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VoLUME 49, NUMBER 6 PHYSICAL REVIEW LETTERS 9 AucusTt 1982

Quantized Hall Conductance in a Two-Dimensional Periodic Potential

D. J. Thouless, M. Kohmoto,'®’ M. P. Nightingale, and M. den Nijs

Depaviment of Physics, University of Washington, Seattle, Washinglton 98195
(Received 30 April 1982)

The Hall conductance of a two-dimensional electron gas has been studied in a uniform
magnetic field and a periodic substrate potential I/, The Kubo formula is written in a
form that makes apparent the quantization when the Fermi energy lies in a gap. Explicit
expressions have been obtained for the Hall conductance for both large and small U /4w, .
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Z2 Topological insulator

PHYSICAL REVIEW LETTERS week ending

PRL 95, 226301 (2005) 25 NOVEMBER 2005

Quantum Spin Hall Effect in Graphene

C.L. Kane and E. J. Mele

PRL 95, 146802 (2005) PHYSICAL REVIEW LETTERS A

Z, Topological Order and the Quantum Spin Hall Effect

C.L. Kane and E. J. Mele
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Topological invariants in energy band

> Chern number In T-symmetry breaking
system

» Z>topological invariant in T-symmetry
Invariant system



Topological Insulator

»Bulk insulator
» Topological protected surface state

»Mass term in Dirac Equation change Sign

(=TT, ) (0, m) (T, TT)

H =a-p+ Om A

1(0,0)
(—, O}A————Q—--—Am 0)

(=, =m) (0,-m) (m, -T)



Bulk-boundary correspondence

E [(a) Conduction Band E|(b) Conduction Band
) Valence Band| Valence Band
r, k——s T, T, k— T,

FIG. 3. (Color online) Electronic dispersion between two
boundary Kramers degenerate points I' ;=0 and I'y=w/a. In (a)
the number of surface states crossing the Fermi energy Ey is
even, whereas in (b) it is odd. An odd number of crossings
leads to topologically protected metallic boundary states.

Weak topological insulator 22 invariants (v 0; v1,v2, v3)
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Justify 3D T

(1) Surface State Electron Structure
(2) Adiabatic Continue Band Transformation
(3) Band inversion

@ Calculate Z,



Calculate Z,

" % With inversion symmetry A
Fu-Kane theorem (Fu & Kane, 2007)

\_ J

ﬁWithout inversion symmetry \

directly calculate Z,
(Feng, Wen, Zhou, Xiao & Yao (2012) )
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where A (k) and ¥ (k) are the Berry connection and Berry
curvature, respectively,

Kﬂ(k) = iz Ctn () | Vicun ()Y (k) = Vi x A(K) |, . /
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PHYSICAL REVIEW B 78, 195125 (2008)

Classification of topological insulators and superconductors in three spatial dimensions

Andreas P. Schnyder.! Shinsei Ryu,! Akira Furusaki.” and Andreas W. W. Ludwig®

TRS PHS SLS d=1 d=2 d=3

Standard A (unitary) 0 0 0 - Z -
(Wigner-Dyson) Al (orthogonal) +1 0 0 - - -
AII (symplectic) -1 0 0 - Zy Zy

Chiral AIII (chiral unitary) 0 0 1 Z - Z
(sublattice) BDI (chiral orthogonal) +1 +1 1 Z - -
CII (chiral symplectic) -1 -1 1 Z - Zy

BdG D 0 +1 0 Zy Z -

C 0 -1 0 - 7 -

DIII -1 +1 1 Zy Zy Z

ClI +1 -1 1 - - ¥/

TABLE 1. Ten symmetry classes of single-particle Hamiltonians classified in terms of the presence or
absence of time-reversal symmetry (TRS) and particle-hole symmetry (PHS), as well as “sublattice” (or
“chiral””) symmetry (SLS) (Refs. 37 and 38). In the table, the absence of symmetries is denoted by “0.” The
presence of these symmetries is denoted by either “+1” or “~1,” depending on whether the (antiunitary)
operator implementing the symmetry at the level of the single-particle Hamiltonian squares to “+17 or “—17
(see text). [The index =1 equals 7. in Eq. (1b); here e,=+1 and —1 for TRS and PHS, respectively.] For the
first six entries of the table (which can be realized in nonsuperconducting systems), TRS=+1 when the SU(2)
spin is an integer [called TRS (even) in the text] and TRS=—1 when it is a half-integer [called TRS (odd) in
the text]. For the last four entries, the superconductor “Bogoliubov—de Gennes” (BdG) symmetry classes D,
C, DIIL, and CI, the Hamiltonian preserves SU(2) spin-1/2 rotation symmetry when PHS=—1 [called PHS
(singlet) in the text], while it does not preserve SU(2) when PHS=+1 [called PHS (triplet) in the text]. The
last three columns list all topologically non-trivial quantum ground states as a function of symmetry class and
spatial dimension. The symbols Z and 7, indicate whether the space of quantum ground states is partitioned
into topological sectors labeled by an integer or a 7, quantity, respectively.



Topological Crystalline Insulators
Spatial Symmetries

PRL 106, 106802 (2011) PHYSICAL REVIEW LETTERS

Topological Crystalline Insulators

Liang Fu

nature
ARTICLES 2111 :
PUBLISHED OMNLINE: 16 DECEMBER 2012 | DOI:10.1038/NPHYS2513 p ySICS

The space group classification of topological
band-insulators

Robert-Jan Slager', Andrej Mesaros?, Vladimir Juri¢i¢'* and Jan Zaanen'

Y. Ando and L. Fu, Annual Review of Condensed Matter
Physics 6, 361 (2015).



Topological Crystalline Insulators

» Mirror Chern Insulator
Ando and Fu, Annu. Rev. Condens. Matter Phys. 6, 361 (2015)

» Hourglass Fermions
Wang, Alexandradinata, Cava, Bernevig, Nature 532, 189 (2016).

» Wallpaper Fermions
Wieder et al., Science 361, 246 (2018)

» Higher-order topological insulators

Fang&Fu; Schindler et al., Langbehn et al., Song, Fang&Fang; Benalcazar et
al., (2017)



Higher-Order Topological Insulators
arXiv:1708.03636
Frank Schindler,! Ashley M. Cook,! Maia G. Vergniory,>* Zhijun Wang,*
Stuart S. P. Parkin,” B. Andrei Bernevig,*>® and Titus Neupert!

bulk (d)>d-1,d-2,d-3  ° 2 o

Second order

4.

I

Topological Insulators Turn a Corner

Theaorists have discovered topological insulators that are insulating in their interior and on
their surfaces but have conducting channels at corners or along edges.

[2] W. A. Benalcazar, B. A. Bernevig, and T. L. Hughes, “Quan-

tized Electric Multipole Insulators,” Science 357, 61 (2017). Figure 1: Usually, 30 fopological insulators conduct via gapless
; w ; staies on their 20 surfaces but are insulating in their bullk (beft).
[3] w. A Benalcazar, B. A. Berqewg, anq T. L. Hughes, Ele(;trlc Recently pro s cond- and third-order 30 Tis hm-a nepless
Multipole Moments, Topological Multipole Moment Pumping, Hmsmhplru:n”hmms {middie) or 0D comers {rig
and Chiral Hinge States in Crystalline Insulators,” Phys. Rev. respectively, and they constitute & new dass uftc-p::l::gn-:-.al phases
B. 96, 245115 (2017). of matier. (APEAlan Stonebraker)

[4] Z. Song, Z. Fang, and C. Fang, “(d — 2)-dimensional edge
states of rotation symmetry protected topological states,” Phys.
Rev. Lett. 119, 246402 (2017).
[5] J. Langbehn, Y. Peng, L. Trifunovic, F. von Oppen, and P. W. .
Brouwer, “Reflection-symmetric second-order topological in- 11 December 2017 Physics 10, 132
sulators and superconductors,” Phys. Rev. Lett. 119, 246401
(2017).



Dirac Fermion in Condensed Matter

Massless Dirac Fermion

Energy

K-point at BZ of Graphene (1947)

2004, 2005 k 3

Two-dimensional gas of massless Dirac fermions in

graphene Vol 438/10 November 2005|doi:10.1038/nature04233

K. S. Novoselov', A. K. Geim', S. V. Morozov?, D. Jiang', M. |. Katsnelson?, I. V. Grigorieva', S. V. Dubonos”
& A. A. Firsov®

Vol 438|110 November 2005|doi:10.1038 /nature04235

Experimental observation of the quantum Hall effect
and Berry's phase in graphene

Yuanbo Zhang', Yan-Wen Tan', Horst L. Stormer'* & Philip Kim*



Dirac Fermion in CM

Massless Dirac Fermion 3D

symmetry protected degeneracies

Dirac Semimetal in Three Dimensions

PRL 108, 140405 (2012)
S. M. Y()ung,l S. Zah(:(:r,:2 J.C.Y. Tco,z":‘ C.L. Kamc,2 E.J. Mcl(:,2 and A. M. Rappcl

» Four dimensional irreducible
representations at high
symmetry points of BZ

» Linearly in all directions
around these points




Dirac Fermion in CM

Dirac semimetal and topological phase transitions in A;Bi (A = Na, K, Rb)
Zhijun Wang.! Yan Sun.? Xing-Qiu Chen.” Cesare Franchini.> Gang Xu,! Hongming Weng."" Xi Dai.! and Zhong Fang '

PHYSICAL REVIEW B 85, 195320 (2012)

Three-dimensional Dirac semimetal and quantum transport in Cd;As, 03
Zhijun Wang, Hongming Weng,” Quansheng Wu, Xi Dai, and Zhong Fang'
PHYSICAL REVIEW B 88, 125427 (2013) ~ 0
=
2
> Two bands along high symmetry lines of < 5
BZ belong to different two dimensional
Irreducible representations->
-1




Dirac Fermion in CM

Discovery of a Three-Dimensional
Topological Dirac Semimetal, Na3Bi

Z. K. Liu,** B. Zhou,”>* Y. Zhang,” Z. J. Wang,* H. M. Weng,*® D. Prabhakaran,® S.-K. Mo,>
Z. X. Shen,* Z. Fang,*” X. Dai,*”® Z. Hussain,® Y. L. Chen®%t

21 FEBRUARY 2014 VOL 343 SCIENCE

A stable three-dimensional topological Dirac
semimetal Cd;As,

Z.K. Liu'", ). Jiang23%, B. Zhou?4T, Z. J. Wang>T, Y. Zhang'4, H. M. Weng?, D. Prabhakaran?, S-K. Mo%,
H. Peng?, P. Dudin®, T. Kim®, M. Hoesch®, Z. Fang®, X. Dai>, Z. X. Shen!, D. L. Feng?, Z. Hussain*
and Y. L. Chen24:6*

PUBLISHED ONLINE: 25 MAY 2014 | DOI: 10.1038/NMAT3990
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Correlation=>band structure evolution .

Y,Ir,0; LDA+U method All-in/All-out magnetic order
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Weyl Semimetal

°-“i ig
0.3 § T -
02 = S Ferromagnetic Metal
= £ : . |
& o = Ndiogn Togilagor
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Wan, Turner, Vishwanath, Savrasov, Phys. Rev. B 83, 205101 (2011)



Weyl Semimetal
TaASs:

Theory:
Weng et al., PRX (2015)
Huang et al., Nature Commum. (2015)

EXp:
Lv et al., PRX (2015), Nature Phys. (2015);
Xu et al., Science (2015);



PHYSICAL REVIEW X 5, 011029 (2015)

Weyl Semimetal Phase in Noncentrosymmetric Transition-Metal Monophosphides

"%

: 12, 3 12 : . 4 : yai 12
Hongming Weng, ™ Chen Fang,” Zhong Fang, = B. Andrei Bernevig,” and Xi Dai

3D view of the nodal rings (in the absence of SOC) and
Weyl points (with SOC) in the BZ. Once the SOC is
turned on, the nodal rings are gapped and give rise to
Weyl points off the mirror planes
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> Fermi Arc

(Wan, Turner, Vishwanath,
Savrasov, (2011))

» Chiral Anomaly

(Aji (2011), Son & Spivak (2013))




Topological (Crystalline) Insulators
» /2 topological insulator (kaneamele PRL 2005)

» Mirror Chern Insulator
Ando and Fu, Annu. Rev. Condens. Matter Phys. 6, 361 (2015)

» Hourglass Fermions
Wang, Alexandradinata, Cava, Bernevig, Nature 532, 189 (2016).

» Higher-order topological insulators
Fang&Fu;Schindler et al., Langbehn et al.,Song, Fang&Fang;Benalcazar et al., (2017)

» Quantized electric multipole insulators
Benalcazar, Bernevig, Hughes, Science 357, 61 (2017)

» Nodal-chain metals
Bzdusek, Wu, Riegg, Sigrist & Soluyanov, Nature 538, 75 (2016).

» Three-fold (or higher) band degeneracies Semimetal
Bradlyn et al., Science (2016)




Semimetal
» Dirac Semimetal

» Weyl Semimetal
» Multi-degeneracy points
» Nodal-line semimetal

» Hopf-line Semimetal



How to find Topo Mater

There are so much topological blablabla
Many topological invariants

» Wave function?!!!

» Need calculate all topological invariants for one
material

Thus find any new topo-mater Is a big success



Crystal Symmetry

» Analyzing various crystallographic symmetries

Fu & Kane (2007); parity =2Z2 Topological insulator

Fang, Gilbert & Bernevig, (2012); Slager et al., (2012);
Fang & Fu (2015); Fang & Fu (2017); Zhou et al., (2018)......

Do not use wave-function

» Exploiting the mismatch between the real and
momentum-space descriptions of the band

structure
Kruthoff et al., PRX (2017); Bradlyn et al., Nature (2017);
Po, Vishwanath & Watanabe, Nature Communications (2017)



KQQS | NATURE | VOL 547 | 20 JULY 2017 \
© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Topological quantum chemistry

@rry Bradlyn'*, L. Elcoro®*, Jennifer Cano', M. G. Vergniory>*>*, Zhijun Wang®*, C. Felser’, M. 1. Aroyo? & B. Andrei Bernevig3%-8°

Atomic orbitals

Atomic limit

Ak nacefR - Representation + Compatibility
‘k . 0‘ pTe L Gy, E%gtgcr:éa%
I(*A % «—  k.p theory
&4 Graph theory and band structure
St 2 M
Ke o __FQ/__ —~ =
Ko o M Connected bands (EBR) - Semimetal
. - _ Disonnected bands (EBR)—> topo insulator
Ks —_-ra - rap eory ?5 rs o T
o T R -
B x « ¢ »w INtotal 10403 different EBRs
!

Connected EBR Disconnected EBR Topological semimetal Topological insulator




Symmetry-based Indicators of

Hoi Chun Po.Y>2 Ashvin V

Band Topology in the 230 Space Groups

ishwanath, 2> * and Haruki Watanabe?®

Band structure (has direct band aap at high symmetry points)  atomic limit

dps

{BS} =kerCNZP ~ 7%s BS = Z mb;. Quotient Group Provide no insight
N i1 53 into how to find or
[AT} ~ 7481 = {Zmiai Cmy € z} Xps = {BS} engineer materials in

- (A1)

any non-trivial class

XBs Space groups
Lz 81, 82, 111, 112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 122, 215, 216, 217, 218, 219, 220
L3 188, 190
74 52, 56, 58, 60, 61, 62, 70, 88, 126, 130, 133, 135, 136, 137, 138, 141, 142, 163, 165, 167, 202, 203,
205, 222, 223, 227, 228, 230
Zs 128, 225, 226
Z12 176, 192, 193, 194
Lo X Ly 14, 15, 48, 50, 53, 54, 55, 57, 59, 63, 64, 66, 68, 71, 72, 73, 74, 84, 85, 86, 125, 129,
131, 132, 134, 147, 148, 162, 164, 166, 200, 201, 204, 206, 224
Zo X Lsg 37, 124, 139, 140, 229
Zs X Zs 174, 187, 189
iy X Lig 127, 221
Le X L2 175, 191
Lo X Lz X Ly 11, 12, 13, 49, 51, 65, 67, 69
Lo X Ly X Zig 83, 123
Zio X Yo X Lo X Zig 2. 10, 47




Our Algorithm

Space grou D n= (p,nﬁl, .,,,nlfll,nﬁz,,,.,nf:,,.,,nkl s 1Y)
symmetry analysis

s N\ 230 space group

Go beyond one-by-one

General Material-specific
atomic basis . ase 1: the expansion coefficients ¢;’s are all integers,
representatlonﬁ which indicates that n 1s an Al, thus the material is e-
{ai} n quivalent to an atomic insulator;
lase 2: the expansion coefficients ¢;’s are not all inte-
\ ) gers, but all ¢;C;’s are integers. This indicates that the

n is a BS and the material is equivalent to a BI, but this

v}llnear €Xpansion system must been topological since some remainder(s)

. should be nonzero as shown in Eq. 3, 1.e. the SI is non-
n = Z i a; vanishing;
é ‘ase 3: Not only the expansion coefficients ¢;'s but also
- the ¢;C;’s are not all integers:
I Inspect ‘[fh} (1) some ny is non-integer which indicates that band
( J w crossing happens at this & point;
(2) all the ng's are integers, then there must be band
Case ] Case 2 Case 3  crossing in high symmetry line or plane.

-

M Edge

7N states < Tang, Po, Vishwanath, Wan*
15, 470 Nature Physics (2019)

No topology Topological Topological

detected  (crystalline) insulator (semi-)metals



Band Structure

Band structure of Si \ o
/ (SG227) Topological is Global

What is detail:
% If nothing pass the Fermi
I"‘}ﬁ level, then all is detail!

l‘_- v’n-:

1

Energy(ev)

3 BZ

/ (PE) 48, 341(2019)

Fe AT PR AL R Irreps
Bands can cross when they
r 0, 0, 0) Gie 42 52), 8(4), 12(2), 13(2), 16(4) ;
carry different symmetry labels
X 0, 1, 0) G.: 19(4)
L (2, 172, 12) | Gla 30 40 6@ o0, 100 1200 Dimensions of the irreps determine
W (1/2, 1, 0) Gi: 13(1), 14(D), 15(1), 16(1), 20(2) how the bands are “stuck”

High symmetry point, High symmetry line, irreps, ........



Band Structure

™\

EnergyleV)

Band structure of Si \

What is detail:
If nothing pass the Fermi level, then all is detail!

‘ e, T ~
A ’ g B
.’ ] [_}\pﬂlb;
I ; \ 2 !
\ ' /
~ = -

-

K
-
o
[ =

1 .‘
|
X r

n.=(8, 1, 1, 1, 0, 0, 0, 2, 0, 0, 1,

e 1, 1, 2,1, 1, 1, 1, 2).

ng ,=(4, 0, 0, 1, 0, 0, 0, 1, 0, 0,

0, 1, 1, 1, 0, 0, 1, 1, 1),

L w

e X AR LY
r (0, 0, 0) Gie: 4(2): 5(2), 8(4), 12(2), 13(2), 16(4)
X 0, 1, 0) Gi: 19(4)
L 12, 172, 1/2) Gl 3, 41, 6(2) 9D, 100), 12(2)
w (12, 1, 0)

Gl 13D, 14(D), 150) 16(1), 20(2) HBS,2:(4$ 1, 1, 0, 0, O, O, 1, O, O,

1, 0,0, 1,1, 1, 0, 0, 1).

»Labels become simple counting!
» Gap conditions above and below ensure
counting is well defined



Atomic limit

- “’) = - > Unit cell has one atom
. // \ - » One s orbit at this
e e L ¥y S ) Tl P i N atom
e [ Py / \ // \\\
"k K "k

Wyckoff Positions of Group 2 ( P -1)

Multiplicity| Wyckoff]  Site W\
letter [symmetry .

2 1

230 Space group
» WYyckoff Positions
» Site symmetry

(xy z)(-% -y -2)
(1/2,1/2,1/2)
(0,1/2,1/2)
(1/2,0,1/2)
(1/2,1/2,0)
(
(
(
(

1/2,0, 0)
0,1/2,0)
0,0 1/2)
0,0,0)

1
1
1
1
1
1
1

o o |l o o || m -+ | = =

1
1
1
-1
1
1
1
1

L]




Wyckoff Positions of Group 227 ( F d -3 m) [origin choice

Coordinates

.o IWyckoff||  Site
Multiplicity letter |[symmetry

(0,00)+ (0,1/21/2)+ (1/2,0,1/2)+ (1/2,1/2,0)+

xy 2
(Zr X' y)
v,z %)

(-x-y+1/2,z+1/2)
(z+1/2,-x-y+1/2)
(-y+1/2,z+1/2,-%)

(-x+1/2,y+1/2,-2)
(-z-x+1/2,y+1/2)
(y+1/2,-z,-x+1/2)

192

(y+3/4,x+1/4,-z+3/4) (-y+1/4,-x+1/4,-z+1/4)y+1/4,-x+3/4,z+ 3/¢
(x+3/4,z+1/4,-y+3/4) (-x+3/4,z+3/4, y+1/4) (-x+1/4,-z+1/4,-y+
(z+3/4,y+1/4,-x+3/4) (z+1/4,-y+3/4,x+3/4) (-z+3/4,y+3/4,x+1/
(-x+1/4,-y+1/4,-z+1/4)(x+1/4,y +3/4,-z+ 3/4) (x+3/4,-y+3/4,z+1/¢
(-z+1/4,-x+1/4,-y+1/4)(-z+3/4, x+1/4,y+3/4) (z+1/4,x+3/4,-y+ 3/¢
(-y+1/4,-z+1/4, -x+1/4)(y+3/4,-z+3/4,x+1/4) (-y+3/4,z+1/4,x+3/
(-y+1/2,-xz+1/2) (y. x, 2) (-y.x+1/2,-z2+1/2)
(-x+1/2,-zy+1/2) x+1/2,-z+1/2,-y) (%, z,¥)
(-z+1/2,-y,x+1/2) (-zy+1/2,-x+1/2) (z+1/2,-y+1/2,-X%)

96

(1/8,y,-y+1/4) (7/8,-y+1/2,-y+3/4) (3/8,y+1/2,y +3/4) (5/8, -y, y+1/4)
(-y+1/4,1/8,)(-y+3/4,7/8,-y+1/2)(y+3/4,3/8,y+1/2) (y+1/4,5/8,-y)
(y,-y+1/4,1/8) (-y+1/2,-y+3/4,7/8)(y+1/2,y+3/4,3/8) (-y.y+1/4,5/8
(1/8,-y+1/4,y) (3/8,y +3/4,y+1/2) (7/8,-y+3/4,-y+1/2) (5/8,y+1/4,-y)
(y,1/8,-y+1/4) (y+1/2,3/8,y +3/4) (-y+1/2,7/8,-y+3/4)(-y,5/8,y+1/4
(-y+1/4,y,1/8)(y+3/4,y+1/2,3/8) (-y+3/4,-y+1/2,7/8)(y+1/4,-y,5/8)

96

(%, X, Z) (-x-x+1/2,z+1/2) (-x+1/2,x+1/2,-2)
(z, X, %) (z+1/2,-%x-x+1/2) (-z-x+1/2,x+1/2)
(%, Z, %) (-x+1/2,z+1/2,-% x+1/2,-z -x+1/2)
x+3/4, x+1/4,-z+3/4)(-x+1/4,-x+1/4,-z+1/4)(x+1/4,-x+3/4,z+ 3/4)

Pyrochlore structure: Space Group 227

Y->16d
Ir=>16¢
01->8b
02->48f



Calculation of Atomic Insulator Basis
Taking SG2 as an example

Step 1:
Obtaining HSPs
SG2's HSP| T X Y Z U T £ R
coordinate |(0,0,0) (%ii,[}) (0, %U) (0,0, %) (% %Il) (0, %% (%.(L% % %%
Step 2: Give all the Wyckoff positions. 2 8 =11 H 17
SG2's Wyckoff position |site-group Wyckoff orbits
2i Cq (r.y,2). (—x, —y, —2)
lh C'; (1/2,1/2,1/2)
lg C'; (0,1/2,1/2)
1f C'; (1/2,0,1/2)
le C'; (1/2,1/2,0)
1d C'; (1/2.0,0)
lc C'; (0.1/2,0)
1b C'; (0,0,1/2)
la C; (0,0,0)

TABLE VII. The nine Wyckoft positions for SG2.




Calculation of Atomic Insulator Basis

SG2 11%1- nih nfh n%g nfg nif 11ff 11%8 1121),S nid nfd 11%6 nfc n}b n%b nia_ nfa
v 427212121212 12]2]212 2121271272
rfjtr{rfof{r|ofr|{of1r{oj1{o|l1|{o|1|l0O]1]0O
rif1rjoj1jo|l1|lo|1]jol1|lol1|lo|1lo|1]O0]1
Xtlt1/1]joflof{1l1]o]jol1lOo]1]O]1|1]O]1]O
X2lt1lof1fl1{oloj1]1lol1]Oo]1]OlO]|1]0]1
yii1f1|o0|lo}j1|o|1]|1lOlO|1]1|O]O|1]1]O
yil1loflt1t|1]lo]1]oflo|1]|1|lOo]Oo|1]1]0|O0]1
Z¥lft1j1]o0lo0o|1]o|1]O0]1|1]Oo|1]O0]1]|]O]O]|T1
Z8lt1lof1]1}jol1]jo|l1lOojO]1]O]1]O|1|1]|O
gri1tltlol1jolol1r|lolt]|1]o]lol1]Oo|1|1]0O
vilt1rjofl1}jo|l1l1|ofl1|lojoOo|1]|1|O|1|]0O]O0O]1
7i{1]1]ofl1]o]1|l0]Oo]1]0]1 Ol0]1]0]1
78110101 ]jo|1|1lO]1]O]O|1]|1|O|1]|O
sti1{1lofl1|lolo|1|1]ojo|1|oOo[1]1]l0O0]O0]1
sti1jof(1]oj1]1]ojlof1|1]Oo}1]|O]O|1|1]O
rti1/1]loflof1l1]o]1l0ol1]Oo|lO]1|lO]|1]0]|1
REf1]ol1|1|lO0]Oo|1]O]1]O]1|1]O|1]|]O]|1]|O

n EH ®nl, nZ ni, ng, ni ng ni ns nd, ng, ni n2,

TABLE X. The 17 Al vectors for SG2.

The BS can be represented by an integer-valued vector, n =:

1

Y, My, .1
(v, nig, -

2

g

ki

ay

n.kl

i

Nki. - _.'?'?.kif e,

ory 1 2
s T Ty s T,
nll(,v_. R 3
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T !




Calculation of Atomic Insulator Basis

We choose our basis such that the values of
C, are maximized: Smith decomposition.

(a)The 9 AT basis vectors for SG2. Here
v is the number of the bands. It is also
called the filling number. Staring from
the 3rd row, we give the number nﬁ in
order. We omit the notation n for
clarity: The first column of these rows
gives the information of the HSP and
its irrep completely.

Ly <Zy <Zy <14

dps
BS = m;b;.
1—1

Common factors
da=Ogs Poetal, NC (2017)

Sg2 d] |d2 A3z |d4q |As|| A |AT | ARg | Ag
v o422 2]2][4]4]4]8
111112224
2 11(ojojojofjolo]o]oO
Xti1l1|o0]1|0f2]|2]0]4
X2lt1jol1lof1flo]jol2]0
yijtrjitrjoflo|1)2(0]2|4
yil1lol1]1]o0lo][2[0]0
Zil1l1|loflojojjolo]o]oO
Zyl1loj1|l1|1f2]2|2]4
Ugbl1j1]1]0|0f0|2]|2]4
Uz l1lojo|l1|1f2]0]l0]0
THi1]1|1|1|o]l2]2]2]4
T3 (1lolololt1llojo]o]oO
Stlrlt1l1]jol1ll2]2]2]4
Stl1{ojof|1|ojlolOo[0O]O
Ri|1]1]0 22124
RET1]0]1]0|0jJOl0O|O]O




Our Algorithm

a 1 a;

— 1 1 ay
Soace grou D n= (V,Hkl, ""Hkl’nkz’”"nkg’""ﬂkN’ ...,HkN)
symmetry analysis

s N\ 230 space group

Go beyond one-by-one

General Material-specific
atomic basis . ase 1: the expansion coefficients ¢;’s are all integers,
representatlonﬁ which indicates that n 1s an Al, thus the material is e-
{ai} n quivalent to an atomic insulator;
lase 2: the expansion coefficients ¢;’s are not all inte-
\ ) gers, but all ¢;C;’s are integers. This indicates that the

n is a BS and the material is equivalent to a BI, but this

v}llnear €Xpansion system must been topological since some remainder(s)

. should be nonzero as shown in Eq. 3, 1.e. the SI is non-
n = Z i a; vanishing;
é ‘ase 3: Not only the expansion coefficients ¢;'s but also
- the ¢;C;’s are not all integers:
I Inspect ‘[fh} (1) some ny is non-integer which indicates that band
( J w crossing happens at this & point;
(2) all the ng's are integers, then there must be band
Case ] Case 2 Case 3  crossing in high symmetry line or plane.

-

M Edge

7N states < Tang, Po, Vishwanath, Wan*
15, 470 Nature Physics (2019)

No topology Topological Topological

detected  (crystalline) insulator (semi-)metals



Z, TCI

20fZ,

|
|

|

I

|

|

|

|

% [
: I
|

!

|

or

TABLE I. We focus on the following space groups (S§Gs), in
which a strong topological insulators generate a Z4 subgroup
in the group of symmetry indicators, Xps. The entry 2 € Z4
corresponds to various kinds of topological crystalline insula-
tors, and the predicted materials candidates for such phases
are tabulated.

XBS Z% X Z4 Z% X Z4 ZQ X Z4 Z4

SG 2 11.12 166 [61.136.227
Materials| AgsF5 | 3-MoTe2,BiBr| AT7-P c-"T1iS9o




Topological Hinge states in f-MoTe,

(SG 11 (P21/m).

a-phase:

B-phase: room temperature
Monolayer—QSH (Qian, Liu, Fu & Li, Science 2014)

Space group

v-phase:

Type-Il Weyl Semimetal:

Deng et al., Nature Phys. (2016)
Tamai et al., PRX (2016)

Huang et al., Nature Mater. (2016)
Jiang et al., Nature Commun. (2016)




DFT results of B-MoTe,

» 2 Inequivalent Mo's and 4 in-equivalent Te's
» all occupy 2e Wyckoff positions.
» total 12 atoms (56 valence electrons) primitive unit cell

->v=56 SG11

TABLE 1. For §G11, the HSPs are given by the labels I', B,... in order. For the labeling of the irreps of G(k;), we use (j,m)
where j means the jth irrep and m denotes the dimension of the corresponding irrep. They are all listed in Ref. [2]. We use
the same order of the irrep as Ref. [2]. The red color means that due to 7, the irrep must occur with its 7 pair (belonging
to the same irrep) simultaneously. Thus 7 requires that the red colored irreps must happen even times. So it is necessary to
divide them by 2 [1] to obtain the physical common factors.

HSP r B Y Z C D A E

irrep| (L) 2.0 [GD[@D (LD TGO [ED (LD DGO @D (1) (L) (L) (LD [0 [E,0(4,1)](1.2)
nij 16 | 16 | 12 | 12 | 14 | 14 | 14 | 14 | 14 | 14 | 14 | 14 | 14 | 14 | 14 | 14 | 14 | 14 | 14 | 14

_ nl 2 O R
DET 0= (I, Mgy s Mgy s oo Mgy s e v o s Ty s Tl s+ -
ey 2 1 .2 Ny
e, ..., Mg Mheng - - - - My )

n H @®nl, n2 nd n% ng, n3, ng, ng, nd, ng, n3, n¢, ni, ng, nd, ni, ni, n3, nk, nt

n=(56,16,16,12,12,14,14,14,14,14,14,14,14,14, 14,14, 14,14, 14, 14, 14)



Expansion of B-MoTe,

(b)The 5 Al basis vectors
for SG1

Sg11

o
@
o
S
Qo
5]

Clsz :1,C3:C4:2,a11d(?5:4

v
Iy
1
I

ZQXZQ><Z4

(NI R e B e B an B ao i wwl

I
R ()

n=(56,16,16,12,12, 14,14, 14, 14,14, 14, 14, 14, 14,14, 14, 14, 14, 14, 14, 14)

1
= 12a; + 2as + as +ag + 5&15,

[ ST U\ e [ s [ e o s R s (R s I s Y e [

i
Lo

(91,42, 43,44, 95) = (12,2,1,1, 3)

o o o

] I
N b
NE=R=R=N=Nelol

SI (0.0,2)
2 € g 201: Z4

I
]

I
]

I
]

S oM o
]
B

~
e
|—'|—'|—'|—'|—'|—'|—'|—'|—'|—'|—'|—'H|—'HHH|—'|—'|—'AA£’
]
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Topological feature of B-MoTe,

K1 = E (??i('_ — n.l; )/2 mod 4 Z. Song, T. Zhang, Z. Fang, and C. Fang, ArXiv e-prints
(2017), arXiv:1711.11049.
keTRIM E. Khalaf, H. C. Po. A. Vishwanath, and H. Watanabe.

ArXiv e-prints (2017), arXiv:1711. 11589,

ke TRIM|I' ' X|Y | Z|U|T|S|R

ny 16141414 (14|14|14 |14

Ty 12)114(1414 (1414|1414

n,* is the number of the occupied even/odd Kramers pairs

For this compound, 2 of Z,~> mirror Chern/hinge states

WIEN2K=> mirror Chern number for k. =0 and k. = 7/c
They all vanish

So hinge state!



Hinge state from TB calculation

\ K
\ /) o0 Jo |
¥ off « Jt )
D \ o
\ " l' A ’ '
. ’ " e .
" . d Wy
0 v o/ [\
s D d [\
) ) o ’ b
N
d y \
[
7 W

_k RN  degte o

i 1.60 1.65 1.70 1.75 1.80 1.85
‘o1 Had been confirmed by

. . .. —°0 \Wang, Wieder, Li, Yan &Bernevig,
arXiv:1806.11116 (2018)




BiBr: Dirac Surface Sates

Coexisting with Hinge State
SG12 (C2/m)

TABLE III. For SG12, the HSPs are given by the labels I', A, ... in order, and their coordinates can be referred to Ref. [2].
For the labeling of the irreps of G(k;), we use (j,m) where j means the jth irrep as listed in order by Ref. [2] and m denotes
the dimension. The red color means that due to 7, the irrep must occur simultaneously with its 7 pair which belongs to the
same irrep.

HSP r A Z M L V
irrep | (LD 2D [G.D @D (LD [GEDED (L) [D[G.O @) [ EO @D (LD @D (LD [2.0)
npt | 18 [ 18 | 14 | 14 | 16 | 16 | 16 | 16 | 16 | 16 | 16 | 16 | 16 | 16 | 16 | 16 | 16 | 16 | 16 | 16

(¢)The 7 Al basis vectors for SG12.

Sg12 dj] |Az |Ag |d4f As |Ag |AT

ZQXZ?XZ4 o4 48248 [=S
It |1]2]|-4|1}-2]4]|-4

n— (64, 18,18, 14, 14,16,16,16,16,16,16,16,16,16,16,16,16,16,16,16,16) E% i 3 ; [1) 'g é 61
1 ri’ 1olojlojololo

= l4ay ‘|‘232‘|‘233‘|‘234‘|’36_537: Al l1lolalolol2la
DOS(states/eV/cell) A% l -1 O 0124

| . A |1 2]3]1)-212]0
SI Df (002) Ay [ 12]-3]1)-2|2]0
- 12 Zl1lo|-2|1]o|2]|-4

Zy |1]o|-2l1]0]|2|4

Zi 12 |-2|0)-2|2|0

Zi |1]2(-2l0f)-2]2]|0

ME |1 2]-3]0f-2l4]0

My |1 2[-3]0f-2(4]0

MI|1|0o|-1|1}0]0]|-4

M} |1/ 0]|-1]1f0|0O |4

L |1 |1]|-1{1f-2/0]0

LYy 1 /1|-3]0fo|4|-4

Vifi/1]jolofolo]o

E(eV) Vi1 ]-al1)-2|4]|-4




Topological states in BIBr

» Mirror Chern number =0
» Hinge-State + Surface Dirac State  confirmed by:
» TB->topo-feature Hsu C H ef al. 2D Mater.,2019,6:031004



Non-Centrosymmetric Strong T1 in AgNaO

» Inversion - Fu-Kane parity criterion
» Non-inversion - calculate Z, invariant

SG 216 (F43m), which are non-centrosymmetric and contains S

Expansion-> be Insulators with the SI 1 Z>

>
L
1]

1.0
0.5
0.0
-0.5
-1.0

-1.5

r gap (~ 83meV)
7

s(d) band is mainly above
(below) the Fermi level.

band inversion near the
Gamma point,

results in an S, invariant



Other 2eZ, Materials

» Cubic crystal TiS, (SG227) is a glide-protected
TCI with hourglass surface states

» Elemental phosphorus in the A7 structure
(SG166), which occurs at about 9GPa, Is predicted
to be an inversion-protected TCI with 1D hinge
Sstates

» Ag,Fs (SG2) Is a weak T with additional
Inversion-protected band topology characterized by
the invariant k;=2



E(eV)

Strong Tl Found by 1,3 of Z,

TABLE V. Table of centrosymmetric STI candidates discovered by 1,3 in Z4

SG Material XBs S1 (105 11, V2,143 ) | K1

2 Calsg [17] |Z2 x Za x Za x Z4((0,0,1,1)| (1;1,0,0) 1

166 | BiaPbTey [18] o x By (1,1) (1;1,1,1) 3

166 | CaGagAsa [19] Fa x Ly (1,1) (1;1,1,1) 1
Bi,PbTe,

CaAs;,

.J/U\/ v v\/\\/v \




Dirac Semimetal MgBi1,0,

S 1 36 Space group
symmetry analy5|s

(
- General Matenal specnﬁc e)The 8 Al basis vectors for
Expansion - case 3 wtomic s 50136,
\

Sg136 a1 |az|asg|as| as

* linear expanswn 8 8 8 '—1: -'—1:8

] ] n=>Y ga F%_’ 122112

So topological Semimetal _— r2 |1]of2|1]-s
v ) R I'2 (1{ojojo|o

states <> K7 1]1]0]1]|-4

Nmy T@al Topological ‘Kg 1 Lol “L

\ T detected  (crystalline) insulator | (semi-)metals Ir 1 112|0]-8

| | I’f 1[1]2|0]-8

Kt |2]|2]2]1]-12

Kf [2(2]2]1]-12

K{ |1]1]1]0|-4

Ky |1]1]1]0]|-4

Ki |1]1]1]0|4

Ky |1]1]1]0|-4

K |1]1]1]1]-8

K¢ |1]1]1]1]-8

K: |1]1]1]1]-8

K |1]1]1]1]-8

i K2 |2|2]2]1]-12
-0.4 . ot g K2 |2]|2]2]1]-12




Three-Fold Degenerate Fermions
» AuLIMgSn (SG216)

» DFT-> n,“ are all integers thus there are finite direct
gaps in all the HSPs.

» However expansion on the SG216's Al basis vectors
shows that they cannot constitute a BS at all, namely
case 3 In the main text

1.0t




The Nodal-line Semimetal AgF,

(d)The 3 AT basis
vectors for SG61.

5961 al |Aaz | as

v |16] 8 [-32

AgFZ (SGGl) r2 |44 |[-12
2 (4|04

‘)11 19 13 ( y’122 4121 -8
2 1 2 4 Y2 |4|2]-8
X? [4]2]-8

X2 |4]2]-8

7% [4]2|-8

Z2 [4]2]-8

U2 (214

Us [2]1]4

72 |2(1]-4

T3 (214

S2 1211]-4

S3 1214

RFJ11]0]0

RY[1]0]0

RY [1]0]0

Ry |110]0

R [1]1]-4

Rg | 1|14

1)1
1|1




Comprehensive database searches

» Around 180000 compounds at ICSD database
» Consider stoichiometric compound

» Do not consider 3d/4f/5f and several 4d/5d element
- 19143 compounds with SOC+time-reverse symmetry

» Highly efficient (main jobs is around 1 month within
a cluster 28-node/one-node-32 CPU core)

GGA calculation
Check by MBJ calculation

0
—
=.
ﬁ|

m Case
Case

Sof Z, Tl
of Z, TCI .

rS =

© D
[T N




B Xps Topological insulators
2 23 x Ly | ApOaS[3].AgaF:[4], AsaCa[5, 6], AsaSr[7, B Bi9],Brs W[10],CaMo:Ss[11],CaPa[3, 12]
11| 72 % Za | BBeli[13] GeHiPd[14] HfSa|15] MozSa[16] NbPta]17] NbaSes[ 18] Sea Tao[18, 1]
‘\g,:[xn‘:e‘ml‘[ﬂ AlzGegstal21] AlsMos[22], AsaBa[E, 23], Asa8r]8, 24, AuzP's[25], Basba[26
12| ez BagCdaSba[27], BaaHgaOra Pdr[28], Basl [20], Bayi BirsCds[31], BiaPhaSs [32], Bz Pd[33]
2 BisPhrSeya[34], BraCsalaPd[35].1 T].NbaPdSe[38]. Nba PdSeq [38],PaSr[39]
PdSeg Tag [38], PtSe, Tag [40]
14 | Bo x La | Ap2le[dl, 42]
51 | E3 x Ly | AlPw[43], AulTes[#4], Aua Ry TIH5]
55 | Hoaxliy [46].BigIng Srs[47]
57 T3 x Iy
58 g
50 T T AuPb,Rbs[62], AuRb,Sn,[52]
L] A 2
[ s 6].BigPi[57]
dNa 58], \«;[]1’[ 9], AsaZr[60, 61], Baa Pb[62], BaaSi[63, 64],CaaGeO[65], CdGeSr[66], CANaSb[67,
GaPtY[70],GeHfPt[T1, 72],GeMoZr[73],GePdZr[74, 75).GePtZr(7s,
62 Ty 76].Cor 77],GeeInLiSra[78],Gea Ma[79]
Gy W80, HINBP[81], Hﬂ‘;|’<1 HISi[83]. NNag[84].Ny Taq [B5] NbPZr[86] PPtSc[75, 87).PoTi[88]
PaZr[89],PbSra[00, 91].PdSiT |[T', 03] ]‘d‘m’r|fi£ ]‘L‘s]]][T', 4] PtSiZr[75, 04).SbySrZn[05,
96],5i5r[97].5iT |[fJe<| Sifr| e]e*]
63| Zyxi, '\g‘:ala|fjfr| ATBMo[100], ATEWT100], AleBaSia[101], AuCTTea[102], BxWYa[103],Baln[104],CaSi [105]
Ga[106],GeNagZn[107], HIPd[108], Hf Tex[108, 110],PdZr[111]
64 [ Eox Dy [As Jj|_ CoB.Mg[113], TiTT114]
65 | L3 = Ly TT115], Baa Gea[116]
60| I3 x4 .'511'L 17
71 Ty %%, | AsTeTi[118] BralCagSi[110]
T2 | Faxliy BTJHg;(hU 20]
BT | =Ly saMos[121] HIs Tea[122], 5o  Tis[123], Tea Zrs[124]
114 Iy
121 7y AgaSaSnZn[126]
122 Iq AsaCdGe[127], AsaCdSn|128], Ass SnZin[129],CdShaSn[130]
125 L; % £y % Lg | BaGeaMga[131], BiL[132], BiNa[133],CINaa[134],CINea[ 134]
127| Ta =@ | BiY[135],CslaSn[136, 137, PlaSi[138]
20 T = 0, 3
186 Ty [140],AgyCsTeg[141]
130 T Zs \L{;r’r 142], AugHIT143], Aua Zr[144] BaCda Cea[145], BaGeaMga[146], BeiaW [147]
' | BiinCa11[148),CaCea Zno|146],CdaGeaSr[149], Geo Sr¥na[150], Hia Pd[151], InPda[152], []d.r‘r{ﬂ“ 53], Pda Ti[154]
T40| 7, % T | Bialng[155] H251[156] Ins8ba[157] PhaPi[158 m-|1w SiZra|160],5b2 11 161] 512 STs [ 162],5n357x [ 163]
AgaO[164], AsaGes Tes[165], Asie f . 168] EL[IEJ(J ]311[1'&”];[] BiaMga [171, 172]
- - B]n]‘b}‘*{‘v 173, BiySnTey[175],CI 7 78],.CeNgPtRbaSg [178]
164 Taxla |y |J.l'?[ CaSig| mJl 181],CGe8b, Te, [182],CeaSr| 150, 183],PdTaq[184, |Le<3||[’l'l't‘;>|l"'\ﬁ.
ha Tee[188],5iTes le“}|
[ 190].ClsNaa ['1-;|Jf}1|\ Tay RO[192] PrTe[103], Pty Tea[193].ST1[194] Se Ti[195]. AgGeLia[196]
5 a(‘a_[l‘]*]]
SneSr[201, 202).BiaGeTea[203, 204], BizPhTes[205] BiaSeTes[206, 207],BiaSes[208,
209],Biz 210]
166 Hax @y | BigPbTeg u]] Blﬁrli'g [211], TSy Tag[212],CY4[213],Cy Tig[214]
Cal v;l‘l.._ C a‘:]n[’lt: 217.G a(‘:"l:.‘[" ]
191] g x Eya [233],CaSia[234] L Ln]‘<1|
193 Zaa PhaT u-’r |‘1’<| SnaZrs [JE‘J
104 T AgSbSr[240[ AT ALHI242], AuBaBi[243], Ca AlTaa[244], Cae IN[245]
12 MgPo[246], PbPt[247] SiSra [248] BeHSi[249]
216 ) AZKO[250]. AgNa0[250], AgORb[250], Hgs[251] InN[252], N TT [253]
-[254], \.]‘&|".'.| ]:‘-51 6].BsSr[256], BeTi[257]
221 EaxIs s slaSn[260]
\[g]‘d|‘&1 ]‘h‘at|‘&3 SnTe[263]
223 M BiNba[264], NbaSh ]'-lag[ 267]
705 Ts BTV 28], CPd260] O 2 2 LipMesi 211 Mo P27 2]
307 T UTT[273] Se[27d]

TABLE 1. The list of all the T1s with relatively clean Fermi surfaces discovered by GG A caleulations: when the MBJ caleulation
doesn't change the band vopology predicted by GG A calculations, we print the material in blue, while the red color means that

the MBJ calculation results in a topological crystalline phase.

List 258 good topological
insulator
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SG Xnps Topological crystalline insulators

2 I3 « By | CsHg[275] HgK]278]

11 3w Ey BaSha [277] Mo T z|‘ 8],SbaSr[279],5e: Ta[280, 281]

Al Clyy Arya[ 282 J] Aly \anJQ‘ar,,_Phi \wr.\h|‘=~1 _J~n| m[a[?m 286], Az Moy [2B7], Az, Wo [258]
12| Z3xE, 1&.*.]3&3:’]11 289], Baa CdaSha[200], BiBr[201], BiHf: [202) Biz1 Te[203, 204),CdKsPhs[295]).C1Zr [206]
ClsNScs[207] NbP2[208]), NbShe[200] She Ta[300, 301],Seq Tiz[302], Tag Te [303]

51| I2 = Ba | CaPig[304],CdMg[3ns)]

55 Lo ¥ Ty CarGasShe[306]

58 T Bz RSy [307]

50 T X &y BrNTi[305]

62 24 Hg5ra[300], PdSi[310], PdSn[311]

o - BaGe[212], BaSi[213], BaSn[314], BaaPhs[315], Bas CdaFShe[316], Calle]317],Casn [318
63| Lol a:'ilf[-'él-gslr.g[:;|¢.E|_|31'-.5:rj:i:nj[_mué:rj.-az1] o e i -
64 | T = &y | CasGasNga22] Li[323]
65| I3 = Zs | AurRba[324]

60 | I3 x By | Gegliasry ---|

T1 T W Fu BazBiyLiyfz 3‘rzn] Basl l|“':u]'!-.1|’|-‘h

BT Ta » Fa 'I.u__ll[!?._

B8 T4 04 FbPds[375]

123 & = By x Ls | Asal -ﬂ’rla[ 5»"“ AsaRbiZin,[329],CPd,5n[330], Pd;5n[331]
127 Ly = Fs B4Cal333]

120] .7 .-'lm:{!e~:"~l'-[:'!:!.'3|.t:c~][ff~:- 'Ei' 335],GeHiSa[334, 335],GeHfTe[334, 335],GeNBSDB[336],GeS7r [337]
o {!t-ht-}’.r|:i:i-1:.][fhf~'i: H. EII"*M]HH 335] E?"*u’rHH S51Zr[3 ..H Se517Zr[338] SiTedr[338], SnTe¥r[338]

137 Zy azLIN[339]
A=Az [340], AsCaz [341]

139 o x Es BazBi[342] BasSh[343], Bai1 Biio[344] BiSr2 [343] Bia F20Sr2 Tia[345] BraCaaSi [346]
Caln[347],Fa05haSraTia [348], HfzHg[349],PdaSiaSr[350],5b5ra [351]

140 3 ¥ Ay [hlil_"_ GePta]35 5_ | !.{1'3 _3-“]-!'

164| Fo x Ey | BaSiz[355],BiTe[356] Bia PhaTes[357, 358, BizSea[359],BiaSTes[360] HgPtaBea[361], Tea Er[362)
H;"mh][ﬁt:! BazUgScy [!irJL| PtaTey [!it:;. ‘."rr,|{l'rl'r AsNaTeaZrs |{I'r Asal Ei|h[!t:‘1

166 I = I, AsaCdaNa[368], \*3( d +Rb[368], Bi[369].BisSea[370, 371] BisSeq 37 9], BrZr[373],CNba82[374],C2 Alg N2 [375]
C1Zr[376] He[377], P[378] PdaS2 Tla [379]

1BT|  da x iy BraC am|i=~n *'Hf[iﬁl| InNb L.m[!‘“-’ 383[, InNbbes|383, 384, NY | 385]

- ApAsCal386, 387],AgCalP[387, 388

189 ZaxZa | orivis [ |

101 Ty = Zyp | BaCal300], B2 Mg[301], Bo Ti[302] BoZr[303], BeioTi[304],Cas51[3095], PdsS1[306]

193 Fa [h-—."_..:"]'u |

194 £aa AlL |[5*1H AsHgh 399, 400] Ba W 401], Be[402],C1403],CdNassn[404], HgR5h[400, 405],5n Tia [406]

o UPEPd;[a07],C P50 [407], Cald[408],Cag e[ 409, 110],Caz OPb[410, 411, HiPd;[412] HgPtg[413] N T TT14]
221 ZaxZs | NY[415]PbPta[416].PtaSn[417), PtaZn[415]
295 T AsSc[419], AusInSc[420] AuaIn’Y | L’l| IEIa[I |.Hila |1”. Bisc[424] _
: CPt]425],Caj426]), PhPo[427, 428],55n[429],5bSc[430],5eSn[431], SnTe[432, 433]
227 Z Mo20+Ya[434],52Ti[435]

List 165 good topological Crystalline insulator
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11

Bro ToW[136],CBrHgNS[437], Li-8na[135] Mo252 Sh[130]

51

AuCd[440] AuTi[441]

52

ApgaBi0a[442) BiaSra[443]

55

Al Pd; [444] Al P1s[445] BClg Scy[446], BigTagCd,[447], BigUagZing[4458] BigUd 1 Srg[447] Ing 5,5 Y o [449]

57

AlCaPd[450], BiKeSn[451]

58

CeoR[452]

59

AgaSn[453]

FaNaTi[454]

61

Aglia[455]

62

Apg Aul; [156], AgFaR[45T] AlPta[458]

BiaCag [459],BiaSrs[460],CasSha[461]
GeNbaTeg[462],GePd: Y[463],NaNba[464], NbaSi[465]
PdSbZr[466],51Tas Teg[466]

63

AgCald61],  AuCa[6s],  BiZr@69],  Ca:PdSrar0],  CasZna[@71],  CeScard,  CGeY[E7al,
HISb[474] Ka4Pda[475] K304 Pta[476] K4Pa[477, 478], NxNaTaa[479],PdY[480] SiY[481], SraTls[482]

64

AEC5aF4[483], AuroCaalna[484] Bi[485, 486]

8T

B.F.\g]]'l,l|-1’.‘E-J_|.|ﬂ_|,]]'d|7E:{".1|-1’.‘E-’.‘E-|.|]L]|_.'{Tg_-l3'.]]. PLL-]bj;[-”J[]]

L

Al Pra[401],CsFO25[4%7] GegPda [493]

123

AgPPig [104], AIPPt;[404], ASInPd; [405], AsPd; TT[06]
AsPty TI[496], As; BaPd,[497], BaP,Pd, [498],CaPb[409]

CdPd[500],CdPdsSe[s501],CdPt[502],CdaZr[503] L |St
FKNbyOs[504], HgPd[505], HgPdsSe[506], HgPt[507), Hga Pt[507]

InPPds[508],InPPts[508] PPds T1[508], PPty T1[508]

PdTi[500],PdsSeZn[510] SiSt[511],Sr[512]

127

AlSeaSia[513], AueCas PB[514], AuzInY2[515] Ba Tha[516]
BaW[517],C2Ba Y[518] GazMgSca[519], CasHgs [520]
GagNba[521],GasTaa[522], Ges Hf3[523], HgaSra[524, 535]
InPda ¥ 2[526],Ins Tia[527] LiSia Y [528]), PbPda Y2 [520]

129

ApMeSh[530], AsNBSi[531] AsSTTa[532], BaMgSi[533] BIKMg[534], GeTeZr[535] MoN Ta[536]

130

ATMy, Sia[537] Sea Tl [538

131

OPd[a30]

136

ATN [540], Al Tay [541], BigMgO,[542], UaPh[543, 544 U5 Pd[545] 0, Pt[546]

137

AsaCda[547, 548] BiaSea[549]

139

ApgaCalGeg [550], AgaGeg Sr[550], Ags SiaSr[551], Age Sna Sr[552], Al BaSip [553] Al Pho Sr554], Al;Nb[555]
Al Ta[556], AlyZr[557], Al Ba[558] Auy CaCdy [550), BaBiy Cly Og [560], Balng [561], Be, 2 Pd[562] Be, s Pt[562)
CaGaa[563],Car1 Sbio[564], GaaNb[565, 566],GaaTa[567].InaSr[568],PtaSb[569],S2Ti[570],5bi0Sr [571]
SiaW[572],ZnZra[573]

140

.-'\EC,EE F a [‘JT|]'\E] ;LHb[':TI]ﬂLg] Ny _-rJ-rl | 5 ."'I..II";T-] .-'-:l FL‘r|..-‘\uE:{'3'I ]-i. -ZITT] AT ]-] _-'-.'l J_"‘-l 5 ."\'I.l;g(.!d 5 |-'| J_[jl
Ay IngK[580], AugIng Rb[580]

BGenNbs[581],BMog[582], BTag 583 BTia[584]) BWa[585] Ba[586) BeTag[587] . BiaIngPh[588]
CagPta [580],CasSia[590]

CsgIn0[591) GaHfs [502), GaP'ta]503], GaZra]504] CasPd[595] GeHfa[596] GeaMos[597]
GeaNbs [598], Gea W [500], Nbs SiSne [600]

NbySia[601], PbaSrs[602], PAT1a[603].5Zr2[604]

Siy Wy [605],81[606], Teq Tlg[607]

163

AIF:LiPd[608] Fe GaLiPd[600], InaPta[610]

164

ATCT;[611].CSca[612],Calg, [613],CaShe Zng [614] CLy Ti[615] Hf Teg[616, 617, Hg.Ka [615]
Hg+Rba[618] 0Tia[619],8baSrZna[620],5e2Ti [621]

166

BaPhba[622], BeyrHia[623], Beiy Nba[624], Bei s Tas [623],GeTe[625, 626],PhePdaSa[627]
PhaPd3Se,[628],Po]629],5bSn [630]

AglnSes[631],As3NaZn, [632], Biy Tee[633],Ca Al N, [634],Cd K P53 [635], GeP3[636],IngSes [637], PdySea T,
[638], ApaSbaSr[639]

167

ATzMo[640],CsaCar 1 [641],FaMo[612] FaPd[613].Fa Ti[644] In1: Ks [645]
K Tl11[646], MogSy1 Tla[647],NPda [645]

489 good topological Semimetal



ApCdaFanHEa[649], AgCdaF a0 Zr2[649], AxMoaSea [650], AsNba Tea[651]
CsMuog5a[652),CaMog Seg [653],CsMog Teg[654] InMogSes (655, 656]

178| InMogTes[655, 656], KMoy S, [655] KMoy Sea[655, 656], KMoy Teg 656, 657], LiMogSe, [6558]
MozNaSea[655, 656], MoaNaTes[656, 658 Moz RbSa]655], Moz RbSes[658, 650]

Moz RbTea|[660], Moa SesT1[656, 658] MogSes Tla[661], NbSea[662]
ApN[663],CLiNaUy [664] CMol665], CPt]666], U Tal666],CW 66T

187 In5; Ta[668],InSey Ta]669], MoP[670] NNL[6T1], NPd[672] NW[673]

STi[678), TeZr[679]

188| I1asc[6a0]

ATHPi[681], ATPdY[682], AlPeZr[681], AleHfs Pe[683], AsPda [684]

AulnY[685), CaPtZr[631],GePd5c[636], GePda [637],GePta [688] InPdY [680]
InPtSe[600], InPrY[601] MgPdY [602] NTa[603], PATTY[6094]. PAY Zn[605]
PdaSi[696], PtShe Z1g [697], ProSi[698]

190] ATHIPt[609], ATPvZr[700],BaGaaPte[701], GaHIPd[702],GaPtZr[703], LizSh[704], PdScSn[705]
AugBa[706], Aug K707, Aug Kb T07], By Mo[T08] BaGag [T00], BaPd, [T10], Beg HI[T11]
191| BegHi[712], Bes Zr[T13],CaGaa[714],CaHg: [T15] HET16), HE2NaTa[717] Hg[T18]
LiNNag[719] NNag[720] NOTa[721] NTa[722] NaTaTis[723]) NaTafre[723], Ny Taa|724] 52 Ti[725]
.-“kgI I'l;g.".I Is [721:’5] .J‘Lgpb;]_..'{ s [TET] $ J"Lgf':‘-hg H]’g |J_:’3‘E~| JATS I'l;g.".I x| T'-_:".]] .J‘L]g] ”5 | T:i':]]
AlgHEN[T31], Al Tag [732], AlyZirg [733] Al Lrg[T34]

AsPbaZrg[735], AsShaZrs[T36], AsSnaZrs[T37], AsaCnag [ 738], AsaSrs[730]
BNbsSia[740],.BSnaZrs[741], BaaN[742]. Bas Bia[743]

BagSha[743], BiaSrs[744],05baZrs [745),C8naZrs[ 746],Cag Sba[T47],CdPba Zrs [748]
ClaTi[749, 750],ClaZr[750, 751],GaSnafrs[752]),CasHEaNba [753]
GaaNbs[T54].GaaScr[755] ,GaaTas[756], GasNby [757],Gay Tis[755]

Gagfrg [T58],GePhaZirg [759],Geg Moy [T60], Geg Nby [T61]

CegSey | T62],Gey Tag[T63],Gey Y 5 [T64] Hil; [T65, T66] Hi;ShaZn|[T6 7] Hi;8is[T68]
Hf;5na[769] HfsSna[770], HgaMgs[771], IaNb{772]

L Ti[773, T74).1aZr[775].InPhaZrs [776], KalNbs 021 [TTT]
MogSia[778],NSnadrs[779],Ne Nbs [780],NeTas[T51]

Nby OPta[T82],Nbs PSis|[T83), NbsSia [T84] , PPbaZrg [T85]
PSnafrg[T86],PaTis[TAT].PbaShirs[ T88], PhaSes[T89]

PhaSeZrs[T88], PbaSiZrs [T88], PbaSnZrs[738], Pha Ys[T90]

S8baZrs[T91],55ng 41 [T92],5bg S1diry [T93]

th 5 I | T!'.”l .Hhﬂ Z 114 [T'.]-J] .5{"5[]_—3 r.l'i]'; |T!}Ul .SiSﬂ_ﬂ_I Iy [TQEJ]

Sia Tag[797],51a Y e[ T98],Sna Zrs[T799]
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Symmetry indicator

» TaAs family

Weng, Fang, Fang, Bernevig, & Dai, PRX (2015)
Huang et al., Nature Commum. (2015)

» Magnetic



Conclusion

JWe propose a highly efficient method to
explore topological materials

What one need to do Is to look the expansion

coefficient!

JWe propose numbers of new topological
materials.
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