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Electronic entanglement via quantum Hall interferometry in analogy to an optical method
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We present an interferometric scheme producing orbital entanglement in a quantum Hall system upon
electron-hole pair emission via tunneling. The proposed setup is an electronic version of the optical interfer-
ometer proposed by Cabello er al. [Phys. Rev. Lett. 102, 040401 (2009)] and is feasible with the present
technology. It requires single-channel propagation and a single primary source. We discuss the creation of
entanglement and its detection by the violation of a Bell inequality.
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I. INTRODUCTION

Experimental progress in quantum information requires
reliable sources of entanglement. In quantum optics, sponta-
neous parametric down conversion is a natural source of
polarization-entangled photons' and can be used to produce
energy-time entangled photons after postselection.? These
sources and the existence of efficient methods for distribut-
ing photons explain the success of quantum optics for long-
distance quantum communication.

On the other hand, solid-state nanostructures offer advan-
tages for the local processing of quantum information. This
has provoked a major scientific effort toward the develop-
ment of quantum electronics. Specifically, there is a research
program for translating optical technologies, which have al-
ready proved their applicability for quantum information
processing into the realm of quantum electronics. That in-
cludes the development of an electronic Mach-Zehnder
interferometer,® several implementations“’5 of electronic
Hanbury Brown-Twiss interferometers,® and, more recently,
the proposal’ of an electronic Hong-Ou-Mandel
interferometer.®

In this Rapid Communication, we take a further step in
this program and present a source of electronic entangle-
ment. This is inspired by a recent photonic interferometer,
originally aimed for the production and detection of energy-
time and time-bin entanglement,’ after noticing that the same
scheme can be used to create orbital entanglement by a suit-
able redefinition of the postselective local measurements.
Here, we show that all topological constraints from the opti-
cal setup—the basis of its working principle—can be satis-
fied and the problems derived from fermionic statistics can
be overcome by making use of the last developments in
quantum Hall physics.’ The detection procedure is based on
the measurement of zero-frequency current-noise correlators
in the tunneling regime. Moreover, the setup presents some
distinguishing features over previous proposals requiring ei-
ther two propagating channels!® or two sources:'"!? it re-
quires, instead, a single channel and a single tunnel barrier as
a source of correlated electron-hole pairs.

II. OPTICAL INTERFEROMETER

We start by reviewing the interferometer introduced in
Ref. 9 (see Fig. 1). A source simultaneously emits two pho-

1098-0121/2009/80(20)/201312(4)

201312-1

PACS number(s): 73.23.—b, 73.43.—f, 03.65.Ud, 03.67.Mn

tons in opposite directions: photon 1 to the right (along path
I'}) and photon 2 to the left (along path I',). After meeting
beam splitter BS-1 (BS-2), photon 1 (2) splits into a pair of
paths I'g; and I'; | (I'g, and '} ,). Path I'g(I',) takes photon
1 (2) to the right side of the interferometer for detection,
while path I'; (I} ,) does likewise in the left side.

The complete two-photon state emitted from BS-1 and
BS-2 is a coherent superposition of four possible paths com-
binations represented by kets I’ g);, T ry2), With the first
site for photon 1 and the second for photon 2. It consists of
two contributions in which one photon flies off to the right
and the other one to the left (|I'g;,I'1,) and [T’ ;,T'ro)), and
two contributions in which both photons fly off to the same
side (|Tg;,Tro) and |T';,T»)). Photons 1 and 2 are not en-
tangled with each other. However, their state is not separable
when rewritten on a left-right bipartition basis, owning both
standard mode entanglement (orbital-mode or path entangle-
ment in this case) and occupation-number entanglement (i.e.,
coherent superposition of terms with different local occupa-
tion number).'? The orbital entanglement [i.e., the entangle-
ment between left (I'y;,I';,) and right (I'y;,['g,) propagat-
ing channels] can be postselected from the total state by
coincidence measurements at both sides of the interferom-
eter. This keeps only that part of the two-photon state with
one photon on each side of the interferometer: events in
which two photons arrive in the same side are simply re-
jected. The postselected state corresponds to a coherent su-
perposition of [T ;,T'g,) and |T'g;, T’ ,). The additional beam
splitters BS-L and BS-R produce a local mixing required for
detecting entanglement between left and right outgoing chan-
nels via the violation of Bell inequalities.'*

An electronic analog of this photonic setup does not re-
quire an explicit rejection of double-click events on each side
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FIG. 1. Optical interferometer introduced in Ref. 9.
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FIG. 2. (Color online) Electronic analogue of the interferometer
of Fig. 1 on a quantum Hall setup. Full (noiseless) electron
streams—redefined vacuum (see text)—are represented by solid
lines. Dashed lines correspond to empty electron channels.

if, instead of measuring the times of detection—something
difficult in electronic systems—one measures zero-frequency
current-noise cross correlations in the tunneling regime.!’!

The purpose of the interferometer in Ref. 9 was to solve a
fundamental deficiency in the Franson’s-Bell experiment’
based on energy-time and time-bin entanglement, identified
by Aerts et al.'® Interestingly, the Franson’s interferometer
(including its electronic analog) cannot be used to produce
orbital entanglement since the postselection in Franson’s
scheme requires communication between the local parties
and cannot be avoided by a local redefinition of the observ-
ables.

III. ELECTRONIC INTERFEROMETER

Figure 2 represents the electronic implementation of the
interferometer of Fig. 1 on a quantum Hall system. The re-
sulting device is feasible nowadays with modern experimen-
tal techniques.’ Though geometrically similar to that of Fig.
1, the electronic version has some singular features as a con-
sequence of the fermionic nature of the carriers. Electrons
propagate coherently along single-mode edge channels from
sources 1 and 2 (subject to equal voltages V) to drains
L1, L2, R1, and R2 (connected to earth). On their way, the
electrons find a series of electrically controlled quantum
point contacts acting as beam splitters (BS-n, with
n=0,1,2,L,R). The BS-0 is set to be low transmitting (tun-
nel barrier). An electron propagating from primary source 1
can tunnel through BS-0 to the right side of the barrier, leav-
ing a hole in the Fermi sea on the left side. So, BS-0 behaves
as an electron-hole pair emitter (as discussed in Ref. 10, with
the difference that here we consider single—instead of
double—channel propagation'”). After emission, each mem-
ber of the electron-hole pair splits independently into a pair
of paths at BS-1 and BS-2, respectively, as discussed above.
Path entanglement can be observed by zero-frequency
current-noise cross correlations, which were shown!!1>18 to
be equivalent to coincidence measurements in the tunneling
regime. The secondary source 2 is not directly involved in
the production of entanglement itself: its role is to eliminate
the undesired current-noise correlations that otherwise would
be generated at BS-2, masking the signal originated from the
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creation of electron-hole pairs at BS-0. Moreover, note that
the resulting entanglement is not exactly between electrons
on the one side and holes on the other side (in contrast to
previous proposals'®!"), since both right and left propagating
excitations can be either electronlike or holelike due to the
combined action of BS-1 and BS-2. The BS-L and BS-R
produce a controllable local mixing of right and left propa-
gating channels, as discussed below.

IV. ENTANGLEMENT PRODUCTION

We start by introducing the uncorrelated state injected
from sources n=1,2 as

W= 11 aj(e)al(e)0), (1)

0<e<eV

where the operator a' (g) excites an electron towards BS-0
(m=1) and BS-2 (m=2) with energy ¢ on an energy window
eV above the Fermi sea |0). Upon tunneling of electrons
from source 1 through BS-0, the initial state (1) scatters as

[y = [T [tob(e) + rebi(e)]ai(e)|0), (2)

where 7, and r, are the scattering amplitudes at BS-0
(Ty=to|> <Ry=|ro|?), and b(e) excites a propagation mode
from BS-0 toward BS-n (n=1,2). Expanding Eq. (2) up to
first order in #, and using b,(g)b5(¢)|0)=|0) (close to what is
done in Ref. 19), we find

eV
W'y =~ {1 - rof da’bz(s')b'{'(s’)]ﬂ bi(e)a(¢)|0).

0
(3)

The integral term in Eq. (3) corresponds to the emission
(with probability T,<< 1) of an electron-hole pair packet from
BS-0, where the electron (bD propagates to the right and the
hole (b,) to the left (see Fig. 2). The hole appears as an
excitation out of a full stream of particles toward BS-2 rep-
resented by I1,b}(¢)|0). The electrons emitted from source
2 (ai) do not play any role in the generation of the electron-
hole pair. Their relevance is proved only after scattering at
BS-2, as we see next. Upon scattering at BS-1 and BS-2
(with amplitudes ¢;,r, and t,,r,, respectively), the interme-
diate state (3) evolves into

W) = [0) + [P, “
where
B . eV
|v) = tOE’(‘ﬁl_‘ﬁz)J de'[1,5C] 1 (8") Crale”)
0

- ”IVZCLz(S')Cig](S') + flrzcil(S’)CLz(S')
+r165Ch (") Cra(e")]0) (5)

describes an electron-hole excitation out of a redefined
vacuum [0)=11°"C} ,()C,()|0). Here, C! (C,) creates an
electron (hole) propagating toward terminal n=L1, L2, R1,
or R2 (when BS-L and BS-R are closed) and ¢,, is the phase
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acquired by an electron along path I',, with m=1,2. The
redefined vacuum corresponds to a noiseless stream of elec-
trons emitted from BS-2 toward terminals L2 and R2. This is
only possible thanks to the introduction of the secondary
source 2, which sets the net current through BS-2 to zero
when BS-0 is closed. Otherwise, electrons from primary
source 1 alone would be scattered at BS-2 as correlated noisy
currents, masking the signatures of the electron-hole emis-
sion at BS-0.

Having a look at |W) in Eq. (5), and leaving aside the
specific features of electrons, we notice that the electron-hole
pair emitted from BS-0 suffers from an evolution wholly
analogous to the one described in Ref. 9 for photon pairs (as
discussed above).

The first two terms within brackets in Eq. (5) show a
coherent superposition of an electron and a hole traveling,
alternately, toward opposite sides of the interferometer along
different paths. This is the part of the state we are interested
in, corresponding to a pair of “orbital” qubits,?? which can be
entangled depending on the relative weights given by the
scattering amplitudes at BS-1 and BS-2. The entanglement of
a normalized two-qubit pure state |¥) can be quantified by
the concurrence 0=C(W)=|(¥|¥)|=1>2" where [¥)=0,
® 0| W) is the time reverse of |¥) (with o, the second Pauli
matrix), C(\W)=0 for separable states (no entanglement), and
C(W)=1 for Bell states (maximal entanglement). Applying
this to the first two terms in Eq. (5), after normalization, we
obtain

'T\T,R\R
C=2V]212, (6)
T\T,+RR,
where T; (R,) and T, (R,) are the transmission (reflection)
probabilities at BS-1 and BS-2, respectively. Maximal en-
tanglement is achieved whenever T,T,=RR,.

The last two terms within brackets in Eq. (5), instead,
correspond to a particle and a hole traveling both either to
the right or to the left side of the interferometer. This part of
the state (subject to occupation-number entanglement only)
shall be filtered out during measurement.

V. ENTANGLEMENT DETECTION

At this point, we can drop out of the electron-hole picture
introduced above, which was only a convenient frame for
revealing the process of entanglement production. From now
on, we work within the standard electron picture, which sim-
plifies the description of the detection procedure. In the tun-
neling regime, entanglement can be detected via the violation
of Bell-like inequalities'* constructed upon the measurement
of zero-frequency current-noise cross correlations defined as

h A
: T~>0C7'2 0

This quantity correlates the time-dependent current fluctua-
tions Ol ; at the left terminals (i=1,2) with the fluctuations
dly; at the right terminals (j=1,2), where T is the measure-
ment time and v is the density of states [a discrete spectrum
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is considered to ensure a proper regularization of the current-
noise correlations (see Ref. 7)]. The last two terms in Eq. (5)
do not contribute to S;; since this is a two-particle observable
demanding the presence of one particle on each side of the
interferometer for detection. Thanks to this, only the first two
terms in Eq. (5) are postselected. At low temperatures
(kT<eV), the cross correlator reads®? as

% (8)

Sij =— e3V/h|(tLtlT{)lj

where the 2 X2 matrices #; and fz contain the scattering
amplitudes from sources 1 and 2 to terminals L1 and L2 the
first one, and to R1 and R2 the second one. They satisfy
t{tLHLIR:l due to unitarity of the scattering matrix. The §;;
turns out to be proportional to the tunneling probability T,
(i.e., S;;*T,), meaning that any correlation signal is due to
the emission of electron-hole pairs from BS-0 alone. This is
only possible thanks to the presence of secondary source 2:
otherwise, S;; would be finite even for 7;=0, due to the un-
desired correlated noise generated at BS-2. So defined, the
correlator S;; is proportional to the probability of joint detec-
tion of particles in terminals i and j (an electron on one side
and a hole on the other).!"!>!8 The presence of finite refer-
ence currents at both sides of the interferometer (redefined

vacuum |0)) does not change this fact. This is because the
current-noise correlators are independent of the noiseless ref-
erence currents (an alternative formulation based on pure
tunneling currents can be used with identical results). A Bell
inequality can be constructed upon S;; by defining the corre-
lation function

s
S +S8n—-Sp-8 tr(o 1 1R 1R 1Y)
S]] +S22+S|2+S2| tr(t]T_‘tLtlIQtR)

)

where o, is the third Pauli matrix. The correlator E is ex-
plored by introducing an additional local mixing of left and
right outgoing channels. This is implemented through the
beam splitters BS-L and BS-R, as shown in Fig. 2, from
which the transmission matrices transform as #;, — U, and
tg — Ugrtg, where Uy and Uy are the corresponding 2 X2
unitary scattering matrices.”> Hence, the correlator E trans-
forms as

tr( U;O'ZULILI]T{ U}T{O'ZURIRtI)
tr(t] 1yt 1R)

E(UL.Ug) = ; (10)

from which the Bell-Clauser-Horne-Shimony-Holt (CHSH)
operator is defined as'#

5= E(ULa UR) + E(U],_; UR) + E(UL7 Ul,{) - E(U]’_,’ U}’()
(11)

The studied state is entangled if the Bell-CHSH operator
satisfies |£]>2 for some configurations of matrices
{U,Ug,U{ ,Ug}. Following Refs. 10 and 24, we find that
the maximum possible value for the Bell-CHSH operator
(11) reads as
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Smax=2\/l+

where N\, =1-TyT T, and \_=TyR,R, are the eigenvalues of
the matrix product IEZR up to first order in the tunneling
probability 7,. We notice that Eq. (12) reduces to
Eax=211+C? with C the concurrence of Eq. (6). This is an
expected relation for a pair of entangled qubits,'®? which
guarantees the accuracy of our approach. Its meaning is
straightforward in our case: whenever there is orbital en-

tanglement in the emitted state | W) of Eq. (5) (C>0), there is
a violation of the Bell-CHSH inequality |£]<2.

4(1=N)(1 = AN
(VD N N o h

(12)

VI. CONCLUSIONS

The production and detection of entanglement are still a
major challenge for quantum electronics. Here we have de-
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scribed a source of orbital entanglement in an electron-hole
quantum Hall system. We have discussed how to use it to
prepare entangled states and characterize entanglement and
quantum nonlocality. A fundamental feature is that the
scheme is simpler than previous proposals and seems fea-
sible with present technology, so we expect that it can stimu-
late further experimental developments in electronic quan-
tum information.
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