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Sr2RuO4: A Fermi liquid
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Band structure calculation: 3 t2g bands crossing EF
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1D (dxz,yz) versus 2D (dxy) Superconductivity ?






Mazin et al., PRL 79, 733 (1997)
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Eigenstates with Spin-Orbit Coupling

Atomic relativistic SOC
Ru4+ 161 meV
Rh4+ 191 meV

Earnshaw, JCS 601, 3132 (1961)

M.W. Haverkort, I.S. Elfimov, L.H. Tjeng, G.A. Sawatzky, A. Damascelli, PRL 101, 026406 (2008) 



Importance of Spin-Orbit Coupling in 4d Oxides

xy

xz
yz

M.W. Haverkort, I.S. Elfimov, L.H. Tjeng, G.A. Sawatzky, A. Damascelli, PRL 101, 026406 (2008) 



Superconductivity

2-electron
bound state

-k

k
Cooper Pair

spin-singlet pairing

Superconductivity can only
be seen on low energy scales
and needs high resolution!

Metallic Density of States

Superconducting Density of States

“Classic Low-temperature” Superconductors



Spin-Triplet Superconductivity in Sr2RuO4

• Equal spin-triplet pairing for any quantization axis
• Single-band (dxy) isotropic p-wave order parameter
• TRSB: px+ipy with no disorder gives zero Kerr signal

Xia et a., PRL 97, 167002 (2006)Mackenzie & Maeno, RMP 75, 657 (2003)

Strong
SOC

Weak
SOC

• k-dependent spin-triplet mixing: order parameter?
• Orbital character mixing: multiband superconductivity?
• Is TRSB a signature of spin-orbit coupling?



Band structure calculation: 3 t2g bands crossing EF

eg
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Band Renormalization by Electronic Correlations






Mazin et al., PRL 79, 733 (1997)A. Liebsch et al, PRL 84, 1591 (2000)



The first indication of correlations is band narrowing

eg
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A. Liebsch et al, PRL 84, 1591 (2000)

M

U = 1eV
vF / vF

band exp
= 3.2

v = E /  k

Damascelli et al., PRL 101, 026406 (2008) 

Band Renormalization by Electronic Correlations
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Corcoran et al.,JPCM 6, 4479 (1994) A CB

Damascelli et al. (2000)

2H-NbSe2: Normal State Electronic Structure

Here electronic correlations are weak: 1 to 1 matching with DFT



Momentum

E
nergy

EF

Single-particle spectral function

N.J.C. Ingle, K.M. Shen, A. Damascelli et al., PRB 72, 205114 (2005)

Many-Body Correlation Effects in Sr2RuO4

Im=21.5eV

=0.31
Courtesy of

T. Takahashi
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HTSC: Mott gap
and strong correlations
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Normal state properties

From Fermi Liquid to Mott Insulator

Platé et al., PRL 2005

Tl2201U

Mott insulator



U

Normal state properties

From Fermi Liquid to Mott Insulator

Correlations suppress Zk

Sawatzky, Anderson, Randeria, 
Paramekanti, Yang, Rice, et al.

~

Platé et al., PRL 2005

Tl2201



Half-Filled Metal Mott Insulator

Increase inter-electron
Coulomb repulsion 

(U)

U

Mott-Hubbard Insulating Behavior



Density functional theory
5d Cu orbitals and 3 O orbitals

8-band model

High-Tc Superconductors: A Minimal Model

1987 Anderson: the essential 
physics of the cuprates is captured 
by the 1-band Hubbard model

1987 Emery: since the HTSCs are 
charge transfer insulators, both O 
and Cu have to be accounted for

3-band model

1988 Zhang & Rice: projecting out 
double occupancy, Cu-O hybridization 
leads to an effective 1-band model

A. Damascelli, Z. Hussain, Z.-X Shen, Rev. Mod. Phys. 75, 473 (2003)  -- see pgs 486-490



HTSCs: Charge Transfer Insulators



Density functional theory
5d Cu orbitals and 3 O orbitals

8-band model

High-Tc Superconductors: A Minimal Model

1987 Anderson: the essential 
physics of the cuprates is captured 
by the 1-band Hubbard model

1987 Emery: since the HTSCs are 
charge transfer insulators, both O 
and Cu have to be accounted for
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ARPES Spectra of Insulating
Ca2CuO2Cl2 along ½ Filled Metal

HTSCs: Charge Transfer Insulators

The dispersion instead of being the 2D tight-binding 8t (t~350meV) is 2.2J (J~125meV)



ARPES Spectra of Insulating Sr2CuO2Cl2

HTSCs: Charge Transfer Insulators

½ Filled Metal

The dispersion instead of being the 2D tight-binding 8t (t~350meV) is 2.2J (J~125meV)



HTSCs: Charge Transfer Insulators

½ Filled Metal

The dispersion instead of being the 2D tight-binding 8t (t~350meV) is 2.2J (J~125meV)



High-Tc Superconductors: Electronic Structure

½ Filled Metal

A. Damascelli, Z. Hussain, Z.-X Shen, Rev. Mod. Phys. 75, 473 (2003)  -- see pgs 486-490



How Can One Measure the Mott Gap?



Optics Photoemission
• photon in – photon out
• electric dipole transition
• particle-hole excitations
• collective modes 
(phonons, magnons, plasmons)

• number of particles is conserved

Particle-hole excitations
of the N-particle system

• photon in – electron out
• electric dipole transition
• electron removal excitations
• collective modes?
only as dressing of quasiparticles

• number of particles not conserved

Single-particle excitations
of the (N-1)-particle system

Electron transition Electron removal

How Can One Measure the Mott Gap?



Optics





General Elementary Excitations?

Courtesy of George Sawatzky



General Elementary Excitations?

Courtesy of George Sawatzky



Absorption Coefficient in a Semiconductor



Excitons versus Band Gap

The 1.55 eV excitations which agrees with the DFT
band gap was thought to be the conductivity gap





Courtesy of







NiO is a charge transfer insulator



Courtesy of



NiO is a charge transfer insulator

O – 2p

Ni – 3d(eg)

Jan Kunes



Electronic Structure of a Mott Insulator: LDA+U

LDA+U can describe the Mott insulator with a gap, BUT:
- It works only for truly insulating systems with no open shells (1/2-filled)
- It does not include many body states such as the Zhang-Rice singlet

LDA LDA+U

Czyżyk and Sawatzky, Phys. Rev. B 49, 14211 (1994) 



Electronic Structure of a Mott Insulator: LDA+U

- ZR singlets are truly many body states (1 Cu hole + 1 hole in ligand orbitals)
- They can be probed by photoemission because they can be reached by a
one-particle excitation from the ground state with 1 hole per Cu site

Zhang-Rice Singlet LDA+U

Zhang and Rice, Phys. Rev. B 37, 3759 (1988) 



Doping a Mott Insulator: Spectral Weight Transfer

It is the connection between low and high energy scales that distinguishes the 
Mott gap from a more conventional gap (i.e., semiconductor, CDW, etc.)
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It is the connection between low and high energy scales that distinguishes the 
Mott gap from a more conventional gap (i.e., semiconductor, CDW, etc.)



Doping a Mott Insulator: Spectral Weight Transfer

It is the connection between low and high energy scales that distinguishes the 
Mott gap from a more conventional gap (i.e., semiconductor, CDW, etc.)

C.T. Chen et al., PRL 66, 104 (1991) Meinders, Eskes, Sawatzky , PRB 48, 3916 (1993)
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Sudden approximation and
quasiparticle renormalization
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Photoemission intensity:

In general NOT orthogonal

A. Damascelli, Z. Hussain, Z.-X Shen, Rev. Mod. Phys. 75, 473 (2003)

ARPES: Interacting Systems



Photoemission intensity:

In general NOT orthogonal

A. Damascelli, Z. Hussain, Z.-X Shen, Rev. Mod. Phys. 75, 473 (2003)

“Like removing a stone from a water bucket”

ARPES: Interacting Systems



No Renormalization
Infinite lifetime

Non-interacting Fermi Liquid

(k,) : the “self-energy” captures the effects of interactions

Photoemission intensity:  I(k,)=I0 |M(k,)|2f() A(k,

A. Damascelli, Z. Hussain, Z.-X Shen, Rev. Mod. Phys. 75, 473 (2003)

ARPES: Fermi Liquid Description



“In gaseous hydrogen, the equilibrium bond length is dependent on the degree of occupation of that level. The electrons 
are dressed by interatomic displacements. The intensities are given by the Franck-Condon factors, the molecular 
equivalent of the sudden approximation. The ARPES spectrum of solid hydrogen, developed from the molecular spectrum, 
will be angle dependent but for some angle will resemble the broken line. The fundamental transition (0-0) becomes the 
solid state quasiparticle peak. The phonon excitations develop into a broad, incoherent quasicontinuum.”

Nature 342, 480 (1989)

Franck-Condon



A “Simple” Example : Metal Surfaces (Cu and Ag)Development of Low-Energy LASER-ARPES



A “Simple” Example : Metal Surfaces (Cu and Ag)Development of Low-Energy LASER-ARPES

Low energy ARPES is now becoming popular as a new tool for spectroscopy

Advantages: 
Higher bulk sensitivity: material specific, depending on relaxations
Narrow excitation linewidth: higher energy resolution
Smaller light spot: higher angular resolution

Drawbacks:
Smaller amount of k-space accessible
Higher sensitivity to final state effects
Breakdown of sudden approximation?



Koralek et al.,PRL 96, 017005 (2006)

Sudden
approximation

The N-1 system
eigenstates don’t change 

But the projection of final
on initial states does! 

The intensity changes but not the dispersion!

Adiabatic Sudden



Sudden
approximation

The N-1 system
eigenstates don’t change 

But the projection of final
on initial states does! 

Adiabatic Sudden If the sudden approximation breaks down, 
the electron will be emitted with the highest 
possible kinetic energy and most of its 
spectral weight will be in a sharp line since 
the incoherent continuum is suppressed).

This does NOT prevent detecting features in 
the experiments due to correlation effects,  
because the (many-body) eigenstates of the 
N-1 particle system remain the same.

However, the ratio of intensity between 
coherent and incoherent parts of the spectral 
function will change, which WILL prevent a 
determination of Z from the evolution of the 
spectral weight detected by ARPES.

The intensity changes but not the dispersion!



A “Simple” Example : Metal Surfaces (Cu and Ag)

Photoemission
Intensity I(k,)

Excitation in the solid

Low-Energy ARPES and Final State Effects

Working at high photon energies the electron 
is excited in a continuum of high-energy 
states; a final state is always available and the 
photoemission process can take place (with 
intensity still dependent on matrix elements).

At low photon energy photoemission is 
affected by the kinematic constrain deriving 
from energy and momentum conservation, 
and the k-dependent structure of the final 
states. For some initial  state there is no final 
state  that can be reached at a given photon 
energy and the intensity vanishes.
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EF

Single-particle spectral function

N.J.C. Ingle, K.M. Shen, A. Damascelli et al., PRB 72, 205114 (2005)

Many-Body Correlation Effects in Sr2RuO4

Im=21.5eV

=0.31
Courtesy of

T. Takahashi



Eschrig, Norman, PRB 67, 144503 (2003)

Collective
mode

Electronic band

Many-Body Effects: Electron-Boson Coupling

Kaminski et al., Phys. Rev. Lett. 86, 1070 (2001)



Single-particle spectral function

Eschrig, Norman, PRB 67, 144503 (2003) Hengsberger et al., PRL 83, 592 (1999) Valla et al., PRL 83, 2085 (1999)

Be(0001) Mo(110)

Collective
mode

Electronic band

Many-Body Effects: Electron-Phonon Coupling

veff / vbare=1/(1+)



Mechanism for High-TC
Magnetic fluctuations ?
Electron-phonon coupling ?

Valla et al., Science 285, 2110 (1999)

Bi2212

Many-Body effects in the High-TC Cuprates



Lanzara et al., Nature 412, 510 (2001)

Mechanism for High-TC
Magnetic fluctuations ?
Electron-phonon coupling ?

Electron Momentum
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Many-Body effects in the High-TC Cuprates



Devereaux et al., Phys. Rev. Lett. 93, 117004 (2004) 

Mechanism for High-TC
Magnetic fluctuations ?
Electron-phonon coupling ?

Many-Body effects in the High-TC Cuprates



Pairing
d-wave SC Gap

Phase coherence
Coherent QP weight

SC Peak

Many-body signatures in Bi2Sr2CaCu2O8+

Feng et al., Science 289, 277 (2000)



Pairing
d-wave SC Gap

Phase coherence
Coherent QP weight

Shen and  Schrieffer, Phys. Rev. Lett. 78, 1771 (1997).

SC Peak
Electron-boson coupling?

With a (,) collective mode?  

Many-body signatures in Bi2Sr2CaCu2O8+

Feng et al., Science 289, 277 (2000)
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Renormalization of Polaronic Quasiparticles

Veenstra, Goodvin, Berciu, Damascelli, PRB 82, 012504 (2010)
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=0.1

Renormalization of Polaronic Quasiparticles

Veenstra, Goodvin, Berciu, Damascelli, PRB 82, 012504 (2010)
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=0.5

Renormalization of Polaronic Quasiparticles

Veenstra, Goodvin, Berciu, Damascelli, PRB 82, 012504 (2010)
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>0.5
Zk=0

Renormalization of Polaronic Quasiparticles

Veenstra, Goodvin, Berciu, Damascelli, PRB 82, 012504 (2010)
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Veenstra, Goodvin, Berciu, Damascelli, PRB 82, 012504 (2010)



Renormalization of Polaronic Quasiparticles

Veenstra, Goodvin, Berciu, Damascelli, PRB 82, 012504 (2010)

Far from the Migdal limit (<<EF for a parabolic band), the effective coupling parameters deduced from 
the renormalization of quasiparticle mass, velocity, and spectral weight are momentum dependent and, 
in general, distinct from the true microscopic coupling; the latter is thus not readily accessible in the 
quasiparticle dispersion revealed by ARPES through the mass enhancement factor 1/(1+).



Renormalization of Polaronic Quasiparticles

Veenstra, Goodvin, Berciu, Damascelli, PRB 82, 012504 (2010)

Based on the renormalization parameters and the mass 
enhancement factor 1/(1+), one can overestimate the true 

electron phonon microscopic coupling even by a factor of 10.



Renormalization of Polaronic Quasiparticles

Veenstra, Goodvin, Berciu, Damascelli, PRB 82, 012504 (2010)

Instead of extracting directly , one 
can estimate real and imaginary part 
of the self energy through bare -band 
fitting and Kramers-Kronig analysis.
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U

Normal state properties

From Fermi Liquid to Mott Insulator

Correlations suppress Zk

Sawatzky, Anderson, Randeria, 
Paramekanti, Yang, Rice, et al.

~

Platé et al., PRL 2005

Tl2201



Fermiology across the Cuprate Phase Diagram

CCOC

CCOC - x=0.12





ARPES – Shen (05)

AMRO – Hussey (03)

dHvA – Vignolle (08)

ARPES – Platé (05)

Tl2201 - x=0.26

Tl2201

Overdoped Tl2201
Quantitative agreement between 

single-particle and transport probes

YBCO - x=0.10

QO – Doiron-Leyraud (07)

YBCO

ARPES on YBCO6.5
Can this be the gateway to a unified

picture for underdoped cuprates?



Electronic Structure of YBCO: Hole Pockets

Elfimov, Sawatzky, Damascelli, PRB 77, 060504(R) (2008)



Electronic Structure of YBCO: Hole Pockets

Elfimov, Sawatzky, Damascelli, PRB 77, 060504(R) (2008)



Fermiology of Underdoped YBCO

Small pockets are also not in LDA

QO suggest Fermi liquid behavior 
in the very underdoped regime

Competing ordering?

Elfimov, Sawatzky, Damascelli PRB 77, 060504 (2008)

B.J. Ramshaw et al., Nature Physics (2010) 



Ordered Phases of CuO Chain Layer in YBCO



Hole Doping by CuO Chain Oxygen in YBCO



Fermiology of YBCO by ARPES

Hossain et al.
Nature Physics 4, 527 (2008)

Fermi surface of
twinned YBa2Cu3O6.51

Fournier et al.
Nature Physics 6, 905 (2010)

Fermi surface of
detwinned YBa2Cu3O6.99

Elfimov, Sawatzky, Damascelli
PRB 77, 060504 (2008)

Large doping almost independent of oxygen content 



Whither Oxide Electronics?

J. Mannhart, D.H.A. Blank, H.Y. Hwang, A.J. Millis, J.-M. Triscone, MRS Bulletin 33, 1027 (2008)

Carrier mobility 104 cm2/(Vs)

2DEG, superconductivity, magnetism, orbital ordering, etc.



Electronic Reconstruction at the Interface

Nakagawa, Hwang, Muller, Nature Materials 5, 204 (2006)

Polar
Catastrophe

Electronic
Reconstruction



Polar catastrophe

vacuum

bulk

Electronic Surface Reconstruction in YBa2Cu3O6.0

½ hole

Self-doping of YBCO surface

Cu1+

Cu1+
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Polar catastrophe

vacuum

bulk

Electronic Surface Reconstruction in YBa2Cu3O6.0

½ hole

Self-doping of YBCO surface

Cu1+

Cu1+

Self-doping

Overdoping



Fixing the YBCO surface self-doping by K deposition

Hossain et al., Nature Physics 4, 527 (2008)



Is the Surface of Tl2-yBa2Cu1+yO6+x polar?  NO!!



ARPES on K-deposited YBCO: counting carriers

D. Fournier, Nature Physics 6, 905 (2010)



ARPES on K-deposited YBCO: arcs vs. pockets

Fournier et al., Nature Physics 6, 905 (2010)



ARPES on K-deposited YBCO: SP and pseudogap



ARPES on K-deposited YBCO: SP and pseudogap



ARPES on K-deposited YBCO: SP and pseudogap

K doping provides access to the whole 
phase diagram (FS, dispersion, SC gap) 

The FS collapses in 4 disconnected arcs 
NO evidence for pockets in ARPES !! 



Single-particle spectral function

(k,) : the “self-energy” captures the effects of interactions

A. Damascelli, Z. Hussain, Z.-X Shen, Rev. Mod. Phys. 75, 473 (2003)

ARPES: The One-Particle Spectral Function

Photoemission intensity:  I(k,)=I0 |M(k,)|2f() A(k,



Renormalization of Polaronic Quasiparticles

Veenstra, Goodvin, Berciu, Damascelli, PRB 82, 012504 (2010)
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Renormalization of Polaronic Quasiparticles

Veenstra, Goodvin, Berciu, Damascelli, PRB 82, 012504 (2010)
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MomentumK.M. Shen et al., PRL 93, 267002 (2004)

>0.5
Zk=0



Quasiparticle Coherence across the Phase Diagram



Quasiparticle Coherence across the Phase Diagram



Quasiparticle Coherence across the Phase Diagram



Quasiparticle Coherence across the Phase Diagram

David Fournier, Nature Physics (2010)



Bilayer Band Splitting and Quasiparticle Integrity

Bilayer band splitting
Anti-bonding & Bonding

FS with bilayer splitting

Correlations suppress Zk

Sawatzky, Anderson, Randeria, Rice, et al.

~



Bilayer band splitting and quasiparticle coherence

Fournier et al., Nature Physics 6, 905 (2010)



Bilayer band splitting and quasiparticle coherence

Basov et al.
PRB 2005

Fournier et al., Nature Physics 6, 905 (2010)



Bilayer band splitting and quasiparticle coherence

• Quantitative estimate of Z

• Agreement with 2p/(p+1) for x>0.23

• Isotropic ZN~0.54 and ZAN~0.50

• Vanishing ZN below 15-10%

• t~10meV consistent with QO

• Z even smaller for pockets’ “other side”

• Pseudogap? Loss of coherent SW

• Fermi surface? Luttinger’s counting?

Fournier et al., Nature Physics 6, 905 (2010)
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http://www.physics.ubc.ca/~quantmat/ARPES/RESEARCH/ARPES_intro.html



http://www.physics.ubc.ca/~quantmat/ARPES/RESEARCH/ARPES_intro.html



Thank you!

Andrea Damascelli
UBC-MPI Quantum Matter Institute
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