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A. Cavanna,3 Y. Jin,3 and G. Fève1
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We have realized a quantum optics like Hanbury Brown–Twiss (HBT) experiment by partitioning, on

an electronic beam splitter, single elementary electronic excitations produced one by one by an on-

demand emitter. We show that the measurement of the output currents correlations in the HBT geometry

provides a direct counting, at the single charge level, of the elementary excitations (electron-hole pairs)

generated by the emitter at each cycle. We observe the antibunching of low energy excitations emitted by

the source with thermal excitations of the Fermi sea already present in the input leads of the splitter, which

suppresses their contribution to the partition noise. This effect is used to probe the energy distribution of

the emitted wave packets.
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The development of quantum electronics based on the

coherent manipulation of single to few quasiparticles in a

ballistic quantum conductor has raised strong interest in

recent years [1–7]. On the theoretical side, many proposals

have suggested to generate and manipulate single elec-

tronic excitations in optics like setups [2–4] and to use

them in fermion-based quantum information processing

[5]. On the experimental side, triggered electron sources

that supply single electron states on-demand have been

demonstrated [6,7] but there has been no report so far of

their implementation in an electron quantum optics experi-

ment (i.e., electron optics at the single charge level).

Actually, the very principle of electron quantum optics is

still under question as singling out a single elementary

excitation remains a complex issue [8] in solid state where

the Fermi sea builds up from many interacting electrons.

In this work, we have realized the partitioning of single

electron-hole excitations emitted one by one by the on-

demand electron source we recently developed [6] using an

electronic beam splitter in the Hanbury Brown–Twiss

geometry [9]. From low frequency current correlations

measurements, we count the number of elementary exci-

tations produced by the source at the single charge level.

We also demonstrate that the random partitioning of low

energy excitations produced by the source is suppressed by

their antibunching with thermal excitations of the Fermi

sea. This quantum effect provides an efficient tool to probe

the energy distribution of the individual quantum states

produced by the source. By tuning the emission parameters

we show that the energy distribution can be shaped in a

controlled manner. Finally, this work defines the proper

conditions for the manipulation of a single elementary

excitation in the presence of a thermal bath.

Electron quantum optics, like its photonic counterpart,

relies on the manipulation of single particle states supplied

on-demand and characterized by the measurements of

current-current correlations. The study of current-current

correlations in quantum conductors has been widely used

to probe the statistics of particles emitted by a source. The

most common source is the DC biased contact which

produces a stationary current where the electronic popula-

tions are those of a degenerate Fermi gas at thermal equi-

librium. The Pauli exclusion principle then enforces a

noiseless flow of electrons [10] which has been probed

through autocorrelation measurements [11] or cross-

correlation in the HBT geometry [9]. Despite its ability

to naturally produce noiseless single electron beams, such

a continuous source cannot produce electron states with a

defined timing. The controlled manipulation of single elec-

trons requires to replace stationary (DC driven) by trig-

gered (AC driven) single particle emitters.

AC sources differ from DC sources as their elementary

emission processes consist in the generation of coherent

electron-hole pairs [12,13], so that the electron and hole

populations deviate from equilibrium. As a first conse-

quence, contrary to DC sources, no information can be

gained from low frequency noise measurement of the

current directly emitted by the source, as there is no charge

transfer or charge fluctuations on long times, the electron

and hole currents compensating each other. The statistics

of charge transfer is then revealed in the high frequency

noise [14]. However, the number of elementary excitations

produced by the source is hardly extracted from such

measurements since an electron-hole pair is detected only

if the delay between the two particles is larger than the

temporal resolution of the setup. It is known that low
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frequency noise can be recovered from the random and

independent partitioning of electrons and holes on an

electronic beam splitter [15,16]. The information one can

extract from noise measurements in the HBT geometry

then strongly depends on the nature of the source. While

for a DC emitter [9], the low frequency correlations of

the current can reveal the fluctuations of the number

of particles (electrons) emitted by the source, when deal-

ing with an AC emitter, the same measurement instead

yields the average number of elementary excitations

(electron-hole pairs) generated by the source at each of

its cycles.

Considering a periodically driven emitter at frequency

fd placed on input 1 of a splitter independently transmit-

ting electrons and holes with probability T, the average

number of electron-hole pairs emitted in one period can be

directly extracted from the low frequency correlations

between the currents at the output 3 and 4, S3;4 ¼

�2eTð1� TÞhIparti, where hIparti ¼ efdhNe þ Nhi is the

particle current, hNei and hNhi being the average numbers

of electrons and holes emitted per period (see

Supplementary Materials [17]).

However, there are deviations to this classical reason-

ing because the input arms are populated by thermal

electron-hole excitations. These thermal excitations inter-

fere with the ones produced by the source, affecting their

partitioning. Their antibunching with electron-hole exci-

tations cannot be accounted by the classical description

and one needs to rely on a quantum description (see

Ref. [4] or Supplemental Material [17]). For clarity, let

us first consider the effect of thermal excitations in input

2, disregarding the effect of temperature in input 1. This

leads to

S3;4 ¼ Tð1� TÞ½S2;2 � 4e2fdNHBT�; (1)

NHBT ¼
hNei þ hNhi

2
�

Z 1

0
d�ðneð�Þ þ nhð�ÞÞf2ð�Þ; (2)

hNei ¼
Z 1

0
d�neð�Þ; (3)

hNhi ¼
Z 1

0
d�nhð�Þ; (4)

where S2;2 is the low frequency thermal noise on input 2

and f2ð�Þ the equilibrium Fermi distribution at arm 2

temperature Tel;2. The energy reference is the Fermi en-

ergy of the electron gas, i.e., �F ¼ 0. neð�Þ (respectively
nhð�Þ) is the energy density of electronic (respectively

hole) excitations added by the source during one period.

The HBT contribution NHBT differs from the classical one
hNeiþhNhi

2
by �

R
1
0 d�ðneð�Þ þ nhð�ÞÞf2ð�Þ. The minus sign

reflects the antibunching of fermionic particles colliding

on the splitter and replaces the plus sign observed for

bosons, for example, in the Hong-Ou-Mandel experiment

[18]. The number of detected electron-hole pairs NHBT is

thus reduced by the energy overlap between the source

excitations and the thermal ones. For a vanishing overlap,

classical partitioning is recovered. For a nonvanishing

overlap, some of the source excitations cannot be distin-

guished from thermal ones and do not contribute to the

partition noise. This antibunching provides a powerful

tool to probe the energy distributions of the excitations

produced by the source. In a real system, one should also

take care of thermal excitations in arm 1 emitted by the

reservoir upstream of the source, which also interfere with

the ones additionally produced by the source. For equal

temperatures on both arms, Tel;1 ¼ Tel;2, the cross corre-

lations S3;4, or equivalently the excess autocorrelations

�S4;4, directly measure the contribution of the excess

excitations produced by the source

S3;4 ¼ ��S4;4 ¼ �4e2fdTð1� TÞ�NHBT; (5)

FIG. 1 (color online). Hanbury Brown–Twiss experiment,

sketch (inset) and sample. Schematic illustration based on the

SEM picture of the sample. A perpendicular magnetic field B ¼
3:2 T is applied in order to work at filling factor � ¼ 2. The two
edge channels are represented by blue lines. The emitter is

placed on input 1, 2.5 microns before the electronic splitter

whose gate voltage Vqpc is set to fully reflect the inner edge

while the outer edge can be partially transmitted with tunable

transmission T. The emitter is tunnel coupled to the outer edge

channel with a transmission D tuned by the gate voltage Vg.

Electron emission is triggered by the excitation drive VexcðtÞ.
Average measurements of the AC current generated by the

source are performed on output 3, whereas output 4 is dedicated

to the low frequency noise measurements �S4;4. Inset: sketch of

the Hanbury Brown–Twiss experiment. The average number of

electrons (filled red dots) and holes (empty red dots) emitted on

input 1 can be extracted from the current correlations between

outputs 3 and 4.

PRL 108, 196803 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
11 MAY 2012

196803-2



�NHBT ¼
h�Nei þ h�Nhi

2
�

Z 1

0
d�ð�neð�Þ þ �nhð�ÞÞf2ð�Þ;

(6)

where � refers to the difference between the on and off

states of the source.

We now turn to the experimental realization of the HBT

experiment using a single particle emitter. The quantum

conductor is a two-dimensional electron gas in the quan-

tum Hall regime. Using one-dimensional chiral propaga-

tion along a quantum Hall edge channel, and a quantum

point contact taken as an electronic beam splitter, the

geometry used in the seminal HBT experiment can be

mimicked, as depicted on Fig. 1. The emitter placed on

input 1 is a periodically driven mesoscopic capacitor [19]

made of a quantum dot (with level spacing � ¼ 2:1 K)
tunnel coupled to input lead 1 by a quantum point contact

whose gate voltage Vg tunes the dot to edge channel trans-

mission D. A periodic rf drive, applied on a metallic top

gate capacitively coupled to the dot, gives rise to the

periodic emission of a single electron followed by a single

hole. The top gate of the source is driven at frequency fd ¼
1:7 GHz using either a square wave (containing approxi-

mately three odd harmonics) or a sine wave, so as to

engineer different single particle wave packets. As de-

scribed in Ref. [6], we adjust the emitter parameters so

that the average charge Qt, emitted from the dot in time
1

2fd
, equals the elementary charge e for a large range of dot

transmissionD. ForD � 1,Qt exceeds e as the dot is fully
open. Qt goes to zero for small D as the average escape

time � becomes larger than the drive period. Finally, Qt ¼
e within 10% for 0:2 � D � 0:7.

Figure 2 presents measurements of the low frequency

correlations �S4;4 ¼ �S3;4. The black and red dots are

obtained using a sine wave drive at transmission D ¼ 1
and D ¼ 0:3 while the green squares are obtained using a

square wave for D ¼ 0:4. For all curves, the expected

Tð1� TÞ dependence is observed, but the noise magni-

tudes (at T ¼ 1=2) notably differ and do not reproduce the
average transferred chargeQt. For all three cases, �NHBT is

smaller than 1, the value which should be observed for the

classical partitioning of a single electron-hole pair. We

attribute this discrepancy to the nonzero overlap between

the source excitations and the thermal ones. The highest

value of �NHBT is observed for a square wave. In this case,

a single energy level of the dot is quickly raised from below

to above the Fermi level [6], and a particle is emitted at

energy �=2> kBTel well separated from thermal excita-

tions. For a sine wave, the rise of the energy level is slower;

the electron is then emitted at a lower energy and more

prone to antibunch with thermal excitations. This reduces

�NHBT compared to the square wave. As the transmission

D is lowered, the average escape time � increases and

electron emission occurs at longer times, corresponding

to a higher level of the sine drive. Electrons are then

FIG. 2 (color online). Low frequency correlations �S4;4 ¼
�S3;4 in units of e2fd (left axis) and A2 � Hz�1 (right axis) as

a function of the beam-splitter transmission T. Three types of rf
drives are plotted, a sine wave at D ¼ 1 (black triangles), a sine

wave at D ¼ 0:3 (red circles) and a square wave at D ¼ 0:4
(green squares). The solid lines represent adjustments with the

expected Tð1� TÞ dependence.

FIG. 3 (color online). Calculations of �neð�Þ (right side) and
�nhð�Þ (left side) at Tel;1 ¼ 0 using Floquet scattering theory.

The energies are normalized by the dot level spacing �. The
black line is obtained with a sine drive at D ¼ 1, the red dashed

one with a sine drive at D ¼ 0:3 and the green dashed one with a
square drive at D ¼ 0:4. Note that in the case of a sine drive at

D ¼ 1, electron-hole pairs generation by the absorption of n
photons of energy hfd is reflected by the steps of width hfd at

energies 0, hfd, 2hfd, 3hfd . . . . At lower transmission D ¼ 0:3,
the plateaus turn into peaks corresponding to the successive

attempts of electrons/holes to leave the dot with an attempt

frequency of �=h. For a square drive, the spectral weight is

centered around �=2 with a width �� related to transmission

�� � D�
2�

. Note that �neð�Þ ¼ �nhð�Þ (electron-hole symmetry)

because the highest energy level of the dot is swept symmetri-

cally around the Fermi energy. The grey dashed line represents

1� 2fð�Þ ¼ tanhð �
2kBTel

Þ, the fraction of excitations that are

effectively counted in the HBT contribution �NHBT at tempera-

ture Tel ¼ 150 mK.
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emitted at higher energies and become less sensitive to

thermal excitations: �NHBT increases as can be seen by

comparing the red and black curves in Fig. 2.

The energy density �ne=hð�Þ of the excitations produced

by the source can be calculated as a function of the source

parameters such as the drive shape or the transmission D
using Floquet scattering theory [20]. Figure 3 presents

�ne=hð�Þ for Tel;1 ¼ 0 in arm 1. These calculations repro-

duce the previous qualitative discussion. For a square

drive, electrons and holes are emitted at energy �=2,

with an energy width �� ¼ D�
2�

. Very few excitations are

emitted at low energy. For the sine, some excitations are

systematically emitted at low energy, especially at high

transmission D ¼ 1.
These differences in energy distribution are revealed by

HBT interferometry as can be seen on Fig. 4, which

represents measurements of �NHBT as a function of dot

transmission D for the square and sine drives. Floquet

calculations for Tel;1 ¼ Tel;2 ¼ 0 are presented (red dashed

lines), which are almost identical for square and sine,

reaching 1 in the range 0:2 � D � 0:7 as expected. The

effect of finite temperature in arm 2, Tel;2 ¼ 150 mK is

shown by the blue lines, where Tel;1 ¼ 0. As already dis-

cussed, due to thermal excitations, �NHBT is lowered. The

effect is moderate for the square and important for the sine

and decreases by lowering the dot transmission. Blue

dashed curves show the effect of temperature in arm 1

(Tel;1 ¼ 150 mK, Tel;2 ¼ 0). Remarkably, the role of tem-

perature is identical for both arms: source excitations over-

lapping with thermal excitations, either in arm 1 or 2, are

lost. When the actual temperature (extracted from equilib-

rium noise thermometry of the sample) is introduced on

both arms (Tel;1 ¼ Tel;2 ¼ 150 mK, black dashed curves),

a good agreement is obtained with the experimental points

(symbols) without any adjustable parameters. Note that

Floquet calculations used here neglect the effects of

Coulomb interactions, in particular, between the external

and internal edge channels [21], during the 2:5 �m propa-

gation length toward the splitter. Coulomb interactions are

known to induce decoherence [22] and relaxation [23] of

electronic excitations which should affect the energy dis-

tribution �ne=hð�Þ. Consequently, the observed agreement

between the data and model suggests two scenarios. Either

interaction effects are negligible, or they affect the shape of

the energy distribution but leave the total number of elec-

tronic excitations that we detect almost unchanged.

Measuring the full spectroscopy of the electronic excita-

tions would then discriminate between these two scenarios

and thus settle this question. Such a measurement could be

implemented by replacing the thermal source of input 2 by

FIG. 4 (color online). (a) HBT contribution �NHBT as a function of the dot transmission D for a sine (left panel) and a square drive

(right panel). The experimental points are represented by circles (sine drive) and squares (square drive). Dashed lines represent

numerical evaluations of Eq. (6) using Floquet scattering theory at Tel;1 ¼ Tel;2 ¼ 0 (red dashed line), Tel;2 ¼ 150 mK, Tel;1 ¼ 0 (blue

line), Tel;1 ¼ 150 mK, Tel;2 ¼ 0 (blue dashed line), Tel;1 ¼ 150 mK, Tel;2 ¼ 150 mK (black dashed line). (b) Schematic representation

of particle emission. On these temporal traces, the filled (respectively empty) red symbols correspond to an occupied (respectively

empty) level of the dot. An electron (respectively a hole) can be emitted every �0 ¼ h=�, time to perform one revolution inside the dot,

when the occupied (respectively empty) level crosses the Fermi energy (�F ¼ 0). Arrows represent a realization of particle emission.

In the case of a sine drive (left-hand side), the energy rises slowly with time and particles can be emitted at low energy as compared to

the square drive (right-hand side) for which the energy rises abruptly and particles are emitted at energy �=2.
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a stationary bias. As can be seen from Eq. (2), �ne=hð�Þ can

then be measured by scanning the chemical potential of

input 2 with a variable DC potential applied to the Ohmic

contact [4].

As a conclusion, we have realized an HBT partitioning

experiment with single electrons. We have used it to count

the number of electron and hole excitations emitted per

period. Antibunching of low energy excitations with ther-

mal ones is observed, which is used to probe the energy

distribution of emitted particles. Since the demonstration

of on-demand generation of single electron states [6],

many experiments relying on the coherent manipulation

of single to few particles have been suggested [2–4]. This

experiment is the first realization of an electron optics

experiment at the single charge level which will kick off

the emerging field of electron quantum optics. Further-

more, the HBT geometry benefits from its high versatility.

By applying a combination of ACþ DC voltages on input

2, one can perform a complete tomography [4] of the

electronic state in input 1. The electronic variant of the

Hong-Ou-Mandel experiment [2] can also be realized by

synchronizing the emission of one electron on each arm.

This can be envisioned in the near future thanks to the

present experimental realization.
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Lett. 100, 086601 (2008); F. D. Parmentier et al., Phys.

Rev. B 85, 165438 (2012).

[21] I. P. Levkivskyi and E.V. Sukhorukov, Phys. Rev. B 78,

045322 (2008); E. Berg, Y. Oreg, E.-A Kim, and F. von

Oppen, Phys. Rev. Lett. 102, 236402 (2009); A.M. Lunde,
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