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l    Historic Introduction   
l    The Field Effect  (Disorder) … 
l    Interface Superconductivity  
      &   New  Superconductors 

 
Dedicated to the memory of Zlatko Tesanovic and Sasha Aleksandrov 



      Cuprates Electronic Phase Diagram: 



UNDERSTAND  =  Superconductivity  Textbook  



    Helmuth Berger @ EPFL:  

     Growth of Single Crystals  

            >30’000 samples’ !!! 

  EPFL  Center for Research on Advanced Electronic Matter (CREAM) 



I. Vobornik et. A (1999)l 

21.5 eV data	

33 eV data	

21.5 eV and 33 eV data	


ARPES on Bi-2212 Crystals 





Disorder, doping, strains & high Tc 

Disorder in Bi2Sr2CaCu2O8+x  SC-state: 
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Defect-induced loss of coherence 
 

    I. Vobornik et al.,  
    PRL 82, 3128 (1999) 





       Verify the bulk properties as discussed by Alloul et al.! 



Critical temperature of superconductors  <1986 

Tc < 30 K 

  Conventional Superconductors 
Barisic-Labbé-Friedel theory of superconductivity (1967) 



Hg-2223 cuprate 

2000 

     Pnictides 



Ø How to understand and control the 
remarkable emergent properties of 
correlated quantum matter? 

Two key words: 
     Emergence and Control           

    Yu Lu 
 

         Hangzhou  Workshop on Quantum Matter  
 



 
Ivan Bozovic & Davor Pavuna 

Control 
 

Correlated Oxide Materials: 
 

Physics & Nano-Engineering 
I – VI  

(SPIE,USA) 



     2. ARPES on In-Situ Grown FILMS: 
       	
 	
	

 	
 	
 	
	

	

                 Physics  <-> HeteroEpitaxy 	

	

	

               Control E(k) …  (LATTICE) STRAINS	

	


	
	

 
 
 
 
 

               Control  ‘building blocks’ + Functionality 
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    In-Situ ARPES  on  UNCLEAVED Films 

 PLD Cuprates HeteroEpitaxy    DARPES on As-made    
UNCLEAVED  thin  films  

Top Surface is Crucial             &         INTERFACE  Rules ! 



    DARPES  on As-Grown Film Surfaces 

 Grioni’s ARPES   Laser ablation 

PLD	  

DARPES	  

LEED	  

Connec.on	  
Pavuna et al. J. Phys. (GB) 108, 012040 (2008)  



         NOT Cleaved 



In-Situ  ARPES @ Synchrotron  
in Wisconsin  

20 DARPES on Thin Oxide Films 



La2-xSrxCuO4 Films Under Strains 

In-plane compressive strain 
(SrLaAlO4) 

In-plane tensile strain 
(SrLaGaO4, SrTiO3) 

Relaxed 



Compressive 



      PRL, 2003                   PRB, 2006 



    Ariosa et al.  



       The quantization of the electron wavevector 

 Appl. Phys. Lett.  92, 092506 (2008) 
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Fermi surface of  ortho-II YBCO(123) 

Y. Sassa   &   M. Radovic et al. 

 



DARPES on Thin Oxide Films 28 

* In-Situ ARPES on  As-grown Films Works ! 
  

*   < 18UCs LSCO-214 Strained Films 
    Show Different Dispersions (3D FS) 
 
*    Tc  scales with c-axis (apical oxygen) 
  

    
 



 Oda et al 



In doped  LXCO-214 

Thierry Schnyder, Jeff Tallon et al. (2010) 



31 

 Tc  scales with c-axis  
(apical oxygen) 

 



NanoEngineering & Electronic Diagram 

In progress ‘Strains’ 

See also Cloetta et al. PRB 2006 

Nathaniel Wooding 
Tc vs. Strain  -  in progress 



MBE Grown Compressively Strained LSCO Film (BNL): 
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Resistivity of an 
LSCO film on LSAO 
substrate. 
 

         Bozovic et al. PRL 89, 107001 (2002) 



OUR  MAIN  PROBLEM 

Courtesy I. Bozovic 



3. Electric Field Effect in LSCO Films 
Guy Dubuis @BNL with Ivan Bozovic et al. #

l    Use  Electric  Field  to tune Tc  #
!
l     Adjust carrier concentration !
        without changing disorder!
#
*   Intrinsic nature of quantum critical points ?  #



Field Effect applied to high-Tc 
Superconductivity (1991)#

l  «… density of free carriers in the YBa2Cu3O7-δ films can be modified 
by 1-2% with gate voltages smaller than 50 V. »#

To induce large changes in the carrier concentration, i.e. ~ 1021 
cm-3, the breakdown field of the insulator is required to be at 
least 108 V/cm and such an insulator does not exist.   



Field effect & 
correlated oxydes#

Ahn et al., Nature 424, 1015-1018(2003)  



N,N-Diethyl-N-methyl-N- 
(2-methoxyethyl)ammonium 

bis(trifluormethane 
sulfonyl)imide 





The Sample#

(i) 1 unit cell (UC) thick La1.56Sr0.44CuO4 buffer layer 
(ii) 5 UC of insulating La2CuO4 (LCO) 
(iii) 1, 1.5, or 2 UC of La2-xSrxCuO4 (LSCO); x = 0.10-0.20 

Nature 472, 458 (2011)  
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     Electric field causes large changes in carrier density and Tc 

Diamagnetic response measured by 2-coil 
mutual inductance technique confirms the 
results of transport measurements 

Field-induced shifts:   

Δx= ±0.04, ΔTc = 30 K. 

[ Nature 2011 ] 



S-I quantum phase transition induced by 
field effect in 1 UC thin LSCO layer 

Note the T-independent separatrix at R□ = RQ = 6.45 kΩ; 
this corresponds to ρ ≈ 400 µΩcm 

[ Nature 2011 ] RQ ≡ h/(2e)2 = 6.45 kΩ 
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The same data replot as a set of R(x) 
curves for finely scaled values of T 

Quantum critical point at  xc = 0.06 

The same data scaled against a 
single variable u = |x-xc| / T2/3 

Good scaling to 2D S-I QPT   
ultrathin active layer   field 
effect   rather than chemistry 

The critical resistance equal to RQ = h/(2e)2 = 6.45 kΩ.  
Existence of electron pairs on both sides of the quantum 
phase transition    “Bosonic scenario”: Cooper pair 
mobile and Bose-condensed, vortices localized and 
immobile on the S side; dual (reverse) on the I side    
‘Elusive Bose metal’ at x = xc 

[ Nature 2011 ] 



♦  The critical sheet resistance is equal to RQ = h/(2e)2 = 6.45 kΩ. 

è    Existence of electron pairs on both sides of the quantum 
phase transition. 

è    “Bosonic scenario”: on the S side Cooper pairs are mobile 
and Bose-condensed,  while vortices are bound; dual (reverse) on 
the I side. 

è    Exact self-duality    similar symmetry, interactions                           
      on-site Coulomb repulsion not sufficient? 

è    ‘Elusive Bose metal’ at x = xc = 0.0605 

         CONCLUSIONS FROM OUR EXPERIMENTS 
 

 +  several experiments in progress … 







Again 
Rc ≈ h/(2e)2 (Arrow) 



One of the first observations  
of Rc ≈ h/(2e)2 (Arrow) 
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Interface Superconductivity  
&  New Superconductors  

 
 

 Ivan Bozovic (BNL) 























New Superconductors 











Beyond 2012: 
‘Gate Every Electronic Material’ 



    2100 

>300 K 

Our (Students’) Dream ! 



 
 


