lattice
constants for SnS and SnSe. The optimized (Theo.) and experimental (Expt.) lattice constants are
indicated by arrows. (b) A schematic energy level diagram around L: (I) atomic limit, (II) an
artificially extended lattice constant(a=6.5A), (III) experimental lattice constant, and (IV) with the

inclusion of SOC effect.
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Fig 5.5 The products of parity eigenvalues of the occupied states at eight time-reversal invariant
momenta. Left and right panels are for the cases with experimental and enlarged lattice constants,

respectively.
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Fig 5.10 Contour plots of the Berry curvature on the k,-k,=0 plane in the BZ for SnSe with the
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Fig 5.11 (a) The slab modeling of (001) surface, in which the green plane is the mirror plane. (b)
The projected 2D BZ onto (001) plane from 3D BZ.(c) and (d) The surface band structures of SnS

and SnSe, respectively.
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Fig 5.12 (a) The slab model of (110) surface, and the green plane is the mirror plahe. (b) The
projected two dimensional BZ onto (110) plane from three dimensional BZ. (c) and (d) The (110)

surface band structures of SnS and SnSe, respectively.
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(M=S, Se), respectively. Note that the green plane is the mirror plane. (c) The projected 2D BZ
onto (111) plane from 3D BZ. (d) and (e) The (111)surface band structures for SnS with the Sn
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Fig 6.10 (a) Schematic diagram of TI1/NI/TI2 superlattice crystal structure. (b) Band structures
for TI1/NVTI2 with E,<Ep<E.(upper panel) and E,<Ep<E.(lower panel).
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Fig 6.11 (a) The appearance of Dirac cone mainly at the TI sides around the TI/NI interfaces when
Up=0.217eV (E,<Ep<E.). (b)Difac cone shiﬁs to NI block when Uy=0.5eV (Ep<E,) or
Us=0.16V (Ep>E,). '
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Fig 6.12 Two types of coupling effects. (a) Two Dirac cones with the same chirality; (b) Two

Dirac cones with opposite chirality.
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Fig 6.13 (a) Energy band dispersions of heterostructures: Left and right panels correspond to the

cases with E; < E, < E' and E, < E. , respectively. (b) Distribution of Dirac Fermions along

the z direction.
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Fig 6.14 Band structures of the Bi,Se;|X,03|Vacuum heterostructure. The thickness of Bi,Ses is

6 QLs and NI part is 1 QL.
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Fig 6.15 Band structures of the Bi,Ses|Sb;Ses[Vacuum heterostructure and the distribution of

Dirac Fermions along the z direction. BiZSe3arid Sb,Se; blocks are 6 QLs and 3 QLs,
respectively.
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* Table 6.1 States of Dirac cone in TI and NI based superlattice and hetreostructures. L represents

the NI thickness; E p represents the energy level of TI surface Dirac-cone; Ef and Evr represent

the top of valence bands and bottom of conduction bands at I" point.
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= l{ L+L,-DA*~D*- [4A22k+k_ ~4422% +((L, —YLZ) +(D, - D_)/IZ ’

== {L1+L -D.A*-DA* - 4A22k+k_—4AfAZ+(L1 L)+(D, D);Lz)

7]
I} oan
)

(
{L1+L —-DA*-DA*+ 4A22k+k_—4A1212+((L —L)+(D, D)zz)
(

:5{L1+L2—D_/12—D+/12+ 4A§(c+k_—4A,2,12 (L, - L)+ (D, D),12)

MEZ X NEAERE:
, DA —L,+E, —i4 A
a —iA A 5 | DAL +E,
Yo 0 s YW = Ak,
k 0
] A, (6A.8)
DA —L,+E, ~i4A
—id A DA ~L+E
WTA}3 — 1 : V/;I“ _ 1 4
0 Ak,
Ak, 0

Fi\E =B, E=E,; yi5ys &IEH%, wil5ys SHHEE. il xRk
MEEE B, P MRS AR B

DJj,z -L,+E —iA A
,11 —idA 1 DA - L+E '
= ) = 6A.9
Y 0 1 Ak, ( )
Ak, 0

X F Rl/?. 1/2 ) 12 1/2 X
j\u“:i{*sz ~—2DD} Ay =t —2DFD +2§D » FTUl—3FFN

/I\ZQEZE(JEO E}Zﬁ:i—, &:1,2; ﬂ1)2=i|:_ F +(_)a-1 Rl/z :| )rlIJl//;}E(JJ_\_

2D,D. 2D.D.
DA —~L+E ~i4 (BA,)
. —id (BA,) DA -L+E |
o= : , wi = (6A.10)
0 , Ak,
Ak, 0
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KA RS RO AR, KREAMER B EA AT, X
B, BRI MR A
=2, 2 2 V™ . - (6A1D)

a=1,2 f=+,—y=1,2
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TR BT I — H B HIPb-sHIPb-pHa B ST A5 B, (e, PoAb T #4MEF
&, REARTEMIHERIL, 6T RERIOGS, TN e
PR T | ~

L4 Fu Liang 32 H AN S A S AR 4, T 4 — SRR S50 49 (O
CREE, MERENE. FINREE GEEFRED R T A ERX
SnSe 1 SnS HHAT T 2347 . I SnSe A SnS A FHE S FR AR R B,
CAVET I G AL, 7ERE T (110} KR EF 7 BEA IR

SN SE PO 5, B S YRR EHT RN ATE, BAIR A:Bi
(4=Li. Na. K. RbFICs) I TEMARINEIERIT T A9, 28w
T A KR RIS RS (NasBi. KBiFIRG;BD, EHRENIFM
AR EC M= KR, AT2BNEINETREE. W,
SRS IR R TR O B, LR R AE R E T 00015977 )
B 00 5 2 B TR S B 3 B Y B 7 0 £ = TR TR, R 248
BHRRE RS, SRR S I

FUF £ PRI SR, SR IMAGARE BA % A R R R I S R
HIBEST TSR, BT RHET RO AHT, R DU S ST AR S A HH TR R R
AR IR B IR A ICIE . 29 M R T AR S T
LA B B IR, 8 b ST K L T A T DA R e e L
T AN, X BLA S T— AR T B2, HHARE KRBT
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