
QUANTUM MATTER HORIZONS SCHOOL · 2026

A primer on Topological Matter
Luis E. F. Foà Torres
Departamento de Física, FCFM, Universidad de Chile

All the material from these lectures will be 
here:



quantum transportquantum transport
topological insulatorstopological insulators

2D materials2D materials

light-matter interaction
electron-phonon interaction

driven systems

quantum materialsquantum materialsmany-body interactions and decoherence

nanostructuresnanostructures



Recently used
Not recently used

Floquet
edge states

graphene nanoribbons

graphene

topological states

bilayer graphene

valley

laser-induced
band structure

band gap

carbon nanotubescharge pumping
decoherence

zero biasphotocurrent

Fock space

bias voltage

insulator

W
eyl sem

im
etals

topological insulator

double barrier

electron transport

electron-phonon interaction

phonons

electronic structure

Floquet topological

resonant tunneling

carbon-based

graphene-based

quantum Hall

Dirac point

exfoliatedoptoelectronic

non-Hermitian

antiresonances

quantum
 dot

electron-phonon
DC conductivity

gate voltage

electronic properties

driving frequency

Fabry-Perot

non-H
erm

itian system
s

laser

Fano resonance

Fermi arcs

quantum
 transport

voltage

interference pattern

topological phase transition

acoustic phonons

optical phonons

Chern num
ber

surface states

quantum
 coherence

nanodevices

exceptional points

spin-orbit coupling

three-dim
ensional topological insulators

charge and spin

level spacing

multi-terminal

interface states

quasienergy

topological phases

chiral edge stateslow
 bias

non-H
erm

itian H
am

iltonian

nonequilibrium
 G

reen's function graphene layers

zigzag edges

terahertz

non-centrosymmetric

tunable

longitudinal optical

pristine

electron tunneling

honeycomb lattice

persistent current

pum
ping

quantized Hall

tw
o-term

inal

transport propertiessubgap

pum
ped current

tight-binding m
odel

topologically protected

fem
tosecond

light pulses

chaotic cavities

gapless

atomistic simulations

van der Waals heterostructures

scattering theory

quantum dot coupled

spin current

heterostructures

gate

nanotubes

laser field

electrodes

phase fluctuations

electronic interactions

graphene devices

electron system

spintronics

electron-electron

solar cells

spin pum
ping

m
esoscopic ring

Coulom
b blockade regim

e

gain and loss

density of states

applied voltage multilayer graphene

photoexcitationmultilayer

tw
o-dim

ensional topological insulator

optoelectronic devices

phonon-assisted

graphene bilayer

irradiation

Landauer

spin polarization

extended states
charge carriers

quantum pump

current fluctuations

tight-binding Hamiltonian

metallic electrodes

graphene ribbons

H
aldane

https://scimeter.org/



Recently used
Not recently used

Floquet
edge states

graphene nanoribbons

graphene

topological states

bilayer graphene

valley

laser-induced
band structure

band gap

carbon nanotubescharge pumping
decoherence

zero biasphotocurrent

Fock space

bias voltage

insulator

W
eyl sem

im
etals

topological insulator

double barrier

electron transport

electron-phonon interaction

phonons

electronic structure

Floquet topological

resonant tunneling

carbon-based

graphene-based

quantum Hall

Dirac point

exfoliatedoptoelectronic

non-Hermitian

antiresonances

quantum
 dot

electron-phonon
DC conductivity

gate voltage

electronic properties

driving frequency

Fabry-Perot

non-H
erm

itian system
s

laser

Fano resonance

Fermi arcs

quantum
 transport

voltage

interference pattern

topological phase transition

acoustic phonons

optical phonons

Chern num
ber

surface states

quantum
 coherence

nanodevices

exceptional points

spin-orbit coupling

three-dim
ensional topological insulators

charge and spin

level spacing

multi-terminal

interface states

quasienergy

topological phases

chiral edge stateslow
 bias

non-H
erm

itian H
am

iltonian

nonequilibrium
 G

reen's function graphene layers

zigzag edges

terahertz

non-centrosymmetric

tunable

longitudinal optical

pristine

electron tunneling

honeycomb lattice

persistent current

pum
ping

quantized Hall

tw
o-term

inal

transport propertiessubgap

pum
ped current

tight-binding m
odel

topologically protected

fem
tosecond

light pulses

chaotic cavities

gapless

atomistic simulations

van der Waals heterostructures

scattering theory

quantum dot coupled

spin current

heterostructures

gate

nanotubes

laser field

electrodes

phase fluctuations

electronic interactions

graphene devices

electron system

spintronics

electron-electron

solar cells

spin pum
ping

m
esoscopic ring

Coulom
b blockade regim

e

gain and loss

density of states

applied voltage multilayer graphene

photoexcitationmultilayer

tw
o-dim

ensional topological insulator

optoelectronic devices

phonon-assisted

graphene bilayer

irradiation

Landauer

spin polarization

extended states
charge carriers

quantum pump

current fluctuations

tight-binding Hamiltonian

metallic electrodes

graphene ribbons

H
aldane

https://scimeter.org/



Recently used
Not recently used

Floquet
edge states

graphene nanoribbons

graphene

topological states

bilayer graphene

valley

laser-induced
band structure

band gap

carbon nanotubescharge pumping
decoherence

zero biasphotocurrent

Fock space

bias voltage

insulator

W
eyl sem

im
etals

topological insulator

double barrier

electron transport

electron-phonon interaction

phonons

electronic structure

Floquet topological

resonant tunneling

carbon-based

graphene-based

quantum Hall

Dirac point

exfoliatedoptoelectronic

non-Hermitian

antiresonances

quantum
 dot

electron-phonon
DC conductivity

gate voltage

electronic properties

driving frequency

Fabry-Perot

non-H
erm

itian system
s

laser

Fano resonance

Fermi arcs

quantum
 transport

voltage

interference pattern

topological phase transition

acoustic phonons

optical phonons

Chern num
ber

surface states

quantum
 coherence

nanodevices

exceptional points

spin-orbit coupling

three-dim
ensional topological insulators

charge and spin

level spacing

multi-terminal

interface states

quasienergy

topological phases

chiral edge stateslow
 bias

non-H
erm

itian H
am

iltonian

nonequilibrium
 G

reen's function graphene layers

zigzag edges

terahertz

non-centrosymmetric

tunable

longitudinal optical

pristine

electron tunneling

honeycomb lattice

persistent current

pum
ping

quantized Hall

tw
o-term

inal

transport propertiessubgap

pum
ped current

tight-binding m
odel

topologically protected

fem
tosecond

light pulses

chaotic cavities

gapless

atomistic simulations

van der Waals heterostructures

scattering theory

quantum dot coupled

spin current

heterostructures

gate

nanotubes

laser field

electrodes

phase fluctuations

electronic interactions

graphene devices

electron system

spintronics

electron-electron

solar cells

spin pum
ping

m
esoscopic ring

Coulom
b blockade regim

e

gain and loss

density of states

applied voltage multilayer graphene

photoexcitationmultilayer

tw
o-dim

ensional topological insulator

optoelectronic devices

phonon-assisted

graphene bilayer

irradiation

Landauer

spin polarization

extended states
charge carriers

quantum pump

current fluctuations

tight-binding Hamiltonian

metallic electrodes

graphene ribbons

H
aldane

https://scimeter.org/

Nature Physics 16, 38 (2020)
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Precedent of the “non-Hermitian skin effect”

Víctor Manuel 
Martínez Álvarez
(UFPe Brazil)

José Eduardo 
Barrios Vargas
(U Chile)

Many (unexpected) experimental 
confirmations!
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Quantum effects are everywhere Quantum effects are everywhere 
but in some materials they become evident but in some materials they become evident 

at a wider range of energy and length scales.at a wider range of energy and length scales.

Quantum materials include superconductors,Quantum materials include superconductors,
graphene, graphene, topological insulatorstopological insulators, Weyl semimetals, quantum spin liquids, , Weyl semimetals, quantum spin liquids, 
and more.and more.

Sources of the underlying properties include: Sources of the underlying properties include: 
reduced dimensionalityreduced dimensionality and  and interactionsinteractions..

Quantum materials: where the many paths meet
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Final remarks
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38,298 unique materials (nonmagnetic)

52.65% of all materials are topological at EF

arXiv:2105.09954 [cond-mat.mtrl-sci]

[Submitted on 20 May 2021]

Against all odds, topological properties turned out to be ubiquitous

https://arxiv.org/abs/2105.09954
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Lecture 1 
Topology in one dimension: the SSH model
From dimerization to protected boundary states

Luis E. F. Foà Torres · Universidad de Chile
foatorres.com  ·  @foatorres
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Werner Heisenberg and Felix 
Bloch around 1931

Historical context for the SSH modelHistorical context for the SSH model



A long history of electron-phonon 
interaction in solids
A long history of electron-phonon 
interaction in solids



Heisenberg's Institute in Leipzig, 1931. Front row (L-R): George Placzek (sitting on desk), Rudolf Peierls and Werner 
Heisenberg; back row (L-R): Giovanni Gentile Jr., Gian Carlo Wick, Felix Bloch, Viktor Weisskopf and Fritz Sauter. 
Copyright: Alessandra Gentile

A long history of e-ph interaction in solids:
The Peierls’ transition
A long history of e-ph interaction in solids:
The Peierls’ transition



G. Grüner, The dynamics of charge density waves, Rev. Mod. Phys. 60, 1129 (1988)

metal Peierls’ insulator

A long history of e-ph interaction in solids:
The Peierls’ transition
A long history of e-ph interaction in solids:
The Peierls’ transition



G. Grüner, The dynamics of charge density waves, Rev. Mod. Phys. 60, 1129 (1988)

metal Peierls’ insulator

A long history of e-ph interaction in solids:
The Peierls’ transition
A long history of e-ph interaction in solids:
The Peierls’ transition



G. Grüner, The dynamics of charge density waves, Rev. Mod. Phys. 60, 1129 (1988)

metal Peierls’ insulator

A long history of e-ph interaction in solids:
The Peierls’ transition
A long history of e-ph interaction in solids:
The Peierls’ transition

Behavior as a function of temperature, CDWs, critical temperature Tc



G. Grüner, The dynamics of charge density waves, Rev. Mod. Phys. 60, 1129 (1988)

metal Peierls’ insulator

A long history of e-ph interaction in solids:
The Peierls’ transition
A long history of e-ph interaction in solids:
The Peierls’ transition

 
Electron-phonon interaction leads to:

Metal-insulator transition for electrons (below Tc)
&

Kohn-anomaly for phonons
(Softening of a specific phonon mode, above Tc)



Heisenberg's Institute in Leipzig, 1931. Front row (L-R): George Placzek (sitting on desk), Rudolf Peierls and Werner 
Heisenberg; back row (L-R): Giovanni Gentile Jr., Gian Carlo Wick, Felix Bloch, Viktor Weisskopf and Fritz Sauter. 
Copyright: Alessandra Gentile

A long history of e-ph interaction in solids:
The Peierls’ transition
A long history of e-ph interaction in solids:
The Peierls’ transition



A long history of e-ph interaction in solids:
Conducting polymers
A long history of e-ph interaction in solids:
Conducting polymers

Hideki Shirakawa, Alan MacDiarmid and Alan Heeger, Nobel prize in 
Chemistry 2000



A long history of e-ph interaction in solids:
Conducting polymers
A long history of e-ph interaction in solids:
Conducting polymers



THE PUZZLE

Two gapped chains. The same insulator?

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 2

Dimerization A

Dimerization B

Both have  two sites per cell  ·  two bands  ·  a finite bulk gap

Can a bulk property distinguish them?



PHYSICAL ORIGIN

Where the model comes from: polyacetylene

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 3

A uniform half-filled 
chain

metallic in the simplest picture

→
Peierls 

distortion

Two degenerate dimerized patterns

A lattice distortion opens a gap — but it also creates two possible insulating ground 
states.

W. P. Su, J. R. Schrieffer & A. J. Heeger, Phys. Rev. Lett. 42, 1698 (1979)



PHYSICAL ORIGIN

The distinction becomes visible at a boundary

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 4

Strong bonds at the ends

Weak bonds at the ends

unpaired end degrees of freedom

We now look for a bulk statement that predicts this boundary difference.



REAL SPACE

The SSH Hamiltonian

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 5

A B A B A B A B A B A B

intracell  v intercell  w

•  one orbital per site; two sites A and B per unit cell
•  spin is suppressed for simplicity
•  nearest-neighbor hopping only; take both hoppings to be positive



WARM-UP

Two limits you can solve by eye

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 6

only intracell bonds

isolated dimers — every site is paired

two flat bands at ±v
nothing inside the gap

only intercell bonds

the two end sites decouple completely

two states pinned exactly
at zero energy — one per end

Away from these limits the bonds compete. Which features survive at general v, w — and why?



BULK PROBLEM

From the lattice to momentum space

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 7

A B A B A B A B A B A B

cell n

a = unit-cell length · N = number of cells

The bulk problem is now a
2 × 2 eigenvalue equation.



BULK PROBLEM

A two-band Bloch Hamiltonian

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 8

all the geometry is
contained in one complex number

The diagonal vanishes because there are no A–A or B–B terms.



BULK PROBLEM

The Hamiltonian as a vector

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 9

the tip traces the dashed circle once per Brillouin zone

As momentum changes, the Hamiltonian 
vector draws a closed path in a plane.



BULK PROBLEM

The bands do not yet reveal the distinction

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 10

Both sides have
• two bands
• a symmetric spectrum
• a finite gap

Something besides the 
eigenvalues is needed.



BULK PROBLEM

To move between the two regimes, the gap must close

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 11

The insulating state is
undefined at the 

transition.

Whatever bulk number distinguishes the two regimes, it can change only at a gap 
closing.



SYMMETRY

The protecting constraint: chiral symmetry

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 12

A B A B A B A B

hopping connects A only to B

Equivalently:

Chiral symmetry forbids an out-of-plane component: the path of d(k) is pinned to 
the plane.



SYMMETRY

What chiral symmetry buys us

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 13

energy Spectral pairing Where eigenstates live

E ≠  0 — equal weight on A and B

E = 0 — one sublattice only

an isolated zero mode can be chosen as a
chiral eigenstate — pinned to one sublattice



TOPOLOGY

The Brillouin zone becomes a closed curve

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 14

Re q

Im q

the same closed path as the d-vector, read as one 
complex number

•  center: v
•  radius: w
•  one circuit as k crosses the BZ

The origin is the gap-closing point.



TOPOLOGY

Counting how many times the curve winds

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 15

origin outside origin enclosed

The winding is integer-valued: it cannot drift continuously under a smooth deformation.

J. K. Asbóth, L. Oroszlány & A. Pályi, A Short Course on Topological Insulators, Lect. Notes Phys. 919 (Springer, 2016) · arXiv:1509.02295



TOPOLOGY

Two phases and the transition between them

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 16

Re q

Im q

Re q

Im q

gap closes

Re q

Im q



TWO-MINUTE DISCUSSION

Checkpoint: diagnose the phase without diagonalizing H

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 17

A

Re q

Im q

B

Re q

Im q

C

Re q

Im q

For each path: Is the system gapped? What is the winding number?
What must happen before A can become C?



TOPOLOGY

Topology ignores shape, but not the gap

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 18

Allowed deformations

•  change v and w smoothly
•  distort the loop
•  add longer-range A–B bonds

Forbidden shortcut

cross the origin while
remaining an insulator

Different winding numbers label disconnected sets of gapped Hamiltonians.



TOPOLOGY

The phase diagram: two islands that cannot touch

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 19

What makes ν a topological invariant?

•  it is an integer computed from the gapped bulk
•  it cannot change under deformations that keep the 
gap open and respect chiral symmetry
•  so it can only change where the gap closes: the line 
v = w

Any two chains inside the same region are 
adiabatically connected: they are one phase.



OPEN BOUNDARIES

The bulk invariant meets a physical boundary

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 20

Periodic boundary conditions

Bloch bands and winding

Open boundary conditions

possible boundary-localized states

Bulk–boundary correspondence asks whether the bulk winding predicts the boundary 
spectrum.



OPEN BOUNDARIES

The open chain develops in-gap states

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 21

In the nontrivial regime

•  the bulk remains gapped
•  two states approach zero 
energy
•  here N = 14 cells — the pair 
hugs zero as w/v grows

The new states have no 
periodic-bulk counterpart.



OPEN BOUNDARIES

The in-gap states live at the ends

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 22

A B A B A B A B A B A B

left-edge mode: amplitude only on the A sublattice

A B A B A B A B A B A B

right-edge mode: amplitude only on the B sublattice

Localization and sublattice polarization follow directly from zero energy and chiral 
symmetry.



OPEN BOUNDARIES

Deriving the left-edge state

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 23

A B A B A B A B

open end

At zero energy, choose

Each unit cell multiplies the amplitude by the negative hopping ratio.



OPEN BOUNDARIES

Normalizability selects the topological regime

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 24

The edge-state condition is exactly the nontrivial bulk winding condition.



OPEN BOUNDARIES

Finite chains: the two ends can talk to each other

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 25

•  two near-zero levels at opposite 
energies
•  the splitting vanishes exponentially 
with length

Exact zero energy is recovered in 
the semi-infinite limit.



BULK–BOUNDARY CORRESPONDENCE

An interface makes bulk–boundary correspondence explicit

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 26

domain-wall state

In polyacetylene, this is the soliton associated with a change of dimerization.



PROTECTION

The boundary state does not require a perfect lattice

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 27

random hopping — still only between A and B

What is preserved?

•  chiral symmetry
•  a bulk or mobility gap
•  the interface winding mismatch

What can remove the state?

•  closing the relevant bulk gap
•  breaking the protecting symmetry
•  annihilating it with another mode



PROTECTION

Without chiral symmetry, the loop can escape

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 28

Add a staggered onsite potential

•  the chiral anticommutator no longer vanishes
•  a nonzero out-of-plane component is now 
allowed
•  the path can leave the plane

Once the planar constraint is removed, the loop can be contracted without reaching the origin.



INTERPRETATION

A subtle point: unit cell and termination move together

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 29

Choice 1: group A and B in the same cell Choice 2: shift the cell boundary by one site

A relabeling may shift the numerical winding — but it also shifts where the chain is cut.

•  compare two bulks using one consistent convention
•  the invariant content is the difference across a physical interface
•  polarization is defined modulo one electron charge

No unit-cell convention creates a physical edge state by itself.



TAKE-HOME MESSAGE

The SSH diagnostic card

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 30

BULK HAMILTONIAN

PROTECTING CONSTRAINT

BULK INVARIANT

PHASE TRANSITION the bulk gap closes when the hoppings become equal

BOUNDARY PREDICTION zero-energy end or interface mode

PHYSICAL LANGUAGE polarization · end charge · soliton

Topology is an obstruction to connecting gapped Hamiltonians while respecting the symmetry.

Further reading: J. K. Asbóth, L. Oroszlány & A. Pályi, A Short Course on Topological Insulators, Lect. Notes Phys. 919 (Springer, 2016) · arXiv:1509.02295



NEXT LECTURE

From a one-dimensional winding to a two-dimensional response

Quantum Matter Horizons School · Santiago · July 2026 foatorres.com  ·  @foatorres 31

Re q

Im q

1D BZ    winding→

→

2D bulk    conducting edge?→

Why can the winding not change continuously?   ·   What replaces it in two dimensions?
Next:  A primer on graphene’s bandstructure

the integer Quantum Hall effect





Graphene’s bandstructureGraphene’s bandstructure
Luis E. F. Foà Torres





Graphene's peculiar electronic structureGraphene's peculiar electronic structure

All the material from these lectures will be 
here:



Foa Torres, S. Roche, J-C Charlier, “Introduction to Graphene-based nanomaterials”, Cambridge University Press (2014).

Graphene's peculiar electronic structureGraphene's peculiar electronic structure

Pi orbitals matter mostPi orbitals matter most



Real space lattice Reciprocal space

Triangular Bravais lattice with a basis

Graphene's peculiar electronic structureGraphene's peculiar electronic structure



Real space lattice Reciprocal space

Triangular Bravais lattice with a basis

Bloch's Theorem + tight-binding approx.
   
(alternative DFT)

Graphene's peculiar electronic structureGraphene's peculiar electronic structure



Graphene's peculiar electronic structureGraphene's peculiar electronic structure









Bandstructure and low-energy approximationBandstructure and low-energy approximation

Technically, a zero-bandgap semiconductor.

Graphene's peculiar electronic structureGraphene's peculiar electronic structure



Bandstructure and low-energy approximationBandstructure and low-energy approximation

Dirac point is not accidental,
it's protected by symmetries. 

Time-reversal (broken by a magnetic field)
and inversion symmetry (broken by a potential which distinguishes A from B-type atoms).

See Exercises 2.2 and 2.16

Dirac point

Experiments tell that if there is a gap, 
it's smaller than 0.1 meV
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Bandstructure and low-energy approximationBandstructure and low-energy approximation

Dirac fermions

Graphene's peculiar electronic structureGraphene's peculiar electronic structure



Bandstructure and low-energy approximationBandstructure and low-energy approximation

Dirac fermions

Pauli matrices
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Bandstructure and low-energy approximationBandstructure and low-energy approximation

Dirac fermions
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Bandstructure and low-energy approximationBandstructure and low-energy approximation

Dirac fermions

The state-vector has 
a spinor structure

Graphene's peculiar electronic structureGraphene's peculiar electronic structure



Bandstructure and low-energy approximationBandstructure and low-energy approximation

Dirac fermions

Relativistic-like particles with
ZERO REST MASS but “low” 

speed
vF = 106 m/s ±5%
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Bandstructure and low-energy approximationBandstructure and low-energy approximation

Dirac fermions

“CERN on a Desk”
A. Geim
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Bandstructure and low-energy approximationBandstructure and low-energy approximation

“CERN on a Desk”
A. Geim

Dirac fermions
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Chirality and pseudospinChirality and pseudospin
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ChiralityChirality  and pseudospinand pseudospin

An object that cannot be superimposed on An object that cannot be superimposed on 
its mirror image is called chiralits mirror image is called chiral

chiral chiral 
objectsobjects

non-chiral non-chiral 
objectsobjects

mirrormirror mirrormirror
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Chirality and pseudospinChirality and pseudospin
The low-energy Hamiltonians around each valley are not the same, they are transposed 

(TRS).

Chirality is the 
opposite  on each 

valley

E>0
See Exercise 2.13 (Extras available 

online)
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Klein tunneling Klein tunneling 
(absence of backscattering)(absence of backscattering)

Electrons moving to the right

Electrons moving to the left

T. Ando, J. Phys. Soc. Jpn. 67, 857 (1998)  [nanotubes] 

pseudospin
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Klein tunneling Klein tunneling 
(absence of backscattering)(absence of backscattering)

Scattering backwards would require changing (“flipping”) the pseudospin
→ Absence of backscattering!

T. Ando, J. Phys. Soc. Jpn. 67, 857 (1998)  [nanotubes] 
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All the material from these lectures will be 
here:
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