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Fermi surface of high temperature superconductor
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Fermi surface of high temperature superconductor
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M. R. Norman et al., Nature 392, 157 (1998)
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Details of symmetrization procedure





High precision lab-based ARPES system

Energy resolution: ~1 meV

Angular resolution: 0.1 deg.

UV source: 1013 photons/sec.

Sample positioning:~1µm

Ability to perform quantitative 
measurements of spectral intensity

Sample lifetime (Bi2212) ~ 2 weeks



Sample aging due to CO2 absorption 
when vacuum is less than perfect

as cleaved 24 hours later

OP Bi2212 Tc=95K

A. Palczewski et al., 
Phys. Rev. B 81, 104521 (2010) 
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The pseudogap: friend or foe of high 
temperature superconductivity?



T>T* T<Tc

Possible origin of the pseudogap:
pre-formed pair scenario

T*>T>Tc

Emery and Kivelson

T T

AFM

T

carrier concentration

SC

T*

pseudogap

TN

metal

~ 0.15

Tc



O

Cu Cu

Cu Cu

O

O

O O

O O

O

O O

O O

+

-

- +

+ +

+

+

+

-

-

-

-+

-

-

T. C. Hsu, J. B. Marston, I. Affleck,
Phys. Rev. B 43, 2866 (1991)

+

+

-

-

C. M., Varma,
Phys. Rev. B 55, 14554 (1997).

O

Cu Cu

Cu Cu

O

O

O O

O O

O

O O

O O

+

-

-

+

-

-

+ +

+

C. M., Varma and E. Simon

Dichroism in ARPES:
A. Kaminski et al.  Nature  (2002)

Neutron scattering
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H. A. Mook et al. arXiv: 0802.3620 
Y. Li et al. arXiv: 0805.2959

Kerr effect:
J. Xia et al. PRL (2008)
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Density
Wave

STM:
W. D. Wise et al. 
Nature Physics 
(2008)

S. Chakravarty et al., 
Phys. Rev. B 63, 094503 (2001)

Neutron scattering:
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Quantum oscillations:
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D. LeBoeuf et al. Nature (2007)
S. Sebastian et al. Nature (2008)

Possible origin of the pseudogap: ordered state
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d-wave superconducting order parameter
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Bi2201 OP 35K

At lower carrier concentration there 
is strong deviation of the spectral gap 
from d-wave symmetry
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How can we understand this deviation?

T. Kondo et al.,
Phys. Rev. Lett. 98, 267004 (2007)
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Spectral gap has 
two components

T. Kondo et al.,
Phys. Rev. Lett. 98, 267004 (2007)
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Spectral gap has “unusual” temperature dependence”
Antinode

Tc
Text
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Temperature dependence of SC and PG spectral weights
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Temperature dependence of SC and PG spectral weights
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Temperature dependence of SC and PG spectral weights
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T. Kondo et al., Nature 457, 295 (2009)



“Partially superconducting” Fermi surface in underdoped cuprates

T. Kondo et al., Nature 457, 295 (2009)



“Partially superconducting” Fermi surface in underdoped cuprates

T. Kondo et al., Nature 457, 295 (2009)

Pseudogap is a foe
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Superfluid density measured by µSR

R. Khasanov et al., Phys. Rev. Lett. 101, 227002



..one problem: Nerst effect and magnetization measurements 
detect pairing above Tc...

Lu Li, et al. Phys. Rev. B 81, 054510 (2010)Wang, Y. et al. Phys. Rev. B 64, 224519 (2001) 



S. Skalski et al., Phys. Rev. 136, A1500 (1062) 

Density of states at Ef - D(Ef) is well aware 
of pairing gap and pair breaking



K. Gomez. et al. Nature 447, 569 (2007) 

Superconducting patches above Tc in STM data



OP Bi2212 Tc=95K
Quantitative studies of spectral weight at Ef

T. Kondo et al., arXiv:1005.5309
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OP Bi2212 Tc=95K
Quantitative studies of spectral weight at Ef

T. Kondo et al., arXiv:1005.5309
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Doping dependence of the WPG and Wpair: Bi2201



Universal scaling of Wpair w.r.t. Tpair



T. Kondo et al., arXiv:1005.5309

Lu Li, et al.  
Phys. Rev. B 81, 054510 (2010)

G. Zheng et al., 
Phys. Rev. Lett. 94, 047006 
(2005).

Wang, Y. et al.
Phys. Rev. B 64, 224519 (2001)
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Wise et al., Nat. Phys. 5, 213-216 (2009)

Bi2201

T. Hanaguri et al., Nature 430, 1001-1005 
(2004)

Pseudogap = “checkerboard” order?

Ca2-xNaxCuO2Cl2



Wise et al., Nat. Phys. 5, 213-216 (2009)
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T. Kondo et al., Nature 457, 295 (2009)

Pseudogap = “checkerboard” order?

Ca2-xNaxCuO2Cl2



Conclusions

pseudogap is a state that coexists and     
competes with superconductivity

energy scale associated with pseudogap is 
similar to one of the checker board order 
observed in STM

quantitative ARPES approach revealed new 
spectroscopic temperature scale Tpair

associated with pairing and different from the 

pseudogap temperature T*: Tc << Tpair << T* 

there is indeed a pre-formed pair state in 
cuprates, but it is not directly related to the 
pseudogap

AFM

T

carrier concentration
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TTNN

metal

~ 0.15
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strange metal
T*

“artists rendition” of 
cuprates  phase diagram

???




