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Why the interest in Complex Oxides?
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Ferroelectric  
(FE)

Ferromagnetic (FM)

à spontaneous and 
switchable 
polarization

à spontaneous and 
switchable 
magnetization

à spontaneous and 
switchable 
deformation

Ferroelastric

The richness of properties 

arises from strongly correlation between…..

Nature Reviews Materials 1, 16046 (2016)

e-e interaction

e-l  interaction

Defect chemistry

Interplay between:

• Charge

• Spin and 

• Orbital degree of freedom 
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Multi-Stimuli

Strain

Magnetic

Light

Electric

Chemical

Applied Catalysis B: 
Environmental, 2018

Advanced Materials, 2018
Nature Physics, 2018

Advanced Materials., 2019

Physical Review Applied, 2018
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Interfaces or confined systems?
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Sample preparation

Thin Solid Films 519 6330 (2011) ; 

Appl Phys A 105, 697 (2011) .
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BaTiO3

SrRuO3

SrRuO3

Control and identification of point defects are challenges.
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Oxide electronic Memory devices Thermoelectricity

• New functionality
• Completely new parameters

ReRAM devices: memristors
Non-Volotiel

Neuromorphic
computing
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Solid-state

Batteries

Piezoelectricity

And electrostriction

oxide

Conductive 
transparent 

oxide 
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µ-SOFC Catalyst 3D Printing

Done!

c)

a) b)

d)

e) f)
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Oxide electronic
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Nano-Science Center

Often, it may be said that the interface is

the device.

Kroemer H (Nobel Lecture) Review of Modern Physics 73, 783-793 (2001).

Editorial Nature Materials 11, 91 (2012)
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Ohtomo A et al. Nature 427, 423 (2004)

○
Magnetism

○ Superconductivity

○ Electron pairing without superconductivity

○
Resistance switching

○ Two-dimensional hole gas at oxide interfaces

Reyren N et al. Science 317, 1196 (2007)

G. Cheng et al. Nature 521, 196 (2015)

Brinkman A et al. 

Nature Materials 6, 

493 (2007)

Thiel S et al. Science 313, 1942 (2006)

The LaAlO3/SrTiO3 heterostructure

○ Electron gas

CB Eom et al. Nature Materials17, 231–236 (2018)
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High mobility

Electron mobility in γ-Al2O3/SrTiO3, Phys. Rev. 
Applied 9, 054004 (2018)

Fast electronics Quantum effects

e– V–V+

Physical Review letter, 117 (2016) 



DTU Energy13 August 2019

Universality of electron mobility in LaAlO3/SrTiO3 and bulk SrTiO3, Appl. Phys. Lett. 111, 092106 (2017)

Electron mobility in oxide heterostructures, Journal of Physics D: Applied Physics, Topical Review (2018) 

Confined systems and bulk STO
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Different strategies to control the mobility

Submitted under review
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Nano Letters 11, 
3774 (2011)

Nano Letters 15, 
1849 (2015)

Nature Materials 14, 
801 (2015)

Nature Communications 
4:1371 (2013)
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LaAlO3

SrTiO3

How to make interfaces
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γ-Al2O3
(A = B = Al and 
2⅔ Al vacancies 

pr. unit cell)

SrTiO3

Lego block

Duplo block

How to make interfaces

(lattice mismatch 1.2% for GAO/STO).
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Highest electron mobility at oxide interfaces 2DEGs !

γ-Al2O3/SrTiO3

Nature Communications, 4:1371, (2013)

For GAO/STO :

μHall =140,000 cm2/Vs                               
μSDH =7200 cm2/Vs

For LAO/STO 

μHall =7000 cm2/Vs ,                    

μSDH <300 cm2/Vs
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• Advanced Electronic Materials, 1700026 (2017).

• ACS Appl. Mat. Interfaces 9, 1086-1092 (2017).

Understanding the conductivity

Nano Letters 11, 3774 (2011)



DTU Energy13 August 2019

When ‘nothing’ is tuned

Carrier density control by annealing

Advanced Electronic Materials, 1700026 (2017).
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When ‘nothing’ is tuned: Resistive switching

Appl. Phys. Lett. 106, 021602 (2016)
Nature Communications 5, 5554 (2014)
Scientific Reports, 6, 22418 (2016)

• Vg=0     Photocurrent

• Light ->    RS ability

• Dark -> Non-volatile

• Light -> Volatile
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Giant Tunability of the Two-Dimensional Electron Gas at the Interface of -Al2O3/SrTiO3, 
Nano Letter (2017)

Ionic Liquid Gatting
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Emergence of magnetism

𝑅#$ = 𝑅#$&'( + 𝑅#$*'(

e–

Strain-tunable magnetism γ-Al2O3/SrTiO3, Nature Physics 2018
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Emergence of magnetism
Scanning Superconducting Quantum Interference Device (Scanning-SQUID)
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Emergence of magnetism

Strain-tunable magnetism γ-Al2O3/SrTiO3, Nature Physics 2018



DTU Energy13 August 2019

Emergence of magnetism
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Memristors
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Motivation: The computer challenges

ü Computer wins the chess 
world championship

ü Computer generate 
new Jokes which 
people find really 
funny

ü Computer invented 
new proof of 
mathematical 
theorems

ü Computer wins final of 
US Quiz show Jeopardy

1997

2011
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The main difference is the energy 
efficiency!

Watson:

2880 processors

~100.000 kg.

2.300.000 Watt

Human Brain:

100 bill Neurons

~5 kg

~25 Watt
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Top wire

Bottom wire

Switching a few nm (thickness) but still going to change

Its resistance by at least factor of 1000!  

How can we make such a switching unit?
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Pt

Pt

TiO2 Stoichiometric, Insulating 

TiO2-x Oxygen deficient, Conductor 

So here is the idea!
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How does it work?

TiO2-x

TiO2
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+V / -V

RTiO2RTiO2-x

The resistance is controlled 
by how much Ti02 is left

How does it work?
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This is the physical picture of the 
memristors!
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Memristor

memory Resistor+

Symbol:

Unit: Ohm (Ω)

Memristor from HP lab
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Memoristor 1971

v = Ri q =Cv

ϕ = Li

v

i q

ϕ

Memoristor

ϕ =Mq
Leon Chua 1971
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A passive two-terminal circuit elements that maintains a 
functional relationship between the time integrals of 
current and voltage.

Memristor: Information storage device.
ReRAM (Resistive Random Access Memory)

Non-volatile memory technology, based on the metal-oxide–metal structure
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Advantages

oLow Energy consumption

oGreat Resilience and Reliability

oScalability

oMultiple states

oLogic
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Elpida Memory Inc.
ReRam [nonvolatile resistance memory, a DRAM/flash memory]

IBM - SyNAPSE

HP - Hynix
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Panasonic
Sumsung

Fujitsu Semiconductor
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3D XPoint
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Nano Ionic Conducting Engineered materials 

for information application (NICE)
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THANK YOU FOR YOUR 
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