
������� ��	
������ �	 �������� ���� �	���� ���� ���� ��� �	���� ��� !"�#$!%&' 

()*+,- ./001 23/4+,5/-6 )7 89-+,0)) :;<=> ?@)-/A B,C+, D)37 EFGHIJKL M

NOPQRST UVWXYUZ[\[Z] [W ^_`abcdef

ghij klkmin iopq rmst usv klkmin wxyz{|y}~{���z

������ ����� ��� ����������� �� ������� ������� KITP June 7-11 2004 

������ �� ��  

Louis Taillefer

Makariy Tanatar
Shiyan Li
Filip Ronning
Cyril Proust
Andrew Macfarlane
Robert Gagnon

May Chiao
Christian Lupien
Etienne Boaknin
David Hawthorn
Michael Sutherland
Johnpierre Paglione

Harry Zhang

Walter Hardy
Doug Bonn
Ruixing Liang
Darren Peats
Jennifer DeBenedictis

Rick Greene
Patrick Fournier

¡¢££¤¥¢¦¤§¨©ª «ª§¬¢¦® ¯ °±²³ ´µ¶·±̧ ¹ º±»²·¼ ½¾¹º¸¶·º¿¿

Shuichi Wakimoto
Nigel Hussey

T.Kimura
M.Nohara
H.Takagi

Andrew Mackenzie
N.N.Koleshnikov



������� ��	
������ �	 �������� ���� �	���� ���� ���� ��� �	���� �������������

����� ����� �	������� ��  ������ !"#�$ �%��� &�
�� ��	� '()*()+, -

./01234
5678 9:;<=;>?@ABCDEF GHIJKGLMNMLOP BFBGLCHIQ EIJ RAHIHIQ@ABCDEF GHIJKGLMNMLO MI QKRBCGHIJKGLHCQ
STUVWXYZ[TX\]Z^ S\_\V `aabcd efghij klmjnopqrlostitsuvlqtijnkhw xjyhitplnz{|}~��}� }|��� ����� ���|{���

���������� ����������� ������  ¡¢£¤ ¥¦ §¨©ª« ¬®¬¯°¯±² °³ ´³µ¶ ·¯µ²¬µ¸

¹º»¼½¾ ¿À½ÀÁ ÂÂÃÄÅÆÇ ÈÇÉÊÇËÌ ÍÎÊÏÈÎÎÐÑ

YBCO

R.O.Pohl and B. Stritzker, Phys.Rev.B. 25, 3608 (1982). 

Phonons: beyond Casimir T3 l imit
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Thermal conductivity primer

T

æ

2T

electrons ~ T

phonons ~ T3

0

Kinetic theory formulation: 

cvl3
1ç =

κ = κelectrons + κphonons

e
Fe lTv 03

1 èé =

ph
sph lvT 0

3
3
1êë =

s – wave superconductor :  V3Si
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density of states

Linear density of states at low energy

- governs all low temperature properties

e.g.
2~TCe

clean limit

γ impurity bandwidth

d-wave gap:  ∆ = ∆0cos(2φ)

node
∆0 = 0

Extended BCS Theory : superconducting gap with nodes

impurity effects Finite density of delocalised states at zero energy

e.g.        Ce ~ T and κe ~ T (metallic conductivity from qp’s)
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finite          establishes presence of nodes
T

0κ
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thermal transport (T 0, T<<γ)

A. Durst and P. A. Lee, Phys. Rev. B 62, 1270 (2000).
M. J. Graf et al., Phys. Rev. B 53,15147 (1996).

• universal
• no Fermi-liquid parameters
• no vertex corrections

k
1

k2

Fermi-liquid theory of nodal quasiparticles

pure d-wave case: v2 ~ ∆∆0

node

2

1
v

φ∂
∆∂⋅=

Fk/

2
2

2
2

2
1

2 vvE kkF ++= 0
vF = Fermi velocity

Hil l et al.. Phys. Rev. Lett. 92 027001 (2004) 
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YBa2Cu3O7

B CDE FGHIIJIKLMNOPQR SLMOTUV
Nakamae et al.
PRL 63 184509 (2001)
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Nodal quasiparticles in Cuprates: optimal doping

Tc/500jQ // a axis

thermal conductivity

19
2

=
ν
ν F

cm/s105.2 7×=Fv

cm/s1023.1 6
2 ×=v

20=
2

v

vF

Ding et al. PRB 54 (1996) R9678
Mesot et al. PRL 83 (1999) 840

ARPES:  BSCCO K90Tc =

optimally doped BSCCO
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data – Z.X.Shen

La2-xSrxCuO4

doping
0.0 0.2 0.30.1

Yoshida et al. Nature 423 398 (2003)

Consequence
- assuming simplest d-wave gap

∆ ~ ∆0cos(2φ) 02

0 1
~

v

1
~

∆T

κ
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D.G.Hawthorn et al., preprint (2004)
M.Sutherland et al. Phys Rev B 67 174520 (2003)
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Thermal transport in La2-xSrxCuO4

Nodes exist at all doping levels which are superconducting
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vF = v2 (LSCO)
minimum when vF = v2
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YBCO6.95

YBCO6.95 + 1.7% Zn

LSCO x = 0.17

Hirschfeld and Putikka,  PRL 77, 3909 (1996)

comparative levels of elastic scattering

YBCO(BZO)
1

YBCO(YSZ)
10

LSCO
100

: :

Established universal behaviour
YBCO (optimal and overdoped)

Tail lefer PRL (1997) , Hil l PRL (2004)
Bi-2212 (optimal doping)

Nakamaeet al. PRL 63 184509 (2001)

superconducting state is d-wave at all dopings
- no evidence for additional complex component. 

T
0κ

> 0 (all p)

JKLLMNO MPQ RSPTUKVWSPV X Y

∆0 scales with pseudogap :

likely common (superconducting) origin 

pseudogap is :  (i) quasiparticle gap
(ii) must have nodes
(iii) must have linear dispersion

doping dependence of superconducting gap maximum :
overdoped  – optimal doped:   ∆0 scales with Tc (BCS theory)

optimal doped – underdoped:   ∆0 increases while Tc decreases
(Failure BCS theory)

LSCO is different (non-universal) – disorder or competing order ?
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generic phase diagram

carrier concentration

d-wave
superconductor

metal

m
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insulator

pseudogap
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Field Dependence of La2-xSrxCuO4
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Thermal  Metal

Thermal Insulator

Field Dependence of La2-xSrxCuO4

D.G.Hawthorn et al. Phys. Rev. Lett. 90 197004 (2003)
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K.M.Shen et al. Phys. Rev. B. 69 054503 (2004)B.Lake et al. Nature 415 299 (2002)
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Nature of excitations ? 

heat carriers = charge carriers
= charge e fermions (Landau qp)

ρ

T

ρ
0

T 2

κ
00
//T

κ
T

e

Wiedemann-Franz law (low T)
Wiedemann& Franz, Ann. Phys. 89 497 (1853)

ratio
charge

heat
transport coeff icients
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Fundamental property of a Fermi Liquid

optimal doped
Pr1.85Ce0.15CuO4

Tc ~ 20K
p = 0.15

metal

m
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What are normal state, low energy excitation in cuprates ?

normal state

overdoped
T l2Ba2CuO6+δ

Tc ~ 15K
p = 0.26

carrier concentration (p)

suppress superconductivity
with magnetic field

underdoped
La1.94Sr0.06CuO4

Tc ~ 8K
p = 0.06

pseudogap
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13 T

15 T

15 T
13 T
10 T
7 T
5 T
3 T
2 T
1 T
0.5 T
0.25 T
0 T 

H=13 T

ρ0=6.15 µΩ.cm

21

0

0 .KmW.cm3.98/L −−=

ρρ = ρρ0 + aT + bT2

overdoped Tl2Ba2CuO6+δδ: charge transport

Proust et al. Phys.Rev.Lett. 89 147003 (2002)

overdoped Tl2Ba2CuO6+δδ: heat transport

Wiedemann-Franz law:    perfectly obeyed

L0

ρρ0(13T)

Proust et al. Phys.Rev.Lett. 89 147003 (2002)
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Heat vs Charge Transport

Pr1.85Ce0.15CuO4 – optimally doped cuprate

/01234015 1670898:355;<=>?@ A>B

underdoped  La1.94Sr0.06CuO4

charge transport

Normal state is
charge and
thermal insulator

16T

13T

11T

D.G.Hawthorn et al. Phys. Rev. Lett. 90 197004 (2003)
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S/C

metal
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pseudogap

Electron concentration

Tl2201 (p=0.26)
perfect agreement with WF law
….. Fermi liquid physics

Complete violation of  Wiedemann-Franz law….

…...Fermi liquid physics is not appropriate.

PCCO (p=0.15)

• T < 0.25 K : 

• T > 0.25 K :

6.3T~eκ

0

02~
ρ

κ L

T
e

normal state: Wiedemann-Franz law study summary

(p)

LSCO (p=0.06)
Wiedemann-Franz law inconclusive……
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Pr2-xCexCuO4

Making thermal conductivity measurements

dilution refrigerator: 40mK – 4K
(2 decades in temperature)

Q

T+ T-

T0

( ) A

l

TT

Q
−+ −

=κ

~1mm

single crystal
samples

magnetic field up to 15 T

YBCO
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density of states

normal

superconducting

0 1 2 3

3

2

1

(0)

).(
N

N

ε/∆
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e.g.

For low T expect
Activated behaviour






 ∆−
Tk

C
B

e exp~

Minimal effect of impurities unless magnetic + phonons!

Aluminium

Satterthwaite, Phys. Rev. 125 873 (1962)






 ∆−




 ∆∝
TkTk BBn

es expEE
2

T<<Tc

Thermal conductivity
Cooper pairs carry no entropy

T=0 K zero electronic heat conduction

s – wave superconductor :  V3Si


