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Today’s lecture is a broad,  
non-technical overview 

Disclaimer: This is a very broad field which has undergone  
fast development in the last ~ 15 years.  

A quick search reveals several ~1000 published articles 
This set of lectures is merely a glimpse into  

some aspects of the field. 



OXIDES: 
Old  
and  
New Rust: oxyde/hydroxide.  

(wikipedia) 

La2-xSrxCuO4 

Hétérostructure LaTiO3/SrTiO3 
« Artificial materials »  

Molecular Beam 
Epitaxy (MBE)   

allows for  
synthesis one atomic  

layer at a time 



Transition Metals 

à 3d transition metals 
à 4d transition metals 

à 5d transition metals 

Rare Earths 
Actinides 



Oxides (especially those with strong electron 

correlations/partially filled shells)  
do “BIG THINGS” 

•  Because of the strong interdependence 
of electrons, collective phenomena take 
place 

•  Such as: metal-insulator transitions, 
magnetism, superconductivity, etc. 

•  à Interesting functionalities 
•  à Fundamental questions in physics 

and chemistry 



Metal-Insulator Transitions 



Paramagnetic 
insulator 

Paramagnetic 
metal 

Antiferromagnetic 
    insulator 

Metal-Insulator  
Transitions: 
V2O3 : a time-honored 
example displaying a 
rich variety of 
phenomena 

Cf. Quasi 2D  
Organic Conductors 



Rare-Earth Nickelates RNiO3 : Tunable MIT 

R.Sherwitzl, PhD thesis, Geneva 2012 Adapted from Catalan, Phase Transitions, (2008)

Early work: Demazeau et al. (Bordeaux, Hagenmuller’s group 1971) Lacorre,  Torrance et al. 1992 (IBM San Jose & Le Mans)

Tolerance factor: 
smaller t 
= Larger distortion 



Magnetism, Charge Ordering 
and “Colossal” 

Magnetoresistance: 
Manganites 



Manganites – Multiple Electronic Phases 
and ``Colossal Magnetoresistance’’ 

La(1-x)SrxMnO3 



Ferroelectricity 



Ferroelectricity + 
Magnetism: 
Multiferroics 

N.Spaldin, Science, 2005 



Slide – courtesy Sylvie Hebert 
(CRISMAT – Caen) - 2012 

Thermoelectric performance of some oxides 



 
“High-Temperature” 
Superconductivity : 

Cuprates 
 



Copper-oxide « High-Tc »  
Superconductors 

Liquid Helium 
(4 K) 

K.A. Müller 
J.G. Bednorz 

RFeAsO  
(2008) 

Liquid Nitrogen  
(77 K) 



Copper-oxide superconductors:  
 Rich phase diagram with mysterious 

electronic phases 

Mott Insulator Hole injection Electron injection 
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Superconducting state 

Magnetic 
State (AF) 

« Strange » Metal 
(not a conventional Fermi 
liquid) 

CDW 



These phase diagrams tell us that: 

•  Many possible phases compete 
•  Presumably: small energy differences 

between them 
•  Both a blessing and a challenge for 

CONTROL ! 
•  Control parameters in the bulk: Chemical 

composition (with or without injecting charge 
carriers/changing valence of metal ion/Doping), 
Pressure, etc. 



Can we `teach’ correlated quantum 
materials to do what we want them to: 
 SELECTIVE CONTROL of structure 

(and electronic structure) ? 

“Frontiers in Quantum Materials Control” 
ERC-Synergy project QMAC 
A.Cavalleri, A.G., D.Jaksch, J.M. Triscone 

http://www.mpsd.mpg.de/48916/Q-MAC-start 



Bandwidth Pressure 
Size of rare-earth 
Distortion 
Tolerance factor 
3d,4d,5d metal 

Strained thin films and 
heterostructures 
 
Light/non-linear phononics  

Crystal field,  
Orbital degeneracy 

Size of rare-earth 
Distortion 
Tolerance factor 

- Same - 

Filling of shell Chemistry Ionic liquids 
Gating 

Doping Sr,Ca2+ à La, RE3+ 

Interaction strength 3d,4d,5d metal Tunable dielectric gating ? 
Light ? 

Charge-Transfer Change apical 
oxygen distance 
Change ligand:  
Oà S, Se… 

Light ? 

CONTROL: Traditional and Novel routes 



Two new routes to control 

Artificial Materials: 
Strained films and  
Heterostructures  
“Oxytronics/Mottronics’’ 

Selective control with LIGHT 



Thin Films and Heterostructures : 
Materials Elaboration Techniques 

•  Sputtering (`Pulvérisation cathodique’) 
•  Pulsed Laser Deposition 
•  Molecular Beam Epitaxy 



Sputtering (Pulvérisation cathodique) 
Image: Pessoa et al. 

à Better control of stoichiometry by off-axis geometry  

Material of interest,  
in ceramic form 



Pulsed Laser Deposition (PLD) 

http://groups.ist.utl.pt/rschwarz/rschwarzgroup_files/PLD_files/PLD.htm 



PLD in action  
(wikipedia) 

Plasma plume 

Rotating white disk : Al2O3 

Orange: SrTiO3 substrate 
(sample) 

Red: heating plate (650 C) 



Molecular Beam  
Epitaxy (MBE) 
(Invented@ Bell Labs, 1960’s) 



Oxide MBE growth chamber  
@Jochen Mannart’s group – Max Planck Stuttgart (MPI-FKF) 



Comparing growth techniques 
Sputtering:  
+ Easy to implement, flexible 
-  No in-situ structural/morphology control 
PLD (also MBE):  
Fast, in-situ RHEED* monitoring possible 
(*) Reflection High-Energy Electron Diffraction  

MBE: 
+ More flexibility in the materials design (atom 
by atom, layer by layer): does not require a 
ceramic sample of the material. 

Discussion with Jean-Marc Triscone gratefully acknowledged 



D.G. Schlom et al. (2001)A.K. Gutakovskii et al. (1995)

Quality currently comparable to usual semiconductors 

For a review (and many nice pictures) see e.g. Boschker  
and Mannhart, Annu. Rev. Cond. Mat Phys. 2017 



One of the  
pioneering  
early works 

Nature 419, 378 (2002)  

STEM image  
of a monolayer  
LaTiO3  
embedded in  
SrTiO3  
(1-5 superlattice) 
PLD grown. 
 
Hwang et al. 
Nature Mat 
11 103 (2012) 

STEM signal (Scanning Transmission Electron 
Microscope) depends on atom charge Z  
à cf. seminar May 2 



`Epitaxy’ 
•  `επι’ = ‘above’ 
•  ταξιζ = ‘an ordered manner’ 



Experimental Probes 

•  Many of the usual experimental probes in the 
bulk can be used for thin-films and 
heterostructures 

•  e.g. transport, optics, etc… 
•  But not all !  
•  Probes that require large amount of matter are a 

problem: e.g. neutrons. However: neutron 
reflectometry is sometimes possible 

•  For buried interfaces, direct access is also an 
issue.  



Surface-sensitive probes 
are at home here…  

•  e.g. (Angular– Resolved) Photoemission 
Spectroscopy – ARPES 

•  Can be combined with in-situ MBE growth 
•  à cf. seminars by A.Santander-Syro, D.Schlom 

Damascelli, 
Physica Scripta 
2004 



SrVO3 is metallic  
in the bulk 
These data  
reveal a critical thickness  
below which  
films are insulating 



High-resolution probes using 
synchrotron radiation can probe local 

structure and electronic structure 

•  X-ray absorption spectroscopy XAS  
(possibly with polarized light à sensitivity 
to orbital occupancies) 

•  Resonant Inelastic X-ray Scattering (RIXS) 
•  à The basic principles of these probes will be 

briefly explained when results are displayed later 
in the lectures (e.g lectures 3-4 on Nickelates) 



http://www.esrf.eu/home/UsersAndScience/Experiments/
EMD/ID32/RIXS.html 
Including a movie on how the spectrometer works… 

RIXS-ID32 spectrometer @ ESRF Resolution few tens  
of meV ! 



Scanning Transmission Electron Microscopy 
(STEM) and related techniques (EELS) 

à See seminar on May 2nd (O.Stephan, A.Gloter) 

•  Scattering amplitude depends strongly on 
atomic number Z à identify atomic 
species locally 

•  In the best cases, these techniques also 
allow to obtain refined structural 
information such as local tilts and rotations 
of MO6 octahedra (which as we shall see 
crucially influence electronic properties) 



Liao et al. Nature Mat. 15 (2016) 425   

NGO=NdGaO3 STO=SrTiO3 LSMO=La2/3Sr1/3MnO3 

Local geometry modified from the bulk for a few u.c. 



I. Controlling a functionality 
(already existing or not in the bulk) 



STRAIN-CONTROL 
in Thin-Films  

and Heterostructures 

à See lectures 3-4-5 (Nickelates, Ruthenates)  
and seminar by Darrell Schlom, May 23 
(e.g. Ruthenates) 
See also seminar last year June 10, 2016 by Charles Ahn 



Sensitivity to pressure in bulk  
à Strain in thin-films/

Heterostructures 
e.g. Nickelates: 



Canfield et al.  
PRB 1993 
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LaNiO3: 3.84 Å pc

NdNiO3: 3.81 Å pc

Strain-Control by growth on different substrates: RNiO3

R.Scherwitzl PhD thesis@Geneva 



Compressive strain: 
-  Does not change much resistivity in metallic state (~ 50%) 
-  Efficiently shifts MIT to lower T, even complete suppression: à NNO ~ LAO 
Tensile strain: 
- Increases resist in metallic phae 
- Smaller shift of MIT to higher T (except KTO: disorder ?) 
 R.Scherwitzl PhD thesis@Geneva 



Multiferroicity 
induced by  
tensile strain 
in EuTiO3 
(Lee et al, Nature  466, (2010) 
454) 
à D.Schlom seminar May 23 ? 



Control of carrier density  
by gating,  

electric field,   
 ionic liquids 

à Seminars by Marcelo Rozenberg May,9  
and Manuel Bibes, May 30  



See for reviews: 
-  A.M.Goldman Annu Rev Mat Res 44:45-63 (2014) 
-  C.Ahn Rev Mod Phys 78, 1185 (2006)  

Basic principle of a FET 

Ionic Liquids 



From conventional FETs to ionic liquids 

&  K. Ueno et al., Nature 

Materials, (2008)

&  J.T. Ye et al., Nature 

Materials, (2009)

&  Y. Yamada et al., 

Science, (2011)

&  K. Ueno et al., Nat. 

Nano., (2011)

Carrier densities of 1014-1015 cm-2 

can be achieved ! (~ 3 orders of mag.  
larger than with SiO2 gating) 



R.Scherwitzl et al. 
Adv. Mat. 22, 5517 (2010)  

Field-control 
of MIT  
in NdNiO3  
on LaAlO3 



Ahn, Triscone and Mannhart  
 Nature 424, 1015 (2003) 

Ahn et al. Rev Mod Phys 78, 1185 (2006) 



Turning an 
insulator into 

a  Super 
-conductor 
by gating 

Nature 472, 458 (2011) 



Inducing SC by ionic-liquid gating ! 





Superconductivity at 100K in monolayer FeSe ! 



To my knowledge,  
still no definitive  
explanation of  
this remarkable  
observation of  
superconductivity 
at such hi-Tc in   
monolayer FeSe ! 



II. Engineering a new 
functionality by combining two 

(or more) materials  



Creating a Metal out of two 
Insulators… 

LaTiO3 Mott insulator Ti3+ 3d1  
/ SrTiO3 band insulator Ti4+ 3d0 

Nature 419, 378 (2002)  

Hétérostructure LaTiO3/SrTiO3 



1-layer (LTO)1(STO)10 - EELS 
Only ~ 30% of Ti in Ti3+  
configuration 

It takes about 5 layers  
to reach 100% of Ti in Ti3+  
configuration, as in bulk 

Very rapid variation over distance from interface:  
exponential with characteristic length ~ 1nm 



(STO)m (LTO)n  
samples are  
metallic, as is 
LaxSr1-xTiO3  
in bulk 

Carrier density  
from Hall effect 





III. Creating 2D Electron Gases 
and Electron Liquids  

at oxide interfaces 
with interesting properties 

 

  `Often, it may be said that  
the interface is the device’  

   H.Kroemer  Nobel’s lecture 



The Polar `Catastrophe’  
(actually: Polar Blessing !) 

Example of a POLAR interface: LaAlO3/SrTiO3 [LAO/STO] 

- Along e.g. the (pseudocubic) 001 direction, an ABO3 oxide  
is made of alternating planes of AO and BO2  
 
- For STO: Sr2+O2- and Ti 4+[O2]4-  : NEUTRAL 
 

-  For LAO:  La3+O2- and Al3+[O2]4-  :   
                                          ALTERNATING 1+/1- CHARGES 

Once the two materials are put in contact, an issue arises:  
what will happen due to this charge mismatch ? 



LAO with an (unreconstructed) boundary: 

Poisson equation (very naïve, in reality:  
screening, Thomas-Fermi etc.):  

Each LaO layer can be viewed  
as giving one unit of charge  
to each AlO2 layer 

DIVERGING V(x) ! 



This `polar catastrophe’ can be resolved by shifting the  
charge distribution to create a 2D charged layer at the  
interface, with ½ e par unit cell: 

NB: Something must happen at the top layer, not discussed here  
(such as structural reconstruction or another 2DEG) 

LaO/TiO2 interface 
à METALLIC 2DEG 
e/2 per plaquette  
corresponds to a maximum  
density of about 3.1014 cm-2   



The AlO2/SrO interface would naively also lead to a 2DEG  
with this time max ½ hole per unit cell corresponding to  
oxygen vacancies. However insulating behavior is found  
(carriers not mobile, reconstruction ?)  



Discovery of Superconductivity  
at the LAO/STO interface ! 

Reyren et al. Science 317 (2007) 1196  



2014 Europhysics Condensed Matter prize 
to Harold Hwang, Jochen Mannhart, Jean-Marc Triscone 
`For the discovery and investigation of electron liquids at 

oxide interfaces’ 



Fractional Quantum Hall Effect in an Oxide 2DEG ! 



Much larger values of rs than  
in conventional semiconductors,  
while keeping transport lifetime 
large enough  
(mobilities up to  
1.8 105 cm2V-1s -1) 

Fig from  
Review article 
Hwang et al. 
Nat. Mat. 11  
(2012) 103 



Towards applications… 

•  Sensitivity to external parameters: 
•  à Bolometers 
•  à Sensors 
•  Controllable metal-insulator transition: 
•  `Piezoelectronic’ transistor (PET / IBM) 
•  Resistive Memories (R-RAMs) 
•  ``Synaptic’’ devices 
•  Tunable gap etc.: PV cells (e.g. LaVO3) 



à Quantum Materials Alchemy ? 

Many similar cartoons in recent  
review articles 



MERCI POUR VOTRE ATTENTION ! 
 

PROCHAIN COURS:  
 

MARDI 2 MAI 10H00 


