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Semiclassical theory of transport in

kpl > 1
[/a > 1

Drude formula:

p:
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—] k— Spread of wave packet
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Wavelength of applied field

Limit of validity: Mott-loffe-Regel limit
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“Quantum of Resistivity”

h
— ag = 136.6uflcm

Po = 02




Outline

Experimental survey: resistivity in good, bad, and
strange metals
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Evidence for universal “Planckian” bound on

relaxation time?

Theoretical models

- Bad metals and resistivity crossover from a large-N limit

- Strange metal in Sr;Ru,0- and Planckian bound



Resistivity of a good metal
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Resistivity saturation (2)
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Fisk and Webb, Sol state comm. (1973)
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Fig. 3. Resistivity versus temperature
for Ti and TiAl alloys containing 0, 3, 6,
11, and 339, Al
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g 3. The concentraton dependence of the electrical resis-
tivity, p, of ligmid K-Hg alloys at 573 K.




Resistivity (m{ cm)

“Bad Metals”

Palstra et al. (1994) From Caladra and Gunnarson (2003)
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Emery and Kivelson, PRL (1995)



Strange metals:
Linear resistivityas T — 0?
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p < T: What sets the slope?

Sr;Ru,0-
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Bruin, Mackenzie et al. (2013)



p < T: What sets the slope7
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 Cuprates (e/hdoped):a=0.7—-1.4
Legros, Taillefer, Proust et al. (2018); Grissonnanche, Ramshaw et al. (2020)

e PdCrO5:a = 0.9
Hicks, Mackenzie et el. (2015)

* Twisted bilayer graphene:a =1 —-1.5
Cao, Chowdhury, Jarillo-Herrero et al. (2020)

Bruin, Mackenzie et al. (2013)



“Planckian bound” on
dissipation?

“Planckian Bound” % < ak;T with a = 0(1)
(Sachdev, Zaanen, Hartnoll,...)

Related proposed bounds:
1> # (Kovtun Son, Sarinets, 2004)

S

D, = # (Hartno// 2015)

Proper definition of =7
Electron-phonon systems athighT: 1/t < AT.

Where’s the bound?
Apparent violations, e.g. e-doped cuprates at high T

Recent critique: M. Sadovskii (Physics-Uspekhi, 2021)
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Large-N electron-phonon Model

N identical electron flavors ¢,

N? identical optical (Einstein) phonon flavors X,
P]ab MwO

_ T
H = 2 EkCkq Cka + ZM 5 X]ab T Hint
k,a j,a,b

Form of Hju::

S s gy Y umel
= iabCiqCib = i,j;ab%iaCjb
\/N i,a,b=1..N \/N i,j,a,b=1

Model 2: “SSH”

Model 1: “Holstein”
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Energy scales

Assume N > 1: solve to leading orderin 1/N

Nb;Sn: 5 electronic bands, 12 phonon modes

A3Cgo: 3 electronic bands, 189 phonon modes

a’v,

Dimensionless el-ph coupling: 1 = > 1 (vqo: DOS at Ef)

2
Mwg

Temperature regimes:

FL Boltzmann “Semi-quantum” High T
(orSC) 1/t =2mAT regime? (classical)

0 Wy EF//l EF T



Large N limit

The electron propagator is Phonon renormalization

strongly renormalized: is subleading:

2] =Tt

Strong scattering of electrons, weak feedback on lattice
(no lattice instability and no small polarons at large A)




Results (d = 2)

Holstein

Np [EI - Q % Q o NP L—Z

n=1/40
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Crossover when Np ~ po,
But no saturation. p x T
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Np ~ 27Tf(n)e—h2 n=1/8
f(m)=0(1)
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Resistivity
Saturation!

Y. Werman and EB, PRB (2016)
Y. Werman, S. Kivelson and EB, npj Quantum Materials (2017)



Interpretation: Einstein relation
o=yxD
AT > A (=low T bandwidth):

Compressibilit N
P LA \/ATA T « AJA T>A/A

Diffusion constant:

o~ A2 /L : A2}
D~ A PEo (Holstein) / ) Semi
/ circular
DOS
D ~ NATA (SSH)

_p2P

Phonon assisted hopping

DOS



Finite N: Monte Carlo calculation
(wo = 0)
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Anomalies in Sr;Ru, 0+

At first sight, “canonical” quantum critical behavior
Grigera et al. (2001); Rost, Mackenzie et al. (2011)
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Fermiology of Sr;Ru,0-

[Tamai et al
PRL '08]

Close to multi-critical van Hove

singularity!

e(k) = ak? + bk*cos4gp
a~=0

Efremov, Betouras et al. (2018)
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“Cold” and “Hot” Fermions

2th V(E)

Key scattering process: cc — ch

/ kKrn 2 1
For T > max(Wy,€;): 2" (w) ~ (k—) wlog(z)

Fc

Marginal Fermi liquid! Varma et al. (1989)

2
. 1 k kgT
Scatterlng rate: — ~ (Lh) B
TC kFC fl

Mousatov, EB, Hartnoll, PNAS (2020)



Approach to the critical field

20 03

¢/T and A = p/T? both
increase as H — H,
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N2 ne.e? hEp.

10:

= A~ Ay

Different from

Kadowaki-Woods:

A~ y? 0 20 40 60 80
A~ (mJ/molK?)

Mousatov, EB, Hartnoll, PNAS (2020)



Planckian limit?

Marginal Fermi liquid Varma et al. (1989)

Self-energy: x=y +ix"

, _ A
Y'(w,T) = —Awlog (maxqwl,T) )

A
Y(w,T) = 7max(|a)|,T)
Quasi-particle lifetime: G (k,0) = w — g — Z(w)

1 2"(0,T) AT

= ~ <T

Independent of the coupling constant!

‘Quantum critical’ ¥ ~ Aw%,a < 1

Low T % ~ T, independent of A (assuming w /T scaling)



Turning through the van Hove
singularity in Sr, RuQ,

Barber, Hicks et al. (2018)
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Summary

h dp
e2kp’ dT

Bad metals p > pyp = > 0

vs. Strange metals p ~ T* atlow T, x < 2 (often x = 1)

Lessons from solved models (large-N):

Resistivity crossover at p ~ pyyr, With

n1 TS
Np =z| N

or without saturation.

i 1 kpT .
Planckian bound - < % : a useful notion, "
T

20

although much remains to be clarified.

Temperature (K)

10

- Precise definition?

0
2 4 6 8 10 12 14

- Counter-examples? Field (7

Thank you.



