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Experimental motivation
QH Mach-Zehnder interferometers out of equilibrium
Generating & observing evolution of

non-equilibrium electron distribution in QHE edge states

Theoretical Idealisation

Time evolution of electron momentum distribution

Results
Non-thermal steady state

Interaction effects in MZ interferometers



Quantum Hall Edge States

Classical skipping orbits Quantum edge states
Energy confining
A potential

Landau
level

y

Two-dimensional electron gas in magnetic field

Edge state Hamiltonian:  H = [ (z)(—ihwd, ) (z)dz



Edge State Interferometer Design

Fabry-Perot Mach-Zehnder
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Edge State Interferometer Design
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Experimental system
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Heiblum Group, Weizmann Institute Ji et al., Nature (2003)



Fringes in Edge State Interferometer

mv)

(

-4.5

tage, Vg
-6
N

I

Gate vo
o

A

Magnetic Field, AB {(gauss)

.0

5

-3.0

® A

'~

<

-9.0

ne o®

%00 o,
@ 000 ©

o® ©

‘._

Doogp
e Ll

boeR% 6,

Sﬂﬁvﬂﬂ.‘ﬂu&.ﬂﬂ...'

©, 500 o8 8 %"

D_H_ﬁ a8 o @ chad

ocn_%_a

-
@3@

8 oed RS

© 0@

nﬂmﬁotﬁﬁ ili-!

Qemep ®

150 200

160
Time (min)

T
1§
=

= (AW M 'ebeiop 819

o w»
(‘n"e) usuny

50

Gsp vs Flux density and Area



Interferometer out of equilibrium

Decoherence from inelastic scattering
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Surprises from experiment

Oscillatory dependence of visibility on bias

Differential conductance G(Pap) = Gy + Gycos(Pap)
Fringe visibility V' = |G1|/G
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Neder et al., PRL (2006) Also Regensburg, Basel and Saclay groups



Focussing on non-equilibrium aspects
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Experiment — Actual

le Sueur, Altimiras, Gennser, Cavanna, Mailly & Pierre, PRL (2010)

Evolution of Distribution

Sample Design




Theoretical Idealisation

Evade treatment of point contact - treat quantum quench

Study time evolution in translationally-invariant edge
For approx theory with QPC see: Lunde et al, (2010) & Degiovanni et al (2010)

Standard model of edge statesat v =1 & initial state

As electrons
H = —ihv [ dzy(2)00(z) + [dx [da’ U(x — 2')p(x)p(x’)
As collective modes
M= ()b, (@) = [o+u(@)] g
u(q) = (2rh)~! [ da €' U(x)
For v>2 Yz)—>Y,(x) n=1...v



Physical picture of equilibration

Edge magnetosplasmon Hamiltonian H=>_, hwn (q)bh, b,

Plasmon dispersion — electron equilibration?

Initial quasi-particle separation s = hv/eV

t=0 5

>0 I(t)

Equilibration when wavepacket spread  [(t) 2 s



Equilibration from two mode velocities

Contact interactionsat v = 2

Edge Hamiltonian H=>_, hwn (q)b),by

Two linearly dispersing modes wi(q) =v g & wa(q) = v g
Initial quasi-particle separation s = hv/eV

Equilibration when wavepacket spread  [(t) 2 s

Spread [(t) = [T —v7]t

h vt 4o
tequV.UJF—U_

Equilibration time:



Equilibration from single mode dispersion

Finite range interactionsat v =1

Edge Hamiltonian H=>_, hw(q)bib,

v
b
Wavepacket spread  [(t) ~ b(vt/b)l/3

Dispersion  w(q) = [v+u(q)] g =~ vqg — —(bq)* ...

Equilibration time  teq ~ (7/eV)* - (v/b)?

Unscreened Coulomb interactions

Dispersion  w(q) = [v+uln(1/bq)]q

Spread  [(t) ~ ut Equilibration time ~ toq ~ (R/eV) -



What is the equilibrium state?

Characterise via one-electron correlations
Calculate  G(z,t) = (¢T(x,)1(0, 1))

in thermal state ~ G(x,t) = [—2iBhv sinh(7[z + 0]/ Bhv)]~?



What is the equilibrium state?

Characterise via one-electron correlations
Calculate  G(z,t) = (¢T(x,1)1(0,1))
in thermal state  G/(x,t) = [—2i8hv sinh(7w[z + 0] /Shv)]

Find  G(z,t) < (exp(i | dy K(x,t;y)p(y))

Scaling form for kernel at long times

K(z,x/2 —vt+ &) ~ F(z/l(t), /(1))
with  [(t) ~ spread e.g. for single edge  I(t) = b(vt/b)'/3



What is the equilibrium state?

Characterise via one-electron correlations
Calculate  G(z,t) = (¢T(x,)1(0, 1))
in thermal state  G/(x,t) = [—2i8hv sinh(7w[z + 0] /Shv)]

Find  G(z,t) < (exp(i [ dy K(x,t;y)p(y))

Scaling form for kernel at long times
K(x,2/2 —vt +&) ~ F(z/I(t),£/1(t))

with  [(t) ~spread  e.q. forsingle edge  I(t) = b(vt/b)'/3
Hence simple long-time limit

Find ~ G(z,t) oc exp(— [ dy C(z, y)(p(0)p(y)))

with C(z,y) = (| +y| + |r — y| — 2]y|) indeptof U(x)



Comparison with thermal state

Short-distance correlations

As Iin thermal state at same energy density

Long-distance correlations

G(x,t) ~ exp(—alx|) with « not fixed by energy density

Difference from thermal in steady state
Example p=0.1,0.2,0.25,0.3,0.5
Initial momentum distribution -
e

3n(k)x10°
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Equilibration with two edge modes

Initial State

W(tZO» — ‘wchanne11> ® lwchanne12>

X

Hamiltonian

H = Zk hk {Ul al];ak + U2 b]];bk + g(akblt T altbk)}

H=%", hk [v<+>a;;ozk + v“%}@ﬁk]

Mixing angle  ap = cosf ap +sinf by  tan20 = g/2h(v; — v9)



Results for v = 2

Calculate G (z,t) = (¢! (z,t),(0,1)) n=1,2

In steady state:

Thermal at short distances, but with two effective temperat ures

1/2
For channel 1 Steady [f initial 1 + (1 f)ﬂmhalﬂ

f=1-1sin*26
Long-distance form
Go(,1) ~ exp(—ay|z)
Interchannel equilibration: e not complete % # Q9

e not thermal — independent «7, a2 and Tsteady for each channel



Summary - Relaxation in QH edges

‘Quantum guench’ on isolated edge Is useful caricature

of experiment with two edges coupled at QPC

® Interactions bring system into non-thermal steady state
e At ¥ =1 steady state is indept of interactions

e Correlation function in steady state is

functional of initial momentum distribution

e At v = 2 steady state depends on

coupling between channels and initial momentum distributi on

e At v = 2 no equipartition of energy between channels



