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‘Symmetry classifications of matter




‘Symmetry classifications of matter

» Symmetries in crystals :

4 '
) i - o
U S Te e !Ji:_ ! P -
< — - . -
T " INjn
- - . | S
sl L~ o A "—.:l.___!__a”:i e |
i
4-fold 3-fold 2-fold

rotation axes rotation axes rotation axes mirror planes

MNar ail of the symmaly alsmenis ans sown ¥ thesa drawings

L]

: 02
- =i
i b 2
B ! ] -,
% o Z. 00
02+ |’I e
E’ . o1
3 0.2
ad o £2 01 00 01 0.2
§ -"M{j Th.;,"_-,"';-:_\_:: N .—:'ii‘:ﬁ.-_#“ ks{ 1'IFA}

Mn doped Bi2Te3
Q. Li, Advanced materials (2022)




Anti-unitary symmetry

Anti unitary symmetry :

¢— —¢ (T=e")

TRS

10-fold classification Altland-Zirnbauer classification.






Outlook




Topology
as
Vortex




More is different

« Everything is made up of the same atoms and electrons at short length scales.

« Different correlations and patterns can emerge at longer length scales.
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More is different

« Everything is made up of the same atoms and electrons at short length scales.

« Different correlations and patterns can emerge at longer length scales.




Physics of correlations
Non-local =
Solid state Magnetic Self-
lattice Domains organization

Paradigm dau theory:
Patterns/Correlations of local order | eters determines the phases of matters.







) Vortex
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» Vortex in spin model
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Conventional
Quantum transport
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« ChatGPTE 0| 2% MATLABZE (A X E % 1)
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Conductance Degradation In A 1D Wire (NEGF)

Conductance degradation in a 1D wire (NEGF)
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=l =-L| .= 0] oF %4 2| (Nielsen-Ninomiya no-go theorem)
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Topological
Quantum transport
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"New method for high-accuracy determination of

Baex 2 @Y the fine-structure constant based on quantized

Hall resistance.”
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Band gap
right-moving skipping orbit
-3 £ -y =) | Edge(Left-mover) closed
cyclotron orbits ' > | Bulk (insulator) opened
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™ left-moving skipping orbit

Edge(right-mover) closed

S &-L| 0] 0fF B 2|(Nielsen-Ninomiya no-go theorem) % Non-locality
& % Non-Hermiticity

gel st E 2% Fetst AX(lattice) A = 2% (local)-Z 0| CH E (translational)- 0l 20| E (Hermitian) $F C|2§ AL RN . : A :
XHE A chirality(EX18/d)7 StZ2 20 X| 2% THY Weyl H 20|22 38 E71s5iCt 5 * Embedlng on hlgher dimensions
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Chiral edge mode
Chiral edge mode

Single Dirac wire



Graphene
as
Topological material




a Neutrino

b Antineutrino

Spin

Direction of motion




> Berry phase of araphene
Pseudo-spin
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Berry phase
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Quarks

Leptons
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clear all

Tmnts tHE TH| RRRRX
L=888;

h=zeros(L);

for 1=1:(L-1)
h{i,i+l)=1;
h{i+l,1)=1;

end

h{422,428)=5%; % impurity
Fand B H RRERR
V=zeros(L);

for i=1:4682

V(i,i)=1;

end

>> h(l:5,1:5)

ans =

o O o = O
o O B O -

o B O B O

= O B O O

o B o O O

>> V(399:403,399:403)

AIs =

o O O O
o O O = O
o O O O O
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I VaVavaYa
O 0 000 O

b A A x_l O|.
psi=1/sqrt{L)*ones(L,1); —_ H

dt=8.2; tott=280;

for t=1:tott
psi=expm{-1i*{h+V)*dt }*psi;
psi=psi/norm(psi);

n(:,t)=abs{psi)."2; ]_ .
pause(d.1 X) = — w(x; t) — e_lHtlp x; t — O
plnt(i{:,in; w( ) \/Z » ( )

axis([4@8 458 @ 2/L])
end

plot(sum{n{1l:4@@,:)))
% plot(-sum(n{1:400,1:end-1))+sum(n(1:408,2:end)))
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Time evolution of Hamiltonian : chiral edge mode
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‘Summary

d=3
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Outlook

« 1D QHE  Robust edge mode

“ « Robust transmission

* 3D Weyl semimetal » Quantum anomaly

« 2D Graphene

Out of 26938 stoichiometric materials, 3307 topological insulators and 4078 topological semimet-
als and 0 fragile phases were found . For these 7385 materials the electronic bands structure — in-






Coupled wire construction

R-chiral fermion

Single Dirac wire <’
—

R-chiral fermion
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Single Dirac wire
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_Axion Electromagnetism
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‘Chiral (ABJ) anomaly

» Anomaly = Breaking of underlying symmetry at quantum level
= Consequence of violation of NN theorem



Axion Coupling |g,, | (GeV™)

ADMX Achieved and Projected Sensitivity

Cavity Frequency (GHz)
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later A

» Chemist's view

Case | :

Case ll :

> Physicist’s view

Case ll :
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Su-Schrieffer-Heeger model

> Real space coupling patterns

> Topological edge state
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Classical polarization
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Classical cyclotron orbit

electrons can move along edge [conducting)

electrons localized in orbits (insul:

R ¢
el
O )
Hel = 2alxs We = o
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> Quantized Hall conductance
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» Vanishing Longitudinal conductance
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_Axion Electromagnetism
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Vortex

> Vortex as a pair > Dirac cone as vortex core
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> Nielsen Ninomiya =31 2] (fermion doubling) : In odd-space dimension,

any lattice reqgularized theory must have even-numbers of chiral fermions.

Left-moving fermion

(negative group velocity) |

. s

NN oD

Right-moving fermion
|~ (positive group velocity)

W

0 T

k

Anything goes up must goes down!

2T



| Violation of NN theorem

So far.. Known way of avoiding NN theorem is to intoduce..

% Non-locality

% Non-Hermiticity

% Embeding on higher-dimensions

(Topological insulators)
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Fractionalization in physical degree of freedom
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PT-Symmetry

» Kramer’s degeneracy (T%2=-1) : Orthogonal TRS partner exists in spin-half particles.




Weyl semimetal

» In 3D, there is a interesting class of band degeneracy which does not require symmetry



Symmetry of Weyl semimetal




~Source of Berry curvature

Stability of Weyl fermion can be understood using the tool of topology.




Bulk-boundary correspondence

Quantized Chern number manifests as an interesting bulk boundary correspondence.

> Fermi arc

Monopole charge +1




Bulk-boundary correspondence

> Fermi arc as a stack of QHE

(a)
C=0 , | Col ,# 1C=0
F rs |




Quantum Anomaly




Fermion doubling

> Nielsen Ninomiya theorem (fermion doubling) : In odd-space dimension,

any lattice reqgularized theory must have even-numbers of chiral fermions.

Left-moving fermion

Right-moving fermion

(negative group velocity) |
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NN oD

|~ (positive group velocity)

W

0 T

k

Anything goes up must goes down!
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‘Chiral (ABJ) anomaly

» Anomaly = Breaking of underlying symmetry at quantum level
= Consequence of violation of NN theorem



3D Chiral anomaly

> Fujikawa method = Source of anomaly is path-integral measure

Z[A] = / DyDipe 4w iy,




3D Chiral anomaly in Lattice

> Zeroth Landau levels

H = (k- A) c
B [ k, k, — l(k Ay)]
ky — Ay +i(ky, — Ay)
[k, af
" la —kZ]
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