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Oxide hetero-interfaces: superconductivity, magnetism, 
defects and Lifshitz transition

http://www.phy.iitkgp.ernet.in/physics/home/faculty/home.php?id=arghya



LaAlO3 :
Band Insulator  
(Band gap = 5.6 eV)
Non-magnetic

SrTiO3 :
Band Insulator  
(Band gap = 3.2 eV)
Non-magnetic

Metallic conduction

The n-type heterointerface 

Interfaces: AlO
2 
/ LaO(n-type) or SrO(p-type) / TiO

2



Oxides for semiconductors:
an odd exchange

• Semiconductors: Brawn but no brain. Excellent materials with 
good control. No exciting physics. 

• Correlated Oxides: Intelligent but wayward. Not controllable, 
poor materials. 

• Marriage of semiconducting Oxides: A marriage in heaven or 
hell? 

• The Classic conundrum: Super-offspring ? 50:50 chance. 

 



Nature 427,  423 (2004)

Less O vacancy, less carriers

Increasing pp

Increasing 
pp

Discovery: 2DEL at the interface, the first emergence  



Applications in devices

APL 96 183504 (2010)



Back-gated tunnel junction for dI/dV

Richter, et al., Nat. Lett. 502 (2013)



The critical LAO thikness puzzle: 4 layers of 
LaAlO

3
 



Critical LAO-thickness for 2DEG formation

Science 313,  1942 (2006)



QB=4

QB=3

AO

BO2



E

n-th layer:
Vn= - E d +Vn-1



Nakagawa, et al. Nat. Mater. 5, 204 (2006)
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Composition (La/Al ratio)-dependence: extrinsic 
carriers (O-vacancies) not necessary

Mannhart, et al., ncomms 4, 3351 (2013)



Metallic 2DEL for La/Al < 0.97

Mannhart, et al. Ncomms3351 (2013)



Science 317, 1196 (2007)

The second emergence



Dikin, et al.

Superconductivity at different VG



Field (gate voltage)-control of transport
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Features of SC

 LO phonon mediated                                                                   
 Low carrier density (10-13/cm2)                                                    
 Tc shows BKT behaviour                                                             

 2Δ
0
/(k

B
 T

g
) ~ 3.4, Tg is the so-called gap-closing temperature   

 It coexists with inhomogeneous ferromagnetic puddles  of large 
moments ( 0.4∼ μB per interface unit cell) 

 Enhancement of superconductivity by magnetic field                 
 The magnetic-field-assisted transient superconductivity leading 

     to a possible “hidden order.”



   Superconducting phase diagram

Caviglia, Nature 456, 624 (2008), Behnia, PRL 112 (2014)

At T=400 mK
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BKT signature and QCP



Richter, Nature Lett. 502 (2013)

Gap and superconducting phase diagram 



    The 3rd Emergence: Magnetism. Coexistence of SC and FM

Nature Physics 7, 767 (2011)

Scanning SQUID Magnetometry image
(Ferromagnetic order)

Scanning SQUID Susceptometry image
(Superfluid density)

Ferromagnetic landscape Superconducting landscape



Bert, et al. Nature Physics 7, 767 (2011)

Planar 
moments



Lee, et al. Nat. Mater. 12, 703 (2013)

XMCD: magnetism is in-plane & in Ti3+

Δρ=0 at 90o



Angular dependence of M: nearly planar

Torque T vanishes for field-angle (ɸ)~ 90 deg. T=M x B=MB sin (90-ɸ) => M is planar  
Bert et al. Nat. Phys. op cit.



Contact & non contact SQUID measurement

Kalisky, et al. Nano Lett. 12, 4055 (2012)

Surface texture of FM: Phase seaparation 



Phase separation in LAO/STO interface: hysteresis 

Ariando, Dhar, et al. Nat. Comm. (2011)  



Issues at a glance
 Formation of quasi-2DEG at the interface

 Low temperature (< 300mK) superconductivity

 Ferromagnetic order (upto 200 K) from two non-magnetic oxides

 Coexistence of superconductivity and ferromagnetism

 Electric field induced superconductor to insulator transition

 Critical LAO film thickness for the appearance of 2DEG

 Vortices and possible excitations: Majorana bound states?  

 Nature of SC (BKT?), helical magnetisation, ...

“Hidden superconducting” state above nominal Tc 

 Oxygen vacancies, vacancy ordering, disorder, more oxides?

BKT transition from resistive noise. 

Signature of Lifshitz transition 

 Sign change in magnetoresiatance



Lee, et al. Nat. Mater. 12, 703 (2013)

Local electronic structure from DFT



Pentcheva & Pickett, PRB 74,  035115 (2006) 

Band Structure: 



Band Picture: Formation of Local Moments at the Interface

 Electrons at the interface occupies the three t2g bands of Titanium

 Electrons are in dxy band, form localized moments, other two have ~ 1D dispersion

 The exchange between the local moments and the itinerant electrons leads to 
     ferromagnetic order



Model Hamiltonian: single (d
xy

) band theory 

Dispersion of electrons

Zeeman field  due to FM 
exchange

Rashba spin-orbit coupling

BCS pairing term

where
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Electron pairing at finite momentum

Modification in bands:

where

New energy bands:
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Electron pairing at finite momentum

Modification in surface bands:

where

New energy bands:
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Self-consistent Bogoliubov-de Gennes (BdG) analysis 
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Mean-field Hamiltonian:
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Disorder



Role of disorder: Phase segregation of SC and FM

SC

FM

SC
 +
FM

N. Mohanta and A. Taraphder JPCM 26, 025705 (2014) 



Distribution of gap and M



Correlation fn. describes a disordered SC



Nature of SC and FM: DOS and superfluid density 

N. Mohanta and A. Taraphder JPCM 26, 025705 (2014) 



Finite temperature



Finite T nature: SC and FM <M> and the correlation function

N. Mohanta and A. Taraphder JPCM 26, 025705 (2014) 

 <ΔiΔj>       <Mi Mj> 



Filling dependence



FIG. 9. Density of states of the interface with an oxygen vacancy in the SrO layer: (a) 
total; (b) projected DOS of the O 2p states of the oxygen atoms surrounding the 
vacancy in the AlO2 (black), SrO (red, short dashed), as well as in the next SrO
layer on top of the vacancy (green, long dashed); (c) d states of the next (blue, solid) 
and third (black, dashed) Ti neighbor.

Pentcheva, loc. cit Pseudogap instead of a full gap 

P-type with
O Vacancy



Oxygen vacancy clustering: Monte-Carlo study

N
. M

ohanta and A
T

 
JPC

M
, 26, 215703 (2014)  



Gap and magnetization

N. Mohanta and AT 
JPCM, 26, 215703 (2014) 



Career freeze-out 

N. Mohanta and A. Taraphder, JPCM, 26 215703  (2014) 
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Lifshitz point in the band structure and DOS



H    = 

Multi-band superconductivity









Search for Lifshitz transition (LT) in LAO/STO 

Joshua, et al. Nat.Comm. 2116 (2012)



T2g  Bands at the interface 



Bands and DOS across LT



SC peak at LT



An LDA+DMFT Study

 LDA 

Interaction



3x2-BAND MODEL HAMILTONIAN
The non-interacting Hamiltonian 

describes the
band dispersion of 
the electrons in the 
three t2g orbitals.

Atomic spin-orbit 
coupling. Rashba  Spin-orbit 

coupling

3D band dispersion of the q2DEL at the 
interface

K. Held, PRB  87, 161102(R) (2013)



The  effective Hamiltonian 

Correlation effects on LT by DMFT 

Repulsive interaction energies for 
widely separated orbitals.

Repulsive interaction energies for 
nearly degenerate orbitals.

S. Nandy, S. Acharya, D. Dey, A Taraphder,  Phys. Rev. B 94,  155103 (2016) 



Lifshitz transition: what is the signature in LAO/STO?

[Fig: (Color online)(a) The band structure of the three t_2g orbitals in presence of the Rashba  and atomic SOI (spectrum of H_0 + H_ASO + 
H_RSO). There is a mixing of the d_xy orbital with the d_yz orbital and the d_zx orbital due to the Rashba SOI. After mixing we have six orbitals 
as shown  (blue, black, green, red, magneta, cyan). (b)-(c)-(d) depict the non-interacting (U = 0) Fermi surfaces below (n = 0.0945), near (n = 
0.1809) and above (n = 0.8030) the Lifshitz point ( 'mu ~ -1.05 eV) at which the third and fourth bands start getting occupied. (e)-(m) show 
interacting Fermi surfaces at 60K at the interface. Third column, Fourth column and Fifth column show the evolution of the Fermi surface topology 
due to interband U = 0.3 eV, U = 0.5 eV and U = 0.7 eV respectively comparing with the non interacting case. ] 

U = 0                                     U = 0.3 eV                      U = 0.5 eV                       U = 0.7 eV



ARPES Spectral Function 



The  effective 
Hamiltonian 

Correlation effects (from DMFT) on LT 

Repulsive interaction energies 
for widely separated orbitals.

Repulsive interaction energies 
for nearly degenerate orbitals.



DMFT FERMI SURFACES
  
U=
0

  U=0.3 
eV

  U=0.5 
eV

  U=0.7 
eV

2D 
dispersion



Fermi Surfaces and LT

As μ is tuned up, new electron-like pockets appear at μc = 1.067 
eV where  3rd  and 4th orbitals start getting occupied and LT 

occurs.Exists another critical density                  5th and 6th  orbitals will 
appear at the Fermi  Level            new pockets will form.

difference between these two critical densities is quite small to 
distinguish

With increasing U, nearly degenerate pairs of orbitals tend 
to split up.

The 5th  and 6th  orbitals also appear as new electron-like 
pockets in the 
Fermi surface
Critical densities for the transitions are reduced in the 
presence of strong interaction.

Non-interacting 
case

 Interaction 
case



Seebeck coefficient

reveals a cusp at 
nc for 

                the LT.

With the 
enhancement in U 
the cusp shifts 
towards 
lower n values.



dc 
conductivity

                          
                
Thermal 

conductivity

------ line indicates nc for LT (U=0).

jump arises because a large 
number of 
accessible states appear at 
the Fermi level  from the 
newly occupied orbitals and 
due to the nearly  flat nature 
of the two lower orbitals 
above nc.
both the conductivities 
reduce with 
increasing U as a 
consequence of the 
piling up of the spectral 
weight



                             
                  Optical 

conductivity
n = 1.4030 
el./u.c. 

n = 0.0945 
el./u.c. 

curves from U = 0.1 eV to U = 0.7 eV are progressively offset 
vertically by 0.4 



  
U=
0

  U=0.5 
eV

U=0.3 eV



With correlation the weight transfers over finite energy 
window.

For the dxy orbital         spectral weight gets transferred over an 
energy range of  0.15 eV and  0.3 eV for U = 0.3 eV and 0.5 eV 
respectively.

 dxz and dyz orbitals         the spectral weights get transferred over 
an energy scale of  0.2 eV and  0.4 eV for U = 0.3 eV and 0.5 eV 
respectively.

The spectral weight  is transferred towards lower energies.

spectral weight transfers towards higher energies

around the Γ point

Away from the Γ point



                                          
                    Is there a 
regime where there 

                                          
                   are multiple 

Lifshitz transitions?



                                                               
                  Influence of magnetic 

field

                                                                   
                            H applied along x axis.   

hz =0  ;   hy =0

 hx= 0 hx = 0.2 
eV 

hx = 0.4 
eV 

With a finite field                                                                     
                                       degeneracy is lifted at all 
momenta, except at the Γ point , creating a gap.



Two clear regimes of  
field strength:

                                             
              low field regime 

(hx < 0.2 eV)

                             
           only one 

kind of LT
                               

                 nc1 
decreases 

                               
                     with 

increasing hx 
  high field regime (hx >= 
0.2 eV)

                                    
                  multiple 
transitions appear                                   

                   nc2 and 
nc3 increase 

                                   
                       with 

increasing hx

The third LT occurs at lower fields than the second transition.

nc2 and nc3 originally coincide with nc1 at lower fields and get 
separated 
with increasing hx due to the removed degeneracy at the Γ 
point.



                                                               
                          magnetic field applied 

perpendicular to the interface

                                         
                     Similar to 

planar B



LT: Conclusions

The LT occurs when new carriers from the dyz and dzx orbitals 
populate the 
Fermi level and new electron-like pockets appear at the Fermi 
surface.
The change in the Fermi surface topology appears as a jump 
in the dc and 
thermal conductivities and as a cusp in the Seebeck 
coefficient.
The repulsive electron-electron interaction reduces the nc  for 
the transition.

In the presence of external magnetic field, the nc  further 
reduces with increasing field strength and multiple 
transitions appear at sufficiently large fields.



The problem is hard, experimentally even more, but
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