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Abstract

We theoretically report a nonlocal Andreev reflection in an Aharonov—Bohm interferometer, which is a three-terminal normal metal/super-
conductor (NS) mesoscopic hybrid system. It is found that this nonlocal Andreev reflection is sensitive to the systematic parameters, such as
the bias voltages, the quantum dot levels, and the external magnetic flux. If we set the chemical potential of one normal metal lead equal to
zero, the electronic current in the lead results from two competing processes: the quasiparticle transmission and nonlocal Andreev reflection. The
appearance of zero electronic current signals unambiguously the existence of this nonlocal Andreev reflection.
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There is growing interest in the mesoscopic normal metal/
superconductor hybrid systems [1-6] in the last decade, where
the so-called Andreev reflection [7] happens at the NS interface
due to the appearance of a new energy scale: the superconduct-
ing energy gap A. This phenomenon indicates that an incom-
ing electron from normal side is reflected as a hole, thereby
transferring a cooper pair into the superconducting condensate.
When there are two normal metal leads in NS hybrid systems,
it is possible for an electron from a normal metal lead to be
reflected as a hole into another spatially separated lead. This
process is the well-known nonlocal Andreev reflection [8—15].
Since this nonlocal Andreev reflection process is equivalent to
injecting two spin-entangled electrons which form the singlet
state of a Cooper pair in two different normal leads, the study of
electron transport in the multiterminal NS hybrid systems may
lead to the realization of solid-state entanglers [9] that are of
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important to quantum information processing. In addition, with
the recent developments in the micro-fabrication technology,
many artificial structures in mesoscopic scale can be fabricated.
Electrons move in the mesoscopic regime can avoid the inelas-
tic scattering and keep the phase coherence. This kind of phase
coherent electron transport has been widely investigated by the
solid-state Aharonov—Bohm interferometer [16-27].

In this work we will address both the nonlocal Andreev
reflection process and the phase coherent transport in a three-
terminal Aharonov—Bohm interferometer. The system that we
consider is illustrated in Fig. 1. Two normal metal leads and a
superconducting lead are coupled to their respective quantum
dots to form an Aharonov—Bohm ring. The model Hamiltonian
of this system reads
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Fig. 1. Schematic diagram of our system.

A the superconductor energy gap. Note that the bias voltages
V; are applied in the normal metal leads and zero chemical
potential is kept in the superconducting lead. What we are
only interested is the Andreev reflection process, so we assume
the bias voltage V; are lesser than the superconducting en-

io
ergy gap A. Hyor = ZG[ZFM‘3 8jdjT.gdjg + (t12e3 leGdzg +

t23e% d;(,d&r + 131 e’ d;dm + c.c.)] is the Hamiltonian for the
quantum dots, and the discrete bare energy level ¢; are well
controlled by the corresponding gate voltages. H, is the Hamil-
tonian standing for the couplings between the quantum dots and
three leads, which is given by

Ho= Y T{chdic+) T c),dso +he.
ko,i=1,2 qo
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For simplicity, we have assumed that the hopping matrix ele-
ments are independent of the spin index.

We now calculate the electronic current passing through the
second normal metal lead, which is defined as

dNN2>
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with N N2=D 4o czk o~ C2ko - From Heisenberg equation of mo-
tion, the electronic current can be rewritten as (5 = 1)
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where fl.i(E) = 1/(ePE*4Y) 4 1) are the well-known Fermi
distribution functions, I'y; =2 ), |T11,:' |28(E — &) are the
linewidth functions which describe the coupling strength be-
tween the i th normal metal lead and the corresponding quantum
dot. G are the Fourier transformation of the retarded Green’s
functions for the quantum dots in 6 x 6 Nambu representa-
tion [4,27]

G"(t, 1) = —io(t —H{{w®), v (1)}, 5)

with row vector ¥t = (dIT, diy, d;T, dry, d;T, d3y). In order to
obtain the electronic current, one must know expressions of the
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Fig. 2. The vanishing nonlocal Andreev reflection when the biases satisfy
Vi=-V,.

retarded Green’s functions for the quantum dots. The most con-
venient way to calculate the retarded Green’s function is the
Dyson equation, which is given by
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where [ is the linewidth function of electrons in the supercon-
ducting lead, which has the similar expression of I'y;. Other
symbols B) = ((E)E/VE2— A2, By = [(E)A/VE?— A2
with ¢(E) =1 for E > —A, otherwise {(E) = —1. Eq. (4) is
one of the central results of this Letter, which is valid for any
temperatures. The physical meanings of Eq. (4) are as follows:
The first term corresponds to the quasiparticle current due to
the applied bias (V, — Vi) between the normal metal leads 2
and 1. The second term is the usual Andreev reflection describ-
ing an electron in lead 2 is reflected as a hole into the same lead.
The most interesting nonlocal Andreev process can be seen in
the third term, and an electron in the normal metal lead 2 is
reflected as a hole into the normal metal lead 1.

Before our numerical calculations, we first note that the non-
local Andreev reflection vanishes when the bias voltages sat-
isfy Vi = —V,. This phenomenon can be well understood from
Fig. 2: An incident electron with the energy from O to +V>
in normal metal lead 2 cannot reflected as a hole into the nor-
mal metal lead 1 since the hole states with energy from 0 to
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