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Gweon et al., Nature 2004 Zhou, Gweon et al., Nature Materials 2007



My interest

Gweon et al., PRL 11

Pseudo‐gap and charge order in
high temperature superconductors

Meng, Gweon et al., PRB RC 11

Invitation to March meeting, Book chapter, Special journal issue



My interest

Topological Insulator

Insulating bulk
Conducting surface
Robust conducting surface 
guaranteed by topology

Hsieh, Hasan, et al. 
PRL 2009



Superconductivity = dance of 
electron pairs

Phys. Today, March ‘04
All to the same tune!
Phase coherent SC condensate

Bound Pair

Binding energy
= SC gap

Kamerling Onnes
(1911)

BCS theory
(1957)



Dual nature of high temperature 
superconductors

● Strong interaction leads to a high 
temperature superconductivity, but …

● it can also lead to other phenomena that 
are not necessarily useful...

● Charge order is such an example.
● Understanding charge order is a crucial 

part in understanding the high temperature 
superconductivity.



High temperature 
superconductivity

http://middleschooladvisory101.blogspot.com/2009/04/blind-man-and-elephant.html

RVB!
It's
RVB!

Quantum
Critical!

It's
DDW!

It's
Phonons!

It's
Stripes!

It's (almost)
Fermi
Liquid...



How to “see” electrons…

For conventional superconductors, the 
tunneling spectroscopy (Giaever, Nobel 
prize '73) has been critically helpful.
For high temperature superconductors, 
similar techniques ARPES and STS have 
been very enlightening.



Electron spectroscopy on high 
temperature superconductors

ARPES :  Angle Resolved Photo-Electron 
Spectroscopy

Sophisticated photoelectric
effect experiment
Measures the momentum
resolved density of states

STS :  Scanning Tunneling Spectroscopy
Measures the spatially resolved density of states



Electron spectroscopy on high 
temperature superconductors
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Is there a charge/spin order in the pseudo-gap phase?
If so, what is the origin?

Hanaguri et al., Nature ‘04



Charge order in Na-CCOC

Hanaguri et al.
Nature 04



Origin of charge order?

Peierls (1955)

Fermi surface nesting
Charge order (2kF)
Gap opening at 

Weak correlation scenario



Origin of charge order?

Strong correlation scenario

Charge order driven by 
Coulomb replusion (U) or 
exchange interaction (J), 
…

Stripes, Wigner crystal, 
pair density wave, ...



Question

● Which one is it?  The strong correlation 
scenario or the weak correlation scenario?

● In the weak coupling scenario, the FS 
nesting is essential.  In the strong coupling 
scenario, it is not, although it won't hurt.



Charge order in Bi-2201

Wise et al., Nature 
Physics, 4, 696–699 
(2008)



ARPES in Na-CCOC

Shen et al., Science 05



ARPES in Na-CCOC

Shen et al., Science 05



Charge order in Na-CCOC

Hanaguri et al.
Nature 07

Tc = 28 K, Optimally Doped
The same ¼ (red arrow), ¾ (blue arrow) pattern



“Fermi surface” data



MDC dispersions



Comparison of nesting 
and CO vectors



Comparison of nesting 
and CO vectors

Shen et al., Science 2005 Our results, PRL in review, 2011



Bi2212 data

Our ARPES data

Compilation of STS
data and ARPES data



Bi2201 data

The black arrows corresponding to checkerboard wave vector (Wise et al)

FS data by
Hashimoto et al.
Nature 2010



Bi2201 data



Conclusions

● Charge order in Na-CCOC, BISCO 
superconductors are related to strong 
correlations, rather than Peierls type 
Fermi surface instability

● Also, the way the “Fermi surface” 
deviates from the simple Peierls type 
instability agrees with the prediction from 
the “t-J model” based calculation (Yang, 
Rice, Zhang, PRB 2009).



Microscopic theory of High Tc?

• Varma:  Marginal Fermi liquid theory

• Anderson:  Hidden Fermi liquid theory

• Shastry: Extremely Correlated Fermi liquid theory

The hard part is describing the 
normal state properly.

Both Anderson’s model and Shastry’s model are based 
on the “t‐J” model (strong correlation model).

??



ECFL description of HTSC line 
shapes

eV
is the main
fit parameter
outcome

Laser ARPES Data



Conventional ARPES data (Kaminski, 01)

The only free fit parameter is  !



Conventional ARPES data (GHG, 11)

The only free fit parameter is  !

GHG, Shastry, Gu, Phys. Rev. Lett., 107, 056404 (2011)



Conventional ARPES data (Yoshida, 07)
The only free fit parameter is  !

Play with  a bit.



The Naturalness of the Theory

● Satisfies the global particle sum rule.

● Energy scales are not arbitrary, but locked 
with respect to each other.

● The energy scales are natural candidates for 
explaining what we call “ARPES kinks.”

● Other theories such as MFL and HFL do not 
have these features (except that MFL has 
theory for one of the two kinks).



The Naturalness of the Theory

● ARPES “kinks”
High Energy kink

Low Energy kink

Graf, GHG et al., PRL 07

Lanzara et al., Nature 01
GHG et al., PRL 06



The Naturalness of the Theory

● The ECFL theory has two ARPES kinks –
unprecedented details!

● The ECFL theory is the first to fit the ARPES 
data across techniques and cuprate families.



Conclusions

● The ECFL theory provides a 
function that seems very favorable 
to the description of the ARPES 
data on High Tc.

● Both this work and the charge order 
work confirm the importance of 
strong (or extreme!) correlation 
physics.


