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What Is topological phase

Top. Phase = bulktop # of occupied state or gappetiamiltonian

TI/TSC Ordinary insulator/SC
O O
\/ . \/
k
ANSg, g

Ntop 7é 0 Ntop =0

The idea of topological phaséspological insulators and
topological superconductors) has been successfully establishec
with many experimental supports ‘

—




Indeed, the nortrivial topological structure can be detected
experimentally as the existence of gapless surface states

o of Top. Phase Vacuum

excitation Niop # 0 Niop = 0

> T
\ gapless surface state

Materials in topological phases have gapless boundary states
ensured by bulk topological numbers

bulk-boundary correspondence



Topological insulators

<«—— conduction band

BLSe surface Dirac fermions

<« valence band
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[Hsieh et al (09)]

Topological superconductors

Swave SC witlRashbs8OC + Zeeman field [MS TakahashFujimoto (09), J. Sau et al (10)]
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Symmetry Is very important to obtain top. phases

A >

Kramerspair

Timereversal symmetry(TRS) < A No back scattering
A topologically stable

Particlehole symmetry (PHS) «.\ Majoranafermion
e = O+ \&
[Pehop@aiyrStoros88)Yidwig (12)]
TRS PHS cs d=1 d=2 d=3 EHSI
A 0 0 0 0 @ 0 Majoranananowire
0 1 Z 0 Z
Alll 2 5 5 . . 5 p+ipchiral p
Al 3
BDI 1 1 1 / SKLRUQ, “He-A
D 0 1 0
DIII -1 1 1 > < SHe-B
Al -1 0 0 0
C 0 -1 0 0 2z 3D T! 5o
C| 1 -1 1 0 0o 2z
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Indeed by taking into account crystalline symmetry, we car
obtain huge #s of new topological phases

SG Short EYY B EFY EY°
1 Pl Zz VA Z
2 Pl 0 z?
3 P2 A A Z Z
4 P2 Z Z+Z) Z Z
5 C2 72z Z Z
& Pm A A z? 0
7T Pe Z  ZP+Fy Z+Zs 0
8§ Cm 72zt z? 0
9 Ce Zz Z Z+Fs 0
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10 P2/m  +o.12 Z*® 0 VA 0
— Z 7B 7 0
11 P‘21/TT]‘. +[]‘1:,r-2_. — ZB Zz 22 0
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15 C2/e to.1/2) — AT / i 0
SG Short  €(2100,2010) ES° E3° EF"  EY°
16 P222 +0 ZB Es 0 Z
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List of top #s
for materials
with 230
space groups
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Question

Is there another way to obtain new top. phases?

Our answer

‘ Yes.

NonHermiticityopens a new direction in topologicq
phases

11



Why nonHermitian systems?

Key point

For nonHermitian Hamiltonians, complex conjugation and

transpose are different

H' #H ‘ H* + H

This small change gives a crucial difference in symmetiy
consideration.

12



Basic symmetry in noitHermitian Hamiltonian

A TRS and PHS (=AZ sym.) are fundamental symmetry for
topology since they are robust against disorders.

A For Hermitian Hamiltonians, both can be given as-aniiary
symmetries, but for norHermitian ones, PH&nnot be

BdGHamiltonian

(cl,ci

1 )_(CivCT)(O 1)
o .'. C; ! 1 0
%—55 :(ciﬂc’i)H’i'( : ) /

i — = (¢4, CI)’T:C

PHS TxHTx_l = —H!

non-Hermiticity # —H"

PHS Is not atunitary sym. ..



From this property, the basic syshould change accordingly

[MS(18)]

Hermitian case | non-Hermitian case |
complex conj. [BernardLeClair
J | (01)]
TRS THT'=H, T=UrK ——~ U:'HUp=H* K-sym.
Ur'HUr = H* ‘
o B g
PHS cHe=-H c=Uchk . plgy. = —H Gsym.

U,'HUc = —H*
CS I~'HT = —H —— T 'HI'=-H P-sym.

—1 ! |
CS F, HF — _H IE I\I—IHPI . _H'I'
(TRSXPHS I =U:U; Q-sym.

New types of symmetry appear !!



Taking into account these new types of sym., we can obtain
extended fundamental symmetry classes in sfdearmitian systems|

Hermitian case Non-Hermitian case 43 classes

TRS PHS CS mo sym+ Rsym 2 CIaSSA

A0 0 o0

Al 0 0 1 Csym+ Rsym 8 classes

Al 1 0 0

BDI 1 1 1 ‘

D 0 1 0 Q sym+Rsym 4 classes

DIl -1 1 1

All -1 00 5 classes

cni-1o1 1 Ksym+Psym

cC 0 -1 0

cl 1 -1 1

szym +Q-sym+Rsym 24 Claﬁs

10 classes (AZ Classes)NeW famll_lgs of clas_ses_ Intrinsic to
non-Hermitian Hamiltonians 15




In the remaining time, | will show that these new families of
symmetry classes indeed may host new topological phases
Intrinsic to nonHermitian Hamiltonians

1) Qsym protected topological phase
A Graphene with norHermitian onsite potential
2) Csym+Q-sym protected topological phase

A SO(3,2).uttingermodel

K.EsakiMS ,K.HasebeM. Kohmotq PRB(11)



1) Q-symprotected topological phase

I 'HT = —HT =1 Ti=r  Qsym

From this symmetry, the spectrum of the system has a unique
feature, which enables us to obtain topological stability

Hluyp) = Ey|uy) HT|un>> = B, |un))

If2 20 m,it holds that'O O , so|u,) andl'|u,)) are independent

Clup)) < |uy,) tFANI 2F &3 LILISRE

On the other hand, fo2 20 T, they are not independent with the same energ

Cltg,)) ~ |ug,) Laz2zfldSR al SNB¢



From this property, we have two different patterns of spectrum

a) b)
ReF,
A |un> |un>
| E, o E, Isolated
/ zero mode
Rek, =0 + e —
S _E:; 0
[fun)) Llun))

boundary of
sk2 Gl SNE ¥R &6 s N2 IRUSILERE

These two patterns of spectrum are not adiabatically connected
to each other, so the latter can keep stable zero mode

18



Graphene with nosHermitian onsite potential

[EsakiMSHasebeKohmoto(11)]
honeycomb lattice

H =t Z (c;-fcj -+ H.c) + 1Ay Zfic];ci
(4,5) L

non-Hermitian
on-site potential

In momentum space, we have

vy D(k)
H(k) = ( Di(k) —idy )

(n-1,m-1) (n+1,m-1) (n+3.m-1)

D(k) = 2tcos(k,/2) + toiV3ky /2

I''HEIT=-H(k) T=o0. Q-symmetry

19




Spectrum with boundary

Hermiticity

v = 0.1

Zero energy

state localized
on boupdary

non-Hermiticity

Topological

20




In contrast to ordinary topological phase, rbarmitiantopological

phase has an edge state with an imaginary part of the spectrum.

»w =01 Realpartof E Imaginary part of E
(a) l (a) g | }U:O ]
05 5 : |
ReE o ImE 0 : :
- : i |
; -0.15 |

/ = ‘ \\ ; A i
' o . 0 0.5 10t (1.5m 2.0m
edge mode -
edge mode J —

Imaginary part of E for edge mode
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2) GsynmtQ-sym protected topological phase

Gsym U;'HUc = H' UcUf = —1
Qsym T 'HD =—H 2 =1 I'Ug = —-Ucl™
l H —iH Up=TUc
Ksym Un'HUr =H* UrUs =1
v @m p-lgr = gt 2 =1 I'Ur =-Upl™
" T =UrK
T°=1TRS 771 - H T2 — 1
Psude

—1 _ gt _
hermicity L HLI'=4H {I,\ T} =0

22



Interestingly, due to the additional pseud@miticity, =1 TRS
gives a kind okramergpairs.

H|pn) = Enldn), H'|pn)) = Er|édn))

Frompsuedchermiticity HT|opn)) = EXT|on))
I 'AT = Hi
Apply“Yfrom the left HTT(¢,)) = E,TT|¢n))

So|¢n) andT|¢y,)) have the same eneWyg. als POSS|bI_e new
T2 — 1 . mechanism of

< / topological
((nlTT|dn)) = (T°Thn|Tn)) = (($ulTTT¢,)) = T stability

Anti-unitarity of Y Ajoint ofG {T,T} =4

independent Kramerspair
‘ 9) < TTén)) for =1 TRS

23



2dim SO(3,2).uttingermodel  [EsakiMSHasebeKohmoto(11)]

TRS +pseudoermiticity non-Hermitian term

Spectrum with boundary

Gapless boundary state with imaginary
part of the spectrum



