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Motivation

AWell known that strong electroelectron
iInteractions can drastically affect bammaetals.

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

Ahe Mott metakinsulator transition, even in the
paramagnetic state of a hdiilled band.

AHigh temperature superconductivity, anomalous
normal state, Pseudgap phase, etc., upon doping
(away from haHflling) of Mott (or SDW) insulators

ANork-horse model: The Hubbard Model
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2-d Hubbard model away from half filling
¢ appropriate minimal model fortCupratesuperconductors!
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Band theory Experimens A LaCuQ Insulator!

La2CuCt: |
Haltfilled . Strong Coulomb Interaction
in k-space |
Un;in,; U >t
¥ AR =>>
E; % Haltfilled in r-space: one electron/site
Chargd,
Mott Insulator
Ilgnoring : |
Interactions | SpinA
A mXal | I l Antiferromagnet

l.e., LaCuQ Is a Mott Insulator, an€uprate
Superconductors are doped Mott Insulators!



How Do Strong Electron Correlations

Affect Band Insulators?!

Alt might seem, at first sight, that nothing dramatic is likely.

AU promotes localization of electrons and insulating behavior, but the
system is already insulating!

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

AWill show that, actually, dramatic things do happen when Lk <2
the Insulating banajap

AMost of the discussion will use what is perhaps the simplest mod
for a correlated band insulator: thenic Hubbard Model at Half
filling (and also a bit with doping)

AStudies mostly usBynamical Mean Field Theory (DMFWhich
maps lattice models to quantum impurity models embedded in se
consistent electron bathsand approximate impurity solvers

AUsinglterated Perturbation TheoryRT) and Continuous Time
Hybridization ExpansieQuantumMonteCarlo(CTQM(Etechniques

APart of the studies use the Strong Coupl@gtzwillerapproximation



The lonic Hubbard Model

Obtained by adding @&.ocal correlation energy
to the tight binding model of electrong A § K | &G F 33 S

potential . _ _ . _
H=-a tijﬁsagﬂ al.
ij [
+D4 & -DankE m &
il A i 1B i
t IHM: tj = tonly fornnsites

tql @M: t;=t for nnsites
U fOr nnnsites
GKFEF FTWE )y =2u nmeU/2(f ti=0)

t IHM with U =0 : Simplest Model of a Band Insulator,
with gap 2 &

Does anything interesting happen as U Is increased?



t ¢ U-K lonic Hubbard Model : Simple Limits

A For U =0 Hamiltonian can be diagonalized exactly by transforming to k
space Y Two bands (in half the BZ of the square lattice) with energy

dispersions given by .
E, = \/(%)2 B* ;

6 = -2t[cosk, )+ cosk, )+..

AAt  fihal f(E Y H (N i2n g o
empty Paramagnetic band Insulator with charge gap o f e (fr
chemical potential, at O) for electron or hole excitations of either spin

A @ = 8tandard Hubbard Model Y Metal for U =0, and also in
Restricted Hartree-Fock (RHF) approximation for finite U
A However, Unrestricted HF analysis leads to an AF - Insulating

state with a charge gap of Um, / Rhere

Mt () {ne) € ) (/2

IS the staggered magnetization.
A Gapis the same for both spins



t ¢ U-k lonic Hubbard Model : Simple Limits
(Restricted or Paramagneti¢dartreeFockresults
S, U(n,)/2 a=AB
The Staggered Charge an * (<nB> -<nA>) [ 2

Obeys the Self Consistent equation

an=| DY a2 J|E[
K

with  E, = °J(g)* (+ D -a/2)

Effective Gap = ‘(D U an/ 2)‘ . decreases as U
Increases, but never vanishes!
hy OS k-zeo,8yste i an Insulator for all U

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



t ¢ U-k lonic Hubbard Model : Simple Limits
Atomic (=0) Limit of the model

forU<2k: . ' YR Ly adef30nz2=NE > ¢
Charge Gap k- U/2 . )
lfaz OKFENOuUSARIl IoftS Fa a




t ¢ U-k lonic Hubbard Model : Simple Limit
Atomic(t=0) Limit of the model

forU>2k:da200 LyadgEhag2NE 6&A
Charge Gap €/2 -k Lbcal moments
lfaz2z OKIFNYOUSNRIFIOGES | a

2= SiE

AYSOLI f ¢ GAUOK UEZKCI Y 2



Novel Results | ;. Correlation Induced Metallicity
In the Paramagnetic Phases of IHB!

(At half fillingand T=0
[Garg, HRKRanderia PR197,0464032006)]

An the (enforced) paramagnetic state (or in mode!
with sufficient frustrationeg., on nonbipartite

lattices,)turning on correlations reduces the Banc

iInsulating gap, which vanishes at a finitg!U

Y Correlation Induced Quantum Phase Transitio
(QPT) fronBand Insulatorto a metallic phase!

AVietallic phase stable for a narrow range &f

AGap becomes norero again (U>L), and

Increases as U Increas#s Mott Insulator for
largerU




Gap In Single Particle Spectrum
(DMFT+IPT)
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T=0Phase Diagram of IHB at Half Filling
(With Enforced Parmagnetism, IPT)
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Novel Results Il : Antiferromagnetic Phases

and phase transitions in the half filled IHB
[Bag, Garg, HRKhys. Rev. B1, 235108 (2015)]

ABipartite or non frustrated lattices

Airst orderquantum phase transition (QPT)@tU0 k
to an Antiferromagnetic Insulating (AFIMphase

APreempts QPT into paramagnetic metallic phase

AFor nonzerdr,

Ahermal transition from AFM to the paramagnetic
[Band Insulator (Bl)] phasefisst orderfor weak to
Intermediate U, butontinuoudor large U

ALine of tricritical pointsseparates the surfaces of first
order and continuous transitions in thed3U, k, T)
space



T=0Phase Diagram of IHB at Half Filling

(Bethe Lattice, allowing fakntiferromagnetisny
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¢ r Phase Diagram of IHB at Half Filling
(Bethe Lattice, permittind\ntiferromagnetism CTQMC)
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Novel Results Il :

Half metallic phases in tHéiBat T=0!
[Garg, HRKRanderiag PRL112 106406 (2014)]

Aln the AFI stateup and down spin particles (or holes)
have different gaps

AThere is a range of Id which one (up) spin gap
Increases with increasingwhile the other (down) spin
gap decreases!

AY There is a critical U where one (down) spin gap
vanishesy Correlation induced, Antiferromagnetic Hall
Metal along a Quantum Ciritical line in the phase
diagram!

Aln this regime of U, a small amount of doping leads to
Ferrimagnetidalf metal (FHM) phasg entirely new
mechanism for obtaining FHM

AOf value forSpintronic8!



Single Particle Gaps versus U (IPT)
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T=0Phase Diagram of IHB at Half Filling

(Bethe Lattice, allowing fakntiferromagnetisny
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Phase diagram with doping (IPT)
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t ¢ (0 18nic Hubbard Model,
with Frustration
H = '% ydak W iérLr.%
+DQy - DAnE-m &
tcdlaMm: iI’tijA:t forn;]rs?tes |

(i fr nnnsites
GKEE T UFAE(EERreD

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

-

H :a Jij S @ Ji=J =4U for nnsites
! W& 412 for nnn sites

Can this suppress AFM enough to allow formation of PMM phase?
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~tcU-0-k IHB at Halfilling |
UnrestrictedHartreeFock(UHF) Phase Diagram
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t ¢ U-O -k IHB at Hafilling
UnrestrictedHartreeFock(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

X, = -4ticosk, cok, U (1 sn)/2 E°.
1 J(@)?+[D -U( o + ns)/ 2]

gt - 2t[cosk, ) +cosk, )]

MM )= (Mg) (N - (g 21/ 2

m 1IN )- () €(n) (P12

ant ((ny) {n,)/2

Upper band minimatK * (° p/2, ° g 2)

Xes = |D-U(dn+ sn)/2|

Lower band maxima & it ( °p, 0 (O, °p

Xew =Ai+U@A - sn,)/2-|D U( i+ np)/2




t ¢ -9 -k IHB at Halfilling
UnrestrlctedHartreeFocngHF) Theory

Magnetic Transitions
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t ¢ -9 -k IHB at Halfilling
UnrestrictedHartreeFock(UHF) Theory
Upper Band Minima and Lower Band Maxima
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t ¢ -9 -k IHB at Haffilling
UnrestrictedHartreeFock(UHF) Theory
Spin resolved Spectral Functions
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tcU-O-k IHB at Haffilling
DMFT+CTOMC Magnetic Transitions
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tci-O-k IHB at Halfilling DMFT+CTQMC
MDFc¢ Ferrimagnetic Metal (FM) Phase
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tci-Q-k IHB at Halfiling DMFT+CTQMC
MDFc Anti Ferromagnetic Half Metal (AFHM) Phase
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Possibility of High Tc
Superconductivity ithe

(very strongly correlated
halffilled IHM!



Superconductivity in the half filled
t cU-Kk lonic Hubbard Model fdd,k §B-2k f

2 .

0 In this limit,
doublons on A sites
-2%e —t— and holons on B sites
U+ e are too high in energy
U2 - = jL—T— and get projected out

A B
Effective Low energy HamiltoniaiSamanta% Sensarma PR, 224517 (2016))

H =" pulnfy + pinlty + plynly + 1lpny V12D
i m=U -2 D2-m /k
—tZ O'f}BgﬁAodeh}B + H.c. ni\: - Dm iAH?
(ij)o pi=D-m o
n 21° Z|:§._§._lnfnf:|-|-ﬁ n, n" ni=-m
U+V AR e

(i7) {ij)

ﬁf and nf are Lagrange multipliers required to impose the local constraints:

dz:iAdzA +2 fi-i;ﬁlafiAO =1 and hj‘Bth +2 fi%a Jipo =1



Slave Boson Mean field Theory showing Superconduct

In the halffilled t¢ U-k IHM forU, k B- 2k

(FromSamanta&Sensarma, PRB94, 224517 (2016))
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FIG. 1. The staggered magnetization mg; and the condensate
fraction of the doublons (holons) ¢? as a function of the ionic potential
V for (a) a square lattice with U = 207 and (b) a cubic lattice with
U = 25t. The phase diagram in the U -V plane for (c) a square lattice
and (d) a cubic lattice.
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t ¢ U-K lonic Hubbard Model
GutzwillerRenormalized Mean Field Theory
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t ¢ U-K lonic Hubbard Model
GutzwillerRenormalized Mean Field Theory
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t c(1-Q -k lonic Hubbard Model
GutzwillerRenormalized Mean Field Theory
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Concluding commentd

Lots of Novel and Fascinating possibilities in the lonic Hubbard
Model!

Results raise lots of open questions!

AGeneric to all Strongly Correlated Band Insulators with two (or
more) inequivalentorreletaedsites per unit cell ?

AWill the effects found in DMFT survive in more accurate
theories? Will other phases (BONIRDERED PHASE) intrude?
(Such effects not included in Singlike DMFT, but can be
explored in cluster DMFT)

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

AWhat are the properties of the paramagnetic metallic phase? |:
It a nonfermi-liquid?

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



Concluding commentsli ¢ Is it for Real?

ACan 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?

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

AX

AAntiferromagnetic half metallic phase is tantalizing
from the standpoint of spintronics

ACan be looked for by first using DFT to identify materials
that are in the appropriate range of parameters, and then
experimentally.



Concluding Commentg||

ACan doping strongly correlated band insulators
lead to other exotic phases?

Asuperconducting phases with higher Tc than
cuprates

APseudegap phases?
A 2

AWhat possibilities are there with the inclusion of
spinorbit coupling and topological effects?

AWhat about norequilibrium phenomena
iInvolving the IHM?

Thank You for your attention
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AConcluding Comments
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The Dynamical Mean Field Theory (DMFT

A.GeorgesG. KotliayV.Kranth& M.J.RozenbergRev. Mod Phys, 13 (1996)
Better called Dynamical Effective Medium Theory?

Extension to correlated electronic models of

CurieWeiss MFT for Heisenberg Model

Coherent Potential Approximation (CPA) for disordered systems
Exact in infinite dimensions

Curie2 SAaa acC¢ T2NJIS)\ svosNJa a2RSf 2

QL

H=JAa s g aSae-DaSo as,
ij C i i

: Molecular field or Effective medium due to other sites

/ Self Consistency conditionp
H,O0&A Sh, ho »P2dX )

Approximation is exact iff = 'J(2d) and d- o
R =2 23 =  isNON-FLUCTUATING

2d g



Dynamical Mean Field Theory (DMFT)
Dynamical Mean Field or Effective medium Approximatoon

| dzooF NR Y2RSt 2V I GREé RAYSY
Site variablesElectrons of either spin which move in and out of a
sitei and interact with each other on site i:

/t 77 Effective nje(A:IiumAreprAesverlting other sites ,

3 Z IYeaE iItcl)\IildSout%ff S OU NRiglectrdndl K
T A 0805 SAGK BKAOK (K¢
Heff @_rnaizais H;nh ne
+é;1 85 Cc O s ?V(”é)[c;%s 8 Ci |
l.e : The Anderson Impurity Problem !



Dynamical Mean Field Theory (DMFT)

Time dependent amplitud&,(t-t 9 for electrons at site to leave site at time
and return atat time t “from effective medium :

~ \\2 . A~
G W) =w +m V(&) al 2ai 2N aSRAdz
' ["w- & OLYODSNASO LINE L]

Self Consistency condition comes frtime condition that the impurity self
energy arising frontollisions between electrons of opposite spins atisite

Y the (local) self energyS(1#)  for the lattice problem

Total time dependent propagator for electrons at sit&(i-t9

.. 1
S = a,; m+ w- e S(w)

_— A~

D(e.)de;
- I’-]W+ 7177- e S(w)

=[G, ' (w)- SmM]*



Dynamical Mean Field Theory (DMFT)
The Triangle of Self Consistency

Local Self Energy

S” (I D(e)de.
G, (W) =

Impurity problem' W+ m e,  -S.(iw)

Hard'
Band DOS dependent.

Host Propagator Local Propagator
Goi M =[G mM+Sm] o

cw- (e>|
G Reverse Dyson
d Ievel Equation

hybridization




DMFT Scheme for the IHM

Need to work with Matrix Green Functions

g o 2 & W DS (W) e b Az, %
G* (kW) =z . 6 @
C - & w BE(W) = & € gsf
Local Green functions GmW=3 Gk, w
k
~, r ( E) é-ZBs ke
Given by G (w)= - &
nj%ZAs %s'(g)égek &s
Exploit Symmetry Properties at Half filling:
G4(iw,) = —Gp(—iw,) Y aliw,) = U — Ep(—iwy,)

GoMW= Gg°( W SSW ¥ ;% W



Iterated Perturbation Theory (IPT) Scheme

Georges & Kotliar PRB 45, 6479 (92), Georgea@hPRB 48, 7167 (93)

Bottleneck in DMET (G,) for the impurity problem is hard to calculate.
lterated Perturbation Theory : Prescription for an approximation for
with the following Properties:

wGood forU/t << 1

wExact in the atomid=0, limit (i.e., for very large U)!

wEXxact in the high frequency limit for allt, which imposes various
exact sum rules

weasonable and interesting interpolation for all

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

Goul (@) = Goa (w*) = BHF



IPT for the
Half filled lonic Hubbard Model

SIPT (wt) = SHF 4+ 4,58 (w)
Ay = na(l—ny/2)/ [noal(l — noa/2)]
= -2 f Im Gy (w™)dw/m

06 = —2f TmGo,, l,uﬂdw/r

n@) (+) = U2 N(ey,€2,€3)
) = L/ H[dﬁtpﬂ 1) m+—61+69—£g

N(er.€e2.€3) = f(e1)f(—ea)f(es) + f(—er1)f(ea)f(—€3)



CTOMC/CGHYB Impurity Solver

Almplemented using the TRIQS package
(Parcolletet.al. arxiv:1504.01952)

AEvaluates the partition function as a perturbation expansion in the
hybridization by sampling

ZC}: o > _I_ IB 1,—0— 1'_0— .Iﬁ IFICT _IPIG'

o kg:{j

det A oo (TrCoao(T{)Chan (T17)---Coa0 (TE)Chay (TiZ)) ga(16)

“loac
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T=0Phase Diagram of IHB at Half Filling
(With Enforced Parmagnetism, IPT)
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Gap/D
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Phase Diagram of the IHM Allowing for
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Single Particle Gaps versus U
(n=1, IPT)
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T=0Phase Diagram of IHB at Half Filling
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Limitations of IPT and comparison with
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lonic Hubbard Model with Frustration
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For large U, this maps to a Heisenberg model with frustration

-

H :a Jij S @ Ji=J =4U for nnsites
! W& 412 for nnn sites

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



~tcU-0-k IHB at Halfilling |
UnrestrictedHartreeFock(UHF) Phase Diagram
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Evolution of (UHF) Spectral and Momentum
distribution functions with U:
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Evolution oflUHF) Spectral and Momentum
distribution functions with U:
Antiferromagnetic Half metal
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Evolution of (UHF) Spectral and Momentum
distribution functions with U:
Antiferromagnetic Insulator
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Evolution of (UHF) FerrBiurface withJ (1=0.3):

Fermi surface for I = 1.4, 1, = .31
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Evolution of (UHF) Ferriurface withJ (0=0.4):
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(UHF) Staggered magnetization vs U gnd
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(UHF) Net (Ferro) magnetization vs U and
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t ¢t,- U-k IHB at Halfilling

DMFT+CHYBOQMC Matsubara Green Functions
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Evolution of DMFT+CTQMC Momentum
distribution functions with U:

Paramagnetic Metal
n = 1.000, n0.000 m=0.000

Fermi surface for U=3.4t, t, =0.2t(M)
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Evolution of DMFT+CTQMC Momentum
distribution functions with U:
Ferrrmagnetic Metal
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Evolution of DMFT+CTQMC Momentum
distribution functions with U:
Antiferromagnetic Half Metal
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DMFT+CHYBOQMC Phase Diagram
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Possibility in La and Na Doped
SL,CrOs@Double Perovskite?

(KSamantaPSanyak TSahaDasguptaSci. Rerd, 15010 (2015)

ASK,CrOsQ, is a knowrferrimagneticinsulator with transition
temperature () of 725 K, highest ever known in the oxide famil

Aln the above work, six different doped compounds :

Sh g7d-8 1,dCTr0SQ, S 75L& ,CrOSQ, Sk god-3 37£Cr0sE,

St g7gN& 125C10SQ, Sk 75N, ,Cr0SQ, Sk 6N & 374CrOsQ.
were gudied usingfirst-principles density functional theory

(DFT) based calculations together wattact diagonalization of
CrOsmodel Hamiltoniarconstructed in a firsprinciples
derivedWannierfunction basis

AI—IaIf—metaIAIic,,ferrivmagneticste}te seen with reasonably large net
YI Ay SUA O Y 2c1.83{and rAagnetic tramshipn
temperature nearly as high as the parent compound
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Top row, left panel: The cubic double perovskite structure o§&10sQ . The large shaded brown,
medium green, medium blue and small red balls represn€r,0Osand O atoms respectively.

Top row, right panelTheA sublatticewith one out of eighSratoms substituted by Na/La. The
substituted atom is shown as yellow baHliddle row: TheA sublatticewith two out of eightSratoms
substituted by Na/La, in various inequivalent positiddsttom row: TheA sublatticewith three out of
eight Sratoms substituted by Na/La, in various inequivalent positions.
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Ultra-Cold Atom Emulator of IHB
[Messer et al, PRL 115, 115303(2015)]

ASystem emulates the IHB on a honeycomb lattice
AMeasurements:

Anoise correlation data from absorption images of the

(@)

atomic momentum distribution as A= 16.3) -

o
o

a measure of CDW order
AAverage double occupancy using
Interaction dependent rf spectroscop

Double occupancy D
o
N

o
(N

o
T

AL attice modulation spectroscopy Z
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I lA/i' I
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AConsistent with increasing U ©
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E-u (meV)

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

2001 Nd:_xCeXCUO )

200+ “NO['mal”
Metal
%
)
100} %
AE| %
ob— T A
0.3 0.2 0.1 0.0 0.1 0.2 ;
Dopant Concentration x
2 A
Electron '
doping Mot HOl?
insulator 90PING

La, Sr CuO,

o La*
® Cu

La,,,StCuQ

Max Super
conducting
TcF nny

YBasCuz0O-

Super
conducting
TcF dny



20 years of Experiments on the hotlbbped Cuprateq

(Slide courtesy NRanderia

Novel broken Strange metal
.| symmetry? -fFermi surfaceod
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Failure of (at least) three central paradigms of®
20" Century Solid State Physics

(Slide courtesy NRanderia

6HO [ YR

(1) Band T T Strange . Fermi liquid
theory T metal theory fails
fails B Pseudo .~ for strange
forx =0 Mott | 9ap Tc Fermi metal and
::r)']aSrUelg.iOr A|(:)M pees SupercondUCtor qul"d pseUdOgap
regimes
X

(3) BCS theorfalls
for Unconventional SC

Competing orders: particularly forr < 1
Antiferromagnetism

Charge ordering; Hidden Quantum Critical
Circulating currents Point under the dome?



Phase Diagram of HiglcCuprate s
Superconductors
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Strange Metal regime:

Gal NBAAYlf CSNXYA [AljdzARE t
C. M.Varmaet al, PRL (1989)

wNo energy scale like(Ef, © p)
wOnly energy scale isT 174

wBoth singleparticle and transport
scattering ratesl /7 ~ max(w, T)

w w/T scaling of response functions

wno scaling in gpace

Microscopic origin?
Quantum Ciritical Point under the SC dome ?



Structure ofCuprateSuperconductors

The Ubiquitous CuO2 planes
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A Brief History of the IHB

AEssentially proposed by Hubbard and Torrance [PRL 47, 1750 (1981)
to provide a heuristic explanation for the (then) recently observed
GUNI YAT2NYIF OGA2Yy ¢ egyTFaEhoMSE) franNB | y A
neutral to ionic states when cooled (seen glmnges in the optical,
Raman and infrared spectra, and in the lattice constants over a broad
temperature range from 84 K down to ~50 K)

AEgamiet. al., Science 261, 1307 (1993) studied thd IHB
numerically by exact diagonalization.
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Fig. 2. Dependence of N, on Ug for A = 2 and
U, = 5 for various values of t. Results are
shown for both the 4A + 4B system (solid lines)
and the 3A + 3B system (dashed line).



