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What is quantum tomography ?

Classical tomography

Introduction and motivations

Density reconstruction from many 
measurements on a single system.

Introduction Electronic coherence functions Tomography Interacting regime Conclusions and perspectives

HBT e�ect and quantum tomography

What is tomography ?
Classical tomography Quantum tomography

• A. I. Lvovsky and M. G. Raymer Rev. Mod. Phys. 81, 299 (2009)

Quantum tomography

It requires many realizations of the state 
(no cloning theorem).

An artist’s view of the set-up…

Rydberg 
atoms

High Q 
cavity

Classical pulses
(Ramsey interferometer)

An atomic clock delayed by photons trapped inside

Circular 
state 

preparation

e or g?

e

g
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The single electron source

Vd(t)

�⇥
B

G. Fève et al, Science  316, 1169 (2007)
A. Mahé et al, Phys. Rev. B  82, 201309 (2010)

Emits single electron excitations!

Introduction and  motivations

See M. Büttiker’s talk and M. Albert et al, 
Phys. Rev. B 82, 041407 (2010) and Phys. Rev. Lett. 107, 086805 (2011) 
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Our problem...

Introduction and  motivations

Statistical properties: average current, noise, full counting statistics
See Ch. Glattli and M. Büttiker talks

Coherence properties: can we access single electron wave packets ?

Interaction region

Source

Source quality assessment Decoherence & relaxation

G(e)
� (x, ⇥ |x�, ⇥ �) = Tr(⇤(x, ⇥)� ⇤†(x�, ⇥ �))Single electron coherence:



G(e)
� (x, ⇥ |x�, ⇥ �) = Tr(⇤(x, ⇥)� ⇤†(x�, ⇥ �))
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Single electron coherence

Single electron coherence:

G(1)
� (x, t|x⇥t⇥) = Tr(E+(x, t) � E�(x⇥t⇥)) Phys. Rev. 130, 2529 (1963)

Electronic analogue of Glauber’s correlators

Introduction and  motivations
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Quantum vs classical signals

Classical signal
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Measured directly

Quantum signal

t
�

t�

t̄ = (t + t�)/2

|�G(e)(t, t�)|

How to measure it ?

Ch. Grenier et al, New Journal of Physics 13, 093007 (2011)

Introduction and  motivations
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Measuring single electron coherence

t̄ = (t + t�)/2

nD(�) =
�

G(e)(x, t|x, t⇥)
t̄
ei�(t�t�)d(t� t⇥)

First idea: spectroscopy experiment

Energy Distribution of Non-Equilibrium Electrons in the Quantum Hall Regime

C. Altimiras, H. le Sueur, U. Gennser, A. Cavanna, D. Mailly, and F. Pierre�
CNRS, Laboratoire de Photonique et de Nanostructures (LPN) - Phynano team, route de Nozay, 91460 Marcoussis, France

(Dated: July 17, 2008)

We present a new scheme to measure and tune the energy distribution of electrons f(E) and its
implementation on a 2D electron gas in the quantum hall regime at filling factor 2. The energy
distribution is extracted from the current across a tunable quantum dot. Electrons in the probed
edge channel are driven out-of-equilibrium with a voltage biased quantum point contact located
0.8 µm uphill. The measured f(E) resembles a double step that can be reproduced by the weighted
sum of two Fermi functions as predicted by the non-interacting electron model.

PACS numbers: 73.43.Fj, 73.23.-b, 71.10.Ay

Established phenomena exhibit novel behaviors once
mesoscopic devices are driven out-of-equilibrium. For ex-
ample, the Kondo e�ect [1], the Fermi-edge singularity
[2], the dynamical Coulomb blockade [3], and the su-
perconducting proximity e�ect [4] are deeply modified.
Some of these e�ects may result in new components for
future functional mesoscopic devices. Recently, it has
been shown that the supercurrent across a superconduc-
tor/normal/superconductor junction can be reversed by
applying a voltage to the normal region, thereby real-
izing a controllable �-junction [5]. In most cases, the
important quantity at the root of these new behaviors is
the non-equilibrium energy distribution function f(E) of
electronic excitations. From a fundamental standpoint,
tools to measure and tune this function give access to
the energy exchange rates [6] and can thereby provide
information on the inelastic mechanisms that is comple-
mentary to quantum phase coherence time measurements
[7]. This work extends such tools for electrons in 2D elec-
tron gases. The discrete electronic levels of a quantum
dot (QD) are used as adjustable energy filters to measure
f(E). The latter is tuned out-of-equilibrium in an edge
channel (EC) of the quantum Hall regime (QHR) with a
voltage biased quantum point contact (QPC). The com-
parison of the measured f(E) with the non-interacting
electron prediction is a stringent test of the pertinence of
this model in the QHR.

Measurements of f(E) in mesoscopic devices were first
performed a decade ago on metallic circuits using a super-
conducting tunnel probe [6]. More recently, the accessible
experimental conditions were extended to high magnetic
fields using dynamical Coulomb blockade [3]. In semicon-
ductor mesoscopic circuits, a number of experiments have
demonstrated the injection and detection of hot electrons
[8]. However, until now, a non-equilibrium (non-Fermi)
distribution function f(E) could not be measured. In
this work, we extract f(E) from the current across a QD
with well separated electronic energy levels. In the elastic
sequential tunneling regime, only electrons whose energy
resonates with one of the discrete levels in the QD can
pass through it [9]. Consequently, the QD behaves as an
energy filter. The principle of energy filtering was pre-
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FIG. 1: (a) Schematic representation of fD,S(E) spectroscopy
with a single active electronic level of tunable energy Elev(VG)
in the quantum dot (QD). (b) The current Idot and ⌅Idot/⌅VG

are proportional to, respectively, f(E) and ⌅f(E)/⌅E sepa-
rately in the source (S) and drain (D) electrodes for a large
enough potential di�erence applied between S and D. (c) E-
beam micrograph of the sample. Metal top gates appear
brighter. Electrons propagate counter clockwise along two
edge channels (EC) of the quantum Hall regime. The outer
EC (continuous white lines) is partly transmitted (dashed
lines) across the quantum point contact (QPC) and the QD.
The inner EC (not shown) is always reflected. The QPC feeds
the outer EC in the drain with non-equilibrium electrons (left
inset) whose energy distribution fD(E) is measured with the
QD. The gates partly covered by the insets are grounded and
do not influence the electron paths.

viously demonstrated with two QDs [10]. In the simple
case of a single active electronic level (the other levels
being always occupied or empty) of well defined energy
Elev, the current across the QD can be written [11]:

Idot = Imax
dot (fS(Elev)� fD(Elev)), (1)

where the subscripts S and D refer to, respectively, the
source and drain electrodes, fS,D(Elev) is the energy dis-
tribution function of the corresponding electrode evalu-
ated at Elev and Imax

dot is the maximum current amplitude
which depends on the tunnel rates between QD and elec-

I = e

�
(nS � nD)(⇥) gd(⇥)

d⇥

2�

C. Altimiras et al, Nature Physics 6, 34 (2010)

G(e)
� (x, ⇥ |x�, ⇥ �) = Tr(⇤(x, ⇥)� ⇤†(x�, ⇥ �))Single electron coherence:

Only captures the stationary part: well suited to stationary sources... 

Used to study relaxation of a non equilibrium energy distribution:   Phys. Rev. B 81, 121302(R) (2010)
Phys. Rev. Lett. 105, 056803 (2010)
Phys. Rev. Lett. 105, 226804 (2010)

Quantum tomography
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Measuring single electron coherence

Second idea: Mach Zehnder interferometry IR
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G. Haack et al, Phys. Rev. B 84, 081303(R) (2011)

Quantum contributions to 

Quantum tomography

Courtesy P. Roche
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Measuring single electron coherence

HBT interferometry

Nature 178, 1046 (1956)

U. Fano, Am. J. Phys. 29, 539 (1961)
Two particle interference interpretation

(1,1)
(0,2)

(2,0)

Classical
(0,2) (1,1) (2,0)

Bosons
(0,2) (2,0)

Fermions
(1,1)

Quantum tomography

Liu et al, Nature 391, 263 (1998)
Henny et al, Science 284, 396 (1999)
Oliver et al, Science 284, 299 (1999)

HBT effect with electrons:

Our idea:
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Homodyne tomography

From stellar diameter measurements...

Nature 178, 1046 (1956)

to quantum tomography in quantum optics!

Lvovsky & Raymer, Rev. Mod. Phys. 81, 299 (2009)

Smithey et al, Phys. Rev. Lett. 70, 1244 (1993)

Quantum tomography
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Homodyne tomography
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What can we measure ?

Quantum tomography

Sexp
�⇥ = 2

�
Sout

�,⇥(t̄ + �/2, t̄� �/2)
t̄
d�

G = (e2/h)T

Input: two sources

Beam splitter: QPC with

Sout
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Classical terms (partitioning) Quantum terms (HBT & HOM)

Overlap between single 
particle coherences!

Comparing sources through HBT correlations: see Moskalets and Büttiker, 
Phys. Rev. B 83, 035316 (2011)
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�

n⇤Z
e�2�in t̄/T
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What will we reconstruct ?

t
�

t�

t̄ = (t + t�)/2

|�G(e)(t, t�)|

Time domain

�
n

=
2�

n
/T

�

|�G(e)
n (�)|

Frequency domain
Fermi sea Source contribution

Tomography
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Homodyne tomography

�G(e)
n �=0(�)Current noise response to AC drive:

Current noise vs DC bias: �G(e)
n=0(�)

«The noise is the signal » (R. Landauer 1998)

Tomography
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Vac(t) = V cos (2�nft + ⇥)AC drive:

DC bias: Vdc = �µ2/e
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Counting electrons and holes
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No AC drive, no DC bias:

Vac = 0
µ2 = µ1

Known source Source to be 
characterized

T2 = 0 K

�Q0(µ2 = 0) = e2f (n̄e + n̄h)

Vanishing temperature (                 )

See E. Bocquillon’s talk!

Non zero temperature

Excitations below            antibunch with thermal 
excitations from the reservoir #2.

kBT2

n̄e
n̄e/h = # of electron (resp. hole) excitations per period�n̄h
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Estimating the signals
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Controls: QPC transparency

Drive amplitude

2eVd = � (level spacing)

G(e)(t, t�) = ?

The single electron source

Modeling the source
Floquet scattering approach

Evaluation of                     and of the excess HBT contribution of 
the source to the noise (expected experimental signal)

 Büttiker & Moskalets, 
Phys. Rev. B 66, 205320 (2002)

Phys. Rev. Lett. 100, 086601 (2008)

Neglects interactions within the dot (experimentally OK)

Tomography
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Single electron coherence

D = 1 D = 0.44

D = 0.19 D = 0.04

��/�

Tomography
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Expected experimental signals

Exp. requirement: sensitivity

Ongoing experimental effort at ENS Paris:
see Erwann Bocquillon’s talk!

François Parmentier Index GDR Physique Mésoscopique, Aussois, 08/10/2009

Conclusion

• noise confirms single electron emission

• cannot measure additional emission of electron/hole pairs

• shot noise Q<<1

• phase noise Q=1 : Quantum Jitter, new type of noise !

J. Keeling et al., PRL 101, 196404 (2008)

• HBT experiment with a single electron source

S. Ol’khovskaya et al., PRL 101, 166802 (2008) , see poster #28 (G. Haack et al.)  

sample made at LPN

Tomography

Tel = 40 mKf = 3 GHz
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Decoherence studies

Quasiparticle relaxation

x = 0 x = LµF

e0

µF

Decoherence and relaxation

P. Degiovanni, Ch. Grenier, G. Fève,
Phys. Rev. B 80, 241307(R) (2009) 
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Fractionalization of Lorentzian pulses

Lorentzian voltage pulse

Periodic train of quantized pulses

Decoherence and relaxation
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Stroboscopic coherence revivals: dispersionless magnetoplasmon eigenmodes
Fractionalization: e/h pair production vs charge...

Ch. Grenier, G. Fève et P. Degiovanni, in preparation 

Ch. Glattli, ERC project
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Conclusion...

Electron quantum optics

Non perturbative solution to the Laudau problem in chiral edge 
channels (relaxation of a single electron excitation above the Fermi 
level).

Phys. Rev. B 80, 241307(R) (2009) 

Plasmon scattering role in electric and energy transport along chiral 
edges 

Applications to energy relaxation in edge channels at ν=2.

Phys. Rev. B 81, 121302(R) (2010) 

Coherence properties of the single electron source
Single electron quantum tomography protocol

New Journal of Physics 13, 093007 (2011)

Phys. Rev. B 77, 035308 (2008) 
Quantum detection of electronic flying qubits

Conclusion
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Homodyne tomography

Case of n=0 harmonics

Higher harmonics

µ2Control parameters:        (DC bias)

Vac(t) = V cos (2�nft + ⇥)�µ2Control parameters:        and    , the phase of the AC drive

Susceptibility:

Tomography


