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2) Wiedemann-Franz law in cuprates

SUPERCONDUCTORS INSULATORS
1) Cuprates — d-wave + Hc2 1) Nd2CuO4 — phonons
2) lron pnictides — s+- or d-wave 2) Nd2CuO4 — magnons
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METALS 1) Electrons & phonons

ELECTRONS 1) Elastic scattering

2) Inelastic scattering — electrons, phonons, spin excitations

3) Wiedemann-Franz law (T = 0 limit)

4) Lorenz ratio (T > 0)

PHONONS 1) Scattering processes — boundaries, impurities, electrons, phonons, ...



ELECTRONS Wiedemann-Franz law
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Cuprate superconductors
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Six regions

1) Superconductivity
2) Mott insulator

3) Fermi liquid

4) Strange metal

5) Charge order
6) Pseudogap phase
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3) Fermi liquid at high doping

a) Large Fermi surface — ARPES, quantum osc.

b) TA2 resistivity



3) Fermi liquid at high doping

a) Large Fermi surface — ARPES, quantum osc.

Fermi surface at p = 0.3

Peets et al., New J. Phys. 9, 28 (2007)

Carrier density

n=1+p



Fermi-surface reconstruction Quantum oscillations
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2009 T-linear to T-quadratic resistivity in h-doped cuprates LSCO
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Six regions

1) Superconductivity

2) Mott insulator 400

3) Fermi liquid =00
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Two thermodynamic signatures of quantum criticality in cuprates
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METALS 2) Wiedemann-Franz law in cuprates T12201
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METALS 2) Wiedemann-Franz law in cuprates T12201

VOLUME 89, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 200

Heat Transport in a Strongly Overdoped Cuprate: Fermi Liquid
and a Pure d-Wave BCS Superconductor
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METALS 2) Wiedemann-Franz law in cuprates T12201
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METALS 2) Wiedemann-Franz law in cuprates Nd-LSCO



The cuprate Nd-LSCO

The pseudogap phase



Six regions

1) Superconductivity
2) Mott insulator

3) Fermi liquid

4) Strange metal

5) Charge order

6) Pseudogap phase
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6) Pseudogap phase below T, below p*

a) ARPES — loss of spectral weight in AN regions

b) STM — FS transformation across p*
c) Hall number — loss of carrier density

d) NMR — loss of density of states



6) Pseudogap phase below T, below p*

a) ARPES — loss of spectral weight in AN regions



6) Pseudogap phase below T, below p*

a) ARPES — loss of spectral weight in AN regions

(@) T ] (b)
150 9.
Nd-LSCO
S

100

T (K)

{ M My

015 025

p

Intensity (a.u.)

0.3




T (K)

Nd-LSCO

100

50

Linear-T resistivity & upturn

I

Nd-LSCO

ol R 150
* Nd-LSCO | ‘
T
I . . _ 100}
. £
. (@)
=
\*\ \-O/-
i *\i i 50 |-
*
TC \‘ P
0.15 02 o5 03 0o

Collignon et al., PRB 95, 224517 (2017)
Daou et al., Nature Physics 5, 31 (2009)

80



6) Pseudogap phase below T, below p*

c) Hall number — loss of carrier density
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2016 Cuprate superconductors

Hall coefficient : drop in carrier density at p*
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Fermi-surface reconstruction by AF order
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Peets et al., New J. Phys. 9, 28 (2007)
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Fermi surface at low p - ARPES and quantum oscillations

.

=

3 JFi=318T

()]

©

= .

s ARPES| dHvA

< IPy| 2.2% | 2.1%

L IP,| 47% i 4.5%
0 500 1000

Frequency (T)

Badoux et al., Nature 531, 210 (2016) Kunisada et al., Science 369, 833 (2020)



T (K)

Nd-LSCO Drop in carrier density
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METALS 2) Wiedemann-Franz law in cuprates Nd-LSCO



Nd-LSCO Test of the WF law

PHYSICAL REVIEW X 8, 041010 (2018)

Wiedemann-Franz Law and Abrupt Change in Conductivity
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Strange metal phase
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Nd-LSCO Drop in conductivity Nd-LSCO
PHYSICAL REVIEW X 8, 041010 (2018)
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Superconductivity

s-wave d-wave
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SUPERCONDUCTORS

H dependence
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SUPERCONDUCTORS d-wave

d-wave

Universal heat conduction



BCS Theory with d-wave gap: A = A,cos(2¢)
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Fermi-liquid theory of nodal quasiparticles
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Cuprate superconductors



Six regions
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SUPERCONDUCTORS d-wave

Low temperature (T=0 limit)

VOLUME 79, NUMBER 3 PHYSICAL REVIEW LETTERS
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SUPERCONDUCTORS d-wave

Low temperature (T=0 limit)
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SUPERCONDUCTORS d-wave YBCO

Low temperature (T=0 limit)
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SUPERCONDUCTORS d-wave T12201
PHYSICAL REVIEW B 75, 104518 (2007)
Doping dependence of the superconducting gap in Tl,Ba,CuQyg, s from heat transport
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SUPERCONDUCTORS d-wave

Field dependence — Doppler shift
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SUPERCONDUCTORS

Field dependence — Doppler shift

density of states
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SUPERCONDUCTORS d-wave YBCO

Field dependence — Doppler shift C ~ \sqgrt{H}
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SUPERCONDUCTORS Detection of upper critical field Hc2 YBCO
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SUPERCONDUCTORS Detection of upper critical field Hc2 YBCO
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