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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, R 3+ 

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 routes to control 

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

Selective control with LIGHT 



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 



1. Progress in materials 
elaboration technique 

•  Sputtering 
•  Pulsed Laser Deposition 
•  Molecular Beam Epitaxy 



Molecular Beam  
Epitaxy (MBE) 



Oxide 
heterostructures 

by MBE 

Hwang et al. 
Nature Mat 
11 103 (2012) 

Nature 419, 378 (2002)  



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



Focus on one example: Control of MIT in 
Nickelates RNiO3 

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


R.Scherwitzl 
PhD Thesis 
Geneva 2012 
(credit for  
several slides  
below)  



Control by strain 
Resistivity of a thick film 
Can this be controlled by  
changing substrate (strain) ? 

Pressure studies on bulk: encouraging. 
Canfield et al. PRB (1993) 
P= 1, 5.2, 9.0, 10.8, 14.1 kbar 



Geneva, 13/03/2012	
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Growth of RNiO3	
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LaNiO3: 3.84 Å pc	


NdNiO3: 3.81 Å pc	




Compressive strain: 
-  Does not change much resist 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 ?) 
 



We lack complete  
knowledge  
of how strain affects  
the structure… 
Theory (ab-initio) is useful here…  
Improved diffraction/spectroscopy  
on thin samples badly needed…  

O.Peil, M.Ferrero & A.G. PRB 2014 
cf. also May et al PRB 2010 

Tensile à 
Increases tilts 

Compressive à 
Reduces tilts 
Increases in-plane 
rotations 

Strain: 
-  Changes bandwidth 
-  Affects orbital splitting  
-  Disorder complicates  
things… 



Control by gating/electric field 
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 modulation of 1014-1015 cm-2 

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



Some spectacular experiments… 

FQHE in a ZnO/MgZnO 2DEG 
Tsukazaki et al. Nat.Mat. 2010 

Field-induced 
/control of  
super- 
-conductivity 

SC in KTaO2 

Gating of LSCO cuprate (Bozovic et al.) 



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

Field-control 
of MIT  
in NdNiO3  
on LaAlO3 



Towards applications… 

•  Bolometers 
•  `Piezoelectronic’ transistor (PET / IBM) 
•  ``Synaptic’’ devices 
•  Control of MIT by voltage pulses  
à Resistive RAMs 



International Technology  
Roadmap for Semiconductors - 2013 



Future transistors 

This slide (and 2 next): courtesy J-M. Triscone 



Energy densities 

“New Microarchitecture Challenges in the Coming Generations of CMOS Process"
Technologies” – Fred Pollack, Intel Corp. Micro32 conference key note - 1999."
Courtesy Avi Mendelson, Intel."
Viewgraph from http://www-unix.ecs.umass.edu/~mheath/"

 



PET transistor - the future «CMOS» 
technology? 

IBM, D. Newns 

Piezoresistive SmSe:  
Unexpected byproduct of f-electron  
mixed valence basic research ! 

High-yield material 

`Hammer and nail’ effect: piezo converts small voltage to strain  
à piezoresitive element switches and activates the device 

D.Newns et al. (IBM) in e.g. Adv Mat 2012, JAP 2012 estimate GHz operating  
cycle at low (0.1 V) operating voltage    



``Orbital engineering’’ in oxides 



A creative proposal: turning a nickelate  
into a superconducting cuprate-like material by 

strain-engineering ?  
Chaloupka and Khaliullin, PRL 2008 
Hansmann et al., PRL 2010 Today’s alchemy… ? 







Band-structure (LDA): 
Stabilisation of the x2-y2 orbital under tensile strain 
Destabilisation of the 3z2-r2 orbital 



Naively, interactions enhance orbital polarization 

Poteryaev et al. PRB 2008 



Hansmann et al. PRL 2009 
predict a large orbital polarization à 1-band  



Experiments: Sizeable but far from complete 
polarization under tensile strain… 







A full LDA+DMFT calculation (taking into 
account the full set of Ni-d and O-p states) is 

in good agreement with experiments 

See: 
LDA+DMFT: 
Han et al.  
PRL 107, 206804 (2011) 
Peil, Ferrero & AG 
PRB 2014 
Experiments  
@MPI-Stuttgart 
Wu et al. 
PRB 88, 125124 (2013) 
 



Hund’s coupling  
fights orbital polarization  



What’s wrong with the previous 
prediction and what is this 

teaching us about the physics of 
nickelates ? 

Contribution of ligand states is crucial  
Ni is NOT only (perhaps not primarily)  

in Ni3+ d7 state (which would be  
Jahn-Teller active à not observed) 
Holes form on oxygen and d8, d8L2 

configuration become crucial 
cf. Mizokawa, Sawatzky, Khomskii 



Low-T insulating phase:  
two types of Ni-site 

Nature of the insulating phase of 
nickelates RNiO3 

Short-bond 
octahedron 
Long-bond 
octahedron 



Nominal ionic valence d7 of Ni3+ 

does NOT apply 
à Formation of Ligand Holes 

Extreme picture: 

``Bond disproportionation’’ (~ charge ordering) 
as an alternative way (different from Jahn-Teller) 

to lift orbital degeneracy 





This, unfortunately, limits our ability to favor the  
x2-y2 orbital (at the expense of the 3z2-r2 one) under strain 

à “turning a nickelate into a cuprate”  

Nickelate- 
-like FS 

Cuprate - 
-like FS ? 

Experiment: 
Wu et al 
PRB 2013 

Theory: 
Peil et al. 
PRB 2014 



The physics of the MIT in  
nickelates CANNOT be 

understood as  
a Mott transition of a  

¼-filled band ! 
à What is the correct 2-band effective low-energy model ?  



Simplest	  2-‐orbital	  Model	  

Key point: Consider this model in the small or negative  
U-3J regime ! 
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DMFT calculations with realistic electronic structure 
 for LuNiO3 

Orthorombic	  (hi-‐T)	  

Monoclinic	  (low-‐T)	  





Unfortunately, this idea does not fully work (yet)  
for LaNiO3 under  

strain or simple heterostructures  
… mostly because the infamous  

Hund’s coupling fights orbital polarization 
 (and importance of configuration d8 L Sawatzky)  

See: 
LDA+DMFT: 
Han et al.  
PRL 107, 206804 (2011) 
Peil, Ferrero & AG 
PRB 2014 
Experiments  
@MPI-Stuttgart 
Wu et al. 
PRB 88, 125124 (2013) 
 



Still, `tricolor’ heterostructures may work out 


