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Topological band theory

e Consider band structure with a gap: N\
H (k) [un(k)) = By (k) |un(k)) I I gap
>
— band insulator. EF between conduction and valence bands L‘:ZJ’
— superconductor. band structure of Bogoliubov quasiparticles lﬁ
—7/a T/a

e Topological equivalence: >

crystal momentum k..

Two band structures are equivalent if they can be continuously
deformed into one another without closing the energy gap

and without breaking the symmetries of the band structure.

> symmetries to consider:

— particle-hole symmetry, time-reversal symmetry
— reflection symmetry, rotation symmetry, etc.

> top. equivalence classes distinguished by: v Berry curvature

topological invariant (e.g. Chern no): nz = QL /]—“dk c Z
T
filled
e Bulk-boundary correspondence: states

Inz| = # gapless edge states (or surface states)



Reflection symmetry
P Consider reflection R: & — —X

RYH (ke by, k)R = H(ky, ky, k=)

with R = s,

— w.l.o.g.: eigenvalues of R € {—1,+1}

P mirror Chern number: Teo, Fu. Kane PRB 08
k, =0 = H(0,ky,k,)R— RH(0,k,,k.) =0

— project (0, k,, k) onto eigenspaces of R: | H(k,, k) |
Mirror plane

1
n/i\/l:— / Fid?’k

4 |
oD BY S~ Berry curvature in 4 eigenspace

— total Chern number: naq = nj(/l + Ny

— mirror Chern number: nag =N — Ny

P Bulk-boundary correspondence:

— zero-energy states on surfaces that
are left invariant under the mirror symmetry



2. Classification of topological
iInsulators and superconductors
with reflection symmetry




Global symmetries: Ten symmetry classes

— Non-spatial symmetries: symmetries that act /ocally in real space

- time-reversal: TH(K)T ' =
- particle-hole: CH(k)C™*
- sublattice: SH(k)S™
Symmetry
Class | T C S
) A [0 0 O
9 Al [0 0 1
g § Al |1 0 0
g 3 BDI [1 1 1
S & D |0 1 0
o § DIl | -1 1 1
= Al -1 0 O
< g ci -1 -1 1
* C |0 -1 0
cl |1 -1 1

1 __

9 N
T = +1
2 ten symmetry
CT==%£1 ¢ classes
SxTP
“Bott clock”
2
TA
Cl Al BDI
O ® 9
g. A“Am D )02
CII. TAII .DIII



Classification of reflection symmetry protected topological materials

Reflection symmetry 4 non-spatial symmetries (TRS, PHS, SLS) 27 classes

» Symmetries of H o (k,, k) :

(i) R. : R commutes with T' (C or 5)

===l same symmetries as full Hamiltonian H (k)

T2
(i) R_ : R anti-commutes with T (C' or S) AAl 80| C
O ® o CI
ffective symmetry class shifts Al
—]p © / , BDI
by two on “Bott clock g._A. Alll >
DIII
o All
cli TAII el
C
» Classification of reflection symmetric topological materials BD(I:ICH
depends on: an, Ol
BDI
e whether R commutes or anti-commutes with TRS, PHS, SLS DIII

CII
—> 27 symmetry classes CI




Classification of reflection symmetry protected
topological insulators and superconductors

R, : R commutes with T (C or S)
R_ : R anti-commutes with T (C' or S)

Reflection | sym. class
i X « 3
L Bott cube
R_ AIll \
Al ol IAI o B! ol
BI]))I Ry [Ry Ry Ry
Ry,Riy 1211111 C AIll  [D
&® &© — >
CII R Ry Ry
C
CI .CH .AH .DHI .CH .DHI
Al Ry, Ry Ryy R_, Ry_
BDI
D A
DIII CI BDI CI IAI BDI
S BN NN r. 2 2 Tr__
CII
gI Al 4O lA D
> .—P
R_. | BDLCII - kIR £
Ry _ DIII, CI
7 oD CII DIII CIl |AIT | DII
+- ) ) ) @ )
R, DIII R,_ R_, R__ [|R.  R__
Ry CIl
R_. Cl

Chiu, Yao, Ryu, PRB 2013; Morimoto, Furusaki PRB 2013; Chiu, Schnyder PRB 2014;



Classification of reflection symmetry protected
topological insulators and superconductors

R, : R commutes with T (C or S)
R_ : R anti-commutes with T (C' or S)

Reflection | sym. class
R A
R, AIII
R_ AIII
Al
BDI
D
Ry, Ry ]211111
CII
C : : ..
CI For which symmetry class and dimension is
Al there a topological insulator/superconductor
B]I))I — protected by reflection symmetry?
DIII
e IS
CII
C
CI
R_, | BDILCI
R,_ | DII,CI
R, BDI
R_, DIII
Ri_ CII
R_, CI

Chiu, Yao, Ryu, PRB 2013; Morimoto, Furusaki PRB 2013; Chiu, Schnyder PRB 2014;



Symmetries and Dirac Hamiltoniacps

d
Dirac Hamiltonian in spatial dimension d : H(k) = Z kivi + myo Ey = i\ m?2 + Z kd
1=1 =1

* Gamma matrices ~y; obey: {7, } = 20;; 1 =20,1,...,d

* TRS, PHS, chiral symmetry and reflection ( k; — —k ) lead to the conditions:

70, T] =0 {Viz0, T} =0 {75, S} = 0 {7, R} =0
(0.0} =0 [z, Cl=0 7" iz1, R] = 0

» Topological phase transition as a function of mass term 1m7g

n=1 n=0

>
m < 0 - m >0

are there extra symmetry preserving mass terms M~ 1
s that connect the two phases without gap closing?

d
{,yd—Fl?/y’i}:O 7’:07172 Ei=4+,m?+ M2+ La
\ i

1=1

NO: topologically non-trivial YES: topologically trivial



Classification of reflection symmetry protected
topological insulators and superconductors

R, : R commutes with T (C or S)
R_ : R anti-commutes with T (C' or S)

Reflection | sym. class d=1 d=2 d=4 d=5 d=6 d=7 d=8
R A MZ 0 MZ 0 MZ 0 MZ 0

R, Alll 0 MZ 0 MZ 0 MZ 0 MZ
R_ Alll MZ® 7 0 MZ @7 0 MZ @7 0 MZ @7 0

Al MZ 0 0 0 2M7Z 0 MZ, MZ,

BDI MZ, MZ 0 0 0 2M7Z 0 MZ,
D M7, M7, M7Z 0 0 0 2M7 0

R. R DIII 0 M1Z, M1Z, MZ 0 0 0 2M7Z
otk AIl 2MZ 0 MZ, MZ, MZ 0 0 0
CII 0 2M7 0 M7, M7, M7 0 0
C 0 0 2M7Z 0 M7, M7, MZ 0

CI 0 0 0 2M7Z 0 MZ, MZ, MZ
Al 0 0 2M7 0 TZ., Zs MZ 0

BDI 0 0 0 2M7Z 0 TZ, Zs MZ
oo ME ; o 7o SnTe, CasPbO, SrsPbO 1

R p | gk Zs MZ 0 § ittt . TZ,
’ All TZ, Zs 0 0 0 2M7 0

0 TZ, 2o MZ 0 0 0 2M7Z
C 2M7Z 0 TZ, Zs MZ 0 0 0
CI 0 2M7 0 TZ, Zs M7 0 0
R_. | BDLCI 27, 0 2M7Z 0 27 0 2M7Z 0
R,_ | DIIL CI 2M7Z 0 27. 0 2M7Z 0 27, 0

Ri_ BDI MZ &7 0 0 0 2M7 & 27 0 MZo &7y MZs & 7,

R_, DIl |MZy@®Zy MZy &7y MZSTZ 0 0 0 OMZ & 27 0
R, _ Cll |[2MZ & 27 0 MZs &7y MZy &7y MZSZ 0 0 0
R_, CI 0 0 2M7 & 27 0 MZy &7y MZy &7y MZSTZ 0

Chiu, Yao, Ryu, PRB 2013; Morimoto, Furusaki PRB 2013



SnTe is a reflection symmetry protected TI

Hsieh, Fu, et al. 2012

» Effective low-energy Hamiltonian:
Tanaka, Ando, et al., 2012, 2013

H=-¢ck)o, +v(sink,s, —sink,s,) ® 0, + v, sink,o,

» Symmetries: Reflection plane —

— Time-reversal: T 'H(-K)T = +H(k) T =is,K T? = —1 (class All)

(s; : spin; o : orbitals)

— Reflection (z — —x ): R™'"H(—ky, ky, k)R = H(ks, ky, k)  with R = s,

— project H (k) onto eigenspaces of R: ( i.e., s, = +1) A

Hi(ky, k) =exo, Fusink,o, +v,sink,0, =my(k) -

C A | Alll |D
—@ oo

R anti-commutes with T: TRT ! = —R It o
ol TAII
class All === class D

Particle-hole symmetry:  C 'Hi(—k)C = —Hi(—k) with C' = 0,K



SnTe is a reflection symmetry protected TI

» Effective Hamiltonian within mirror plane: Tanaka, Ando, et al., Nat. Phys. 2012, 2013

Hi(ky, k) =cexo, Fusinkyo, +v,sink,o, =my(k)- o

) m+ (k)
E::|:|m:|:(k)‘ m-r —
m (k)|
trivial phase non-trivial phase
z z
¢ SRALEE my
| > 6t ( ] < 6t (001) surface
ny =0 ny = *1 e
/ " mi 7 R F
Yy my
mj: +
no surface states two pairs of surface states
1 2 VoA ~ ~
— N4y = — d°ket"my - [&%mi X 8kymi]
3T Jap BZ — - _
Berry curvature ARPES on SnTe

e Mirror Chern number: nyq = (ny —n_)

e Bulk-boundary correspondence:
Inaq| = # Dirac cone surface states

for SnTe: na = 2



CasPbO is a reflection symmetry protected Ti

» Anti-perovskites: CasPbO, SrsPbO

Kariyado & Ogata JPSJ ‘12
Hsieh, Fu et al., PRB ‘14

» Band structure (without SOC):

M ]
‘/

K

» Opening of bulk gap:

hybridisation w/ Ca |dy,) , |dys) , |dy-)

+ SOC opens up bulk gap of ~10 meV

- Cad

»Pbp

J+Op

+Pbs

Pb: ‘px> , ’py> ; ’pz>
Ca: ‘de—y2> 3 |d:p2—22> )

[after Kariyado and Ogata]

Y —22>



CasPbO is a reflection symmetry protected Ti

» Anti-perovskites: CasPbO, SrsPbO

Kariyado & Ogata JPSJ ‘12
Hsieh, Fu et al., PRB ‘14

» Symmetries:
— Time-reversal: T *H(—k)T = +H(k)
T =is,K T° = -1

— two reflection symmetries : K1 and Rs
RiYH(—ky, ky, k) Ry = H(ky, ky, k)

Chiu, Nohara, Chan, Schnyder, in preparation

R Reflection plane



CasPbO is a reflection symmetry protected Ti

» Anti-perovskites: CasPbO, SrsPbO
Kariyado & Ogata JPSJ ‘12 o Ca

Hsieh, Fu et al., PRB ‘14
O Po
» Symmetries:

— Time-reversal: T 'H(—k)T = +H (k)
T =is,K T° = -1
— two reflection symmetries : Ry and Rs
RiYH(—ky, ky, k) Ry = H(ky, ky, k)
RyYH(—ky, —ky, k) Ro = H(ky, ky, k)
R; anti-commutes with 7" TR]-T_1 = —R,;
» Topological invariants:

— two mirror Chern numbers: N A4, , A,

— for CasPbO, SrsPbO: na, = —2, npg, = +2

——> 2 X 2 Dirac cone surface states

Chiu, Nohara, Chan, Schnyder, in preparation

RQ Reflection plane



3. Reflection symmetry protected
topological semimetals
and nodal superconductors




Reflection symmetry protected topological semimetals and nodal SCs

How about topology of reflection symmetric
s Semimetals and nodal superconductors?

P Problem: Global topological number ill-defined (no gap!)

Solution: (assume translational symmetry)

=== Define momentum-dependent

1
topological number Wi = 9 w4 (k)dk;
C

reflection
plane

Iy, reflection

j plane

C does enclose Fermi point

W+ = 4+1 = topologically stable



Classification of reflection symmetric semimetals and nodal SCs

Reflection symmetry 4+ global symmetries (TRS, PHS, SLS)
Chiu, Schnyder, PRB 2014

» Classification of reflection symmetric topological semimetals
and superconductors depends on:

e whether /X commutes or anti-commutes with TRS, PHS, SLS
—> 27 symmetry classes

e co-dimension p = d — dpg of Fermi surface ( dpg: dimension of Fermi surface)

* how Fermi surface transforms under reflection and global symmetries

(i) Fermi surface is invariant under (ii) Fermi surface is only (1ii) Fermi surface is not invariant
reflection and global symmetries invariant under reflection under reflection & global sym.

A

>

reflection plane



Gapless Dirac Hamiltonians

(i) Nodal point is invariant under non-spatial symmetries

d d
1=1 i=1

are there symmetry preserving mass terms M4 1
s that open up a gap in the spectrum?

d
{Yar1,7:} =0 i=0,1,---2 Ei=i\M2+Zk%
1=1

NO: topologically non-trivial YES topologically trivial

— to distinguish between Zs and Z classification
consider doubled version of Hamiltonian
(if) & (iii) Nodal points pairwise related by non-spatial symmetries

p—1 p
H(k) = Z sin k;7y; + (1 —p+ Z COS 1@,) Yo
i=1

1=1

— nodal superconductor with (d — p)-dimensional node



Classification of reflection symmetric semimetals and nodal SCs

Reflection symmetry 4+ global symmetries (TRS, PHS, SLS)
Chiu, Schnyder, PRB 2014

» Classification of reflection symmetric topological semimetals
and superconductors depends on:

e whether /X commutes or anti-commutes with TRS, PHS, SLS
—> 27 symmetry classes

e co-dimension p = d — dpg of Fermi surface ( dpg: dimension of Fermi surface)

* how Fermi surface transforms under reflection and global symmetries

(i) Fermi surface is invariant under j (ii) Fermi surface is only (1ii) Fermi surface is not invariant
reflection and global symmetries invariant under reflection under reflection & global sym.

A

>

reflection plane




Classification of reflection symmetric semimetals and nodal SCs

(l Fermi surface invariant under p=d — dps

reflection and global symmetries

classification of Fermi

classification of fully gapped
topological materials

in d+1 dimensions

points with dpg = 0
in d dimensions

Reflection | sym. class p=8 p=1 p=3 p=4 p=5 p=6 p=
R M7 0 % M7 0 M7 0
R, . 0 MZ M7 0 M7
R Al | MZ&7Z 0 o - Cas P> 0 MZ& 7 0
Al M7 0 0 2M7Z 0 M7, M7,
BDI M7, M7 0 0 2M7Z 0 MZ,
D M7, MZ, 0 0 0 2M7Z 0
R. R DIII 0 M7, M7 0 0 0 2M7Z,
A All 2MZ 0 MZ, MZ 0 0 0
CII 0 2M7Z M7, M7, M7 0 0
C 0 0 0 MZ, M7, M7 0
CI 0 0 2M7Z 0 MZ, M7, MZ
Al 0 0 0 T7 7o M7 0
BDI 0 0 2M7Z 0 TZ, Zo M7
D M7 0 0 2M7Z 0 TZ, Zoo
R R DIII Zoo M7 0 0 2M7Z 0 T7Z,
T LAl TZ, Zoo M7 0 0 0 2M7Z 0
CII 0 T7, Zoo M7 0 0 0 2M7Z
C 2M7Z 0 T7Z. Zs MZ 0 0 0
CI 0 2M7Z 0 TZ, Z, M7 0 0
R_, | BDLCII 27, 0 2M7Z 0 27 0 2M7Z 0
R,_ | DIIL CI 2M7Z 0 27, 0 2M7, 0 27, 0
R, _ BDI MZ®Z 0 0 0 2MZ & 27 0 MZo®Zy MZs & Zsy
R_. DIl |MZs® 7y MZo®7y MZS7Z 0 0 0 2M7 & 27 0
R,_ Cll |2MZ @ 27 0 MZo®Zy MZo®Zy MZBZ 0 0 0 Chiu, Schnyder
R_. CI 0 0 2MZ & 27, 0 MZo &7y MZo®Zy MZSZ 0 PRB 90, 205136 (2014)



Topological nodal lines in CasP:2

L. Xie, L. Schoop, R. Cava, et. al. , APL Mat. 3, 083602 (2015)

p Band structure:

| L
Zgl é—ﬂPpX -
i N
o — ®*®Cadz’|
R 1/ \ _
> I \
S O I
B0 I — .
——‘k‘-_;A <-:¢L \= <
- ~—t /
e
-2 '{1'4‘# "
e -
I M K I A L H A

charge balanced: Ca?+ — P3-

p Orbital character of bands near Er:
(6 Ca atoms, 6 P atoms)

Ca: d.2 orbitals from 6 Ca atoms

P.: p, orbitals from 6 P atoms

» Crystal structure P6s/mcm

mirror plane

» Dirac ring within reflection plane




Topological nodal lines in CasP:
L. Xie, L. Schoop, R. Cava, et. al. , APL Mat. 3, 083602 (2015)

p Band structure:

DOS(States/eV)

1 T T T T
; dz2 - P3\ P5 "\
' - dx2y2+dxy e a3’ \
o T NFf ©
0.6 L n® e e e,
; gi A 1 , 4
Ca2 Cab
04 b ®
N P2 P6
0.2 -
[ Cad [ Cabp |
P4 (] 0 P6

Prapi Y NUN S T
R o
Ca2 Cal
Energy (eV) P2 4o o P1

mirror plane

p Orbital character of bands near Ef: o . Ny B
(6 Ca atoms, 6 P atoms) Cad  Cab

b@ =P a

Ca: d.2 orbitals from 6 Ca atoms dz2

P.: p, orbitals from 6 P atoms



Tight-binding Hamiltonian for CasP:

» Tight-binding Hamiltonian » Crystal structure P6z/mcm
(SOC small, spin degree can be neglected)

Ca: d.2 orbitals from 6 Ca atoms

P: p, orbitals from 6 P atoms

11 lu

Hcaca Hceap hz Dy

H(k) = H.. = J 1]
(k) (Hpca pr> Z (h;{} hy

mirror plane
» Symmetries:
— Time-reversal: T = 1K T2 = 41 — class Al
— Reflection ( z — —z ): 1oy s 0 0 0
1 0 lgxge_ikz 0 0
R H(ke, ky, —k.)R = H(ke, ky, k) RK)=| 0 —lsus 0
0 0 0 —lazxze

— Inversion (r — —7I):

IT"TH-KI=Hk) T=7y® py® Ll3ys
Chan, Chiu, Chou, Schnyder, arXiv:1510.02759



Topological nodal line: Mirror invariant

» Reflection (z — —z2):

R '"H (kg ky, —k.)R = H(ky, ky, k)

» within mirror planes k, = 0,7: [H,R] =0

_ _ _ mirror plane
— eigenstates of H{ are simultaneous eigenstates of R

— eigenstates of H are in the eigenspace of either R = +1 or R = —1

p Mirror invariant:

— number of occupied states with & = +1

Niiz = ndec (k| > ko) —ngel (1] < ko) &
1 k| <k N '
+,0 — 0 —_ ; : Ry
T +ko M K ko T

see also: Burkov, Hook, Balents PRB 11 k



Low-energy effective theory for CazP-

» low-energy effective Hamiltonian: W even in k
Heg(k) = (kif — k§)72 + ko7 + f(K)70 £

» symmetry operators:

— reflection: R = 7, — time-reversal: T'= 19K  — inversion: [ =T,
» Gap-opening term T is symmetry forbidden:

— breaks reflection symmetry: R '7,R = —7,
. = nodal line is stable
— breaks inversion + TRS: (I1T)” 71,11 = —71,

» 7, versus Zo classification:
Heg(k) ® 09 = (kﬁ — k%)’fz Qoo+ k,my ® 0o + f(k)T0 ® 09

— consider gap opening term m = 7, ® 0y:
e (IT)-symmetric:
(7. ® 0oK) 111, @ 0gK) =m = Zy classification
e but breaks R:
(7. ® 00)_1m(7z ® o) £ m = 7, classification



Drumhead surface state and Berry phase

» Nearly flat surface states connecting Dirac ring

(a) 4

Energy (eV)

Drumhead surface state

LEnergy (eV) o
=

Chan, Chiu, Chou, Schnyder, arXiv:1510.02759



Drumhead surface state and Berry phase

» Berry phase & charge polarization: b) Surface spectrum
1

Plky) = —i > /W (u?)

€

— surface charge: oqyt = 2—73 mod e
7

King-Smith and Vanderbilt PRB 93

Ok ufl) ) dky

_ p(kll) =+ (0 = surface state

— P(k)) quantized to ™ = stable line node

Berry phase
(C) : :
— In CasP2 Berry phase is quantized due to: o
B
(i) reflection symmetry z — —=2 £
gos- E l
(i) inversion + time-reversal symmetry o i
T M K T

Nearly flat surface states
connecting Dirac ring



Relation between Berry phase and mirror invariant

with oR=i »_ / ' <“§f3
0

jefilled

— mirror invariants are easier to compute
than Berry phase

— for CasP2:

1 ‘k’ < ko
_I_)O PR
nocc (k) T { O ’k‘ > kO

noT(k) =3 Vk OR =3

OCC

= relation holds (

| —R=+l---R=-I

-

- - = -
- == i .
i e o -

Energy (eV)

Chan, Chiu, Chou, Schnyder, arXiv:1510.02759



Classification of reflection symmetric semimetals and nodal SCs
(ii

classification of Fermi

Fermi surface only
invariant under reflection

p=d — drs

classification of fully gapped
topological materials

in d-1 dimensions

points with dpg = 0
in d dimensions

Reflection | sym. class p=2 p=3 p= p=5 p=6 p=T7 p=8 p=1
R A y /A M7 0 M7 0 M7 0
R, AIll 0 MZ 0 MZ 0 MZ
R_ A u/ea/ MZ@Z 0 MZ &7 0 MZ &7 0
o 2M7Z 0 MZ, M7
DD VI 245 0 2M7 0 M7
D M7, MZ., 9 r?_Ehe"e 0 0 2M7Z 0
R R DIII MZ, MZ, MZ 0 0 0 2M7Z
A AT 2MZ 0 M7, M7, MZ 0 0 0
CII 0 2M7Z 0 MZ, MZ, MZ 0 0
C 0 0 2M7Z 0 M7, M7, M7 0
CI 0 0 0 2M7Z 0 MZ, MZ, M7
Al 0 0 2M7Z 0 TZ, Zo M7 0
BDI 0 0 0 2M7Z 0 TZ, Zo M7
D M7 0 0 0 2M7Z 0 TZ, Zoo
R R DIII Zs MZ 0 0 0 2M7Z 0 TZ,
R YN | TZ. Zoo M7 0 0 0 2M7Z 0
CII 0 TZ, Zo MZ 0 0 0 2M7Z
C 2M7Z 0 TZ. Z, M7 0 0 0
CI 0 2M7Z 0 TZ, Zs MZ 0 0
R_, | BDLCII 27 0 2M7Z 0 27, 0 2M7Z 0
R._ | DIIL CI 2M7Z 0 27, 0 2M7Z 0 27, 0
Ri_ BDI MZSZ 0 0 0 2MZ & 2Z 0 MZo & 7y MZo @ 7o
R_. DIl |MZs®Zy MZs®Zy MZDZ 0 0 0 2M7 & 27 0
R,_ Cll |2MZ @27 0 MZo @7y MZs @7y MZDZ 0 0 0 Chiu, Schnyder
R_4 CI 0 0 2M7Z & 27 0 MZos® 7y MZ> @7y MZDZ 0 PRB 90, 205136 (2014)



Classification of reflection symmetric semimetals and nodal SCs

(l | |) Fermi surface not invariant
under reflection & global symmetries

» consider combined symmetries, e.g.: T = RT
T H(ky, —K)T = +H (ky, k)

—> Fermi surface is invariant under combined symmetry

>

Reflection |[sym. class| d=1 d=2 d=3 d=4 d=5 d=6 d=7 d=8
R A 7 0 7 0 7 0 Z 0
Ry Al o Z 0 Z 0 Z 0 Z

Al 7 0 0 0 2Z 0 (CZs CZs
BDI CZo 7 0 0 0 2Z 0 (%o
D Clo Cls 7 0 0 0 22 O
R R DIII 0 CZy CZso 7 0 0 0 2Z
PR AIL |22 0 CZaCZe Z O 0 0
CII 0 2Z 0 (CZe CZs Z 0 0
C 0 0 2Z 0 (% CZs Z 0
CI 0 0 0 2Z 0 (C%Zs CZs Z
Al 22 0 CZs 0 27 0 0 0
BDI 0 22 0 (CZe 0 2Z 0 0
D 0 0 22 0 (CZo 0 2Z 0
R_R DIII 0 0 0 22 0 (CZys 0 2%
I All 27, 0 0 0 22 0 (CZs O
CIl 0 2Z 0 0 0 2Z 0 (CZ%Zs
C CZo 0 27 O 0 0 2Z 0
CI 0 CZ: 0 2Z 0 0 0 2%
Ri_ CI |[CZ, 0 0 0 0 0 0 CZ
R_, BDI 0 CZ; CZs 0 0 O 0 0
Ri_ DIII 0 0 0 CZx2CZy 0O 0 O Chiu, Schnyder
R_4 Cl O 0 0 0 0 C0Z;CZy O PRB 90, 205136 (2014)




Conclusions and Outlook

e Topological classification schemes:
(i) bring order to the growing zoo of topological materials
(i) give guidance for the search and design of new topological states

(i) link the properties of the surface states to the bulk wave function topology

X-T-X

Review articles: arXiv:1505.03535; J. Phys.: Condens. Matter 27, 243201 (2015)

¢ Candidate materials for topological matter:
- Anti-perovskites: CasPbO, SrsPbO, BasPbO (class All with R_ )

- Dirac semi-metals with rotation symmetry. CdsAs2, NasBi (class DIl with R_ )
- Nodal ring protected by reflections symmetry: CasP2, PbTaSez (class A with R ')
- Non-centrosymmetric SCs: CeP13Si, CelrSis, CeRhSis (class DIl )

- Chiral d-wave SC: SrPtAs (class C)

- etc.



