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Dirac and Majorana Fermion

_é_l_

Dirac equation:

(¢v*0, —m)yp =0

* Dirac representation

V=@, AHL23 ot @ 72

1 # 1¢*  Dirac Fermion

* Majorana representation
N =ol@rl, A =icd®7,
¥ =—ic’®r’, ¥ =—ic'®r’
Y =" Majorana Fermion !

Particle that is its own anti-particle

MIPT School 2023 Moscow




4

T » Non-abelian statistics & Braiding

4+ (@)

t Ti+1

T;

Bboson =

S

h

» Braiding Matrices

(+1 0
0 +1
\O 0

<

0)
0

+1)

Bfermion =

Bnon—Abelian =

How to realize Majorana Fermion in condensed matter systems?
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mean field: ctcctec »< cTet > cec= A*cc

e(k) 0 0 A

o 0 ek —-A 0

electron HBdG(k) = 0 _(A?k —6(—k) 0
A* 0 0  —e(—k)

» Bogoliubov transformation > Particle hole symmetry -

Ckt = Uk Ykt + Uk)/-_‘-ki

T

: Eigenvalues of Hg ; come in pairs +¢& ,with y:r e = Ve
C_ k| = UkY_ k| — UkVYk?

Eigenstates of Hg,c at €=0 : Majorana fermion, ]/J = Yo
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Kitaev 1D Chain toy model

_e_)_

N—-1
1
"= ; —tefeit + Aciciy) + he. - ;C ek Cj = 5(’723 1+ 725),
Lo
7, N—1 C; = 2(’723—1 7"723)'
5 Z { (A + t)’Y2J'723+1 + (A — t)’yzg 1’ng+2} Z’Y2j—1’)’2j-
j=1 =1

e A=t=0and pu < 0: For this case, the Hamiltonian reduces to

=0 @0 @0 +e¢ @0 Jimer!

QAN BYY ((ARBEY QABIBE YA,N VB,N

e A=1t>0and p = 0: For this case the Hamiltonian reduces to

N-1
Hy =it Z V2572541
j=1
Q@ @==0Q @==0@ @=meee=@ @ (nc isolated Majorana at each end!
AL Bl (A2 1By QA3 IB3 7YA,N VB,N .
Kitaev, 2001
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Kitaev 1D p-wave Chain

d

N P4

H = Z(—2t cosk — u)czck - Z(zA sink C;];CT_k + h.c.), _1 |
k k "= ; (ck C"“) Hk)

Ck

) Nambu basis

H(k) = dy(k)1y + d2 (k)T dy(k) = 2Asink, d,(k) = —2tcosk — p

1d.(k)

.. d(k)
|u| < 2t: weak pairing phase (1N
Topological superconductor \~—/dy (k)

Nontrivial
1d.(k)
|i| > 2t: strong pairing phase /)
Trivial superconductor \_/dy (k)
Trivial
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Kitaev 1D p-wave Chain

' (!1
B B . A (A
H = Z(—2t cosk — p)ccr Z(ZA sink cpcy + h.c.), H = %Z (cL c_k) H(k) (
k

k k

H(k) = dy(k)1y + d2 (k)T dy(k) = 2Asink, d,(k) = —2tcosk — p

* Expanding the Hamiltonian around k=0

Heg = — (2t + p)7 + 20k1y m=-2t—pu W ()|
lim m(z) = +m,
x—1o00
m(xz =0) = 0.

H(z) = m(z)m, — 2iAT,0;

H(z)p(z) = [m(x)1, — 2(ATy0z| () = 0. using 7,7, = 7, and Ty2 =1

o) —exp(z [T ) (L)

Zero mode 1s real and localized.

m(z)

8w¢(17) - IA qub(ili')
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2D p+ip TSC (Read Green model)

d
1 ) S

T M=o S wlH k), Vi = (o <L) ® =

k 7 k
d, (k) — 2Asink,, Chiral SC ’

H(k) = _Z di( (k) = 2Asinky, o

s dz(k) = —2t(cosky + cosky) —p | <= '0) ‘ Nk
d.(k)

|u| < 4t: weak pairing phase d(k)

Topological superconductor
(k) b ‘
C+

d, (k) Must wrap around the sphere an integer C times
Homotopy 71'2 S2 =C Chern number
. d(k)
|u| > 4t: strong pairing phase 1 ~ ~ ~
Trivial superconductor C= i de (akx dxd, d)
T BZ y

=
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2D p+ip TSC: bulk-edge correspondence

T M — %Zf(pLH(k)wk, Vi = (ck, Cf_k)
k

dz (k) = 2Asin kg,
Hk)= ) di(B)Ti 4 1) = 2asink,

i=,Y,2 d.(k) = —2t(cosk, + cosky) — p

-

(p+ip) superconductor

zero mode ¢&,=0

C=# Chiral Majorana edge states

Y

Chiral SC

0
O

Zero-energy Majorana bound state

7’0=7/(-)F

Majorana fermion
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p-wave superconductor 0

energy spectrum
near a vortex




Engineering topological superconductors: T

P

(a)

_é_l_

d=h/2e

Y

-k forbidden '+

] |

Tl

» Similar to a spinless p+ip superconductor

Hsurface - HO =J Hs
Ho =9 (—iwvd -V —p)p  (¥r,9)7
H, = Agplyl + hee.

cx = (Y1 + e ) /2

H = §kc;rcck + Ao(km + ’iky)C};CT_k + h.c.

Fu & Kane, 2008
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F:Ingineering topological superconductors: 1D wire
.

s-wave superconductor

H = Hwire + HA,

82
Hyire = /dwa (—ﬁ — u — ixo? 0, +hoz) v,

Hp = /dxA(wTw¢+H.c.).

Das Sarma et al, Alicea, von Oppen, Oreg, ... Sato-Fujimoto-Takahashi, ....

MIPT School 2023 Moscow




d

T

QO @@ @umQ @mmece=Q @ Chiral SC
QAN BEY QAR B QABRIES YA,N YB,N
- ©
Altland-Zirnbauer RM classes
T P 5 |d=d [@H=2 d=8
Gy A (unitary) 0 0 0 — Z -
iR EsH) AT (orthogonal) +1 0 0 — — —
AII (symplectic) -1 0 0 — Zs Lo
Chiral AIIT (chiral unitary) 0 0 1 Z — Z
(subl&ii'?ice) BDI (chiral orthogonal) | +1 | +1 1 Z - —
CII (chiral symplectic) | —1 | —1 /) Z - Zs
D 0 +1 0 Loy Z -
C 0 [ -1T7] 0O — Z -
Lt DIII -1 | +1 1 Zs Zo Z
CI +1 —1 1 — — Z
Andreas P. Schnyder et al. 2008
Kitaev 2008
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Higher-order topology & bulk-boundary corre

First-order TI&TSC  Second-order TI & TSC Third-order TI &TSC

_é_)_

n=1 ——eo
0D MZMs
n=>2

Cormner state

n=3 i | o
i — S
1 [ :’/
Hinge state Corner state
(a) (b) (c)

Conventional TSC with codimension dc=1,
HO-TSC with codimension dc>1
ZX Lietal. 2021
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Outline

1

* Interaction-driven conventional topological
superconductivity in magic angle twisted bilayer graphene
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Interaction-driven topological superconducto

1

1. Chiral Spin Density Wave and d+id Superconductivity in the
Magic-Angle-Twisted Bilayer Graphene,
CCL-Zhang-Chen-Yang, PRL 121, 217001 (2018).
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Introduction : twisted bilayer graphene & some exciting experiments ‘

A w

* Twisted bilayer-graphene

a Unit cell of Enlarged b
graphene unit cell
D3g P, % :
LcgbEiE F T
.f:.h- ; % s -
i i
QI'..:::I.‘
: sedeirr: 2 H g:- ¢ Eiﬁc
"t E E 3$+ i
g :
e 2 i
.% lt’. .: ''''' s
il el g :
? .

Two graphene layers stacked,
relatively rotated for a small angle

The Moiré pattern generated
for some certain angles (commensurate)
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Twisted-angle depended band structure

1

Moiré is different!

300
(b) 6 =3.89° (c) 6 =2.65° (d) 6 =1.47°
2.0 : : 0.5 . . 0.5 —
i > : . . < 200
1.6 . : 0.4
2 » : A o8]
=08 F = | 02 DD
3 04| 7 At ; %E)
& 0 \ 0 :" ‘E;n 0
2 041 A\ : 5
W o8l ™ L {02} = U0
-1.2 -0.3 & /
';'g Va0 ¢ '2‘4 . A : : . -200
K K r MK K r MK K M K \
(m,n)=(3,4), L=1.50 nm (m,n)=(8,9), L=3.62 nm (m,n)=(12,13), L=5.33 nm (m,n)=(22,23%L=9.59 nm -SOOF: = - 5 7

7Caol et al Nature (2018)

. e . Y. Cao2 et al Nature (2018)

1. Fermi velocity is significantly renormalized, J. M. B. Lopes dos Santos et al. PRL (2007)

2. The four isolated flat bands are relevant. R. Bistritzer and A. H. MacDonald PNAS (2011)

3. e-e interaction will plays a role in MA-BLG E. J. Mele PRB (2010)
P. Moon and M. Koshino (2012)

Nguyen N. T. Nam and M. Koshino PRB (2017)
M. Koshino et al., Arxiv:1805.06819
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w=110meV

2w < ﬁv0k9

Lowering the twisted angle

0 1 — 3a?

y 14 6a?

a=w/vkyg ky=2kpsin(6/2) R Bistritzerand A. H. MacDonald PNAS (2011)
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1

40

20

E (meV)
o
|

-20

-40

0295
ky (nm)

x1000

02 0 02
ky (nm™)

2XMLG —

6=1.05° —

0 100
DOS (eV-'nm32)

Y. Cao et al, Nature 2018

U 50

E (meV)
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— k=20
Fermi Liquid

0 0.5 1 1.6
8(°)

strong correlation Us>w




What's found 1n experiment?

A
T [ Correlated insulating state at haIf—fllled flat band

0.1 [ T=03K ' '

D1

6=1.08°
B=1.10°

11 Y. Cao et al Nature 2018.

--L--m--I- -
D
—_
N
N
o

B 6=116°

- X - -L--m- - I
|

-ng/2 0 ng2J) ng

.......

® Pressure-induced correlated behavior

A -ns -3ns/4 -ng2  -nJ/4 0 +ng/4 +n/2 +3n/4  +ng
0.4 T T T T I T T
— (D2) =1.27° P=0 P>:2
@ T = 300 mK vy A SR
- Tttt
g 2.21 GPa
©
=]
©
c
@]
o
-4 -l2 0 p . - . .
122 M. Yankowitz et al., Science 2019.
n(10 "cm)
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Correlated-insulator at half-filling

T * Temperature-dependence

! I
Insulating |y 0

o
a

Temperature (>4 K)
kills the insulating
state |

G (mS)

\
N
7| | | | 1

0 010205 1 15 2 25 3
T (K1)

o

* Magnetic-field dependence

G (mS
A S— B

2 Magnetic-field (>8 T)
= kills the insulating
state !
18 13 1 15 05 1 15 2 25 3
| n (161zcm-2) | ' T-1 K ' Y. Caol et al Nature 2018.
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SC upon electrostatic doping

A
T  Superconductivity (T.=1.7 K) found

3
o

—— M1,0=1.16°
— M2, 6 =1.05°

Resistance, R,, (kQ)
[6)]

0 2 4 6 8 10
Temperature, T (K)

* The V-l relation: 2D BKT SC ! —o3ix

Voltage, V,, (LV)
o

104

= 10
SXIO7F

-500-

=
i 10 1 (A) 1077

-100 0 100

Current, I (nA)
a critical current of 50 nA Y. Cao2 et al Nature 2018.
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SC upon doping

1

* Magnetic-field suppresses SC

c d e
| - ?OmTT
= m
20- 20 mT 1.0-

g

60 —
,\ g 2- E By
S o e}
= & Q2
2 2 —omT | © 054
5 8 Sigmr | B 00
e B 17 28mT | §

3 —-49 mT ©
o -63 mT -
-84 mT B
~105 mT cL
: y —140 mT
0 —— T 0 n i T v T 0 T
-100 0 100 0 0.4 0.8 0 0.5
Current, I (nA) Temperature, T (K) Temperature, T (K)

Consistent with Messner-effect and Ginzberg-Landau theory
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Similar to the cuprates

T MA-BLG Cuprates
b 8 4 0
R, (kQ) I electron doped hole doped
3 ° 400 . . . .
M1,60=1.16 YBa,Cu,0
0.6 ‘, Nd, .Ce, CuO, 3,007 5
300 Pr, Ce,Cu0, ¥,,Ca,Ba,Cu;0,
o 05 < Sm,Ce,Cu0, La\;‘erCuO,
= g LaPr, ,Ce,Cu0, - >
& (0 - ) Bi,Sr)aCu,0
g 5 200p < s
E E' pseudo\
0 0.3 g n-type AFM | ga ‘\T’* p-type
qE) 100 + I‘ sCo
= 02 : E
SC
0 . | é | )
0.1 03 0.2 0.1 0 01 02 03
-1.8 -1.6 -1.4 -1.2 doping
Carrier density, n (10'2 cm)
Hole doping electron doping
Asymmetric about half-filling Y. Cao? et al Nature 2018.
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Several 1ssues

1

* Is the correlated insulator identified at half-filling really Mott-insulator ?
* How to characterize it if not?
* What's the pairing mechanism of SC upon doping?

* What's the pairing symmetry?
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T * By symmetry argument and group theory Yuan and Fu proposed a

Px-Py - like Wannier orbitals Hubbard model on the emergent

Honeycomb lattice for the MA-BLG. OF . oo
e/ o e
r K M o /o > ®
Group D D3 Cy @ \\ 2 ,’l [ L]
Reps | {E.E} {A:i,A2,E}  {A, A B, B} . /o o
Ca. |{£1,+1)  {0,0,41} NA e o o
Coy | NA {41, -1,NA} {+1,41, -1, 1} B

N. F. Q. Yuan and L. Fu, PRB 98, 045103 (2018)

b)

el

-K

The Wannier orbital center and maximum
H. C. Po, et al, Phys. Rev.X 8, 031089 (2018)
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AModelz Px.Py like Wannier orbitals on Honeycom

i

* The Slater-Koster formulism for the px,py- Honeycomb

_ T T
Hy, = Z tw,jl/cfiuachU — He Cipo Cipo- () N g ‘D,
L, JV,0 Uy

L 4] . . 1 & . Qi .
tZ/_,L,jl/ I tO’ COS 9/1/’7/‘7 COS 91/,?,] _I_ t,n. Sln 9/1/,’1/_7 Sln HV,’LJ

o0

(b) ‘

£ O

, Energy (meV)
S N

D

________________ C. Wu PRL 2008

G.-F. Zhang et al. PRB 2014
CCL et al. PRB 2014
F. Yang, et al. PRB 2015

I M K

|
~

Degeneracy-pattern consistent with
the irrep. on high symmetry points

VHS at 9, =~ +0.425
CCL-Zhang-Chen-Yang, PRL 121, 217001 (2018)
MIPT School 2023 Moscow -29-




Fermi surface

A
* Evolution of the FS with doping:  VHS and FS-nesting are found!
n=-0. 4 n=-0. 425 n=-0. 45
2N =~ AN _ / (o = 7 = =

@ Lifshitz transition at O,

€ VHS at three M points with
| Good FS nesting

| Q; —the nesting vectors,

@ FS nesting is asymmetric,

: \ , ‘ \ FS nesting with higher
N X '&v doping is much better
,‘\'\_,_ X7 than the one with lower doping
n=0. 41 n=0. 425
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* The P, ;5 orbital Honeycomb lattice Hubbard-model

_ . [ e
H=H,+H,, e """ e
PN P
; r o/ o 0
Hyy, = § t’L,LL jvCineCjvo — He CipoCipo- o /0 \. > o
( / X
Ve o e o/ @ 2
[ v & &
Hipy = U ZZ NN + V Z TV My e ¥ £ Y
g & @

+Jn Z {Z Cizvo zya’c’wa’cwa +( ZmchmcwiczyT + h.c. )]

* The weak-coupling multi-orbital RPA approach
CCL-Zhang-Chen-Yang, PRL 121, 217001 (2018)
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* The bare and renormalized susceptibility

1,1 1
Xl(:(s))l4 ’ (q’ ) = N Z <T7'CII (kl’ T)Clz(kl +q, T)Cz‘3(k2 + q, O)Cl4 (k2a O)>0 )
ki.k:

ﬁ «
_ = Z & (k)& ( )gl (k+q)&) " (k + ) F(Extq) — Z(Ek)

ka’B Wy, + € — €k+q

k+q | k,*q K*a

. 41
X (g,iv) =1 = x(qi)UY| XV (q.iv),

—1
X\ (q,iv) = I +x© (g, i) U] X (q,iv),
S. Graser et al, NJP 11, 025016 (2009)
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The multi-orbital RPA and SDW instability

1

 Bare susceptibility at5V: peaks at the 3 M-points

(a) A NG To
c‘a’s 2 2t
£ g
oy -
“
05 06 0.7 08meV! 0.0 0 N
I M K r -0.5
P - SDW
;((q,zwn = O) Us” (5,)
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Noncoplanar SDW

A
T . DivergentZ(S)(Q ) requires SDW instability with

l

* Now we have three nesting vectors Qa, (a =1,2,3), perfectly fitting

into the three components of Sia’(a — x,y,z), o)

(<§ix >9 <§iy >9 <§iz >) x (eiél . ? ein . ? 6@3 . )

* Noncoplanar SDW with spin-chirality (4-spin) ©®)

Nontrivial Chern-number in the ordered band structure
Spontaneous quantum Hall (QAH).

X
S

. Martin ef al. (2008), Tao Li (2012)
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1

k' (C) k L(U)i K

kl

x 9 Us  x

. < U U(s)
singlet  T7C) (&, &) ( 3

4 qs

t
) i [3[](3) (s) (k _ k/) U — U(c)X(c) (k _ k’) U(C)]P N
qs

ps
i [3U(s)x(s) (k+K)U® — 0O O (k+ &) U(c)] .
q

© _ N\ 1 ¢
triplet Tk k) = (T ) = [UONG (k= KU+ UONO (k= k) U]
qs o

[U(s)x(s) (k+ k) U® + U (k& + &) U<c)]

qt
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1

* The linearized gap equation and classification of symmetry

! Z VO (ky k')l (k! (—k)es(—k )es(k'),

Verr =
af . kk’
VP, k)= > TH(k, K, 0)6" (k)& (—k)E2 (k)& (K).
pgst. kk’
VS (k, k')
' Ag(k") = \A(k
2w>22?§5 iy DK =28

TABLE II. Character table for point group D3 and possible superconductivity pairing symmetry.
D3| E [2C5(2) 3C, odd funcitons even funcutons
Ar |41 +1 |41 |z (x2 — 3y2) f-wave (:v2 + y2) s-wave

Az [+1| +1 | -1 y(3x2—y2) f'-wave —
E |+2| -1 0 (z,y) p-wave (2> — y*, xy) d-wave
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d+id superconductivity

1

* The phase-diagram: calculation & experiment

Through exchanging short-ranged spin fluctuations between a Cooper pair.

0.10

0.08

0.06

~< |}

0.04

0.02

—e— S-Wave

—v— f-wave

—— dxz-y2 & dxy -wave

—— p, &P -Wave

C

10 5 0
R, Q) mE———

0.00

.-0.75 -0.50 -0.25 50.00 0.25
T. x e~ /A
our results

Temperature, T (K)

18 -16 -14 -12 -1.0 -08
Carrier density, n (102 cm™)

experiment

CCL-Zhang-Chen-Yang, PRL 121, 217001 (2018) Y. Cao2 et al Nature 2018.
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Summary

_é_l_

* The correlated-insulator found 1s noncoplanar chiral
SDW, spontaneous QH (QAH), driven by FS-
nesting , so easily killed by magnetic field (8T)

* The pairing symmetry 1s gapped d+id SC driven by
the antiferromagnetic spin-fluctuations

* The SC 1s d+1d topological SC.
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Outline

1

* Proximity effect induced higher-order topological
superconductors
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Proximity effect induced higher-order topological sup
o

P

1

1. High-Temperature Majorana Corner States,
Wang-CCL-Lu-Zhang, PRL 121, 186801 (2018).
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Model

4

T a 2D TI proximitized by a Fe-based s+- wave superconductor

HllcgdG — (hzl _/‘)Tz T Aer,
h;' = [2t(cos k, — cos k) + 4t; cos k, cos ko,
+ 2A(sin k.5, — sink;s,)0,,

Ap = Ay +2A,(cosk, + cosk,),

st-wave high-T, SC

Wang-CCL-Lu-Zhang, PRL 121, 186801 (2018)
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Gapless helical edge states of the 2D TI

1

hi' = [2t(cosk, —cosky) + 4t; cos k, cos ko,

+ 2A(sin ks, — sin k, s,) .,

(01) boundary (10) boundary
W C -1 |
(a) _\\ J - ( ) L\ The Gapless helical edge states
g VAN protected by TRS and U(1)
EO
4t /
i \
_n' O n' -
K
The cone is at kx=0 The cone is at ky=m
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Gap the gapless helical edges by SC

_é_l_

(a) \\ \ / : (b)
4t1 ’/ AN X jf, ,
+SC
EO ul

s+-wave high-T, SC

The SC pairing term gaps the
helical states can be considered as

mass term.
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Mass domain wall

—

(@) BIQE

At,

W

S -Wave pairing in bulk BZ

+SC
EO >

Wang-CCL-Lu-Zhang, PRL 121, 186801 (2018)
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Mass domain wall => Majorana corner stat

1
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Higher-order topological superconductors

1

One Majorana Kramers pair
at each corner.

—

s+-wave high-T, SC
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A candidate material for experimental realizat

1

A tunable 2D TI PbS with independently

controllable band inversions at X or Y
_|_

an iron pnictide with s+- SC pairing.

The monolayer PbS has a square lattice
constant of 4.03 A , comparable to 3.95—
4.05 A of iron pnictides.

s+-wave high-T, SC

MIPT School 2023 Moscow



Proximity effect induced higher-order topological super

5
s

1

2. High-temperature Majorana corner modes in a d+id’
superconductor heterostructure: Application to twisted bilayer

cuprate superconductors,
Li1-CCL, PRB 107, 235125 (2023).
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Monolayer Cu-based superconductor

b

T, approaches its bulk.
f1.0

& <

3 g 05|~

) <

c o

o

=

Monolayer
00 Bulk
| | |
0 50 100 150 200
T Yuanbo Zhang group, Nature (2019)
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Twisted bilayer cuprate

_é_l_

E A ' : :
T BSCCO
08 Junction 2

éo.e s

o (

o \ 60 70 © 80 84 90
04} gg T e
02}

0 L
50 100 150 200 250

Temperature (K)

» They fabricated 24 devices with different twist angle 6 between 0° to
180° with Tc > 79 K, and average T¢ of 84 K

» Normalizing to junction area, they obtain a critical current density Jc =
1.2 kA/cm?2 for this junction, similar to J- of intrinsic junctions

Kim Philip Group, arxiv:2108.13455
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I(t)=losin(0)ot+)'o) (wo=2eVo/h')

| /A + Offset

70K
418GHz{ [

=1 - 15 O oM
V (hf2e)

P

The corresponding dV/dI shows

.'(;{."! - |
dips of similar strength at half

integer and integer steps,

-1

0 B
Voltage (hf/2e) Frequency (2e/hf) Spectral Power (arb) . . . .
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Motivation

1

» Recently, some schemes for realizing HOTSC with MCMs
have been proposed, in which the key component is the
utilization of various superconductors, such as
unconventional d-wave, s =, as well as p-wave
superconductors, and conventional s-wave superconductors.
However, the bulk nodes in unconventional superconductors
and the low Tc of s-wave superconductors hinder the
experimental detection of zero-energy MCMs.
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B et ¢ et

IO R

SIS .

e
o JEw cS¥ [ Topological ins S H(K) = (mo — t;, cos ky — t, cosky)o;

O g, D,
+ (Acsinkysy + Ay sinkysy)oy +h-s — pu,

B s
et

’ A(K) = [A(cosky — cosky) + iAs sink, sin ky](—isy).

» h, = h, =0, h, changes: topo. phase transition along edge
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Li-CCL, PRB 107, 235125 (2023)
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Edge theory

4

T HBdG(k)z( H (k) A(K) )

—A*(—K)  —H*(—k)

Expanding Hamiltonian around k=(0,0) to second order

1Y
H.;(K) = (m + %kﬁ + %ykyz)oztz + Aok Oy T, <-_
AV 2 \\‘
+ Aykyoy s, — T(kx - ky)syty + Arkykys, T, I ) :' 11
. /
+ hys, T, v N
» For the Edge I, we can replace £k, — —i0, L’ﬁ II
Hy(—i0z, ky) = (m — tmﬁg/Q)Tzaz — Iy T8y 00,
H,(—i0y, ky) = A\ykys:00 + A1/27,8,02 — iAok, Ty5,00 + T, 84,
Solving Hota(z) = Eata(z)  |$a(0) = Ya(+00) =0
One can obtain that 1o () = N, sin(kyz)e” "2%e*v¥¢ SyTya = —Ea
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Edge theory

A4

T The eigenvectors &, satisty s, 0,6, = —§,. Here we choose
G1=|m=4+1)Q|oy, = +1) ® |sy = —1),
Ea=|T, =4+])®|oy = —1) ® |sy, = +1),
=T, =-1)Q|oy, =4+1) ® sy = —1),
=T =-1)Q|oy =—-1)® sy = +1).

In this basis set, the matrix elements of H,, are

Hiop= [ dody(@)Hy(-i0..k,)05(z).
0
After some algebraic calculation, we obtain

Hy = \ykyn. — Myityn, — Miky7an.,

_ &

My S /OOO dx¢;(m)(8§)¢a(x) _ _A1|m‘

ty

M= [ " dr (2) (00 (2) = 0.

‘HI = Aykyne — MiTy7,.
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Edge theory

A(K) = [A(cosky — cosky) + iAy sink, sin kyJ(—isy).

_é_l_
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- I;; n
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o - ks 0 1
- ky n ky/m
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Edge theory

4

T » For the Edge II, we can replace k, — —i0,

Hy(ky, —i0y) = (m— ty8§/2)7'zaz 2 Uy S50 Oy
AN
Ho( Bs — 10y} = Xaller T840 71'rysy8§ — N Kot 80 O il 8ol

HOwa(y) - Ea"pa(y) ¢a(0) — ¢a(+00) =0

lHII(km) - _)\mkmnm + MIIT:vT]z - h’mnz

» For the Edge III, we can replace k, — —id,

Ho(—i0z,ky) = (m — t,02/2)7,0, — iAyT2 8050,
B —0s,k5) = Xykyspes -+ A1/2Tysy8§ — ol s O + hslrgss,

H0¢a(x) - Ea'ﬁba(x) "pa(o) = ’Qba(—OO) =0
|H111 = —Aykyne — Minimyn.,
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Edge theory

d
T » For the Edge II, we can replace k, — —i0,
Hy(kz, —10y) = (m — tyaz/Q)Tzaz — Ny 85040y,

A
He (Bl —10y) = Nk T8y 0 — %Tysy(‘?; —= PG e 80 O - S T

H0¢a(y) = Ea¢a(y) 77boc(0) = ¢a(—00) =0

|Hry (ka) = Aokatle + MivTan: — has,

Applying the unitary transformation for Edge II and Edge IV

s
U=e¢e'4" X I2><27

» Edge effective Hamiltonian

(ky)

Hu(kz) = —Agkans — Mumyn, — hans,
(ky)
(Kz)

T )\mkmnm - MIVTyT]z - hxnza
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Edge theory

d
T v Hedge,i = iA()n:0 — M (1)Tyn. — h(1)n:,
<- N For 7, = —1 we obtain
- "o Hger = iNOmads + M(Dns.
‘\\ //I For 7, = +1 we obtain
y == H ot = iANDnady + M.,
T_’ﬁ 11

M(l = LIV) = —=M(1) — h(l) = {A1|m|/te, —Ar|m|/t, — he, Ar|m|/te, —A1|m|/t, — ha}.

M(l = LIV) = M(I) = h(l) = {=A1|lm|/ts, Aslm|/ty — ha, —Arlm|/te, Ar|m|/t, — hy}
0.5
(e) he > My = Aq|ml|/t,.
: i opposite masses of adjacent edges
= == e ~ ~ -
3 © MWUOMI+1) <0
—0.5 Energy Level i
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Phase diagram
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In-plane rotation

A
T H(K) = (mp — t, cos k, — t, cosky)o
+ (A sinkysy + Ay sinkysc)o, +h-s — pu,

in-plane b = |h|sin@(cos ¢, sin @) out-of-plane h; = |h|cos

= )\yky’)’lm — MITyT]z - h|| sin @1z,
= —Agkany — Mumyn. — hy cos ¢ns,
= —Aykyne — Mimyn. — by sin e,

hL] 2nd TSC 30
(c) \ ' (d) =
\‘\0.) "\'f\é., =
: 5(|) - 0.3

N X
0.2
0.1
& 5 I

Trivial 1 0.0

0 1/4 3/4 5/4 7/4 2
ol
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Out-of-plane component

H(K) = (mo — t, cos k, — t, cosky)o;
+ (Ac sinkysy + Ay sinkysy)or +h-s — pu,

_é_l_

in-plane h) = |h|sin6(cos ¢, sin ¢) out-of-plane h; = |h|cos @)
Hi(ky) = Aykyne — MiTyn.,
Hii(kz) = —Agksne — Mumyns,
Himn(ky) = —Aykyne — Mmmyn.,
Hip(Bz) = Mokl — My Tz

Out-of-plane component has no influence on edge states

hX 3 3 3 »
§ /\/\ ) /\/\ ] /\/\
5 0(al) § o/(bl) § 0/(cl)
L a4 MNA A N A/
3 0 3 0 =3 0
kylm kil kylm
3 3 3
L a4 DDA A N A 4

3 0 =3 0 2 0

kylm kylm kylm
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See more details in Poster Session on Thurs.
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Thank you for your attention!
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