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Central puzzle : nature of pseudogap phase
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Proust & Taillefer, Annual Reviews of CMP 10, 409 (2019); arXiv:1807.05074



Main findings

1) Drop in carrier density
2) Fermi surface via ADMR
3) Planckian dissipation

4) Limit on QCP

5) Giant thermal Hall signal

Badoux et al., Nature 531, 210 (2016)

with Brad Ramshaw

Legros et al., Nature Physics 15, 142 (2019)

Doiron-Leyraud et al., Nature Comm. 8, 2044 (2017)

Grissonnanche et al., Nature 571, 376 (2019)
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Hall number in cuprates
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SIGNATURES OF THE PSEUDOGAP PHASE

1) Carrier density n=1+p —> n=p Generic



Fermi surface transformation across the pseudogap critical point
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Angle-dependent magneto-resistance (ADMR)

Hussey et al., Nature 425, 814 (2003)
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Temperature (K)

ADMR in Nd-LSCO
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Our preprint will be posted soon !
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Planckian dissipation
p(T) = po + AiT, p=(m*/ne*)(1/7)
Ai=m*/ne” )/ D) (UD)=a(m*/n)(ks/ e h),withi/t=a kg T.

Planckian limit : a~0.7—1.2

Table 1 | Slope of T-linear resistivity and Planckian limit in seven materials.
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SIGNATURES OF THE PSEUDOGAP PHASE
1) Carrier density n=1+p —> n=p Generic

2) Resistivity T-linear as T—>0 Generic
Planckian limit



SIGNATURES OF THE PSEUDOGAP PHASE
1) Carrier density n=1+p —> n=p Generic

2) Resistivity T-linear as T—>0 Generic
Planckian limit

3) ADMR Fermi surface changes at p*

p=0.24 excellent agreement with large ARPES Fermi surface

p=0.21 consistent with small nodal hole Fermi pockets
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Two thermodynamic signatures of quantum criticality in cuprates
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SIGNATURES OF THE PSEUDOGAP PHASE
1) Carrier density n=1+p —> n=p Generic

2) Resistivity T-linear as T—>0 Generic
Planckian limit

3) ADMR Fermi surface changes at p*

4) Specific heat C/ T peaks at p*
C/T ~ log(1/T) , at p*
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EXPERIMENT — Pseudogap phase confined by Fermi surface topology
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THEORY — Pseudogap phase confined by Fermi surface topology
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SIGNATURES OF THE PSEUDOGAP PHASE
1) Carrier density n=1+p —> n=p Generic

2) Resistivity T-linear as T—>0 Generic
Planckian limit

3) ADMR Fermi surface changes at p*

4) Limit on QCP p* < van Hove point Generic



Giant thermal Hall conductivity in the pseudogap phase of cuprates

/ \ Texas
UNIVERSITE DE
Ed SHERBROOKE J.-5. Zhou
G. Grissonnanche
A. Legros Tokyo
S. Badoux S. Pyon
E. Lefrancois _—
V. Zatko . Takayama
M. Lizaire Gaél Grissonnanche H. Takagi
F. Laliberté
A. Gourgout
N. Doiron-Leyraud GORDON AND BETTY CRIEPI
\ L. Taillefer / MOORE
FOUNDATION
S. Ono

Grissonnanche et al., Nature 571, 376 (2019)



Measurement of the thermal Hall effect

Kxy = —Kyy (AT, / ATY) (L/w)

Technical checks

Heat sink : Cu or LiF
Thermometry : TC or sensors
Sweeps : T or H

Reproducibility : consistent with
other groups



Giant thermal Hall conductivity in the pseudogap phase of cuprates
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Giant thermal Hall conductivity in the pseudogap phase of cuprates
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Giant thermal Hall conductivity in the pseudogap phase of cuprates
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Giant thermal Hall conductivity in the pseudogap phase of cuprates
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Giant thermal Hall conductivity in the pseudogap phase of cuprates
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Electrons ? No.

Magnons ? No.

Phonons ? Maybe.
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c-axis thermal Hall conductivity in cuprates

Simple approach to test for phonons :
apply heat current along the ¢ axis

Grissonnanche et al., arXiv:2003.00111 (2020)



c-axis thermal Hall conductivity in cuprates

Phonons !!
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c-axis thermal Hall conductivity in cuprates
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c-axis thermal Hall conductivity in cuprates
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c-axis thermal Hall conductivity in cuprates
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Phonons become CHIRAL in the pseudogap phase
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c-axis thermal Hall conductivity in cuprates

Universal behavior of the anomalous thermal Hall conductivity
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Phonons have Berry curvature ?
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SIGNATURES OF THE PSEUDOGAP PHASE
1) Carrier density n=1+p —> n=p Generic

2) Resistivity T-linear as T—>0 Generic
Planckian limit

3) ADMR Fermi surface changes at p*
4) Limit on QCP p* < van Hove point

5) Thermal Hall phonons become chiral



