Dephasing by non-Gaussian shot noise

In a which-path interferometer
Florian Marquardt (LMU Minchen), I. Neder, M. Heiblum (Weizmann institute)
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controlled dephasing experiments
B> Non-Gaussian noise: Introduction
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Visibility oscillations at strong coupling
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Why study decoherence ?

Quantum-classical transition b

X (Zurek)

Transport interference effects in
disordered conductors

(weak localization,

universal conductance fluctuations)

Interference in transport through
meso-/nanoscopic structures

s

(Schoenenberger) (Holleitner et al.)

Quantum dynamics of qubits

s = Ed
B o el

(Mooij, Nakamura et al.)

(..)



Decoherence in an interference setup: Basic idea
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Decoherence in an interference setup: Basic idea
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classical noise field
V(X;t)

with dephasing/

decoherence
rR(x) € + c:C:
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fluctuating phase



Decoherence in an interference setup: Basic idea

with dephasing/
decoherence

G§C X5= 1 L)%+ r(X)j%+ L(x) r(X)h L] R +cc

q u antu m b ath overlap of bath states

v . "environment acts as detector"
(x;t)

A. Stern, Y. Aharonov and Y. Imry, 1990
D. Loss and K. Mullen, 1991



Gaussian vs. non-Gaussian fluctuations

Environment (bath)
produces fluctuations
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Bath of harmonic
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Gaussian vs. non-Gaussian fluctuations

Environment (bath)
produces fluctuations

\ J
\ J

Bath of harmonic
oscillators

’
’ - - = %
- (phonons, photons, ...)
OO
- ‘%’ produces
NN / Gaussian fluctuations

"Caldeira-Leggett" model "spin-boson" model

Bo+ B(t)
%\%?p P (1)
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Gaussian vs. non-Gaussian fluctuations

Environment (bath)
produces fluctuations

Quantum system s Many weakly coupled

’
’ - fluctuators
@ @ e : S produce

approximate

jiLi+ e (DjrRi & "~ . .
PN @@) Gaussian fluctuations
\

\ (central limit theorem!)




Gaussian vs. non-Gaussian fluctuations

Environment (bath)
produces fluctuations

.- @

’
/ Few strongly coupled
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The Mach-Zehnder "which-path" experiment

"detector channel"
(partitioned)

au brldge :
- \__,___‘“"th'

|. Neder, FM, M. Heiblum, D. Mahalu and V. Umansky
Nature Phy5|cs 3, 534 (2007)



The Mach-Zehnder "which-path" experiment

"detector channel”
Interference pattern (partitioned)
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|. Neder, FM, M. Heiblum, D. Mahalu and V. Umansky
Nature Physics 3, 534 (2007)




The Mach-Zehnder "which-path" experiment

"detector channel”
Interference pattern (partitioned)
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Shot noise
S/ Vget T(A T )
leads to dephasing

Magnetic flux

|. Neder, FM, M. Heiblum, D. Mahalu and V. Umansky
Nature Physics 3, 534 (2007)



The Mach-Zehnder "which-path" experiment: surprise

"Visibility" (Interference contrast)

Imax  I'min

| max + Imin

Observed: Visibility oscillations

"naive expectation”
Experiment

Visibility [%6]

Detector voltage



The Mach-Zehnder "which-path" experiment: surprise

"Visibility" (Interference contrast)

I max I min

| max + Imin

Observed: Visibility oscillations

Visibility [%6]

"naive expectation”
Experiment

Detector voltage

Only about 1-3 detector electrons

responsible for dephasing, due to
strong interaction between channels!




Gaussian vs. non-Gaussian fluctuations

Gaussian noise v, = 1H 2;

p(" ) e

Non-Gaussian noise

p(" )
1 A




Decoherence by shot noise of a partitioned edge channel

non-Gaussian nonequilibrium quantum noise, acting on:

(A) charge qubit

(B) Mach-Zehnder interferometer
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The model: Ingredients and definitions

Transmission probability
Detector voltage €V {

partitioned —
Fermi distribution ’
N+l + Y
Hamiltonian: h= n,+ 2 \%
2 2 I
Interaction: ¥ = u(x)"(x)dx

1 LtL
Accumulated phase: — u(x) (X;’[%dxdtO
(classical version) ho

w(Xx) (x;t =0) dx

(x;t) = (X  Vgett; 0) J
1t

phase function: w(X) = P u(x + vdett%dto

<Vdett
W(X)

>

Dimensionless
g U ( X) coupling strength:  (J
<>

Interaction time:  {

interaction range:



Exact solution for dephasing of a charge qubit

Visibility: vi)= " ¢ = Texp

= exp I  w(x)M(x)dx
1D density commutes like free bosonic field

) Drop time-ordering
But note: Bosonic field is in a highly non-Gaussian state!

Average with respect to non-interacting, partitioned detector channel state:

v(t)= det 2+( e MO 4yn

Exact time-evolution of the visibility of the charge qubit subject to shot noise
Precise numerical evaluation possible

matrix elements: Wyok = kOjW(X)j K

occupations: nqu — f(k) kOk



Dephasing by shot noise of a biased, partitioned channel
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Detector voltage
Temperature T=0

1
Transmission T = 5

Exponential decay
of the visibility €

Visibility oscillations
(zeroes and revivals)

beyond certain coupling
strength

Dashed: o
Gaussian approximation



Visibility oscillations: Dependence on coupling strength
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Visibility oscillations: Dependence on coupling strength
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The nonequilibrium part of the visibility

Approximate factorization:

VT:O 'V 60 (t) VT: V=0 (t) Vctt)

T—Nonequilibrium part
...where the matrix elements are restricted to the voltage window:

0 _ _ _
Wio0= WKOk  k2[kp:kp+ K] k = eV=hvget
Eigenvalues of w' enter as phase shifts:
W= @ T )+ Te
Advantage: dependence on transmission and coupling explicit !



The nonequilibrium part of the visibility

Approximate factorization:

VT:O 'V 60 (t)

vi=V=0 (1) vt

T—Nonequilibrium part

...where the matrix elements are restricted to the voltage window:

0 —
WKogo= WyOk  k2[kg kg +

K]

Eigenvalues of w' enter as phase shifts:
W= @ T )+ Te
Advantage: dependence on transmission and coupling explicit

1 -

o o
(0)) (00)
T T T T T T T T

Visibility v’
o
~
T I T T

Transmission
probability

10
Time eVt

— exact result
— approximation

(dashed)



The nonequilibrium part of the visibility: Results

Eigenvalues (= phase shifts)

eigenvalue (pj/g

Time eVt
One additional electron contributes
for each time-interval h

Y

"First electron" contributes a phase shift
' 1 = geV t=h

Reason for suppression at low voltages:

iInsufficient energy for collapse to
localized wave packet



The nonequilibrium part of the visibility: Results

Eigenvalues (= phase shifts)

eigenvalue (pj/g

Time eVt
One additional electron contributes
for each time-interval h

Y

"First electron" contributes a phase shift
' 1 = geV t=h

Reason for suppression at low voltages:

iInsufficient energy for collapse to
localized wave packet

High voltages:

AA AA A

Vet
Low voltages:

Vet L



The nonequilibrium part of the visibility: Results

Eigenvalues (= phase shifts)

eigenvalue (pj/g

vi)= j @ T )+ Tel

'j =(2 n+1)

>

Time eVt
One additional electron contributes
for each time-interval h
eV

‘1= geVt=h

"First electron" contributes a phase shift

Reason for suppression at low voltages:

iInsufficient energy for collapse to

localized wave packet

coupling g
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The nonequilibrium part of the visibility: Results
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Application to the Mach-Zehnder interferometer

Two charge qubit states = interfering electron travels through left or right arm

Beware of Pauli principle: Interferometer electron must not scatter into
occupied states!

Approximate solution: only keep dephasing by nonequilibrium (shot) noise



Application to the Mach-Zehnder interferometer

Two charge qubit states = interfering electron travels through left or right arm

Beware of Pauli principle: Interferometer electron must not scatter into
occupied states!

Approximate solution: only keep dephasing by nonequilibrium (shot) noise

Theory explains: visibility oscillations
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Application to the Mach-Zehnder interferometer

Two charge qubit states = interfering electron travels through left or right arm

Beware of Pauli principle: Interferometer electron must not scatter into
occupied states!

Approximate solution: only keep dephasing by nonequilibrium (shot) noise

Theory explains: "V-shape" of visibility vs. transmission
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Conclusions and outlook

@ Dephasing of a charge qubit by a detector

@ Electronic Mach-Zehnder
"which-path" setup

@ Strong-coupling regime:

Visibility oscillations and
"V-shape" dependence
on transmission, due to

non-Gaussian quantum noise

@ |. Neder, FM, M. Heiblum, D. Mahalu, V. Umansky,
Nature Physics 3, 534 (2007)

B |. Neder and FM,
New Journal of Physics 9, 112 (2007)

Thanks to: S. Girvin, A. Clerk, Yu. Gefen, Y. Levinson, Y. Imry,
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Conclusions and outlook

@ Dephasing of a charge qubit by a detector

@ Electronic Mach-Zehnder
"which-path" setup

@ Strong-coupling regime:

Visibility oscillations and
"V-shape" dependence
on transmission, due to

non-Gaussian quantum noise

Outlook:
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@ Possible explanation for intrinsic visibility oscillations (without detector)?
@ A way to measure full-counting statistics at intermediate times!

@ Controlled dephasing experiments on strongly coupled charge qubit?

@ Generic feature of non-Gaussian noise (e.g. also for: "Quantum Telegraph Noise")

@ |. Neder, FM, M. Heiblum, D. Mahalu, V. Umansky,
Nature Physics 3, 534 (2007)

B |. Neder and FM,
New Journal of Physics 9, 112 (2007)
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The "Heisenberg microscope": "which-path" experiments

Atom-optical "which-path" experiment:

Pfau, S. Spalter, Ch. Kurtsiefer,
. Ekstrom and J. Mlynek, 1994
S. Chapman et al., 1995

T.
C.R

M.

S. Durr, T. Nonn, and G. Rempe, 1998



The "Heisenberg microscope": "which-path" experiments

Atom-optical "which-path" experiment:

Pfau, S. Spalter, Ch. Kurtsiefer,
. Ekstrom and J. Mlynek, 1994
S. Chapman et al., 1995

T.
C.R
M.
S. Durr, T. Nonn, and G. Rempe, 1998
Electronic "which-path" experiment:
E. Buks, R. Schuster, M. Heiblum. D. Mahalu and V. Umansky, 1998

Theory:
Y. Levinson, 1997
|. Aleiner, N. Wingreen, Y. Meir, 1997



Experiment: Quantum Hall Effect Mach-Zehnder interferometer

Interference pattern

Y A {\‘eg% AR zf‘éf
R
e o 2 2 &8 ¢ 3 2
. ® SRR A
SRR EL TN
> YRV IVAVEVAYA Y
| SVUVY VYV
0
(Beam splitters )
Y. Ji, Y. Chung, D. Sprinzak, M. Heiblum, vV vV
D. Mahalu, H. Shtrikman, Nature 422, 415 (2003). (V)
0 10 20 30 40
|. Neder, M. Heiblum, Y. Levinson, 0.6 — T T
D. Mahalu, V. Umansky, PRL 96, 016804 (2006). e -
Y (2006) -b\ Visibility
0.4- | max | min
. .. | max + |
MZ-interferometer via integer QHE edge channels: . \«\\ min
® single-channel 0o
e chiral - ideal MZ setup . o,
. . | 0= V4o +Vge oQ
® without backscattering et g
—e— Temperature "QOO\%
L 80 100

T(mK)



Experiment: Quantum Hall Effect Mach-Zehnder interferometer

Interference pattern
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Theory:
Dephasing by classical noise: Dephasing by true quantum noise:
G. Seelig and M. Biittiker, FM,
PRB (2001) Europhys Lett. (2005)
PRB (2006)
Effects of classical fluctuations Luttinger liquid physics:
. ON current noise: K. T. Law, D. E. Feldman and Y. Gefen,
FM and C. Bruder, PRB (2006)
PRL (2004) :
PRB (2004) E. V. Sukhorukov and V. V. Cheianov,

cond-mat (2006)
. on full counting statistics:
H Forster, S. Pilgram,
and M. Biittiker
PRB (2005)



Gaussian vs. non-Gaussian fluctuations

Usually: model environment as "bath of harmonic oscillators"
leading to Gaussian fluctuations of the force / the potential

"Caldeira-Leggett" model "spin-boson" model
Bo+ B(1)
%:%{p (1)
—

Exact for photons or phonons

good approximation for sum of many fluctuating contributions
(central limit theorem!)



Gaussian vs. non-Gaussian fluctuations

Usually: model environment as "bath of harmonic oscillators"
leading to Gaussian fluctuations of the force / the potential

"Caldeira-Leggett" model "spin-boson" model
Bo+ B(1)
@M%{a (1)
—

Exact for photons or phonons

good approximation for sum of many fluctuating contributions
(central limit theorem!)

no longer valid for strong coupling to a few fluctuators / charges

"non-Gaussian noise" ever more important for:

gubits
nano-/mesoscale interferometers & other systems



Non-Gaussian fluctuations: telegraph noise as an example

: Paladino, Faoro, Falci, Fazio 2002
Charge qult fluctuator Grishin, Yurkevich, Lerner 2005
Galperin, Altshuler, Bergli, Shantsev 2006
@ @ ---------- : C
. T . (t) = 1
iLi + e (DjRj

()= g (1)  Find "visibility" v(t)= | e (D7

My (1)1




Visibility

Gaussian theory
Telegraph noise

gTC=O.5




Visibility

Gaussian theory
Telegraph noise

gTC=O.25
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Dephasing by Gaussian vs. non-Gaussian noise



Towards a non-Gaussian, guantum description

Gaussian model:

Visibility

Visibility
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Towards a non-Gaussian, guantum description

Gaussian model:

Visibility

Visibility

Vi VD] X ¢

"Binomial shot noise":




Towards a non-Gaussian, guantum description

Gaussian model:

Visibility

Visibility

Vi Vvp] X ¢

"Binomial shot noise":

"Entanglement":

---—'P----

ONE detector electron, imparts phase 0 . 2

' Visibility pe 0+1 p) 1

p p) (for ' 1)

_ 0
2



Fermionic Mach-Zehnder interferometer
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V (X’ t ) . Influence of classical noise:
- (a single-particle problem)

A
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VE = const



Fermionic Mach-Zehnder interferometer ...with a quantum bath
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‘O (X’ t ) . Influence of classical noise:
- (a single-particle problem)

A
1 tA o

Aint = dx¥ (x)h(x)

VE = const



Dephasing by equilibrium (Nyquist) noise of an electron channel
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