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Non-diffusive electron flow: non-local

reSpoInse

Diffusive transport: local
response

Non-diffusive transport: non-
local response

Momentum-relaxing
scattering rate Yy,

Momentum-conserving
scattering rate Y

Inhomogeneous, retarded current in
translationally invariant systems:
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Momentum dependence:

]a (C_i, (U) = Z Oap (671 (1)) Eﬂ (C_i; (U)
B

Electron hydrodynamics!’
Ymc > {er: w, UF/L}

Ballistic conduction
{w' UF/L} >> {er» Vmc}
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(2017); B. N. Narozhny, Ann. Phys.-New York 411, 167979 (2019); I. Tokatly and O. Pankratov, Phys. Rev. B 60, 15550 (1999); ]J. M. Link et al., Phys. Rev. B

93, 235447 (2016); 98, 195103 (2018); C. Q. Cook and A. Lucas, Phys. Rev. B 99, 235148 (2019); D. Forcella et al., Phys. Rev. B 90, 456 (2014)...




Viscosity of electron fluids

* Mainly observed in the DC limit

Materials:
* (Galilean-invariant
- Fermi liquids (liquid Helium)[-3]

*  Without Galilean invariance:
- GaAs heterostructures34l
- Graphenel5-8141617]
- Delafossites!10]
-  Semimetals[11-13.15]
- Doped metal oxides!'®!
- Engineered nanoapertures!°!

Experiments:

* Electrical transport3-7.11-131and
imagingl®14]

* Thermal transport!611-13]

» Magnetotransport[®-11.14]

* Quantum magnetometry(1>17]

* Time-domain spectroscopy!'®l

» Plasmonic resonances!!81°]
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Ballistic conduction: anomalous skin effect

* Observed saturation of surface resistance R(w) = Re{Z(w)} for lyrp = Vg /Vmr > Os:
ballistic responsel!! Z(0) = E(z, w)|,—o+
* Momentum-conserving scattering (¥,,.) should impact results: hydrodynamic skin effectl? f 0+oo dz ] (z, w)

» Fermi-surface isotropy is often assumed!!!
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Kinetic theory for arbitrary Fermi surface

Anisotropic Fermi surfaces in high-purity metals Many crossovers between diffusive, ballistic, hydrodynamic
regimes as functions of ¥,,r, Yme, @?!

Copperlll PdCo0,?!

Regimes:

Diffusive: @
Ballistic: @

Viscous: @

[1] Cavendish Laboratory, P2049 (Cambridge, UK) : Transparent: @
[2] D. V. etal, arXiv:2204.13344 (2022) 10'

7mr/wp

* Boltzmann equation with driving field E (g, w) and collision operator: C Xgm = YmXTm

——

1. Charge conservation: Xio=Co Yo = 0

2. Momentum relaxation in spatial direction i: Xii = cociﬁm /vﬁ,i :Yi = Ymr *  Conductivity g;; (q, w)

3. Momentum-conserving modes: xz : : ¥j = Ve, J # {0, i} ~—1 + Skin depth §;(w)

4. Mirror planes in k space (e.g., polygonal or regular solid Fermi-surface shapes) * Surface impedance Z(w)

’




[sotropic skin effect «phase diagram»
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Anisotropic «phase diagram»: hexagonal
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Microwave experiments on PdCoO,,

 Delafossite: extremely long mean free path, anisotropic transport(! c
« Evidence for hydrodynamic and ballistic DC transport(?]
* Quasi-2D, polygonal-like in-plane Fermi surfacel®!

» Microwave induction measurements to probe surface resistance R (w)*
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Microwave experiments on PdCoO,,

In-plane conduction
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Results:

Out-of-plane component:
PdCoO, EM response is
3D

Crossover from normal to
ballistic skin effect

Quantitative agreement
with Kinetic theory

Constraint on scattering
rates 3 < Yme/Vmr < 10

G. Baker et al., arXiv:2204.14239 (2022)




Conclusions

J Kinetic theory of electrodynamics in 2D
and 3D anisotropic systems
(] Orientational dependence of surface
impedance and skin depth

1 Microwave spectroscopy experiments on
delafossite PdCoO,

() Anisotropic skin effect observation
() Diffusive /ballistic crossover

0.30

0.40 -
data ballistic

calculation

010 M ] /

RN uow [ypQecm]

10-1 10° 10 10-! 100 10!
w/2n [GHz] w/f2n [GHz]

D. V. etal, arXiv:2204.13344 (2022)
G. Baker et al., arXiv:2204.14239 (2022)

A

Graham Baker
UBC, Canada

Mohamed Oudah
UBC, Canada

Timothy Branch
UBC, Canada

James Day
UBC, Canada

Seunghyun Khim

Philippa McGuinness Piotr Suréwka Roderick Moessner,
Max Planck CPFS, Max Planck CPFS, Wroctaw University, Max Planck PKS,
Germany Germany Poland Germany

o Y ."‘_

Andrew Mackenzie,
Max Planck CPFS,
Germany

J. Schmalian
KIT, Germany

Douglas Bonn
UBC, Canada




