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» goal: transport/dynamics of electrons in solids
H= Helectron + thonon + Himpurity + Hel—el + Hel—ph

large interacting terms — no perturbative techniques?
» in general, not computationally tractable:
» Hilbert space dim(H) x exp[N]
» often a fermion sign problem
» 1o real time physics with quantum Monte Carlo

P real systems can be hard:
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A “Solved” Problem

» analogy to a “solved” problem (hydrodynamics)?

» hydrodynamics is valid on long time and length scales:
WTee K 1, klee < 1

where foe = vpTee = e-e collision mean free path
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How to See the Hydrodynamic Limit

» slow modes are locally conserved quantities: in typical solid

alp)=(on o2)w(})
ot\ p ) \ D2 D p

(up to Coulomb interactions...can ignore if 9, = 0)
» ordinary fluids also have momentum conservation
» umklapp and disorder relax momentum of electrons:
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ordinary metal non-Fermi liquid? clean Fermi liquid

no hydro maybe hydro today’s talk
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Gurzhi Effect
» planar Poiseuille flow (called Gurzhi flow here):
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> estimate R (resistance per unit length):

1 1
Rx — X —
w T
~— ~—
|| resistors momentum relaxation

» hydrodynamic limit (w > lee, ignore impurities):
1 1 1 vplee 1
X

Ryisc X — X X — X —— X =
W Tvise W w? T2w3

lx'u_F

> ballistic limit (lee > w): Rpallistic X 5 X o
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» approximately 2d:
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» approximately 2d:

» big hexagonal FS:
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[Mackenzie; 1612.04948]
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Delafossites

Gurzhi Effect?

experiment:

[Moll et al; 1509.05691]

» simulations: w-dependence
compatible with onset of
hydrodynamics?

p~w ' (ballistic)
p~ w2 (hydro)

» T-dependence?
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Delafossites

Circle vs. Hexagon?

» so far, models of » but not this one:
ballistic-to-hydro crossover
for this FS...

» what’s different about the hexagon?
» obvious: symmetry: O(2) — Dj2 (anisotropic?)
» less obvious: > 2 scattering times
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Delafossites

Two Scattering Times

> (at least) two scattering rates (up to logs):

T? 1?2
e~ a_EF’ Ys ™~ E_Fa
a — 0 if branches are perfectly flat...
» similar, but not equivalent, to discrepancy in

parity-even/odd scattering rates [Ledwith et al; 1708.01815]
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The True Hydrodynamic Limit for the Hexagon

» on time scales w < ~...hydrodynamics:

8tn + 81'(’001)1‘ — Doaﬂl) = 0,

mngdw; +mu2din — 1;i10;0kv, = 0

» broken Galilean invariance: charge current in absence of
momentum density: Dy o s = vp/7s

» new viscosity tensor! in the toy model,
Nijkt = N(0k0 j1 + 04d ji — 8450 k1) + Nesjen

n oY+ by, 1 ox 26

» 77 > 0 is dissipative — not Hall viscosity!
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Hydrodynamics

No Rotational Invariance

> 7 > 0 allowed: ionic lattice explicitly breaks rotational
invariance for electrons (7;; # 7j;)

» contrast: the ionic lattice spontaneously breaks
isotropy: it (w/ electrons) must have local angular

momentum conservation (7 7Vers¢ = gERVErse)

J
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Flows in Channels

Hexagon Fermi Surface

» Gurzhi effect with hexagonal FS?

’)/f/’)/s = fg/ff =10

— /0 =0.05 = ¢/0 =0.20
/0 =010 — ¢/6 =0.25
— /0 =0.15

)
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Flows in Channels

Origin of Non-Monotonicity

P> extreme angular dependence as v5 — 0:

i
- @

» hydrodynamic limit (no slip boundary conditions):

e?n’w?

B 1277zy:cy (¢)

for the hexagon, nyyzy (@) =1+ 1.
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» is our model relevant at all for PACoO2? not yet...

» re-plotting (more of) earlier data:

PdCoOy Channel Conductance

1200F
— w=073pm — w=8um

1000
— w=1.17pum w = 16 pm
800 =,

— w=19pm — w=30pum

600 — w=60,um7

w = 3.7 pm
4001

200

G(w,T)/w* [a. u]

ok,
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Replotting Data

» is our model relevant at all for PACoO2? not yet...

» re-plotting (more of) earlier data:

PdCoOy Channel Conductance

1200,I T T T T L=
. — w=073pm — w=8um
= 1000p 1
. — w=117pm w = 16 ym
<= 800F :
o~ — w=19pum — w=30pum
E 600 b
— w=37pm — w=060pm
Ei 4001
S
O 200
0t

» why small w curves don’t collapse as T — 07



Revisiting Experiment

Ohmic Fit?

» we fit these curves to the model
G(w,T)  Apalistic + pbuik(0)w
G(w,0)  Apanistic + poui(T)w
with Apanistic only fit parameter, same for all w
Fit to Ohmic/Ballistic Model

= LOp — w=073pum — w=3Tum ]
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» punchline: electronic hydrodynamics is sensitive to
microscopics, even in fairly simple Fermi liquids
» hierarchies of time scales, and imbalance modes
» viscosity tensor 7;;,; with new allowed components in
anisotropic electron fluids
» non-monotonic 7" and w dependence in Gurzhi effect:
viscous transport not necessarily “superballistic”

» PdCoOy — still some open questions...?
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