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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 



Two routes to structural control 

Artificial Materials: 
Strained films and  
Heterostructures; “Oxytronics’’ 

Selective control with LIGHT 

Many talks at this conference 



Structure determines Function 

Aim: control key electronic energy scales such as:   
1)  Bandwidth 2) energy splitting between orbitals  
3) Superexchange, etc… 



Selective control with resonant light  

Create transient structures which cannot be synthesized at equilibrium !  

Small energy difference ? 



Incoherent vs. Coherent Control 

Pioneering experiments by Andrea Cavalleri et al. 

(typically  
~ 100 meV 
Range) 



From Zhang and Averitt Ann Rev Mat Res 2014  



Pioneering 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 ! 

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 



PUZZLE:  
- Light couples directly only to 

dipolar-active modes 
 

- Distortions most relevant to  
electronic structure correspond to 

rotations, tilts, or JT modes 
 

- Those modes do not carry a 
dipolar moment ! 



“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 ! 



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 



-  Explains experimental observation of Rini et al.  
-  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:) 



Time-resolved X-ray diffraction 
(@ Free-Electron Lasers) 

Direct evidence of displacement of  
Raman modes 

 
see later in the talk, for YBCO 
(also Foerst et al. on LSMO, submitted) 



Coupling to a symmetry-
breaking Raman mode:  

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

…yet to be demonstrated experimentally  





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

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



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



Dynamical stabilisation: the dynamical  
threshold is larger than that corresponding  
to the instability of the static potential 
Cf. Kapitsa’s pendulum 



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





arXiv:1205.4661 

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



Pump 20THz B1u mode: shaking apical oxygens 



Below Tc: Enhancement of superconductivity

W. Hu. S. Kaiser, D. Nicoletti, C.S. Hunt  et al. Nature Materials 13, 705 (2014)
S. Kaiser, D. Nicoletti, C. Hunt et al., Phys. Rev. B 89, 184516 (2014)

Grey lines: 
equilibrium 
Colour: 
pumped state 
@10K 
Courtesy  
A.Cavalleri 



Above Tc increase in σ2 : same as by cooling   

Photo-excitation 

Cooling below Tc 

S. Kaiser, D. Nicoletti, C. Hunt et al., Phys. Rev. B 89, 184516 (2014)
W. Hu. S. Kaiser, D. Nicoletti, C.S. Hunt  et al. Nature Materials (2014)



Diagnostics: Josephson Plasma Resonance 



Above Tc : YBCO6.45 1 ps after excitation 

100K 200K 300K 

Dotted grey : increase of sigma2 when cooling below Tc at equilibrium 



Revealing the light-induced 
structural changes: 

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

Roman Mankowsky 
             Alaska Subedi 



 (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  



Possible mechanisms  
from observed/calculated 

transient structural changes  
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1) Staggered motion of the planes

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

2) Changes of in-plane electronic structure:
(caution: from LDA) O-deficient chain band 
moves lower in energy

Slide by courtesy of A.Cavalleri 



LDA calculations show more x2-y2

b

Slide by courtesy of A.Cavalleri 
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Empty Chain Cu 
gains electron

In-plane Cu dx2-y2 
looses electrone-

Charge transfer from the planes to the chains

See	  also	  UBC	  EELS	  Nature	  Communica5ons	   Slide by courtesy of A.Cavalleri 



3) Charge order is melted (YBCO6.6)
Foerst et al. PRB 90 184514 (2014) 

Slide by courtesy of A.Cavalleri 



Other possible explanations… 

•  New driven (Floquet) state by direct 
coupling of the pumped mode to electronic 
structure  

•  Effective cooling of phase fluctuations 
•  Other …? 



Take-Home Message:  
Selective Control of Quantum Materials  

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

Transient structure of driven YBCO: 
Mankowsky et al. Nature 516, 71 (2014) 


