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The modern era of electron hydrodynamic experiments

Return to the minimum starting requirement – extremely pure materials 

Three new candidate systems attracted attention: graphene, delafossites and  
so-called Weyl semimetals, all of which have lMR of tens of microns at low T

‘graphene’ 170916

‘Weyl’ 15014

‘delafossite’ 1118

delafossite metals < 100

Recent discovery? Hard to crystallise? Deeply, deeply uninteresting?

1971 Not at all (at least PdCoO2)
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ABO2
A sites:  
• Pt, Pd
• Triangular 

lattice
• Metallic

Pd1+

Cr3+

B site: Cr
• S=3/2
• Mott insulating

Delafossite metals

APM, Rep. Prog. Phys. 80, 032501 (2017) 
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PdCoO2 and PtCoO2: record-breaking conductivity

Carrier concentration of 
delafossites is about a factor of 
three smaller than that of 
monovalent elemental metals



0

Highest room T relaxation times of any known 
metals.

PdCoO2 and PtCoO2: record-breaking conductivity
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PdCoO2

Room temperature 
resistivity about 2.5 μΩcm

Large resistance ratio so 
low temperature resistivity 
a few nΩcm:  in-plane 
mean free paths of tens of 
microns! 

Enormous low temperature conductivity and huge mean free paths 

Large anisotropy: resistivity 
perpendicular to planes 
approximately 103 higher 

H. Takatsu, S. Yonezawa, S. Mouri, 
S. Nakatsuji, K. Tanaka and Y. Maeno, 
J. Phys. Soc. Jpn. 76, 104701 (2007) 



PdCoO2 and PtCoO2: simplicity of electronic structure

Single Fermi surface sheets, predicted by LDA calculations and experimentally 
established from angle-resolved photoemission and de Haas-van Alphen effect 
measurements.

H.J. Noh et al., Phys. Rev. Lett. 102, 256404 (2009)
C.W. Hicks et al., Phys. Rev. Lett. 109, 116401 (2012)
P. Kushwaha, V. Sunko et al., Science Advances 1, 1500692 (2015)



Aside: delafossite metals, spin texturing and magnetism

Surface states with giant 
Rashba splitting for transition-
metal surface termination in 
PdCoO2, PtCoO2 and PdRhO2.

For Pd or Pt surface 
terminations, ferromagnetic 
surface states are observed.

V. Sunko et al., 2017, Nature 549, 492

F. Mazzola F., V. Sunko et al., arXiv:1710.05392

Experiments on bulk spectra from PdCrO2 in 
which the Cr-O layers are Mott insulating 
reveal a spectroscopic signal based on a 
Kondo lattice-like coupling between Mott 
and free electron layers  

V. Sunko et al., arXiv1809.08972 



Mean free path at 

low T is as much 

as 20 μm !

Exponential resistivity at low temperatures in PdCoO2

C.W. Hicks, A.S. Gibbs, A.P. Mackenzie, H. Takatsu, Y. Maeno & E.A. Yelland Phys. Rev. 
Lett. 109, 116401 (2012)

Voltage noise
~ 150 pV/√Hz 
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Could exponential resistivity be due to ‘phonon drag’?

Idea (Peierls 1930s):  phonons cannot 
equilibriate on the timescale of low 
temperature electron-phonon collisions and 
are dragged out of equilibrium by the 
electron distribution in an applied electric 
field at low temperatures.

Electron-phonon Umklapp processes then have an activation temperature  
TU = hckU where c is the sound velocity.

Estimating c from phonon specific heat and knowing kU from the Fermi 
surface gives reasonable agreement between TU and the measured To.

Standard el-ph scattering therefore does 
not relax the electron distribution’s 
momentum at low temperatures.

Dragged phonons would help rather than hinder reaching the hydrodynamic 
regime: our motivation to try an experiment. 



Clean fabrication - focused ion beam sculpting

300 μm

Focused ion beams can be used to 
sculpt out arbitrary geometries; beyond 
a 10-20 nm damage layer this process is 
clean.  

Crystals of PdCoO2 grow 10-20 μm thick

Experiment: measure the channel resistivity, narrow it down by approximately a factor 
of two, re-measure the resistivity and so on.  Widths changed from 60 μm to ~ 700 nm.

P.J.W. Moll, P. Kushwaha, N. Nandi, B. Schmidt and APM, Science 351, 1061 (2016)



PdCoO2 T = 3 K

ρ
/ρ

∞
Width dependence of channel resistance analysed using the 

de Jong-Molenkamp theory 

Prediction of standard transport 
theory neglecting momentum-
conserving scattering

Effect of including momentum 
scattering such that lMR= 10lMC



ρ
/ρ

∞
Width dependence of channel resistance analysed using the 

de Jong-Molenkamp theory 

PdCoO2 T = 3 K PdCoO2 T = 3 K

Curvature is 
a signature of 
a viscous 
contribution

Many questions, one of which was whether lMR could really be as long as 20 μm?  We 
had only deduced it from bulk resistivity.
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Transverse electron focusing in PdCoO2

10 μm contact separation 

Part of the thesis work of Maja Bachmann, supervised by Philip Moll; experiment 
motivated by discussions with Leonid Levitov



Transverse electron focusing in PdCoO2

‘Direct mesoscopic caliper’ of a tens of micron mean free path.

Signal survives thinning of the crystal by top-rastering of the FIB.



Structure of peaks depends on direction of injection 

180 μm
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Ballistic simulations (Aaron Sharpe, Arthur Barnard, David 

Goldhaber-Gordon) ….



…. do a very good job of matching the data

The simulations also account for the detailed difference of the peak structure for 
different injection angles.

NB: this simulation includes no hydrodynamics

TheoryExperiment



Spin-off from analysis of focusing experiments: 

directional ballistics

50 x 35 μm

M.D. Bachmann, S. Khim, M. 
König, A. Barnard, A. Sharpe, D. 
Goldhaber-Gordon, T. Scaffidi, 
APM & P.J.W. Moll, unpublished  

Large track orientation 
dependence of resistance: 
> factor 2 when width is 
2.5 μm. 



Spin-off from analysis of focusing experiments: 

directional ballistics

50 x 35 μm

P.H. McGuinness, E. Zhakina, 
S. Khim, M. König & APM, 
unpublished  

Asymmetric transport from a 
symmetric device.  Effect 
resolvable up to square edge 
~ 100 μm!

M.D. Bachmann, S. Khim, M. 
König, A. Barnard, A. Sharpe, D. 
Goldhaber-Gordon, T. Scaffidi, 
APM & P.J.W. Moll, unpublished  



Spin-off from analysis of focusing experiments: 

directional ballistics

50 x 35 μm

P.H. McGuinness, E. Zhakina, 
S. Khim, M. König & APM, 
unpublished  

Asymmetric transport from a 
symmetric device.  Effect 
persists up to square edge > 
100 μm!

M.D. Bachmann, S. Khim, M. 
König, A. Barnard, A. Sharpe, D. 
Goldhaber-Gordon, T. Scaffidi, 
APM & P.J.W. Moll, unpublished  



Why the mean free path is so long part 1: k–orbital locking 

around the Pd (Pt) d-electron Fermi surface

S. Kitamura, H. Usui, R.-J. Slager, A. Bouhon, V. Sunko, H. Rosner, P.D.C. King, J.W. 
Orenstein, R. Moessner, APM, K. Kuroke & T. Oka, arXiv:1811.03105 

H. Usui, M. Ochi, S. Kitamura, T. Oka, D. Ogura, H. Rosner, M.W. Haverkort, V. Sunko, 
P.D.C. King, APM and K. Kuroki, arXiv:1812.07213



Why the mean free path is so long part 2: amazing material 

perfection

Currently conducting a collaboration to create and study point defects artificially, 
using 2.5 MeV electrons at École Polytechnique, Paris. 

Celesta Chang, Dave Muller, Seunghyun Khim, Veronika Sunko, Philippa McGuiness 
& APM, unpublished 

Veronika Sunko, Philippa McGuinness, Elina Zhakina, Marcin Konczykowski & APM, 
unpublished 



Interesting ballistics - any residual signatures of 

hydrodynamics?

For bulk results see 
N. Nandi et al., npj
Quantum Materials 3, 
66 (2018)

Problem: microscopic 
understanding of 
hydrodynamic-like 
behaviour at 2K (even 
phonon drag unlikely to 
help).



Go to high temperatures to try and selectively kill ballistic 

effects
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Navier-Stokes calculation including 
known W and lMR

B (T) B (T)

Time to declare success and bask in glory?

Problem: Direct kinetic calculations not previously available for the wide sample 
regime.  A Lorentzian-like decay is not uniquely related to momentum conserving 
scattering.



𝜕𝑡𝜒1 + 𝜂𝜕𝑦
2 𝜒1 = −𝛾𝑀𝑅𝜒1 +

𝑒𝐸

𝑚

‘Trivial’ but revealing toy calculation (Thomas Scaffidi)

Set up Boltzmann equation for flow along the x direction of a long channel for a 
circular Fermi surface and k-independent momentum relaxing and momentum 
conserving scattering rates 𝛾

MR
and 𝛾

MC
such that lMR = vF / 𝛾

MR
, lMC = vF / 𝛾

MC

Denote the deviation of the Fermi surface from equilibrium as 𝜒, decompose 
into Fourier components and establish the Boltzmann equivalent of the 
Navier-Stokes equation including momentum relaxing scattering: 

𝜂 =
1

4

𝑣𝐹
2

𝛾2

BUT:                        Rather, 𝛾2 = 𝛾MC + 𝛾MR.  𝛾2 ≠ 𝛾MC.

y

x

E

Momentum relaxing processes contribute to the term identified as a viscosity.

See also P.S. Alekseev, Phys. Rev. Lett. 117, 166601 (2016) 



Future material direction – delafossite semiconductors

Hydrodynamic searches better suited to semiconductors than high density metals

Tens of delafossite semiconductors exist: oxides, sulphides and nitrides

What if their structural purity were as good as that of the metals?

CuAlO2 single crystal

S. Khim, unpublished



Summary 

1. Delafossite metals have some of the highest metallic conductivities 

ever observed.

2.   A new class of directional ballistics can be observed over remarkably 

length scales in focused ion beam sculpted structures.

Max Planck Institute
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3.   The materials also host subtle magnetic effects both at the surface and

due to a Mott insulator-free electron interplay. 

4.   The meaning of electronic viscosity in materials like this is a subtle issue


