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Calculating transport properties



A few things we know about resistivity

• From Bloch-Boltzmann theory
– T2 for Fermi-liquidT for Fermi liquid
– T for AFM QCP in d=2 (Moriya 1990)

T2 i h ld (Hl bi Ri 1995)– T2 with cold spots (Hlubina-Rice 1995)
• From Mott-Ioffe-Regel (wave nature)g ( )

– Maximum metallic resistivity
From DMFT• From DMFT
– Limit can be exceeded with linear T (Palsson, 

Kotliar 2001)



Mott-Ioffe-Regel limit

  ne2  m

k 2

n  k F
2

2d MIR  1
d

e2

h
ℓ  vF
k ℓ 1

d h

kFℓ  1



Vertex corrections

• Single particle excitations (ARPES) 
measures single particle scattering rate

• Resistivity measurement: particle-hole pairResistivity measurement: particle hole pair
– Lifetime counts (self-energy)

i b i d i l d h l– Interaction between excited particle and hole
counts (vertex correction)

– The two must be evaluated in a consistent way
(Ward identities)



The model



The Hubbard model

Simplest microscopic model for Cu O
planes.planes.

t’t’’

U

t

H ∑ t   U∑H  −∑ij t i,j ci
 cj  cj

 ci  U∑ i ni↑ni↓

No mean-field factorization for d-wave superconductivity



Weak to intermediate coupling

Boltzmann

Boltzmann disorderedBoltzmann disordered

T-matrix
FLEX

FLEX with MT-VC

Vertex within FL

Review

Vertex within FL



Strong coupling

Composite operators

Quantum cluster no vertex

DCA,with vertex



Methodology

Weak to intermediateWeak to intermediate 
coupling approaches



Two Particle Self ConsistentTwo-Particle Self-Consistent
TPSC



TPSC: general ideas

• General philosophy
– Drop diagrams
– Impose constraints and sum rulesImpose constraints and sum rules 

• Conservation laws
• Pauli principle ( <n > = <n > )• Pauli principle ( <n >  <n > )
• Local moment and local density sum-rules

G t f f• Get for free: 
• Mermin-Wagner theorem
• Kanamori-Brückner screening
• Consistency between one- and two-particle G = 

UU<n n->
Vilk, AMT J. Phys. I France, 7, 1309 (1997); 
Theoretical methods for strongly correlated electrons also (Mahan, 3rd)



TPSC equations

2

K i B ü k i

n ↑ − n↓2  〈n↑   〈n↓  − 2〈n↑n↓ 

Kanamori-Brückner screening

Does not assume Migdal. Vertex at same level of approximation as G

Internal accuracy checkInternal accuracy check
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Benchmark TPSC with Quantum Monte Carlo
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Calc.: Vilk et al. P.R. B 49, 13267 (1994) 
QMC: S. R. White, et al. Phys. Rev. 40, 506 (1989).

)( NO A.-M. Daré, Y.M. Vilk and A.-M.S.T Phys. Rev. B 53, 14236 (1996)



U = + 4Proofs...
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TPSC
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QMC: symbols. 
Solid lines analytical. Kyung, Landry, A.-M.S.T.

Doping



The pseudogap in electron dopedThe pseudogap in electron-doped 
cuprates



Analytically : 
effect of critical fluctuations on particles (RC regime)

sf Bk T

Imaginarypart: compare Fermi liquid, limT→0 R
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Why leads to pseudogap
′′

Ak,  −2R
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Y.M. Vilk and A.-M.S. Tremblay, J. Phys. Chem. Solids 56, 1769 (1995).
Y.M. Vilk and A.-M.S. Tremblay, Europhys. Lett. 33, 159 (1996); 



Parameters for electron-doped near optimal 

H ∑ t   U∑H  −∑ij t i,j ci
 cj  cj

 ci  U∑ i ni↑ni↓

t’’ fixed
U=6t

t’ t’=-0.175t, t’’=0.05t
t=350 meV T=200 K

U
t Weak coupling U<8t

t=350 meV, T=200 K

n=1+x – electron filling



15% doped case: EDCs in two directions

TPSC
Armitage et al. PRL 2001

Exp
Exp

Hankevych, Kyung, 
A.-M.S.T., PRL (2004). 



Electron doped Neutron scattering

Motoyama et alMotoyama et al. 
Nature 445, 186 (2007)

Vilk, A.-M.S.T (1997)

Kyung, Hankevych, 
A.-M.S.T., PRL, sept. 
20042004

Semi-quantitative fits of 
both ARPES and 

neutron



Precursor of SDW state
(dynamic symmetry breaking)(dynamic symmetry breaking)

• Y.M. Vilk and A.-M.S. Tremblay, J. Phys.
Chem. Solids 56, 1769-1771 (1995)., ( )

• Y. M. Vilk, Phys. Rev. B 55, 3870 (1997).
J S h li l Ph R B 60 667 (1999)• J. Schmalian, et al. Phys. Rev. B 60, 667 (1999).

• B.Kyung et al.,PRB 68, 174502 (2003).y g , , ( )
• Hankevych, Kyung, A.-M.S.T., PRL, sept 2004 

R S M ki i d t/0308469• R. S. Markiewicz, cond-mat/0308469.
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Calculation of the conductivity

Bumsoo Kyung Vasyl Hankevych



Linear response : No quasiparticle assumption
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Bubble



Maki Thomson



Aslamasov-Larkin

3 loops : at 10 Gflops, T=0.01 tDominic Bergeron p p

Fast Fourier transforms
400 billion years for 100 frequencies

o c e ge o



Analytical continuation

• Analytical continuation of Matsubara 
conductivity
– For 10-6 precision, Padé not enoughFor 10 precision, Padé not enough
– Maximum Entropy

• Checked with model spectral densities• Checked with model spectral densities



Optical conductivity



Optical conductivity n < nc



Optical conductivity in NCCO



Optical conductivity   n < nc and   n > ncOptical conductivity n < n and n > nOptical conductivity   n  nc and   n  nc



Results : DC resistivity



Entering the pseudogap

U=6t t’=0U=6t, t =0



Curvature maps

LSCO
YBCO

Ando et. Al. PRL 93, 267001 (2004)



At the quantum critical point

U=6t, t’=0



At the QCP for finite t’

T  AT  BT2



Right of the QCP



Linearity for n > nc   and   Tc

Cooper et al. Doiron-Leyraud 
Science 323
30 (2009)

et al. Phys. Rev. 
B 80, 214531 

(2009)( )



Linearity for n > nc   and   Tc

U = 6t, t’=0



Conclusion

• Calculation: No-QP Ioffe-Regel saturationCalculation: No-QP. Ioffe-Regel saturation
– Hubbard bands necessary to violate MIR limit

• Vertex corrections are important close to half-
filling. g
– They have non-universal effect

Less important away from QCP Do not remove– Less important away from QCP. Do not remove
linearity (universal).

i d i h d di• Linear term decreases with n and disappears
with SC

• Optical conductivity has mid-infrared peak.
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