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Electric field control of magnetism in oxide 

heterostructures 
 

http://oxitronics.wordpress.com  



This is the last lecture of this 2016-2017 cycle  
BUT:  

On Tue June, 13 at 10:00 
We shall have a seminar 

by Olle Eriksson 
University of Uppsala 



One more announcement: 
Lectures on Novel Phenomena at Oxide Interfaces 

by Jacobo Santamaria (Madrid)  
at CNRS-Thales 

June 6, 12, 19, 26 

http://oxitronics.wordpress.com  



SELECTIVE structural control 

Artificial Materials 
- Strained films and  
Heterostructures 

Selective control with LIGHT 



Structure determines Function 

Change of structure in turn changes key electronic energy scales  
- such as: Bandwidth, Energy splitting between orbitals (xtal-field),  
superexchange, etc… 

For example: 



Selective control with resonant light  

Create transient structures which cannot be synthesized at equilibrium !  

Small energy difference ? 



CONTROLLING 
electronic properties of correlated 

quantum materials 
via SELECTIVE CONTROL of 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 



Part of a broader field:  
pump-probe spectroscopies 

From: J.Orenstein, Physics Today, Sep 2012 



From Zhang and Averitt Ann Rev Mat Res 2014  



Incoherent vs. Coherent Control 

(typically  
~ 100 meV 
Range) 

(Typically 1.5 eV) 

Mid-infrared pumps: Optical Parametric Amplification  
+ Difference Frequency Generation cf. A.Cavalleri’s lectures 



Pioneering experiments  
by Andrea Cavalleri et al.  

See lectures at the College de France, Feb 2017: 
https://www.college-de-france.fr/site/antoine-georges/ 
guestlecturer-2016-2017.htm 



An early experiment: Metallization of a Manganite 
by selective excitation of mid-IR structural mode 

Exciting an IR-active phonon  
(up and down shaking of octahedra 71 meV ~ 17 THz) 
in an insulating manganite induces  
an Insulator-to-Metal Transition  

M.	  Rini	  et	  
al.,	  	  
Nature	  449,	  
72	  (2007)	  Change of reflectivity at 800nm 

From other experiments (B-field): signature of metallization 



Metallization also seen  
Directly from  

Time-resolved  
dc-conductivity  
Measurement ! 

Note:  
Optical conductivity increases 
above 0.8 eV as the insulating  
state is formed and the  
gap develops. 



Resonant phenomena  
(with ~70 meV mode) 

Not heating ! 
PCMO is an insulator for all  
values of x 



However… 
Hidden  
metallic phase  
nearby 

Hwang et al. PRB 52, 15046 (1995)  



PUZZLE:  
- Light couples directly only to 

dipolar-active modes 
 

- Distortion is controlled by  
rotations, tilts or JT modes 

 
- Those modes do not carry a 

dipolar moment ! 



From B.Mihailova 
http://www.cryst.ehu.es/html/lekeitio-docs/mihailova-presentation.pdf  



From B.Mihailova 
http://www.cryst.ehu.es/html/lekeitio-docs/mihailova-presentation.pdf  



“Non-Linear Phononics” 
Key qualitative idea: Först et al. Nature Phys 7, 854 (2011) 
Microsopic theory: Subedi, Cavalleri and AG, PRB 89 22031R (2014) 

cf `Ionic Raman Scattering’ 



Energy surface  
for PrMnO3 
as a function of  
Raman mode 
for different  
amplitudes of  
pumped IR mode 



Octahedral rotations ~ 19 meV   

c-axis `shaking’ of octahedra ~ 77 meV   



NL coupling to a symmetry-
preserving Raman mode: cubic 

Note:  has a finite mean-value ! 

Transforms as a scalar 
under point group – see below 



Effective potential seen by Raman 
mode, time-averaged over IR mode: 



The mechanism:  
 

Upon pumping (fast IR mode),  
the effective potential seen by the slow (Raman-active)  

mode has a shifted minimum, corresponding to a change  
of the structure  



Displacement of the Raman phonon  
away from equilibrium position 



-  May explain experimental observation of Rini et al.  
-  However: is the ‘undistortion’ large enough, given fluence ? 

-  Provides a quantitative framework to predict how  
the structure changes upon resonant excitation of the IR mode 

Reducing orthorombic distortion increases bandwidth and  
leads to metallic phase 
(can be quantified by a DMFT+DFT calculation:) 



Reminder: The two effects 
of distortion. 
•  1) Reduction of total t2g bandwidth: 

This is because the O-M-O bond is no longer straight 
à pi-bonding less efficient 

2) Splitting between t2g orbitals (lifting of  
orbital degeneracy) 
(140,200) meV for LaTiO3 ;  
(200,330) meV for YTiO3 

à Both effects are responsible for the Mott insulating nature  
of LaTiO3 and YTiO3 (see below) 



Coupling to a symmetry-
breaking Raman mode:  

Q2Q2 coupling 
à a different universality class ! 
Non-perturbative phenomena 

…yet to be demonstrated experimentally.  
However, raises issues with possible  
excitations of pairs of phonons (k,-k)…  



La2CuO4 



Symmetry analysis 

•  Ag: Identity representation. +Q and –Q not related by 
symmetry à Different energies à Odd powers allowed 

•  B1u or B1g: Breaks the symmetry. Structures with +Q 
and –Q are related by symmetry. Hence have equal 
energies and only even powers are allowed  

(PrMnO3) 

(La2CuO4) 



Q2Q2 coupling, parametric oscillators, 
Kapitza pendulum and all that… 

Very different type of coupling: ~ parametric oscillator 
Frequency softening. Dynamical instability. Mathieu equation 



Softening of the Raman mode, Dynamical threshold  
for displacement (driven parametric oscillator) 

No rectification 

Rectification above  
a threshold Fc  

Softening of frequency 



Dynamical stabilization: the dynamical  
threshold is larger than that corresponding  
to the instability of the static potential 
 
cf. Kapitza’s pendulum 

Softening of frequency 



Take a pendulum and vibrate its pivot point:

P.L.	  Kapitza,	  ”Dynamic	  stability	  of	  a	  pendulum	  with	  an	  oscilla<ng	  point	  of	  suspension,“	  	  
Zh.	  Eksp.	  Teor.	  Fiz.	  21,	  588	  (1951)	  	  

L.D.	  Landau	  and	  E.M.	  Lifschitz	  Mechanics	  (Pergamon,	  Oxford	  1976)	  	  

Driven systems: new energy landscapes

Kapitza Pendulum Normal Pendulum 

Slide: courtesy A.Cavalleri 



Direct experimental probe of  
Non-Linear Phononics  

(Mechanism and Theory) 
Time-resolved X-ray diffraction 

(@ Free-Electron Lasers) 
 

à Direct evidence of displacement of  
Raman modes 

 



Free Electron Lasers
X-ray Lasers 

Slide from A.Cavalleri’s lectures 

Allow for studying how the  
structure evolves in time  



€ 

E1u

M.	  Foerst	  et	  al.	  Solid	  State	  Comm.	  169,	  4	  (2013)	  	  	  

Mid-‐IR	  pump	  (E1u	  mode)	  

(012)	  

(201)	  

Eg

Displacive	  field	  (Eg	  mode)	  

Step	  change	  in	  structure	  factor:	  La	  0.7Sr0.3MnO	  3	  



Revealing the light-induced 
structural changes: 

Non-Linear Phononics of YBCO 
(time-resolved X-ray and theory) 

Roman Mankowsky 
             Alaska Subedi 



Pump 20THz B1u mode: shaking apical oxygens 



 (1,-1,1) 

 (-1,0,4) 

 (0,-1,4) 

Time-resolved measurements of 4 Bragg peaks

 (-1,1,1) 

Slide courtesy A.Cavalleri ;R. Mankowski et al. Nature (2014)	  



A zoo of phonons… 

4 modes couple  
~ strongly 



Fit of experiment to theory:  
1 overall amplitude (and 2 decay constants) 



-  Buckling of planes  
INCREASES 
-  Apical oxygen  
distance DECREASES  
slightly (~pm) 
-  Staggered motion  
of planes:  
intra-bilayer distance  
increases 
Inter bilayer decreases  



From Light-induced MIT… 
… to Light-induced  
Superconductivity 



Light-induced SC in  
CUPRATES 



arXiv:1205.4661 

Report of Light-induced SC in 
YBCO far above Tc ! 



Light-induced SC in Fullerenes 

Nature 530, 461 (2016) 



Photo-‐excitaDon	  

Cooling	  

SuperconducDng-‐like	  light-‐induced	  state	  

6	  

T	  =	  5	  x	  Tc	  

Mitrano	  et	  al.	  Nature,	  530,	  461–464	  (2016)	  

K3C60 



Direct driving: modulating U 

Centrosymmetric molecule, odd mode: A1=B1=0 
à Q2 leads to effective displacement of U-term 



Based on orbital-dependent modulation of U, 
a mechanism for light-enhanced SC  

in fullerenes has been proposed 

Other proposed explanations: 
Millis et al. 
Fabrizio et al.  

arXiv:1702.04675 



Many other effects  
from Non-Linear Phononics… 

•  Ultra-fast switching of polarization in ferroelectrics 
(Theory: A.Subedi, Experiment: R.Mankowsky et al.) 

 

•  Acting on magnetism of Nickelates/STO by 
pumping STO 

•  More: see A.Cavalleri’s lectures 

Courtesy: A.Subedi 



Take-Home Message -  Lecture 6:  
Selective Control of Quantum Materials  

by Resonant Light-Pulses 

•  Insulator-Metal transition 
•  Induced/Enhanced Superconductivity 
•  Non-Linear Phononics 

•  Direct driving à modulation of U or hopping. 



Take-Home message from these lectures: 
New routes to Control and Design of TMOs 

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

Selective control with LIGHT 



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 



This is the last lecture of this 2016-2017 cycle  
BUT:  

On Tue June, 13 at 10:00 
We shall have a seminar 

by Olle Eriksson 
University of Uppsala 



Merci d’avoir assisté à ce cycle 
de cours ! 


