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零电阻特性

0 50 100 150 200 250 300 350 400
0

50

100

150

200

250

300

R
(o

hm
)

T(K)

Tl-22121913年获得诺
贝尔物理学奖

1908 年荷兰 Leiden 大学的

Kamerling Onnes 小组将 He 液

化，1911年测量水银 Hg 的电阻

温度曲线时发现在 4.2  K （零

下269度） 左右电阻突然消失。

此性质被命名为超导性。随后发

现了大批的单元素金属超导体。



超导转变温度与时间的关系
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Structure of La2-xSrxCuO4: Doped 
Mott Insulator

Cu-O plane
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空穴掺杂氧化物超导体电子能带图示
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BCS Theory : electron-ph interaction
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Symmetry of the Superconducting 
Order Parameter

• High Tc superconductors: Cooper pairs: single flux 
with 2e as carriers in the superfluid condensate:

eh 2/=Φ
C. E. Gough, et al., 
Nature 326, 855 ( 1987 ).

• Pauli exclusion principle: two electrons cannot 
occupy the same quantum state.



Spin and Orbital Angular Momentum of two 
Bounded Electrons
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Possible symmetries of curate high-Tc
superconductors:



Anti-nodal regionFrom Q. H. Wang ky

Nodal region

kx

Fermi surface

T. Yoshida et al.

LaSrCuO



Bi-2212  Tc = 91 K

Andrea Damascelli, Zhi-Xun Shen, 
Zahid Hussan, Rev. Mod. Phys. 75, 473-
541(2003).

The pseudogap seems to have the similar symmetry 
as the gap in the superconducting state, i.e., dx2-y2.



最佳掺杂的超线性欠掺杂区的电阻上翘

Komiya, …, Ando, PRL94, 207004(2005)

非常规线性电阻行为



Novel Nernst effect in HTS

Z. A. Xu, N. P. Ong, Y. 
Wang, T. Kakeshita, S. 
Uchida, Nature 406, 486-
488(2000).

Patrick A. Lee, Nature 406, 
467(2000)



Nernst signal due to normal electrons 
is almost zero

Thermal  flow
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Nernst effect due to flux motion
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Thermal driven flux motion
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• Z. Wang, H. H. Wen, PRB72, 054509(2005).

• H. H. Wen et al., EPL63, 583(2003)



BCS 电声

子：

TcMα=常数

α ＝ 0.5

反常的同位素效应：

图取自：D. M. Newns and C. C. Tsuei, Naturephys. 
3, 184 (2007).



高温超导体中特殊的自旋涨落谱

李世亮和戴鹏程，物理，
2006

K. Yamada et al. PRB 57, 
6165(1998).



J. Tranquada, Nature 2006



P. C. Dai et al, Science 284, 1344 (1999).

About the resonance peak there are two pictures:
1. Media (magnetic fluctuation ) for electron pairing;
2. The response of the spin system when the d-wave 
superconducting gaps are formed.



Superfluid density and doping
C. Bernhard et al., PRL86, 1614(2001).

Z=0.04

Z=0

Z=0.02

YCa-123(Zn)



Electronic phase diagram of HTS
---BE－BCS Condensation Scheme

•Y. J. Uemura, PRL66, 2665(1991). 
Nature 364, 605(1993). Physica C 282-
287, 194(1997).

Overdoped
Regime:

Swiss Cheese 
Model



V. J. Emery and S. A. Kivelson, Nature 374, 434 (1995).



围绕高温超导机理产生很多问题：

• 为什么有抛物线形状的 Tc vs. p 曲线？

• 赝能隙的起源是什么？其基态是什么？金属、非金属？能带论和
费米面仍然适用吗？

• 赝能隙与超导的关系？敌人、竞争者、公存者或朋友？

• 为什么欠掺杂的能隙很大，但是超导温度很低？为什么在远高于
超导转变温度之上仍然有强的能斯特信号？

• 最佳掺杂的正常态电阻为什么到非常高温是线性行为？

• 是电声子耦合还是其他耦合，或者不需要配对媒介？

• 磁涨落谱上面的共振峰对应什么物理？是自旋涨落配对吗？

• 高温超导离传统的 BCS 有多远？



Specific heat: A powerful tool for low energy excitation
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Quasiparticle excitations from Fermi arcs found by Chinese 
2000 years ago!

鱼洗
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DOS in Mixed State with Vortices

1. S-wave: superconductor, 
vortex cores play as 
potential wells for low 
energy quasi-particles. 
One component: localized 
core state.

2. D-wave: two components 
for quasiparticles: 
Localized core state and 
de-localized extended 
states due to the nodes.



Symmetries  → Quasiparticle excitation in mixed state

0 ∆

N(E)

E

H=0

H≠0

1. S-wave superconductor:

T
H
HaC

H
HaHTN

c
nwaveS

c
n

2

2

),(

γ

γ

≈

≈

−

2. D-wave superconductor:

HavE FH ∝= 0/

Doppler effect: 
( )

H

rvkrkErdkdEN sVSF

/1

)](),([
2

)( 2
3

3

..

∝

⋅−= ∫∫
rrrrr

δ
π

Quasiparticle outside core kvE s

rr
⋅=δ

2c
nVolovik H

HTkC γ= G. E. Volovik,JETP Lett. 58, 
469(1993).



By solving the BdG theory for a d-wave superconductor, 
Simon and Lee predict a scaling law for the quasiparticle
spectrum for d-wave superconductor:
S. H. Simon, P. A. Lee, PRL78, 1548 ( 1997).

)/()/(2 HTHgHTfTCvol ==

This scaling law contains cases in two limits: Volovik’s relation 
TH0.5 in low temperature limit,  T2 relation in high temperature 
limit. G.E. Volovik, N. B. Kopnin, PRL78, 5028(1997).



Weak-coupling d-wave BCS 
superconductivity in overdoped region



P-type cupratesEvidence for weak coupling d-wave BCS model:

Overdoping:

N. Miyakawa, et al., PRL 80, 157 (1998).

Break junction tunneling

A. Ino, et al., (2002)



Samples: La2-xSrxCuO4 single crystals
From Tohoku University
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x=0.18~0.238 Relaxation Method
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From N. E. Hussey,  
Advances in Physics 
51, 1685(2002).
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Weak coupling d-wave superconductivity in 
overdoped region!
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Weak coupling d-wave superconductivity in 
overdoped region!
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Comparison of the Nγ
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Impurity scattering:
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Data from La2-xSrxCuO6 single crystals
H. H. Wen, X. H. Chen, W. L. Yang, Z. X. Zhao

Phys. Rev. Lett. 85, 2805(2000) ; PNAS 97, 11145 ( 2000 ).
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K. Yamada et al. PRB 57, 6165(1998).



Proposed Picture for 

Electronic Phase Diagram (By Hai-Hu Wen 2000)

Similar conclusion: S. Wakimoto, et al., Phys. Rev. Lett. 98, 
247003(2007)



Underdoped region:

Correlation between pseudogap
and superconductivity
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Pure d-wave scaling  x=0.15
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LaSrCuO, p=0.063
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Good scaling to Volovik’s relation at T=0 for all 
doping concentrations: HAvol =γ
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Ground state of the 
pseudogap phase:

Nodal metal

Vs.

Fermi arc metal



LaSrCuO, p=0.063 p=0.08
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Na-CaCuOCl Single crystals

Tc=13 K Tc=25 K

T = 15 K

K. M. Shen, et al., Science 307, 901(2005).





There should be Fermi arcs in the pseudogap state if the 
superconductivity would be suppressed completely!
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Nodal
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2232(2004).

From the entropy 
point of view, the 
nodal metal 
picture for the PG 
phase is not 
reasonable.
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Journal of Physics and 
Chemistry of Solids 
62 (2001) 59--64



What governs the 
superconducting 

transition temperature?
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Good scaling to Volovik’s relation at T=0 for all 
doping concentrations: HAvol =γ
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Four Nodal points:
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The residual DOS at zero temperatures
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Comparison between karc and 2π/a
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Non BCS behavior in 
underdoped regime
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To get useful message from “nothing”

Improved Low-temperature specific heat measurements based on 
PPMS
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After a complicated process, (inc. data acquisition and 
treatment), we finally get the useful message!
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• Cooper pairs are formed far above Tc: Gaussian fluctuation? Or 
BEC or Phase fluctuation, or something else?

• At T=0 K, field will induce finite DOS, a Fermi arc (or pocket) as the 
ground state of pseudogap state?
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Fluctuating superconductivity remains up to about 30-
40 K, far above Tc=12 K



Bi2+xSr2-xCuO6 single crystals
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Electron Doped Region
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Phonon Mediated Pairing?
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The Debye temperature does not change with the 
doping. It seems that the MacMillan equation based 
on e-ph cannot explain the Tc in PLCCO



0 10 20 30 40
-4

-2

0

2

4

 

 

T(K)

[C
(H

)-
C

(8
T)

]/T
  (

m
Jm

ol
-1

K-2
)

 H=0T
 H=0.5T
 H=1T
 H=2T
 H=3T
 H=4T
 H=5T
 H=6T

The low temperature part shows a power law, not an 
exponential dependence! Indicating either anisotropic or d-
wave gap symmetry.



Failure to an isotropic s-wave gap
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monotonic d-wave
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S. Wilson, et al., 
Nature 442, 59 (2006).

Proc. National Acd. Sci.104， 15259 ( 2007 ) .

Collaboration between P. C. Dai and H. H. 
Wen’s group



Proc. National Acd. Sci.104， 15259 ( 2007 ) .

Collaboration between P. C. Dai and H. H. Wen’s group



Summary from experiment

• In all doped regions, d-wave paring symmetry holds;

• It seems to be BCS like in overdoped region although with some 
specialties: possible phase separation;

• The general quasiparticle gap becomes smaller towards more 
doping, which resembles the doping dependence of the AF 
correlation, or the RVB singlet pairing gap;

• Pesudogap phase has small Fermi surfaces, the superconductivity 
may be formed by the a new “gapping” on these small FS;

• There is a close relationship between the pseudogap and 
superconductivity.

• The resonance peak on the magnetic fluctuation spectrum has a 
close connection between the superconductivity condensation. 



Phase diagram of cuprate superconductors

Based on the data of La-214



Possible pictures for HTS

1. Spin fluctuation mediated pairing (glue may or may 
not need) 

2. RVB based picture: Mobil electrons swim in the 
Natural spin singlet-pairing background (glue does 
not need)

3. Electron-phonon pairing (glue need)



Thank you !Thank you !
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