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Motivation 

ÅWell known that strong electron-electron 
interactions can drastically affect band-metals. 

ÅInducement of spin or charge density wave gaps at 
the Fermi surface at half (or commensurate) filling 
(even at weak interactions for nested Fermi surfaces)

Åthe Mott metal-insulator transition, even in the 
paramagnetic state of a half-filled band.

ÅHigh temperature superconductivity, anomalous 
normal state, Pseudo-gap phase, etc., upon doping 
(away from half-filling) of Mott (or SDW) insulators

ÅWork-horse model: The Hubbard Model



La(2-x)SrxCuO4 : x=0 Ą one d(x2-y2) electron per Cu site

!ƴŘŜǊǎƻƴΩǎ wŜƳŀǊƪŀōƭŜ ǎǳƎƎŜǎǘƛƻƴ
P.W. Anderson, Science235, 1196 (1987),cond-mat/0201429

2-d Hubbard model away from half filling
ςappropriate minimal model for Cupratesuperconductors!



i.e., La2CuO4 is a Mott Insulator, and Cuprate
Superconductors are doped Mott Insulators!

Band theory

La2CuO4:
Half-filled
in k-space

Experiments Ą La2CuO4 Insulator!

Half-filled in r-space: one electron/site

ChargeĄ
Mott Insulator

Spin Ą
Antiferromagnet

Ignoring
Interactions
Ąmetal

Strong Coulomb Interaction

X
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How Do Strong Electron Correlations 
Affect  Band Insulators?!

ÅIt might seem, at first sight, that nothing dramatic is likely.
ÅU promotes localization of electrons and insulating behavior, but the 

system is already insulating!

ÅDoping leads to a small number of carriers in the valence or conduction 
band, therefore correlation effects would be weak!

ÅWill show that, actually, dramatic things do happen when U  ~ 2ҟΣ
the Insulating band-gap

ÅMost of the discussion will use what is perhaps the simplest model 
for a correlated band insulator: the Ionic Hubbard Model at Half-
filling (and also a bit with doping)

ÅStudies mostly use Dynamical Mean Field Theory (DMFT), which 
maps lattice models to quantum impurity models embedded in self 
consistent electron baths, and approximate impurity solvers 
ÅUsingIterated Perturbation Theory (IPT) and Continuous Time ς

Hybridization Expansion-Quantum MonteCarlo(CTQMC) techniques

ÅPart of the studies use the Strong Coupling Gutzwillerapproximation 



The Ionic Hubbard Model
Obtained by adding aLocal correlation energy U
to the tight binding model of electronsǿƛǘƘ ŀ ǎǘŀƎƎŜǊŜŘ άƛƻƴƛŎέ 
potential
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t ςǘΩIHM : t ij = t for nn sites  
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άƘŀƭŦ ŦƛƭƭƛƴƎέ 

t IHM with U = 0 : Simplest Model of a Band Insulator, 

with gap 2 æ

Ĕ Ĕ 2A Bn n+ = / 2 (if )0U tm= ¡=Ú Ú

Does anything interesting happen as U is increased?



tςU -ҟ Ionic Hubbard Model : Simple Limits

Å For U = 0 Hamiltonian can be diagonalized exactly by transforming to k

space          Two bands (in half the BZ of the square lattice) with energy 

dispersions given by
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Å æ = 0 :Standard Hubbard Model Metal for U = 0, and  also in

Restricted Hartree-Fock (RHF) approximation for finite U

Å However,  Unrestricted HF analysis leads to an AF - Insulating 
state with a charge gap of               where 

is the staggered magnetization. 
Å Gap is the same for both spins

Å At  ñhalf fillingò                                , Lower band  is full and upper band is 

empty       Paramagnetic band Insulator with charge gapof  æ (from the 

chemical potential, at 0) for electron or hole excitations of either spin
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tςU -ҟ Ionic Hubbard Model : Simple Limits
(Restricted or Paramagnetic ) Hartree-Fockresults

But interesting, new possibilities arise when one uses 
methods that work better for large U, e.g., DMFT!

The Staggered Charge

Obeys the  Self Consistent equation 

Effective Gap   =                                    ,   decreases as U 
increases, but never vanishes!
hƴŎŜ ҟ ƛǎ ƴƻƴ-zero, System is an Insulator for all U

With
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tςU -ҟ Ionic Hubbard Model : Simple Limits
Atomic (t=0) Limit  of the model

0

2æ

-2æ

-U/2 + æ

-U/2 - æ

A B

for U < 2ҟ: ά.ŀƴŘ LƴǎǳƭŀǘƻǊέ Σ ǿƛǘƘ nA = 0, nB = 2, 
Charge Gap = ҟ- U/2 . 
!ƭǎƻ ŎƘŀǊŀŎǘŜǊƛȊŀōƭŜ ŀǎ άƛƻƴƛŎέΣ A+B-



tςU -ҟ Ionic Hubbard Model : Simple Limits 
Atomic(t=0) Limit  of the model

0

2æ

-2æ

-U/2 + æ

-U/2 - æ

A B

for U > 2ҟ:άaƻǘǘ LƴǎǳƭŀǘƻǊέ ǿƛǘƘ nA = nB = 1 , 
Charge Gap = U/2 -ҟ Ҍ Local moments
!ƭǎƻ ŎƘŀǊŀŎǘŜǊƛȊŀōƭŜ ŀǎ άƴŜǳǘǊŀƭέ

άƳŜǘŀƭέ  ǿƛǘƘ ƭƻŎŀƭ ƳƻƳŜƴǘǎ ŦƻǊU = 2 ҟ?!



Novel Results I : Correlation Induced Metallicity 
in the Paramagnetic Phases of IHB!

(At half fillingand T=0)
[Garg, HRK, Randeria- PRL 97, 046403(2006)]

ÅIn the (enforced) paramagnetic state (or in models 
with sufficient frustration eg., on non-bipartite 
lattices,) turning on correlations reduces the Band 
insulating gap, which vanishes at a finite Uc1!                                     

Correlation Induced Quantum Phase Transition  
(QPT) from Band Insulatorto a metallic phase!

ÅMetallic phase stable for a narrow range of U

ÅGap becomes non-zero again (U>Uc2), and 
increases as U increases      Mott Insulator for 
larger U 

Ý

Ý



Gap in Single Particle Spectrum 
(DMFT+IPT)



T=0Phase Diagram of IHB at Half Filling
(With Enforced Para-magnetism, IPT)

Black  : 

2-d Square lattice
ҟ Υ ¦c1

ҟ Υ ¦c2

W = 8t

Red  :

Bethe lattice 

όȊ ҍҔқύ
o : Uc1

o : Uc2

W= 4t

æ/W



ÅBipartite or non frustrated lattices
Åfirst orderquantum phase transition (QPT) at U=UAFόҟύ
to an Antiferromagnetic Insulating (AFM-I) phase
ÅPreempts QPT into paramagnetic metallic phase

ÅFor nonzero T,  
Åthermal transition from AFM-I to the paramagnetic 
[Band Insulator (BI)] phase is first orderfor weak to 
intermediate U, but continuousfor large U 
ÅLine of tri-critical pointsseparates the surfaces of first 
order and continuous transitions in the 3-d (U,ҟ, T) 
space

Novel Results II : Antiferromagnetic Phases 
and phase transitions in the half filled  IHB

[Bag, Garg, HRK - Phys. Rev. B91, 235108 (2015)]



T=0Phase Diagram of IHB at Half Filling
(Bethe Lattice, allowing for Antiferromagnetism)



¢ґлPhase Diagram of IHB at Half Filling
(Bethe Lattice, permitting Antiferromagnetism, CTQMC)



ÅIn the AFI state, up and down spin particles (or holes) 
have different gaps
ÅThere is a range of Uin which one (up) spin gap 
increases with increasing U while the other (down) spin 
gap decreases!
Å There is a critical U where one (down) spin gap 
vanishes Correlation induced, Antiferromagnetic Half 
Metal along a Quantum Critical line in the phase 
diagram!
ÅIn this regime of U, a small amount of doping leads to a 
Ferrimagnetichalf metal (FHM) phase entirely new 
mechanism for obtaining FHM
ÅOf value for Spintronics?!

Ý

Ý

Ý

Novel Results III :
Half metallic phases in the IHBat T=0!

[Garg, HRK, RanderiaςPRL 112, 106406 (2014)]



Single Particle Gaps versus U (IPT) 
όƴҐмΣ ҟκǘ Ґ мΦлΣ .ŜǘƘŜ [ŀǘǘƛŎŜύ



T=0Phase Diagram of IHB at Half Filling
(Bethe Lattice, allowing for Antiferromagnetism)



Phase diagram with doping (IPT)



t ςǘΩ Ionic Hubbard Model, 
with Frustration
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For large U, this maps to a Heisenberg model with frustration

ij i j

ij

H J S S= Öä Jij = J  = 4t2/U for nn sites  

WΩ= 4ǘΩ2/U for nnnsites

Can this suppress AFM enough to allow formation of PMM phase?  



t ςǘΩ- U -ҟIHB  at  Half-filling

DMFT+CTQMC Phase Diagram



t ςǘΩ- U -ҟIHB at Half-filling
Unrestricted Hartree-Fock(UHF) Phase Diagram



t ςǘΩ- U -ҟIHB at Half-filling
Unrestricted Hartree-Fock(UHF) Theory

Two (spin dependent) lower bands and two (spin dependent) upper bands 

(in half the BZ of the square lattice) with energy dispersions given by
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t ςǘΩ- U -ҟIHB at Half-filling
Unrestricted Hartree-Fock(UHF) Theory

Magnetic Transitions



t ςǘΩ- U -ҟIHB at Half-filling
Unrestricted Hartree-Fock(UHF) Theory

Upper Band Minima and Lower Band Maxima



t ςǘΩ- U -ҟIHB at Half-filling
Unrestricted Hartree-Fock(UHF) Theory

Spin resolved Spectral Functions



t ςǘΩ- U -ҟIHB  at  Half-filling

DMFT+CTQMC Magnetic Transitions



t ςǘΩ- U -ҟIHB  at  Half-filling DMFT+CTQMC 
MDF ςFerrimagnetic Metal (FM) Phase



t ςǘΩ- U -ҟIHB  at  Half-filling DMFT+CTQMC 
MDF ςAnti Ferromagnetic Half Metal (AFHM) Phase



Possibility of High Tc 
Superconductivity in the 
(very strongly correlated) 

half filled IHM!



Superconductivity in the half filled 
tςU -ҟ Ionic Hubbard Model for U,ҟ ҔҔ t, U - 2ҟ ғ ǘ ΚΗ
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In this limit, 
doublons on A sites 
and holons on B sites 
are too high in energy 
and get projected out

Effective Low energy Hamiltonian(Samanta& Sensarma PRB 94, 224517 (2016))

and         are   Lagrange multipliers required to impose the local constraints:

2 ,

2 2d A

i i

A

iA

f

f B

h B

i

iB i

i i

V

Um m m

m m m

m m m

m m

¹ D

= - D- -

=-D- -

=D- -

=-

A

im
B

im

t



Slave Boson Mean field Theory showing Superconductivity 
in the half-filled tςU -ҟ IHM for U,ҟ ҔҔ t, U - 2ҟ ғ ǘ 

(From Samanta&Sensarma, PRB94, 224517 (2016))



tςU -ҟ Ionic Hubbard Model 
Gutzwiller-Renormalized Mean Field Theory 



tςU -ҟ Ionic Hubbard Model 
Gutzwiller-Renormalized Mean Field Theory 



tςǘΩ- U -ҟ Ionic Hubbard Model 
Gutzwiller-Renormalized Mean Field Theory 



Concluding comments - I
Lots of Novel and Fascinating possibilities in the Ionic Hubbard 
Model! 

Results raise lots of open questions!

ÅGeneric to all Strongly Correlated Band Insulators with two (or 
more) inequivalent correletaedsites per unit cell ?

ÅWill the effects found in DMFT survive in more accurate 
theories? Will other phases (BOND-ORDERED PHASE) intrude? 
(Such effects not included in Single-site DMFT, but can be 
explored in cluster DMFT)

ÅWhat is the nature of the QPT between the insulating and 
metallic phases? Is there one QPT or 2 QPTs?

ÅWhat are the properties of the paramagnetic metallic phase?  Is 
it a non-fermi-liquid?

ÅWhat about the antiferromagnetic and ferrimagnetic half metal 
phases? What kinds of metals are they?



Concluding comments ςII ςIs it for Real?

ÅCan one find/make materials where the AFM spin-
ordering is suppressed enough to yield such 
correlation induced metallic, half metallic and 
superconducting phase without doping?  

ÅHow will one identify such a metallic phase 
experimentally?
ÅPressure will drive it (band) insulating !

ÅΧ

ÅAntiferromagnetic half metallic phase is tantalizing 
from the stand-point of spintronics
ÅCan be looked for by first using DFT to identify materials 

that are in the appropriate range of parameters, and then 
experimentally.



Concluding Comments - III
ÅCan doping strongly correlated band insulators 
lead to other exotic phases? 
Åsuperconducting phases with higher Tc than 
cuprates? 
ÅPseudo-gap phases?
Å...?
ÅWhat possibilities are there with the inclusion of 
spin-orbit coupling and topological effects?
ÅWhat about non-equilibrium phenomena 
involving the IHM?

Thank You for your attention
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The Dynamical Mean Field Theory (DMFT)
A.Georges, G. Kotliar, W.Kranth& M.J.Rozenberg,  Rev. Mod Phys 68, 13 (1996)

Better called Dynamical Effective Medium Theory?

Extension to correlated electronic models of  

Curie-Weiss MFT for Heisenberg Model

Coherent Potential Approximation (CPA) for disordered systems

Exact in infinite dimensions

Curie-²Ŝƛǎǎ aC¢ ŦƻǊ IŜƛǎŜƴōŜǊƎ aƻŘŜƭ ƻƴ άŘέ ŘƛƳŜƴǎƛƻƴŀƭ ƭŀǘǘƛŎŜ
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Dynamical Mean Field Theory (DMFT)
Dynamical Mean Field or Effective medium Approximation for 
IǳōōŀǊŘ ƳƻŘŜƭ ƻƴ  ŀ άŘέ ŘƛƳŜƴǎƛƻƴŀƭ ƭŀǘǘƛŎŜ

Site variables :Electrons of  either spin which move in and out of a 
site i and  interact with each other on site i:

Effective medium representing other sites:   

άŦǊŜŜ ŜƭŜŎǘǊƻƴ ōŀǘƘέ ǿƘƛŎƘ ǎƛǘŜ i electrons 
leak into and out of 

ƛΦŜΦΣ  ǿƛǘƘ ǿƘƛŎƘ ǘƘŜȅ άƘȅōǊƛŘƛȊŜέ   Υ

i.e : The Anderson Impurity Problem !  
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Dynamical Mean Field Theory (DMFT)
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Time dependent amplitude Gh(t-t 
Ω) for electrons at site i to leave site at time t

and return at at time t Ωfrom effective medium :

Self Consistency condition comes fromthe condition that the impurity self 
energy arising from Collisions between  electrons of opposite spins at site i

the (local) self energy                for the lattice problem

Total time dependent propagator for electrons at site i: G(t-tΩ)
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Dynamical Mean Field Theory (DMFT)
The Triangle of Self Consistency
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DMFT Scheme for the IHM
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Iterated Perturbation Theory (IPT) Scheme
Georges & Kotliar PRB 45, 6479 (92), Georges & KrauthPRB 48, 7167 (93)

Bottleneck in DMFT:  ʅ(Gh) for the impurity problem is hard to calculate.

Iterated Perturbation Theory :  Prescription for  an approximation for ʅ

with the following Properties:

ωGood for U/t << 1

ωExact in the atomic, t=0, limit (i.e., for very large U)!

ωExact in the high frequency limit for all U/t , which imposes various 
exact sum rules 

ωreasonable and interesting interpolation for all U.

Possible just using the  second order self-energy computed in terms of 
the HartreeCorrected Host Green Function



IPT for the 
Half filled Ionic Hubbard Model



CTQMC/CT-HYB Impurity Solver 

ÅImplemented using the TRIQS package

(Parcolletet.al. arxiv:1504.01952)

ÅEvaluates the partition function as a perturbation expansion in the 
hybridization by sampling 
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T=0Phase Diagram of IHB at Half Filling
(With Enforced Para-magnetism, IPT)

Black  : 

2-d Square lattice
ҟ Υ ¦c1

ҟ Υ ¦c2

W = 8t

Red  :

Bethe lattice 
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Density  of  States



Gap in Single Particle Spectrum
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Imaginary Part of the Self-Energy



Difference in Filling of sub-lattices



Plan of the rest of the talk

Å5aC¢ ŀƴŘ άLƳǇǳǊƛǘȅέ {ƻƭǾŜǊǎ

ÅResults with Para-magnetism enforced
ÅBethe lattice in infinite dimensions
Å2-d square lattice

ÅResults allowing for Anti-ferromagnetism
ÅHalf filling and the AFHM line
ÅFinite Temperature transitions
ÅFerrimagneticHalf Metallic phase with doping

ÅSome More recent results
ÅModel with frustration
ÅSuperconductivity at Half filling?!
ÅQuenching in the IHM

ÅConcluding Comments



Phase Diagram of the IHM Allowing for 
Anti-ferromagnetism (AFM)

Bethe Lattice

AFM-MI

PM-BI

PM-BI to AFM -MI Transition 
preempts 
the PM -BI to PM -M Transition!



Staggered Magnetization vs. U/t for 
ǾŀǊƛƻǳǎ ǾŀƭǳŜǎ ƻŦ ҟκǘ όLt¢ ŀƴŘ /¢-HYB)



Staggered Charge versus U  for various 
ǾŀƭǳŜǎ ƻŦ ҟκǘ όLt¢ ŀƴŘ /¢-HYB)



Evolution of single particle 
5h{ ǿƛǘƘ ¦ όƴҐмΣ ҟκǘ Ґ мΦлύ-IPT 



Single Particle Gaps versus U 
όƴҐмΣ ҟκǘ Ґ мΦлύ - IPT



Single Particle Gaps versus U 
(n=1, IPT)

Correlation Induced Half -metal!

æ/t = 0.5 æ/t = 1.0



Low frequency analysis and the Gaps
(IPT and CT-HYB)
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T=0Phase Diagram of IHB at Half Filling
(Bethe Lattice, allowing for Antiferromagnetism)
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Limitations of IPT and comparison with 
CT-HYB  for large U and finite T



AFM-PM Thermal Transitions
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¢ґлPhase Diagram of IHB at Half Filling
(Bethe Lattice, permitting Antiferromagnetism, CTQMC)
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Phase diagram with doping



Evolution of spin gaps and half-metallicity 
in the half-filled IHB



Spin Resolved DOS of hole-doped IHB 
for x=0.17 and ɲ/t = 1.0



Single Particle DOSǾǎΦ ¦ όҟκǘ Ґ мΦлύ



Single Particle DOSǾǎΦ ¦ όҟκǘ Ґ мΦлύ



{ǘŀƎƎŜǊŜŘ ƳŀƎƴŜǘƛȊŀǘƛƻƴ ǾǎΦ ¦ όҟκǘ Ґ мΦлύ 
for different values of filling 



bŜǘ ƳŀƎƴŜǘƛȊŀǘƛƻƴ ǾǎΦ ¦ όҟκǘ Ґ мΦлύ 
for different values of filling 



Half metal phase shrinks with increasing 
doping or decreasing bandgap
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Ionic Hubbard Model with Frustration

Ĕ Ĕ Ĕ Ĕ

Ĕ Ĕ Ĕ

i j i i

i

ij i

i A B

i

i

ij

i

i

Ua a n nt

n n

H

n

s s

m

+

¬ ®

Í Í

=- +

+D D- -

ä ä

ä ä ä

t ςǘΩIHM: t ij = t for nn sites  

ǘΩfor nnnsites

άƘŀƭŦ ŦƛƭƭƛƴƎέ Ĕ Ĕ 2A Bn n+ =Ú

For large U, this maps to a Heisenberg model with frustration

ij i j

ij

H J S S= Öä Jij = J  = 4t2/U for nn sites  

WΩ= 4ǘΩ2/U for nnnsites

Can this suppress AFM enough to allow formation of PMM phase?  



t ςǘΩ- U -ҟIHB at Half-filling
Unrestricted Hartree-Fock(UHF) Phase Diagram



Evolution of (UHF) Spectral and Momentum 
distribution functions with U:

Band Insulator



Evolution of (UHF) Spectral and Momentum 
distribution functions with U:

Paramagnetic  metal



Evolution of (UHF) Spectral and Momentum 
distribution functions with U:

Ferri-magnetic  metal



Evolution of(UHF) Spectral and Momentum 
distribution functions with U:
Antiferromagnetic Half  metal



Evolution of (UHF) Spectral and Momentum 
distribution functions with U:
Antiferromagnetic Insulator



Evolution of (UHF) Fermi-Surface with U (ǘΩ=0.3t):



Evolution of (UHF) Fermi-Surface with U (ǘΩ=0.4t):



(UHF) Staggered magnetization vs U and t2



(UHF) Net (Ferro) magnetization vs U and t2
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t ςt2- U -ҟIHB at Half-filling

DMFT+CT-HYB-QMC Matsubara Green Functions



Evolution of DMFT+CTQMC Momentum 
distribution functions with U:

Paramagnetic  Metal
n = 1.000, ms=0.000 mf=0.000



Evolution of DMFT+CTQMC Momentum 
distribution functions with U:

Ferri-magnetic Metal
n = 0.998, ms=0.141 mf=0.013



Evolution of DMFT+CTQMC Momentum 
distribution functions with U:
Antiferromagnetic Half Metal
n = 1.000, ms=0.286 mf=0.000



t ςǘΩ- U -ҟIHB  at  Half-filling

DMFT+CT-HYB-QMC Phase Diagram



Possibility in La and Na Doped 
Sr2CrOsO6 Double Perovskite?
(K Samanta, P Sanyal& T Saha-Dasgupta, Sci. Rep. 5, 15010 (2015))

ÅSr2CrOsO6, is a known ferrimagneticinsulator with transition 
temperature (Tc) of 725 K, highest ever known in the oxide family

ÅIn the above work, six different doped compounds :
Sr1.875La0.125CrOsO6, Sr1.75La0.25CrOsO6, Sr1.625La0.375CrOsO6, 
Sr1.875Na0.125CrOsO6, Sr1.75Na0.25CrOsO6, Sr1.625Na0.375CrOsO6.     
were studied using first-principles density functional theory
(DFT) based calculations together with exact diagonalization of 
Cr-Osmodel Hamiltonianconstructed in a first-principles 
derived Wannierfunction basis

ÅHalf-metallic, ferrimagneticstate seen with reasonably large net 
ƳŀƎƴŜǘƛŎ ƳƻƳŜƴǘ ƻŦ Ғ лΦрς1.0 ˃ B and magnetic transition 
temperature nearly as high as the parent compound



Top row, left panel: The cubic double perovskite structure of Sr2CrOsO6 . The large shaded brown, 
medium green, medium blue and small red balls represent Sr, Cr, Osand O atoms respectively.          
Top row, right panel:The A sublatticewith one out of eight Sratoms substituted by Na/La. The 
substituted atom is shown as yellow ball. Middle row: The A sublatticewith two out of eight Sratoms 
substituted by Na/La, in various inequivalent positions. Bottom row: The A sublatticewith three out of 
eight Sratoms substituted by  Na/La, in various inequivalent positions.



GGA + U + SOC density of states of the parent compound, and the Na and Srdoped compounds. 
The black, cyan, yellow shaded area represent the states projected to Cr d, Osd and O p states, 

respectively. The dashed, vertical lines in each panel mark the positions of Fermi level.



Ultra-Cold Atom Emulator of IHB
[Messer et al, PRL 115, 115303(2015)]

ÅSystem emulates the IHB on a  honeycomb lattice

ÅMeasurements: 
Ånoise correlation data from absorption images of the
atomic momentum distribution as
a measure of CDW order
ÅAverage double occupancy using
Interaction dependent rf spectroscopy
ÅLattice modulation spectroscopy

ÅConsistent with increasing U 

supressing CDW order (e.g. not seen

ǿƘŜƴ ¦ҐнрΦо ŀƴŘ н ɲ Ґ нлΦоύ

ÅYet to address existence of BOI 



Half metallic phase in Bilayer Graphene?!
[Yuan et al Phys. Rev. B 88, 201109(R) (2013)]

E=0 LAFI               Finite E LAFI          Doped FHM





High Tc CuprateSuperconductors

Ą

Hole 
doping

ă

Electron 
doping

Mott
insulator

Super-
conducting 
Tc Ғ флY

Max Super-
conducting 
Tc Ғ плY

La(2-x)SrxCuO4



Strange metal

- ñFermi surfaceò
- No QPôs

- Anomalous 

transport

- MFL

Hole conc. x

non-BCS

Tc ~ rs << D

BCS-like

Tc ~ D
ÅSpin glass

ÅCharge order

Åinhomogeneity

20 years of Experiments on the hole-doped Cuprates
(Slide courtesy M Randeria)

Superconductor
Tc

TN

T*

, S=0 pairs

Sharp QPôs

Pseudogap

Fermi arcs!

No QPôs

Spin pairing
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Novel broken 

symmetry?

KE KE



(1) Band 
theory
fails
for 
parent
insulator

όнύ [ŀƴŘŀǳΩǎ
Fermi liquid
theory fails
for strange
metal and
pseudogap
regimes0

105Failure of (at least) three central paradigms of 
20th Century Solid State Physics

(Slide courtesy M Randeria)

Competing  orders:
Antiferromagnetism;
Charge ordering;
Circulating currents 

(3) BCS theory fails
for Unconventional SC
particularly for

Hidden Quantum Critical 

Point under the dome?



Hole doping Ąă Electron doping

Mott
insulator

Phase Diagram of High TcCuprate
Superconductors
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άaŀǊƎƛƴŀƭ CŜǊƳƛ [ƛǉǳƛŘέ tƘŜƴƻƳŜƴƻƭƻƎȅ
C. M. Varmaet al, PRL (1989)

ωNo energy scale like  

ωOnly energy scale is               or   

ωBoth single-particle and transport 
scattering rates

ω scaling of response functions

ωno scaling in q-space

Strange Metal regime:

Microscopic origin?
Quantum Critical Point under the SC dome ?
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Superconducting TcҒ флY

La(2-x)SrxCuO4

Superconducting TcҒ40K

Structure of CuprateSuperconductors
The Ubiquitous CuO2 planes



A Brief History of the IHB

ÅEssentially proposed by Hubbard and Torrance  [PRL 47, 1750 (1981)] 
to provide a heuristic explanation for  the (then) recently observed 
άǘǊŀƴǎŦƻǊƳŀǘƛƻƴέ ƛƴ ǎƻƳŜ ƻǊƎŀƴƛŎ ǎƻƭƛŘǎ όeg.TTF-Chloranil) from 
neutral to ionic states when cooled (seen via changes in the optical, 
Raman and infrared spectra, and in the lattice constants over a broad 
temperature range from 84 K down to ~50 K)

ÅEgamiet. al., Science 261, 1307 (1993) studied the  1-d IHB 
numerically by exact diagonalization.


