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Thermal Conductivity in Cuprates: High Energy Gaps from Low Energy Quasiparticles

Outline

® Some basics....
Thermal conductivity: electrons and phonons
Thermal conductivity in superconductors

® Superconducting State .....
BCS d-wave superconductivity?
universal behaviour,
constant nodal Fermi velocity

® Underdoped (pseudogap) regime......
YBCO vs LSCO, rewriting the phase diagram

® Normal State ......
Fermi liquid? (outlook)

Thermal conductivity primer
Phonons: beyond Casimir T3 limit

K = Kgearons T Kpronons S — Wwave SUpEI’COﬂdUCtOI’ . VSSi
Kinetic theory formul ation: 08T
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R.O.Pohl and B. Stritzker, Phys.Rev.B. 25, 3608 (1982).
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Extended BCS Theory : superconducting gap with nodes
d-wave gap: A = Acos(2¢)

density of states

clean limit W
Linear density of states at low energy o}o ' o El/'oA ' 0
- governs all low temperature properties ' '
e.g. C ~T? V impurity bandwidth
e
impurity effects Finite density of delocalised states at zero energy |

e.g. C.~T and Ko~ T (metallic conductivity from qp’s)

Thermal conductivity in d-wave ‘unconventional' superconductor
0.4 T T 1

Optimally doped cuprates

= BSCCO
0.3} ¢ YBCO
~ LSCO

0.2

k/T [MW/KZcm]

0.1

° YBCO - 6.0 (insulator)

0.0 1 1 1
0.00 0.01 0.02 0.03 0.04
T2 [K7]
.. Ky .
finite T establishes presence of nodes
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Fermi-liquid theory of nodal quasiparticles
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Ve = Fermi velocity
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e No Fermi-liquid parameters 0

e NO vertex corrections

A. Durstand P. A. Lee, Phys. Rev. B 62, 1270 (2000).
M. J. Graf et al., Phys. Rev. B 53,15147 (1996). pure d-wave case: V2 ~ %0

A=A,008(29)
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Nodal quasiparticles in Cuprates: optimal doping
ivi ARPES: BSCCO T. =9
thermal conductivity
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Doping dependence superconducting gap from thermal conductivity

A, increases - Tc decreases
(breakdown BCS theory)

100
o TI2201
80 = YBCO

o Bi2212
s SISBi2212

> 60+ \ --- Ao=3.5ksTe

2 A\

= A

g 40F

Underdoped: Overdoped:

A, tracks T,
(strong coupling BCS theory)

80— o1

D.G.Hawthorn et al., preprint (2004)
M.Sutherland et al. Phys Rev B 67 174520 (2003)

Thermal transport in La,_Sr,Cu0O,

Nodes exist at all doping levels which are superconducting

Ko/T [uW K2 cm™]

&:k_éﬂ F+ﬁ
T 3ndpv, Vv;

minimum when vg = v,

.... Non-universal behaviour?
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Universal behaviour in the cuprates

Established universa behaviour
T T YBCO (optimal and overdoped)

50 - - Taillefer PRL (1997) , Hill PRL (2004
YBCOs 96 | Bi-2212(optimal doping)
Nakamaeet al. PRL 63 184509(2001)

0
I/Tc0=0.001
<o
32
g
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E
v
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/e °
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comparative levels of elastic scattering T/Te
Hirschfeld and Putikka, PRL 77, 3909 (1996)
YBCO(BZO) . YBCO(YSZ) . LSCO
1 ' 10 * 100
100
Summary and Conclusions - 1 - Tz
80F = YBCO
o Bi2212
i i i _ 4 SIS Bi2212
superconducting state is d-wave at all dopings > 60F A " 80=3.5keTe
- no evidence for additional complex component. 50 20 f
< i

ul} >0 (all 7 {
T >0l p) - *\\

8.0 0.1 0.2 0.3

doping dependence of superconducting gap maximum :
e overdoped — optimal doped: A, scaleswith T, (BCS theory)

e optimal doped — underdoped: 4, increases while T, decreases
(Failure BCS theory)

A, scales with pseudogap :
® likely common (superconducting) origin

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

LSCO is different (non-universal) — disorder or competing order ?
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Exploring the underdoped (psedogap) regime
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Field Dependence of La, Sr,CuQO,
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D.G.Hawthorn et d. Phys. Rev. Lett. 90 197004 (2003)

Disorder or Competing Order in non-superconducting LSCO

La; oSro,Cu0,

o
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=
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Appearance of SDW order as
superconductivity is suppressed
by magnetic field

ARPES measured gap at nodal
point in underdoped LSCO

B.Lakeet al. Nature 415 299 (2002) K.M.Shen et al. Phys. Rev. B. 69 054503(2004)
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Normal State

H>Hc2

1853. ANNALEN No. 8,
DER PHYSIK UND CHEMIE.
BAND LXXXIX.

1. Ueber die V¥ irme- Leitungsfihigkeit der Metalle;
con G. F¥Viedemann und R. Franz.

§ L

Uebcr zwanzig Jahre sind verflossen, seit Hr. Despretz
durch seine miihevollen Untersuchungen zuerst einige sichere
Zahlenwerthe iiber die relative Leitungsfihigkeit verschie-
dener fester Korper fiir die Wirme aufgefunden hat. —

Die grofse Genauigkeit und Sorgfalt, mit welcher die
Versuche von Hrn. Despretz angestellt wurden, hat ge-
wifs mit Recht zur Folge gehabt, dafs die von ihm aufge-
stellten, nach dem damaligen Zustande der Wi haft
glinzenden Resultate als Grundlage unserer Kenntnifs in
dem bearbeiteten Felde dienen mufsten.

In den Tubulus d war ein Messingrohr ee cingekittet
In diesés Robr war bei ff ein zwveites Robr gg cingeschlif-
fen. welches durch aufecleete Gummiringe luftdicht daran
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Wiedemann-Franz law (low T)

Wiedemann & Franz, Ann. Phys. 89 497 (1853)

Fundamental property of a Fermi Liquid

K
_e
K/
T ) /T ratio transport coefficients
charge
TZ
o -y 6]
P ool 30e
P
Nature of excitations ?
T

heda cariers = charge cariers
= charge e fermions (Landau gp

What are normal state, low energy excitation in cuprates ?

A suppress superconductivity
with magnetic field

g
2|3
8

t pseudogap metal

s

m

carfier concentration\(p)
B AN
1-%4 ~OIO§K 4 optimal doped T1,Ba,CuQy,
- T. ~ 20K p=0.26

p=0.15
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overdoped TIZBaZCuO%: chargetransport

T T T T T T

:g0+aT bT?2

Py=6.15 uQ.cm

p [u.cm]

Lo 3.98mw.cm™.K™
Po

TIK]

Proust et a. PhysRev.Lett. 89 147003 (2002)

overdoped TIZBaZCuO%: heat transport
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Wiedemann-Franz law: perfedly obeyed

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

Robert Hill, University of Waterloo (KITP Exotic Order Conf 6/09/04)

12



Thermal Conductivity in Cuprates: High Energy Gaps from Low Energy Quasiparticles

Pr; ¢£Cey 1:CUO, — optimally doped cuprate l
,ol Heatvs Charge Transport i
H=13T
— 15 .
5
&
2 . Violation of
: 1.0~ AAAA‘AAAAAA AAAA A ADAAA o Wledemann-Fr‘anZ|aW
E: Lo/p (13T)
05 . i
..‘ Ke/T
-".'.
0.0 1 1 L | 1
0.0 0.2 0.4 0.6
Temperature [K] el
Breakdow!l of Fermi-liquid theory il:
nature NATURE| VOL 414] 13 DECEMBER 2001 ﬁgf:er-OXIiﬁ ::E?rgnd“ctor
underdoped La; o,Sr;,,CUO, l
charge transport

50 T T T

Normal state is
charge and
thermal insulatfor

D.G.Hawthorn et d. Phys. Rev. Lett. 90 197004 (2003)
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normal state: Wiedemann-Franz law study summary

TI2201 (p=0.26)

perfect agreement with WF law
..... Fermi liquid physics

PCCO (p=0.15)
e T<025K: Ko~T3%°

+T>025K:2-22
Po

Complete violation of Wiedemann-Franz law....
......Fermi liquid physics is not appropriate.

pseudogap

Temperature

metal

O ——=0>SQ®3

3
<
<

LSCO (p=0.06)

Wiedemann-Franz law inconclusive......

although

Electron concentration ()

YBCO charge transport measurements can address this issue

Extra slides follow this one......
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Making thermal conducti

samples

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

magnetic fieldupto 15 T

single crystal

vity measurements
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Thermal conductivity in fully gapped ‘conventional’ superconductor
density of states LV Thermal condiictivity g
3t S —wave superconductor . V3 I
0BF—r——TT—TT"1
2 r superconducting I °
N(e) L
N(0) o6l .
1 = i
5
l"‘x D 4 — -
! L, 2 I ]
0 1 2 3 £
elA 5| ]
For low T expect ook 4
Activated behaviour — 1
A J 1 1 1 1 | 1 ! 1 1 | 1 1 1 1 ]
e.g. Ce~eX%FE °S oo 008 010 016
B T1 7 [K1 .?]
Satterthwaite, Phys. Rev. 125 873 (1962)
Minimal effect of impurities unless magnetic + phonons!

Robert Hill, University of Waterloo (KITP Exotic Order Conf 6/09/04) 16



