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• Introduction
– Conventional Fermi liquids

• Pseudogap and Fermi arc
• Thermodynamic properties

– Electronic specific heats
• Transport properties

– Doping dependence
– Impurity effects

• Conclusion 



Normal FermiNormal Fermi--liquid systems liquid systems 
SrVOSrVO33 and Caand Ca11--xxSrSrxxVOVO33
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Mass renormalization in ARPES spectra Mass renormalization in ARPES spectra 
of SrVOof SrVO33
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ARPES spectra and transport ARPES spectra and transport 
of 2D free electrons on of 2D free electrons on SiSi √√33×√×√33--AgAg
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Phase diagram of highPhase diagram of high--TTCC cupratescuprates
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Phase diagram, Fermi surface and Phase diagram, Fermi surface and 
dd--wave gap/pseudogap in highwave gap/pseudogap in high--TTCC cupratescuprates
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Band structure and Fermi surface:
E(k) = -2t(cos kxa+cos kya)
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PeudogapPeudogap and Fermi arc in Laand Fermi arc in La22--xxSrSrxxCuOCuO44
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QuasiQuasi--particle forming the Fermi arc in particle forming the Fermi arc in 
the nodal regionthe nodal region

(π/2,π/2) (π/2,π/2)(π/2,π/2)
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Fermi velocity of nodal QP is doping-independent !
X.J. Zhou et al., Nature ‘03



PeudogapPeudogap and Fermi arc in Laand Fermi arc in La22--xxSrSrxxCuOCuO44

Energy relative to EF
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PeudogapPeudogap in the antiin the anti--nodal regionnodal region
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““RemnantRemnant”” FermiFermi--surface crossing in lightlysurface crossing in lightly--
doped Ladoped La22--xxSrSrxxCuOCuO44



Fermi surface, Fermi surface, ““remnantremnant”” Fermi surface Fermi surface 
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Tight binding fit: E(k)= -2t(cos kxa+cos kya)
- 4t’cos kxa cos kya - 2t”(cos2kxa+cos2kya)

Tight-binding fit
Intensity peak in k-space



Pseudogap behaviors of LaPseudogap behaviors of La22--xxSrSrxxCuOCuO44
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Density of Density of QPsQPs and electronic specific heatsand electronic specific heats

Density of QPs at EF 
compared with specifit heat γDensity of QPs from ARPES 
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Unusual metallic transport in Unusual metallic transport in 
lightlylightly--doped cupratesdoped cuprates

Metallic resistivity well exceeds
the Ioffe-Regel limit: kFl ~ 1

Ioffe-Regel limit
Mean-free path l is shorter than
1/kF ~ 2 A ?

In spite of well-defined Fermi surface

Due to pseudogap/Fermi arc

Y. Ando et al. PRL ‘01 



MeanMean--free path, Fermi velocity and scattering free path, Fermi velocity and scattering 
rate from ARPES datarate from ARPES data

vF

∆k Mean-free path
l = 1/∆k

Fermi velocity
vF

Scattering rate
1/τ =vF /l
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Doping and momentum dependence of Doping and momentum dependence of 
MDC widthMDC width

Mean free path l= 1/∆k
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BoltzmannBoltzmann transport  transport  
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BoltzmannBoltzmann transporttransport

Resistivity
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Fermi arc length Resistivity with Fermi arc
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•1/τARPES >1/τtr
• surface defects ?
• kz dispersion ?



SummarySummary

• Thermodynamics
– Density of QPs extracted from ARPES is compared 

with electronic specific heats.
– Psuedogap removes part of QPs from EF. 

• Transport
– ARPES MDC width is compared with DC resistivity

(using Boltzmann theory). 
– Pseudogap removes part of charge carriers.
– ARPES MDC width is generally larger than that 

expected from transport. 
– ARPES MDC width is consistent with residual 

resistivity due to Zn impurities. 
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