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What I won’t talk about

 Ion – induced properties:
Electrochemical properties / Ionic conduction
Catalysis
Thermoelectrics / Magnetocalorics
Photo-induced properties

 Proper introduction to the fundamentals of the properties
 Proper introduction to materials: crystalline structure, critical

temperatures, …



 Normal insulators: topologically classified the same 
as vacuum

 Other insulators have a different topology, called 
topological insulators

 Quite a number of materials predicted now
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Topological Insulators

Summer school 2025

k  Bloch hamiltonian H(k), topologically classified
with equivalence classes.
If k is transported around a closed loop, the associated 
Bloch state /um(k)> acquires a well defined Berry phase 
 Berry flux defines the Chern number, which is 
invariant for band degeneracies etc. 

Hall conductivity of electrons in a 2D system

N: # Landau levels

Thouless, Kohmoto, Nightingale and den Nijs (TKKN):
N can be replaced by the Chern number nn = 0

n = 1



 The conduction band and valence band touch each other 
at two distinct points in the Brillouin zone (K and K’) due 
to Graphene’s rotational symmetry

 Linear dispersion of massless relativistic particles 
described by the Dirac equation (“Dirac cones”, “Dirac 
semi-metal”)

 System keeping its inversion and time-reversal symmetry

Yotsarayuth Seekaew et al, in 
Carbon-Based Nanofillers and 
Their Rubber Nanocomposites, 
Elsevier, 2019, Pages 259-283,

 Generally: At interfaces of integer
Quantum Hall states and vacuum (or 
other insulators with n= 0)

 Lifting time-reversal symmetry
(magnetic field): Quantum Hall state

 Insensitive to disorder because there 
are no states available for 
backscattering (perfectly quantized 
electronic transport)

Graphene

General Graphene
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 edge-states related to half a Dirac fermion: 
Majorana fermion (quasiparticle being its own
antiparticle)

 Majorana zero modes must always come in pairs: 
non-locally stored quantum state

Interesting features of 2D systems
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topological superconductors Spin currents

 Spin currents are also protected topologically: no 
spin-decoherence by backscattering due to 
disorder

 Up- and down Hall currents in opposite directions: 
no net Hall conductivity, but quantized spin Hall 
conductivity



Materials
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Bi2Se3: Chemical gating to 
push chemical potential
to the node

HgTe/CdTe QW: 
quantized conductance 
due to edge states

Bi2Sb3: spin-ARPES to 
measure the Berry phase

Oxides (typically spin-orbit
coupling): 
• Bi-based double perovskites
• BaBiO3
• Oxide heterostructures and 

superlattices (SrVO3/SrTiO3)
• …
Intermetallics: 
• Half-Heusler alloys
• …

Epitaxial thin films! 



Topological magneto- electric effect: magnetic-
dipole moment associated with an electric field 
with a quantized magnetoelectric polarizability

A separated pair of Majorana bound states: a degenerate 
two-level system stored non-locally and with a topological 
protection of the quantum information 

 Induce a gap in the edge or surface states!
 Breaking time-reversal symmetry with an external 

magnetic field or proximity to a magnetic material
 Breaking gauge symmetry due to proximity to a 

superconductor or by an excitonic instability of two 
coupled surfaces 

Interesting properties of topological insulators

Chiral fermion modes: half integer
quantized Hall conductivity
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Valleytronics

 Transition Metal Dichalogenides (MoS2, …): 
2D system without inversion symmetry, but 
with time-reversal symmetry: individually
adressable valleys in momentum space

 Selective population of one momentum 
distinguishable valley versus another: valley 
polarization



Control of the valley population
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 Finite orbital magnetic moment: circular
dichroism for the optical control

 Contrasting magnetic moments of the 
valleys: magnetic field control

 Non-zero Berry curvature: Valley Hall 
effect under an in-plane electric field



Quantum computing
 Possibility of a simple planar architecture with high 

valley qubit density
 Spin –orbit coupling: energy separation between 

spin states, valley index: momentum seperation
between K and K’

 Spin protection of valley or valley protection of spin 
may provide a more favorable gate to coherence 
time ratio than unprotected qubit candidates.

 Optical reading

Possible applications
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Integrated Optoelectronics
 Generation of polarized photons and the remote detection

for cryptographic protocols: need for integrated
optoelectronics

 Secure quantum channels between everyday personal 
devices

 In TMCD, generation of circularly polarized light and its 
detection



Superconductivity

Cooper Pairs

High Tc  superconductors: 
the cuprates

Thin film stabilized
nickelates (Nd,Sr)NiO3

Ulrike Lüders: Remarkable properties not only of oxides Summer school 2025



Filling: solid solutions

Strongly correlated oxides
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M. Imada et al, 
Rev. Mod. Phys 70, 1039 (1998)

Hubbard model

metal

Mott Insulator

Crystalline structure: RNiO3
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2D correlated conductor
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Geometrically
confined doping:
2D character?

LaVO3(18ML)/SrVO3(3ML)
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Transparent conducting oxides by correlations

metals
ωpωp

Charge density

Effective mass

 Decrease of the charge density
(Doped semiconductors)
Charge density ≈ 1019 cm-3

effective mass m* ≈ 1

J.-J. Lin et al, J. Phys. Cond. Mat 2014

 Enhancement of the effective mass m*
(Strongly correlated metals)

Charge density ≈ 1022 cm-3

Effective mass m* ≈ 4

Co
nd

uc
tiv

ity
(S

cm
-1

)

Plasma frequency (eV)
(Zhang et al, Nat. Mat. 2016)

- SrVO3, SrMoO3, 
SrNbO3

- CaVO3
- p-type 

(La,Sr)CrO3



Serious Information:
Magnetism

 Ferromagnetic metals (Ni, Co, Fe, + alloys, …)
 Ferromagnetic oxides (Fe3O4, (La,Sr)MnO3, …)
 Antiferromagnetic oxides + funny spin structures
 Antiferromagnetic metals (Cr, IrMn, …)

Dipole interactions: 
ferromagnetic
alignement 

Pauli exclusion principle: 
antiferromagnetic alignment
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Hartree-Fock Ab-initio, DFT with
electron-electron
interactions

Exactly solvable for some
few special cases,
Slave-boson approach,
Numerical solutions

Hubbard



Rule 1  Works also without the 
bridging anion

 Strong interaction
 Most oxide

antiferromagnetics

Luigi Paolasini
paolasini@esrf.fr

Special cases: superexchange
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 Even weaker interaction
 1D or 2D structures

Rule 3
Rule 2

 Rather weak interaction
 Both antiferromagnetic

and ferromagnetic
 Spin ladder, zig-zag, …



Mn3+ (in octahedral site) Mn4+ (in octahedral site)  Strong ferroelectric ordering with
high ordering temperatures (Fe3O4
and other ferrites, (La,Sr)MnO3)

 Relation with transport: higher
scattering if spins are disordered –
magnetoresistive effects

 Low temperature bolometers
 Low noise, high sensitivity

magnetic sensors

Special cases: double exchange

O2-

Ulrike Lüders: Remarkable properties not only of oxides Summer school 2025



II-IV semiconductors doped with Mn: CdSe, HgTe

Special cases: Diluted Magnetic Semiconductors
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III-V semiconductors doped with Mn: InMnAs, GaMnAs

Zener s-d exchange



 Spin-orbit coupling in a material with antiferromagnetic
tendencies: spin canting through DM interaction (asymmetric
exchange)

Skyrmions: topologically protected, moveable spin structures

Inverse DM interaction: 
cycloidal spin orders
lead to a electric
polarisation, with a 
strong coupling to the 
magnetism

Special cases: Dzyaloshinskii-Moriya interaction
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 Possibility to couple magnetization and polarisation
 Control polarisation by a magnetic field and 

magnetization by an electric field
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Multiferroics

Type 1: ferroelectrics which
happen to have a magnetic order

Type 2: one order is induced by the other one



Ferroelectrics

BaTiO3

BiFeO3: lone-pair mediated

HfO2: epitaxial stabilisation 
of metastable phases
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Antiferroelectrics
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HfO2: antiferromagnetic phase



 A highly mobile 2D electron gas can be
creatred at the interface between two
band insulators

 Comparable effects for oxygen-deficient
SrTiO3

 Many interesting effects: record 
mobility values for oxides, tuneable
superconductors, magnetic puddles

n-type SrTiO3
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p-type conduction
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 Flat oxygen bands: use heavy transition 
metals to use charge transfer insulators

 Self compensations with oxygen
vacancies

 Rather low mobilities in p-type oxides

Charge transfer
insulators:
Cu2O



Conclusions

Ulrike Lüders: Remarkable properties not only of oxides Summer school 2025

 It is all about interactions

Questions?
ulrike.luders@ensicaen.fr

 Order is a fundamental ingredient

 There is a universe out there. Have fun!
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