N

N
N

HAL

open science

Quantum tomography of an electron
T Jullien, P Roulleau, B Roche, A Cavanna, Y Jin, Christian D.C. Glattli

» To cite this version:

T Jullien, P Roulleau, B Roche, A Cavanna, Y Jin, et al.. Quantum tomography of an electron.

Nature, 2014, 514, pp.603 - 607. 10.1038 /naturel3821 . cea-01409215

HAL Id: cea-01409215
https://cea.hal.science/cea-01409215
Submitted on 5 Dec 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cea.hal.science/cea-01409215
https://hal.archives-ouvertes.fr

LETTER

doi:10.1038/nature13821

Quantum tomography of an electron

T. Jullien™, P. Roulleau', B. Roche', A. Cavanna?, Y. Jin? & D. C. Glattli'

The complete knowledge of a quantum state allows the prediction of
the probability of all possible measurement outcomes, a crucial step
in quantum mechanics. It can be provided by tomographic methods’
which have been applied to atomic>*, molecular®, spin>® and photonic
states. For optical’~® or microwave'*"* photons, standard tomogra-
phy is obtained by mixing the unknown state with a large-amplitude
coherent photon field. However, for fermions such as electrons in
condensed matter, this approach is not applicable because fermionic
fields are limited to small amplitudes (at most one particle per state),
and so far no determination of an electron wavefunction has been
made. Recent proposals involving quantum conductors suggest that
the wavefunction can be obtained by measuring the time-dependent
current of electronic wave interferometers' or the current noise of
electronic Hanbury-Brown/Twiss interferometers'>"”. Here we show
that such measurements are possible despite the extreme noise sensi-
tivity required, and present the reconstructed wavefunction quasi-
probability, or Wigner distribution function'’, of single electrons
injected into a ballistic conductor. Many identical electrons are pre-
pared in well-controlled quantum states called levitons'® by repeatedly
applying Lorentzian voltage pulses to a contact on the conductor'?'.
After passing through an electron beam splitter, the levitons are
mixed with a weak-amplitude fermionic field formed by a coherent
superposition of electron-hole pairs generated by a small alternat-
ing current with a frequency that is a multiple of the voltage pulse
frequency'®. Antibunching of the electrons and holes with the levi-
tons at the beam splitter changes the leviton partition statistics, and
the noise variations provide the energy density matrix elements of
the levitons. This demonstration of quantum tomography makes
the developing field of electron quantum optics with ballistic con-
ductors a new test-bed for quantum information with fermions®***->*,
These results may find direct application in probing the entanglement
of electron flying quantum bits*, electron decoherence'” and electron
interactions. They could also be applied to cold fermionic (or spin-
1/2) atoms?,

A quantum state \ contains all the information about a particle or a
system. Disregarding spin for simplicity, a practical representation is
given by the product of the wavefunction ¢ which contains the spatial
information and an occupation state in a Fock space representation.
Although the determination of the latter requires similar experimental
resources for a fermion and for a single boson, the complete determi-
nation of the wavefunction by tomographic methods is fundamentally
more demanding for fermions than for bosons. To emphasize this let
us consider a single particle propagating in a single spatial mode (an elec-
tron in an effectively one-dimensional ballistic conductor or a photon
in an optical medium). In the space and time domain representation,
the electron quantum state at position x and time ¢ is ¢(t — x/vg)|f),
where vg is the velocity, ¢ is the wavefunction and |f) is the fermionic
occupation state, |1) or |0). Similarly, a photonic state is characterized
by Eou(t — x/c)|b), where Ej is the electric field amplitude of a single
photon, u is the spatial mode which plays the role of ¢, |b) is, for exam-
ple, a number state or a Glauber coherent state, and c is the speed of
light. In quantum optics, the determination of the mode u can be done

by mixing with a cohereni field (local oscillator) with amplitude
vV NpoEou(t—x/c), where Ny is the mean photon number. Then a
classical measurement of u can be made because the fundamental quan-

tum measurement uncertainty ~ 1 / Nio vanishes for large v/ Nio.
Only the determination of the bosonic state |b) requires purely quan-
tum tomography. For fermions, however, the state occupation being
limited to 1, no classical amplitude level can be reached and a quantum
tomography is necessary for both the wavefunction ¢ and the fermion
state | f ). In the present work, we prepare many electrons, each in the known
fermionicstate |f) = |1). We show that, although extremely demanding,
a quantum tomography of the wavefunction of a time-resolved single
electron is possible using shot noise, and we determine the first-order
coherence ¢*(¢')((¢) in the energy representation (where ¢(¢) is the
Fourier transform of ¢(f) and the asterisk denotes complex conjugation).

We first explain how we prepare the single-electron state in a quan-
tum conductor and then how the quantum tomography is performed.
The quantum conductor is a quantum point contact (QPC) placed at
low temperature (electron temperature, T, = 35 mK). It is formed in a
high-mobility two-dimensional electron gas using split gates deposited
on top of a GaAs/GaAlAs heterojunction (Fig. 1a and Supplementary
Information). Applying negative voltage V to the gates creates a con-
striction transmitting a limited number of electronic modes. Here we
select a single mode whose transmission D(V) is obtained by measur-
ing the conductance G=(2¢? /h)D, where e is the electron charge and h
is Planck’s constant. The on-demand injection of charges into the con-
ductor is obtained by applying a voltage pulse V1 (¢) on one of the ohmic
contacts adjacent to the QPC, say the left. If the voltage flux satisfies
e fj f VL(t) dt = hthen the charge is unity. Moreover, a Lorentzian pulse
V(t) =2fiw/e(t* + w*), where i= h /2m and 2w s the pulse width at mid
height, creates a clean single-electron state' called a leviton'® with an
energy just greater than the Fermi energy of the conductor. Remarkably,
although the leviton originates from a collective displacement of the
Fermi sea towards positive energy, it can be considered a single-particle
state’®”! disentangled from the Fermi sea*'. A wavefunction representa-
tion of the leviton in the energy domain is ¢(&) = \/2w/h0(g)e /",
where 0 is the Heaviside step function. Experimentally, periodic trains
of levitons have been generated'®. When partitioned by a QPC'® they
generate a current shot noise corresponding to electrons prepared in
the occupation state |1). Using shot-noise spectroscopy and electron
Hong-Ou-Mandel noise correlation techniques, their wavefunction
probability in the energy and time domain was found to be consistent
with expectations. Thus, levitons provide a clean way of testing wave-
function quantum tomography in a quantum conductor.

We now discuss how to probe the first-order coherence from which
the full wavefunction can be extracted. A first approach could be wave
interferometry. In quantum optics, this gives G, (t — t'), which is the first-
order coherence (i " (' )y(t)) averaged over the mean time f = (¢ +1') /2
(here /™ is the Hermitian conjugate of ). The information is incom-
plete, however, and other approaches must be used”’. Wave interfero-
metry is more promising with electrons: measuring the time-dependent
current of an electronic Mach-Zehnder interferometer has been pro-
posed'* as an elegant way to determine the full coherence WD),
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Figure 1 | Schematics of quantum wave tomography. a, Experiment
principle. Periodic Lorentzian voltage pulses V(¢) applied to the left contact of a
two-dimensional electron gas inject unit charge pulses called levitons which are
partitioned by an electronic beam splitter called a quantum point contact
(QPC). The split-gate voltage Vg controls the transmission D of the one-
dimensional electronic mode formed at the QPC. A d.c. voltage V (not shown)
and a weak a.c. voltage Vi o(t) = (knLohvo/e)cos(2mkvy(t — 1)) are applied to
the right contact The latter generates a small flux of electrons and holes
(red-blue wavy line) which interferes with the incoming levitons (blue bumps)
and is analogous to the local oscillator used in quantum optics. The red and
blue arrows indicate the directions of electron-hole and leviton excitation
propagation, respectively. Bicolour symbols indicate the outgoing states made
oflevitons mixed with the small flux of electron and hole excitations. Measuring
the low-frequency current shot noise while varying Vy for different harmonics
(k= 0,1 and?2) provides a tomographic measurement of the leviton energy
density matrix. b, Optical analogue. The local oscillator (LO) emits a
monochromatic photon field, here of high amplitude, which interferes in the
beam splitter with photons emitted by the source to be analysed. The photons
detected provide a tomographic measurement of the photonic state.

but so far no such experiments have been done. Another approach is
performing shot-noise measurements. This is the approach followed
in the present experimental work. Photon shot noise has been exploited
using adaptive homodyne tomography®” to infer the unknown spectro-
temporal properties of a single photon mode u. A large local oscillator
field is mixed with the single photon in a beam splitter and its temporal
shape is tuned to maximize the output noise, providing a classical copy of
the unknown mode (Fig. 1b). For electrons, a large fermion field cannot
be used but the principle of homodyne mixing can be kept. A recent pro-
posal is to reverse the amplitude hierarchy'®. Because it is the single-electron
source corresponding to the maximum fermionic amplitude (as |[f) = 1)),
this is the local oscillator fermionic probe source whose amplitude has
to be weak so that simple information can be provided by the noise var-
iation at the beam-splitter output when mixing particles coming from
the two sources. For simplicity, let us consider zero temperature. When
a flux-quantized Lorentzian voltage pulse is applied to the left contact,
a leviton is sent towards the QPC beam splitter. Repeating the experi-
ment and recording the charge at the right contact gives the mean charge
(Q) = De and the charge partition noise (AQ*) = D(1 — D)e*. Now let
usapply ad.c. voltage Vi to the right contact, rising the electrochemical
potentlal by eVr. The part of the leviton partition noise proportional to
fo ¢)de, corresponding to the energy range ¢ € [0,eVy], is
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¢, Experiment principle in energy representation. All quantities are step
functions of the energy with energy scale hv,. Left: the energy dependence of the
wavefunction of periodic levitons emitted from the left contact. Right: the
energy distribution of the right reservoir when the voltage Vy + Vi o(?) is
applied. For small 710, an electron emitted with energy ¢ arrives at the QPC
in a superposition of states of energy & = khv. Its interference with the
levitons changes the leviton partition noise by a quantity proportional to

o (@(e)p(e+khvy) — (e —khvy)@(e)), giving information on the
non-diagonal energy density matrix. fx = |¢(¢)|*. d, The 6 GHz periodic
Lorentzian voltage pulses are obtained from a frequency synthesizer by
combining four harmonics with appropriate phases and amplitudes and sent to
the left ohmic contact of the sample via 40 GHz d.c. transmission lines. To
generate V7o harmonics 1 and 2 are derived from the synthesizer, attenuated
and sent to the right contact. A time delay is added using a phase shifter. Bias
tees separate the high-frequency components from the d.c. voltage bias and the
detected low-frequency current noise. The latter is converted into voltage
fluctuations. A computer performs fast Fourier transform cross-correlations
after cryogenic amplification and fast acquisition. Appropriate d.c. voltage
biases are applied to the left and right contacts.

replaced by the partltlon noise of the right electrons reduced by the
factor 1 — fo #(&)de because of antibunching. Differentiating
the noise with respect to VR provides the diagonal part of the energy

density matrix of the leviton |((¢ = eV )|*. Remarkably, very little modi-

fication is necessary to access the non-diagonal part (i " (e’ # &)y (e)).
Let us superimpose on the right d.c. voltage the a.c. voltage Vi o(f) =
nLo(hv/e)cos(2mv(t — 7)) with small amplitude #; o < 1, frequency v
and time delay 7 referred to the leviton emission time. This generates
at the QPC a weak fermionic field made of electrons in a superposition
of states with their initial energies shifted by +hv and with probability
amplitudes 17, 0e”™*/2 and —nj 0e~>™"*/2, respectively, the probability
of keeping the initial energy being 1 — 17.6> = 1 (Fig. 1¢). Their mixing
with thelevitons at the beam splitter gives the antibunching probability
amplitude

i2nvt

~ % 1 ~
a(io.6)=9"(e) (1 _’TLOZ) + P4 (e+hv)noe

—i2nvt

1~*
- E(ﬂ (e—hv)noe

Differentiating the noise with respect to eV, and keeping only the a.c.
contribution, gives a noise variation proportional to
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HioRe[@* (eVR)p(eVy +hv)e ™ ™"
— 7" (eVR)P(eVr —hv)e™™]

Fully quantum tomography can then be done by varying the voltage
frequency and time delay 7, providing the real and imaginary parts of
the first-order coherence'®. Because the leviton wavefunction in the
energy domain is real, we get

d<dA—V(i> oCho cos(2mve) 7" (eVR)@(eVr + hv) (1)

—¢"(eVr)p(eVr—hv)]

Because only positive energy is concerned, equation (1) gives @(eVg )@
(eVr+hv) for0=eVr <hv,p(eVr)p(eVr +hv) —p(eVr —hv)p(eVR)
for hv = eV <2hv and so on, providing a full determination of the
energy density matrix.

In our experiment, single-electron levitons are injected at a fre-
quency v, by applying periodic Lorentzian voltage pulses from the left
contact. The full-width at mid-height is 2w = 30 ps and the period is
T=v, ' = 166 ps. To extract the diagonal and off-diagonal parts of the
energy density matrix, we follow the experimental approach discussed
above with current noise measured instead of charge fluctuations. With
Vr = 0 and in the absence of a.c. voltage, the partitioning of levitons
generates the low-frequency current noise spectral density $2(0) = 4v,
(AQ* = 4v4e*D(1 — D) where double counting of the mode from spin
degeneracy is included. Because of the periodicity, (¥ (¢/)y/(e)) =
>k 0(&' —e—khvo)@* (e + khvo)@(&), where ¢ is the Dirac delta func-
tion and k is an integer. Only energies separated by multiple of hv,
contribute to off-diagonal terms, and the frequency of Vo(f) must be
v = *kvp. Because high harmonics give too small a signal, measurements
are restricted to k =0, 1 and 2.

The diagonal part (k = 0) is obtained by measuring the difference
between the partition noise of single-electron levitons injected at fre-
quency vy, using the periodic Lorentzian voltage V7 (t), and that of con-
tinuously injected electrons provided by a constant voltage equal to the
mean value of the voltage pulse V,(t)=hv,/e. The zero-temperature
noise difference is'®**

0 Hr

A ) = o | [ (1-906)de— [ 70 de— i —hol | 2

0

On the right-hand side, the first term represents the noise of right elec-
trons emitted at energy below ug = eVg, whose shot noise is reduced
by antibunching with the leviton. The second term is the partition noise
oflevitons for energy above . It is followed by the subtracted d.c. shot
noise. Because ¢(¢) varies by steps in hv, intervals, equation (2) dis-
plays linear variation by parts. Introducing the notation ¢(g)* = py, for
Thvy <& <(I + 1)hvy, this yields 0 for g < 0, (2(1 — poo)ur + hvo — tir)/
hvg for 0 < ur < hvg, 2(1 = poo) — 2p1.1(pr — hvo)/hvg for hvg < ug
<2hvy, and so on. The finite electron temperature T, =~ 35mK =~
0.12hvo/ky smoothens the singularities separating linear variations. A
finite-temperature expression, obtained in a Floquet scattering approach®>°,
is given in Supplementary Information. Figure 2a shows measurements
of ASF=° versus g for levitons (open blue circles). From the data we
extract p;; directly from a fit including the small-temperature effects.
The solid red curve corresponds to the best four-parameter fit, from
which the four first p;; (that is, [ = 0 to 3) are extracted (Supplementary
Information). Self-heating including a small temperature increase (35 mK
for Vg = 0 to 47 mK for Vi = 3hvy/e) has been included. The p;; are
plotted in red in Fig. 2b. Comparison with theoretical values based on a
Floquet scattering modelling (in black) is good within the experimental
uncertainties.

For the measurement of the off-diagonal part (k7 0), we mea-
sure the noise difference when switching on and off the amplitude of
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Figure 2 | Measurement of the diagonal part of the energy density matrix.
a, The data (blue circles) display the shot noise measured when applying a d.c.
voltage hvy/e, minus the shot noise measured when sending single-charge
levitons at frequency v,. The data are plotted versus the d.c. voltage Vy applied
on the opposite contact. The red curve represents the best fit to equation (2),
including finite temperature, from which the parameters p;; are extracted. The
temperature T, is ~35mK at Vi = 0 and ~48 mK at Vi = 3hvy/e. The
transmission is D = 0.19 and $° = 9.48 X 102 AHz ", Error bars, s.e.m.
calculated from the cross-correlation noise spectrum standard deviation in a
800 kHz bandwidth and after n = 100,000 acquisitions. b, Diagonal part of the
energy density matrix versus energy using the p;; extracted from the fit.
Comparison with theory for levitons is in black. Error bars, s.e. calculated from
the best fit.

Vio(t) = nio(hv/e)cos(2nv(t — 1)) superimposed on the right d.c.
voltage Vy and synchronized with the Lorentzian pulses. The zero-
temperature shot noise difference is

0

S
ASF(ug) = h—vlozknLocos(anvor)

Hr (3)
x j (9 (e-+ khvo) — p(e)p (e — Khvo)) e

0
This expression also varies linearly by parts because @(¢)@(e+ khvy)
= P4k for lhvg <e < (I + 1)hv, is a step function of the energy. For
example, for k = 1 the integral in equation (3) is 0 for ug <0, po,1 i/
hvy for 0 < ur <hvoy, po,1 — P12(tr — hvo)/hvy for hvy < pir < 2hvy,
and so on. Finite-temperature expressions are given in Supplementary
Information.

Figure 3a, b shows measurements of ASF versus 1 for k=1, 510
=0.095 and k = 2, ;o = 0.0425 at fixed ur = hv,. Clear oscillations
are observed. The delay period in Fig. 3b is twice that observed in Fig. 3a.
Before going further, we emphasize that observation of these oscilla-
tions demonstrates off-diagonal coherence in an electronic orbital state,
here a leviton. No experiment has given direct evidence of off-diagonal
coherence of electrons in a conductor yet. We now compare the off-
diagonal terms extracted from the measurements with those predicted
for a leviton. Figure 3¢, d shows the experimental variation of ASf with
ug for k=1 and 2 (open blue circles), fixing 7 = 0 to maximize the
signal. In both plots, the solid black curves represent the theoretical
signal expected for a leviton. The red dashed curves are the best fits,
from which the off-diagonal terms p; ;.  can be extracted. Fork =2 a
four-parameter fitis used and = 0 to 3, and for k = 1 a five-parameter
fit is used because a finite, but very small, hole excitation contribution
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Figure 3 | Off-diagonal part of energy density
matrix. a, b, Weak sine-wave voltages of
frequencies and amplitudes v, and #0 = 0.095
(a) and 2vg and 1.0 = 0.0425 (b) superimposed on
a fixed d.c. voltage eVr = hv, applied on the right
contact. The data (blue circles) show the noise
difference obtained by switching on and off the
sine-wave amplitude, plotted versus the time delay
7 between the sine-wave and the periodic
Lorentzian pulses. The oscillation of the noise with
7 and the period doubled in b relative to a is the
signature of off-diagonal coherence. The red curves
are sinusoidal fits. ¢, d, Same shot noise difference
measurements (blue circles) but plotted versus
the d.c. right voltage with 7 = 0, chosen to
maximize the signal. T, is ~35mK at Vx =0 and
~48 mK at Vi = 3hvg/e. The red curves are the best
fit of equation (3) with p;;. as free parameters,
including finite-temperature effects, with k =1 (c)
and k = 2 (d). The black curves are comparison
with theory. Error bars, s.e.m. calculated as in

Fig. 2a but with » four times larger. e, f, Plot of
@(¢)p(e+hkvy) (red) using the parameters py;4 1
extracted from the best fits of ¢ and d with

k=1 (e) and k = 2 (f), respectively. Expected
values from theory are shown in black. Error bars,
s.e. calculated from the best fit.

Figure 4 | Wigner function and leviton
wavefunction in the time domain. a, The zero-
temperature Wigner distribution function of the
levitons is reconstructed from the p; ;. values
obtained from tomography. The WDF is limited to
the first two temporal harmonics and to the
energy domain € < 3.5hv,. Negative parts are
characteristic of a wavefunction which cannot be
described by a classical probability distribution in
the time and energy domains. b, Theoretical WDF.
The full WDF has been truncated to the first

two harmonics and to the energy range probed
experimentally, for better comparison. The
two-dimensional colour plots are shown to

better display the region of negative values of the
WDF. ¢, Cut of the experimental and theoretical
WDFs at energy ¢ = 1.25hv, (for energies

1.5hvy > & > hv, both the first and second
harmonics contribute to the WDF). Using the
experimental errors in Fig. 3e, f, we have generated
the two red dashed curves between which the
experimental WDF is expected to lie. Robust
negative values of the WDF are found, a hallmark
of interference effects. d, Projecting the WDF along
the energy direction gives access to the temporal
variation of the electron probability distribution
of the leviton |p(£)|. The experimental data are
(red) are compared with the theoretical truncated
WDF (black).



(I=—1) was found necessary to improve the fit. They are shown in
Fig. 3e, f. The errors bars are obtained from the standard error of the
fit. They are much larger than those in Fig. 2b because the measured
noise is about ten times smaller.

The noise oscillations with phase in Fig. 3a, b and the noise variations
with voltage in Fig. 3¢, d are well reproduced by a model including only
the 35-50 mK thermal rounding. Supplementary Fig. 2 provides addi-
tional tomographic noise measurements performed on two-electron
sine-wave pulses. Here again good agreement is found between data
and theory. Deviation arising from decoherence effects due to electron-
electron interaction is not expected here because the two-dimensional
Landau quasi-particle lifetime is longer than the (50 mK) thermal time
for the typical energies probed here (Supplementary Information).

From the experimental values of ¢(¢)@(e + khv,) obtained above we
can now reconstruct part of the zero-temperature Wigner distribution
function'” (WDF) of the levitons: W (t,&) = (WH(e+d/2)p(e—
8/2))e /" d5. The WDF gives the full information on the complex
wavefunction. It has been calculated for a single Lorentzian pulse'* and
for periodic pulses'. In the latter case, the WDF is also periodic. Its
expression in terms of the quantities p;;4 is given in Supplementary
Information. Figure 4a and Fig. 4b respectively give three-dimensional
plots of the experimental and theoretical WDFs. Because the experi-
mental WDF is limited to the first two harmonics and the energy range
—hvy = & < 3.5hv,, the theoretical WDF is truncated accordingly for
comparison. To better show the agreement between experiment and
theory, we provide in Fig. 4c a cut of the WDF at energy & = 1.25hv,
(red, experiment; black, theory). Using the experimental errors of p; 4«
(I=0) in Fig. 3e, f, we have generated the two red dashed curves in
Fig. 4c between which the experimental WDF is expected to be located.
For reduced times #/T'around ~0.3 and 0.7 we clearly find robust regions
of negative WDF, a hallmark of a quantum state.

Finally, as a particular application of the WDF, the integration over
energy ¢ gives the probability |¢(#)|>. Its experimental (red solid curve)
and theoretical (black dashed curve) variations with time are given in
Fig. 4d. The excellent agreement validates our experimental determina-
tion of the WDF from the tomographic noise procedure of ref. 16. This
provides better information on the temporal shape of the wavefunction
than the convolution [{p(t)|¢(t + 1))|* given by the electronic Hong-
Ou-Mandel method used for levitons in ref. 18 or for single electrons
in ref. 31.

Using the known leviton state, we have demonstrated that the quan-
tum wave tomography of itinerant electrons can be done experimentally
using shot noise. Probing the off-diagonal energy density matrix opens
the possibility of studying more complex electron quantum states such
as entangled electron quantum bits in ballistic conductors or complex
electron quantum states built by interaction. Examples of the latter include
Kondo electronic states, fractional quantum Hall quasi-particles or elec-
tron Andreev pairs built by superconducting proximity effects.
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