Introductory course of

Topological materials

Topological materials and response

SAA 5=t
2024. 05. 25. o
eFe Ot ul

HANYANG UNIVERSITY




More is different
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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.
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Physics of correlations
~ Non-local _
Solid state Magnetic Self-

|attice Domains organization
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Paradigm dau theory:
Patterns/Correlations of local order | ters determines the phases of matters.







) Vortex

» Vortex in spin model
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What is topological
iInsulator?

Phenomenological level

Topological boundary mode (Bulk-Boundary correspondence)

Theoretical level

Material level
Graphene, HgTe, Bi2Se3

Topological invariant
(Chern insulator, Z2 insulator)

Experimental level
Quantum Hall effect, Chiral anomaly, Axion E&M
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_Outline
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> Chemist's view
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> Physicist’s view
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Su-Schrieffer-Heeger model

> Real space coupling patterns




Classical polarization
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2D IQHE
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Classical cyclotron orbit o

electrons can move along edge (conducting)

electrons localized in orbits (insulz
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> Quantized Hall conductance

» Vanishing Longitudinal conductance
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‘Quantum anomalous Hall effect (QAHE)

> TKNN formula :

e d*k

(k) = (u(k)|0:0,|u(k))
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Berry curvature

Positive Curvature Negative Curvature
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» Time-reversal symmetry:

Q-0
_ 90
I_E_)_I

E - E

B —» —B



‘Quantum anomalous Hall effect (QAHE)

> TKNN formula :
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Chern insulator
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Coupled wire construction

R-chiral fermion

Single Dirac wire < —
—

R-chiral fermion
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2D QSHE
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Kane-Mele model
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~HgTe quantum well

Conductance
channel with
up-spin charge
carriers

Conductance

channel with
Quantum down-spin
well charge carriers

Schematic of the spin-polarized edge channels in a quantum spin Hall
insulator.
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» Bernevig-Hughes Zhang model
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Axion Electromagnetism
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Summary
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Berry Phase of Graphene

> Berry phase of araphene » m —Berry phase

Pseudo-spin
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~Vortex

> Vortex as a pair > Dirac cone as vortex core
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> Nielsen Ninomiya =31 82| (fermion doubling) : In odd-space dimension,

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

Left-moving fermion

(negative group velocity) |
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Right-moving fermion
|~ (positive group velocity)

W

0 T

k

Anything goes up must goes down!
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Violation of NN theorem

So far.. Known way of avoiding NN theorem is to intoduce..
right-moving skipping orbit
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% Non-locality

% Non-Hermiticity O O O O O O
. ) . ) cyclotron orbits
% Embeding on higher-dimensions OO OO OO0
(Topological insulators) ARSI A A A A A AN
™ left-moving skipping orbit
> Intra-wire coupling (trivial) > Inter-wire coupling (Non-trivial)

R-chiral fermion |
Single Dirac wire Cﬁ P Chiral edge mode
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R-chiral fermion <:_Q,_._
Gapped
2D bulk

Chiral edge mode
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Fractionalization in physical degree of freedom
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General considerations

Quantum turbulence
Weyl fermion

> Generalization to various dimensions

d=1 d=2 d=3
D=0| —=—e = m m m
5 . Liu,Pan group
Baggaley group v
g SC phase slip
D=1 I @ - |
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Teo-Kane

Johannes Rotzinger group



General considerations

Quantum turbulence
Weyl fermion

> Generalization to various dimensions
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Symmetry indicator
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Summary
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Out of 26938 stoichiometric materials, 3307 topological insulators and 4078 topological semimet-
als and O fragile phases were found . For these 7385 materials the electronic bands structure — in-




