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An electron-spin state teleportation scheme is described in detail. It is based on the protocol by &eainett
[Phys. Rev. Lett70, 1895(1993], and involves the production and detection by superconductors of entangled
pairs of electrons. Quantum dots filter individual electron transitions, and the whole teleportation sequence is
selected in a five-dot cell by electrostatic gating in the stationary regiméme-dependent gate voltages)

a normal dot carries the electron-spin state to be teleported, two others carry the ancillary entangl(@d pair;
two superconducting dots, coupled by a superconducting circuit, control the injection of the source electron and
the detection of the teleported electron. This teleportation cell is coupled to emitter and receiver reservoirs. In
a steady state, a spin-conserving current flows between the reservoirs, most exclusively carried by the telepor-
tation channel. This current is perfectly correlated to a Cooper pair current flowing in the superconducting
circuit, and which triggers detection of the teleported electron. This latter current indeed carries the classical
information, which is necessary to achieve teleportation. The average teleportation current is calculated using
the Bloch equations, for weakly coupled spin reservoirs. A diagnosis of teleportation is proposed using noise
correlations.
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[. INTRODUCTION tal law. The quantum information stored in the original state
(qubit) has been split into a “quantum” channéhe en-
Teleportation belongs to fundamental science since Bertangled pair and a classical channel.

nett and co-workers proposed a protocol for quantum tele- The first experimental verification of teleportation has
portation of a two-state particleThis means reconstructing been performed with photofisand was followed by several
the quantum state of a particle at a distant place, on a preegthers’ Entangled photons with correlated orthogonal polar-
isting particle whose state was previously undetermined. OFations(antisymmetrical stajavere produced by parametric
course, any measurement of the quantum state to be teldoWn-conversion, and measurement of one of the four pos-
ported must be avoided whatsoever. Beneetl. proposed ~ SiPIe entangled statéthe singlet was achieved by polarized
to take advantage of the nonlocality of quantumbeam splitters. This simplification changes a little, though

mechanicZ® celebrated in the Einstein—PodoIsky—RosennOt fundamentally, the scenario of Bennettal.. the classi-

P ndh . . _cal signal carries simply a “yes” or “no” answer concerning
(EPR "paradox.” 'To this purpose, a pair of entangled par detection, and if the answer is yes, Bob has readily in hands

.IIC|ES IS pr0(_juced. T.hls. means that thg state of each of the%e original state, without needing any further transforma-
'S und.etermlned, while itis fully determined once a MeasUreson. As shown by the authors of Ref. 6, this simplification
ment is made on the other. One member of the pair IS 9V€Hoes not affect the quantum correlations of the input and
to the sender Alice, the other ofitae target to the receiver ot particlegdefined as the fidelity of TRbut it reduces
Bob. Allc_e also receives a “source” particle in an unknown o efficiency of TRsuccess has a probability 1/4). The TP
state, which she wants to teleport to Bob. Then she performsyotocol is thus rendered slower by a factor 1/4. In practice,
a joint measurement on this particle and her member of thgnambiguous detection of teleportation requires coincidence
entangled pair, so as to measure them in an entangled statgeasurements of photons at four detectarse for the de-

As a result, the state of the target member of the pair, in theected particle, two for the Bell measurement, and one for a
receiver's(Bob’s) hands, is simultaneously determined. Alice test for emission of the source partigland it relies on the
must send the result of her measurement as a classical signaptimal control of individual photons achieved in modern
The state of the source particle can then be retrieved by Bolguantum optics devices. It is in fact important to keep track
by applying to the target particle a unitary transformation.of the emitted pair and the source particle, in order to control
The state of the source particle has been destroyed during thleat Bob indeed measures the twin of the photon which ex-
procesgno-cloning theoren® An essential point is that, de- periences the joint measurement by Alice, and not a member
spite the simultaneity of Alice’s measurement and Bob’s parof a previously or a subsequent emitted pair which case
ticle state projection, teleportation is completed only whemo correlation would be expected

the classical information about the result of the joint mea- The proposal of Bennett and co-workers and the subse-
surement(four possible Bell states thus two classical bits quent experiments in quantum optics or atomic physics
has been received. Therefore, as a means of transmitting imnd NMR (Ref. 8 provide a beautiful illustration of the
formation, teleportatiofTP) does not violate any fundamen- power of entanglement as a basic resource for quantum
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information® TP appears as a promising way to send unal- a b Q O
tered quantum information, for instance by entangling fragile NN
qubits with more robust ones, or with qubits that can be @ @ @ —> @ §,§ %:;‘%
propagated over long distancshotons for instande The 1 2 3

same principle allows to swap entanglement between succes- BELL@

sive particles, therefore entangling distant ones. Other appli-

cations include distributing information among networks, or @ O <:| O O

(ONC)

NN

error-correcting code¥.

Search for scalability naturally leads to a quest for similar
processes in solid-state environments. The idea of electron/ FIG. 1. The elementary teleportation sequence. Three normal
spin transport for quantum information processing schemesdots (shadegl labeled 1,2,3 can only accommodate O or 1 electron,
has also been developed in Ref. 11. Here we shall focus owhile the two superconducting dots a,b can accommodate 0 or two
electron transfer between dots. In fact the strong advantageédectrons in a Cooper pair state. The sequence starts with an injec-
of photons(weak interactions with the environment, allow- tion process from reservolr, followed by the Bell decomposition
ing long-distance coherent propagafidaorn out to be also of the three-electron wave function in the normal dots, and termi-
inconveniences: single or pair photon sources are weak, arftites by the detection iR.
it is difficult to operate gates on photon ensembles since they

interact weakly, only through nonlinear media. On the othefStatic gate$® Moreover, as shown in this work, correlations
hand, electrons can be produced one by one, using Coulonflgtween transitions of different electrons at different barriers

blockade in quantum dots, or in pais:*® can indeed be used as a powerful tool to control and manipu-
Since electrons are charged particles, it is in principle poslate the spin qubits. Then, although time-resolved control of
sible to operate with a variety of gates on them, taking adindividual electrons is still out of reach, teleportation can be
vantage of their Coulomb interactions in nanostructuresachieved in a steady-state operation through electrostatic
Electronic systems also have obvious advantages toward ii§ouplings only:* For a correct choice of the system param-
tegration. The main drawback of electronic proposals is thagters, we show in the following that an elaborate sequence of
the underlying interactions can also lead to strong decoheffansitions can be selected. For instance, in the teleportation
ence effects. Yet, because high intensity single-electroRTOC€SS, a strict control is required on the time sequence: the
sources can be operated, the relevant time scales can be vé@nt measurement of the source parti¢i¢ and of the par-
short, and there is hope that quantum coherence of individuaicle (2) must occur only after the pai@,3) is emitted, and
qubits can be controlled over distances ranging between m{he detection of the “teleported” particle8) must wait for
crons and millimeters. the joint measurement of particlés,2). As explained in de-
Exploring entanglement in the solid state concerns thdail in the present paper, electrostatic couplings between dots,
practical manipulation of qubits, but also the investigation oftogether with individual gating, provide the necessary corre-
fundamental phenomena such as a proof of nonlocality Witﬁa_tlons to filter a unique transition sequence through the cell,
massive or fermionic particles like electrolfsAn existing ~ Without any temporal gate control whatsoever. _
proposal for TP considers excitons in coupled quantum I the following, a detailed description of the operation of
boxes, which can be manipulated opticdfiyAlternatively, ~ the teleportation cell is presented. An overall qualitative pre-
an important issue arises when considering the electron spi#gntation is the subject of Sec. II. A full derivation of the
degree of freedom, which is a candidate as a qubit for inteMicroscopic and effective Hamiltonians is given in Sec. Ill,
grated quantum information devicEsTo produce electron @and justifications are provided in the Appendix. Section IV
pairs in an entangled spin state, one needs as a sourcec@ntains the discussion of the electrostatics of the cell and
device where electron spins are correlated by their previoue selection of the teleportation sequence. Section V is de-
interactions or by their statistics, but the two particles can b&/0teéd to the calculation of the steady-state teleportation cur-
dissociated while keeping this correlation. Up to now, pro-Tént using a Bloch equation approach. Section VI discusses
posals have been made usind) Cooper pairs in the (_)verall S|m|la_r|t|es and dlffere_nces with the quantum op-
superconductofé 15 or (i) singlet states on a discrete ticS implementation of teleportation. A summary of our re-
level in quantum dot&>%° Entangled pairs can then be pro- Sults, also discussing possible extensions of our solid-state
duced by the use of eneffy****®or spin filtering™**® teleportation proposal, is provided in the conclusi@ec.

Starting from this elementary unit for entanglement, the conV!l)-

struction of more complex devices relies on the analogy be-

tween photon propagation in waveguides and phase-coherent Il. QUALITATIVE DESCRIPTION
electron transport in nanostructures, which have been well OF THE TELEPORTATION PROTOCOL
illustrated by the fermion version of the Hanbury-Brown and
Twiss intensity correlation&?2 However, further possibili-
ties are opened by using Coulomb interactions: transport of Let us describe the setup which allows teleportation of the
electrons, one electron at a time, can indeed be forced witklectron spin. The TP cell is defined as comprising the dots 1,
the help of electrostatic barriers. Electrons are trapped i2,3,a,b(see Fig. 1 and the circuitS [Fig. 2(a)]. The basic
guantum dots, separated by tunnel barriers and their transiesource, the entangled pair of electrons, is produced by su-
tions between dots and reservoirs are controlled by electrgperconducting dot b according to the recent propbsa:

A. Description of the teleportation cell
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b) a (as a Cooper pairthere would be no measurement what-
us___:'e soever. Below, we shall see that the irreversibility is brought
I el by the presence of a reservoir which injects an electron in 1.
This is analogous to the measurement performed by Alice in
1{[@ R R the Innsbruck optics experimehtn this experiment, the two
1

measurement process.

If needed, the production of a spin-polarized electron can
T be achieved by a spin-polarized reservoir L, connected to dot

1 by a tunnel junction. This polarized source could be made

of a strongly polarized ferromagnéialf meta) or based on
any other injection scheme, using semiconductors for in-
stance. Symmetrically, detection of the teleported electron,

FIG. 2. (a) The TP cell containgi) NN junctions between res-  sijtting in dot 3, can be achieved by a spin-polarized reservoir
ervoirsL,R and dots 1 and 3(ii) N-S junctions betweer(1,a), R, in the hands of “Bob”(Fig. 1).
(2,2, (2,0 and(b,3), and S-S junctions between dot ) and the It is convenient to connect the superconducting electrodes
bulk superconductos. DetectorsD, s signal the passage of an g and b by a superconducting circuit S. Indeed, once Alice in
electron/Cooper pair in the normal/superconducting cir¢bijt Ef- dot a detects a singlet pair, this pair can flow through the
fective energy-level configuratiofirom left to right of dots 1, 2. e it S towards b, where, as we shall see, it triggers detec-
and 3 {us is the superconductor chemical potential tion by Bob. In addition, optimum operation of the device

two normal quantum dotéhumbered 2 and)3form neigh- requires to correlate the charge transitions in the normal dots
boring tunnel junctions with a singlet superconducting elec2nd superconducting electrodes. To this purpose, dots a and b
trode. Electrostatic gates tune the dot chemical potenualélre chosen to be superconducting dots with sizable Coulomb
such that the transition of a Cooper pair from the superconSNarging energy. This enables to absorb/eject electron pairs

ductor to the couple of dots is resonant if and only if eachP® Py one.
partner of the pair is sent to a different dot : conversely,

adding to or subtracting two electrons from a single dot is

strongly suppressed by Coulomb energy. Due to the symme- Before discussing the conditions on the parameters of this
try of the Cooper pair wave function in the superconductorsetup, let us recall why the measurement(bn2) achieves
the two electrons which are added in dots 2, 3 are in theeleportation:® Having an electron in dot 1 in the state
antisymmetric singlet state, which is entangled. Among the

four Bell states available with two spih-particles, none of lo)1=al 1)1+ Bl L)1, 1)

the three triplet combinations can be created. The doublgn entangled pair of electrons is created in dots 2, 3 in the
tunneling process involved in the creation of the entangledinglet stat¢W5),5. The latter is one of the four basis ortho-

state is often denoted as a nonlo¢at crossefl Andreev  normal Bell statesone singlet and three triplts
process>?® Its amplitude depends on the tunneling ampli-

tudes at both junctionéassumed (iglstazlefor simplicityand ~ [¥S)=2""|11)=[L1)), [¥T)=2"Y4|11)+|11)),

on the distanceé between junctions><>°The latter depen- _ _ _

dence involves exponential decay of quasiparticles in théq’T y=27 ) =LY, [T =27 )+ L)

bulk (clean) superconductofon the coherence lengté) 2)

and an algebraic factoig/1)2. Therefore a basic limitation One verifies that the resulting three-electron state can be re-
of the “Andreev entangler” is that the distance between thewritten as

two junctions must not typically exceed a few nanometers. S

Improvement of the algebraic factor is obtained by reducing (W) 125= [ 0) 1| W=) 23

jmj[@ 5 m 3 photons which form the singlet state are destroyed by the
@

&

B. Bell state decomposition

the effective dimensionality of the superconduttdf or us- =~ LU (@ T)at Bl 1)a) + [T o — al1)s
ing a “dirty” superconductof® )
The source electron is created as an additional charge in +B11)3) + 3P ) 1A Bl T)at all)s)
dot 1. The analyzer, which allows “Alice” to perform the LTy
joint measurement, is chosen to be another superconductor. 2T~ BlTstall)s). ©)

This possibility of using the same physical phenomenon botlin the original scenarib Alice is able to perform a measure-
for production and detection of entangled pairs is specific tanent of any Bell state on particles 1, 2. This at the same time
solid-state nanoelectronics. This is in contrast with opticgrojects the state of particle 3 onto a particular state, which
where parametric down-conversion produces the pairs anBob can transform into the original statel);=|o),
polarized beam splitters detect antisymmetric pairs in an ir=«|1)3+ 8| )3 by applying an appropriate unitary transfor-
reversible way. In the present case, having an irreversiblenation. The latter is known when Alice sends by a classical
transition of two electrons tunneling from dots 1 and 2 totwo-bit channel the result of her measurement, which there-
superconducting dot &Alice) provides a measurement of fore completes teleportation. In particular, when the result is
those electrons in a singlet state. Note that if the electronthe singlef¥S), the state in hands of Bob is nothing but the
were to oscillate between dots 1 anda® a singletand dot  original state of particle 1, up to a minus sign. Bouwmeester
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et al®*° simplified this protocol: measuring only the state The teleportation process manifests itself as a spin-
|WS) still allows teleportation, provided Alice sends as anconserving current passing from reservbito reservoirR.
information that she indeed completed the measurement. Below we shall consider a situation where the ¢eXcluding
The setup we propose for teleportation of electron spins ishe leads is chosen to be symmetric, an assumption which
similar in its principle. Once three additional electrons are inallows to reduce the number of parameters. Then, the direc-
dots 1, 2, 3, the three possible triplet states for electrons in Xjon of this current is fixed by applying a voltage bi&s
2 lead to no detection, while the singlet state can triggebetweenL/1 and 3R. For each electron disappearing lin
(with probability 3) an Andreev transition to the supercon- and each electron appearingRwith the same spin, exactly
ducting dot a, which acts as Alice’s measurement apparatusne Cooper pair flows through the circu#t Yet, in the
The remaining spin in dot &arge} acquires the same state present electronic device, a full proof of TP—irrespective of
o as the initial spin in dot 1, but teleportation is completeda quantum or classical description—requires an additional
only when the electron is detected in resenRifBob). diagnosis, which we discuss at the end of the paper.

C. The teleportation sequence Ill. MODEL

The teleportation sequengeee Fig. 1 is the following:
having an additional electron in dot 1, an entangled pair is ) ) .
created in dot$2,3). Thus one electron occupies each of the  The system under consideratiGFP cell and reservoiiss
normal dots. If the two electrons if1,2) are in the singlet described by the Hamiltonian
state, they can tunnel in dot a. This becomes a true measure- HeH.+H-+H 4
ment when another electron enters dot 1 from leablock- orre T
ing the singlet pair in dot a. At the same time the spin state ofvhereH, contains the energy levels of the isolated elements
the electron previously in 1 is transferred to 3, as shown bydots and reservoifsH is the total Coulomb charging en-
Eq. (3). Let us show how this teleportation sequence is emergy, andH is a tunneling Hamiltonian. The pakt, reads
bedded in a teleportation cycle. Indegsge Fig. 4, the pair
absorbed in dot a can flow from dot a to dot b and trigger the Ho=Hi+H+Hs+HatHp+HstH +Hg (5
transfer and detection of the teleported electrorRinthus it one-electron energy leveds, in the normal dotsin the
allowing to recover the initial state in Fig. 1'. It can then 4 iree approximation(i =1,2,3,
serve as a source for another entangled pair, for the next
teleportation cycldFig. 4). It is essential to notice that irre-
versibility of the pair productionfrom dot b and of the Hi=2> 2iCllyCilo (6)
measurementin dot g is provided by the coupling to the lr
reservoirs: Coulomb repulsion between dots b and 3 makedormal dots 1, 2, 3 must necessarily have a discrete spec-
the “ target” electron in 3 leave towards reservély which  trum, in order to avoid spin-exchange processes which de-
in turn lowers the energy of the pair in dot b, allowing reso-stroy entanglement. The “empty” state corresponds to a state
nance with(2, 3). Similarly, the pair in(1, 2) oscillates back with 2N electrons in the dots, while the “singly occupied”
and forth to dot a, but it becomes localized in dot a when atate has an odd occupation number, which means the addi-
new source electron enters dot 1. This in turn raises the enion of one outer electron to theN2 electrons within the
ergy in dot a and allows resonance between dot a and dot kot The last doubly occupied level of dots 1 and 3 must lie
The above setup, together wiltatic gating of dots 1, 2, 3, well below the electrochemical potential of reservairand
allows efficient filtering of single-electron transitioffsom L R, so as to prohibit any spurious transition of “wrong” spin
to 1 and 3 toR) and two-electron transitior{rom dot b to  electrons between such levels and the reservoirs. This sets a
(2,3 and from (1,2 to dot d. But it should also prevent lower bound on the level spacifg.
spurious transitions: it is indeed essential, to ensure fidelity Quasiparticle level&,, in the superconducting dots and
of the teleportation process, that the target electron in 3 doagservoirS (e= a,bS) enter the Hamiltonian for the super-
not escapdis detected by Bobbefore Alice performs the conductors:
measurement in dot a. As shown in detail in Sec. IV, this is
obtained by appropriately choosing the gate potentials of

A. Microscopic Hamiltonian

_ t
each dots. The Coulomb correlations induced by the electro- Ha_% EakYako Yaks @)
statics of this five-dot system can indeed exactly select the ]
correct teleportation sequence. while in normal reservoirdl=L,R,

Let us emphasize that transfer of a chargefidm dot a
to dot b plays the role of the classical channel. Even more,
this classical signal strictly conditions the exit of the target
electron. Therefore, according to the laws of quantum me-
chanics, teleportation is achieved without ambiguity, with a 1N the above, the operatorsand ¢’ stand for electron
fidelity conditioned by the few spurious processes such adnnihilation and creation, and thg,'s are the usual Bogo-
cotunneling. This is in contrast with the optics experimentliubov quasiparticle operatdts (6==1), ¥ao="UkaCrac
where (externally operatedime correlations are used to se- + 0UkeC koo, WIth  Uy,=(112)(1+ & /Ex) "% vk
lect the TP events from spurious ones. =(IN2) (1= & IExa) Y &u=ka— Mo, and E

_ T
HN—kE ENkoCNkoCNko « (8)
g
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andSwhere the chemical potential is set to zero with respect
to the normal reservoirk, R. L~ =

One assumes a free-electron spectrum in resentgiRs @ @ @ @
with spin-dependent quasiparticle energies. To a good ap
proximation, a continuous BCS-like quasiparticle spectrum d
in reservoirS and dots a,b is specified: this requires that the ©) @ @ ) @ @
superconducting dots are “large” enough. Finally a discrete h Sy 3 S X

. B

(and spin-independenspectrum is chosen in dots 1,2,3. @ @ M@ @ @ J@

The charging Hamiltonian can be written in a compact
form as a function of the occupation numbeis,
=3 ,iCh1,Culy Of the dots 1, =1, 2, 3, &, b)7>* e) @ @
He=(122 C,}(N,e=Q,)(N,e-Q,), (9 © O ©
v

h h , he effecti . . FIG. 3. Transport processes between normal quantum dots and
where t eQ# s are the effective occupation number Imposedsuperconducting dot¢a) Crossed Andreev reflectiofly) cotunnel-

by the gate and E)ilas voltagé_.‘iee Sec. IV an_d the Appepdjx ing; (c) teleportation;(d) sequence of two cotunneling events)
The couplingsC ,, are the inverse capacitance matrix ele- josephson tunneling through the central dot.
ments of the system.

_Here the Coulomb charging energy of the superconduct-  an important constraint concerns the coupling between

ing dc2>ts is chosen to be smaller than their superconductingoyma| dots and the reservoirs. In order to avoid spin ex-

gape 1Cqp<<A,p, SO as to prohibit single-electron transi- change between dots 1,3 and reservdits,(I'y) must be

tions. . » ) smaller than the superconducting gap, the charging energy
Let us assume that electronic transitions involve only one,q the chemical potentiajs, , uq.L> Moreover, the level

level of the norma}l dots. This is justified at low enough tem'spacings in each normal dot must be larger than ug
perature by the discrete spectrumMfdots, and by the fact (measured with respect jos=0).

that gate voltages can be chosen so as to select only two
possible charge states. Tunneling is supposed to occur only
between reservoir/normal dot junctions1, R/3, normal B. Transport processes in the teleportation cell
dot/superconducting dot junctions 1/a, 2/a, 2/b, 3/b, and su- The microscopic Hamiltonian of the preceding section al-
perconducting reservoir/superconducting dot juncti®®,  |oys for several collective electron transfer processes. Some
S/b. The one-electron tunneling Hamiltonian can then beyt these will be more favorable because of the intermediate
written as states which they involvégeneration of one or more quasi-
_ articles in the superconducting elementa particular, we
Hr=H_ 1+ Hrs+Hsat Hspt Hagt Haot Hpot Hpg 10 \F/)vill be interested [i)n processesgwhere a mﬁwimum of quasi-
particles are excited in the superconducting elements of the
with teleportation cell.
First consider processes involving two electrons, being
_ i T T transferred from/to normal quantum dots and a supercon-
Ar % t"kc"k"cl”+% tRkCRk"CS"Jrk%, fsak CsioCak'a ducting dot. These are depicted in Fig. 3. Crossed Andreev
reflectiot*?>—also called pair tunnelingfFig. 3a)] in-
volves the quasisimultaneous tunneling of two electrons to/
from a superconducting dot from/to two neighboring dots. As
the first electron tunnels it generates a quasiparticle, which is
then destroyed by the second electron which is transferred.
Cotunneling® describes the transfer of an electron from one
normal quantum dot to anothg¥ig. 3(b)], via the supercon-
(12) ductor(the order of the sequence of the two tunneling events
is arbitrary. The intermediate state also implies the creation
of a quasiparticle, which is subsequently destroyed as in pair
Notice that no direct tunneling occurs between normakunneling, and cotunneling is a spin preserving transition.
dots, instead, dot 2 is connected to both a and b dots. Next, there are three types of processes which involve
Tunneling through the junctions is controlled by the four single-electron jumps. Teleportatipfig. 3(c)] requires
rates FL(R)U=27thl(R3)V|_(R)g(0), I's,=27ts,vg(0)=Tg thatdot 1 is occupied initially, and dot 3 is occupied in the
(a=a,h), andl“ai=277t§i vg(0)=T",, where v g),(0) is final state. A Cooper pair escapes from b and another one is
the spin-dependent density of states at the Fermi level imabsorbed in a. At no step in the process a directed matter
reservoirsL,R and vg(0) the normal density of states in the transfer occurs between dot 1 and dot 3. This is the opposite
superconducting reservoir. case for the succession of two cotunneling evehitg. 3(d)],

=& +AZ%. HereA , is the gap in superconductoss= a,b, a) @ b) @

T T
+ E tSkaCSherk’U+ 2 talkcak(rcl(r
KK o ko

1 +
+; tazkcakac20+; th2kChkeCoor
g g

+
+ ; tb3kaka.C30.+ H.c.
o
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where, conversely, no Cooper pair transfer occurs simultaAndreev process remains unchanged if the bulk supercon-
neously, but an electron is transferred from 1 to 3 nevertheductor is a small superconducting island with sizable Cou-
less. lomb energy, especially in the resonant case.

Note that another possible cotunneling event from 1 to 3 We further stress that here the driving force for teleporta-
can involve the bulk superconductor instead, by successivéon is the voltage bias applied to the teleportation cell. The
quasiparticle propagation through dot§,and dot b. How-  resulting Cooper pair current flowing in the superconducting
ever, this process is negligible: it involves a geometrical facbranch is not a Josephson current, but is instead an Andreev
tor corresponding to the propagation of unpaired electronurrent dragged by the spin-polarized current flowing under
between dot a and dot b through the bulk superconductor. the effect of the biay.

One may also consider the transfer of a Cooper pair from

dot b to dot a, this time without the transfer of an electron C. Effective Hamiltonian
from 1 to 3, which can be viewed as a kind of Josephson ) )
coupling between dot b and dot'a3 Note that both the From what precedes one can derive an effective tunnel

successive cotunneling and the Josephson-like processg@miltonian, which involves only pair tunneling within the

compete with the Andreev processes which are essential igiP cell and single-electron tunneling to and from the normal

teleportation. reservaoirs,
Here, we argue that optimum conditions for the operation
of the teleportation cell are met when the Andreev pair tran- H$''=H 1 +Hgs+Hp (12
sitions[from b to(2, 3) and from(1, 2) to a] are chosento be
resonant. The resonance condition also applies for the Codvith
per pair transitions between dots a, b and the cirBuithis
Cooper pair transfer amplitude involves two Josephson junc- Hp=Ty(WI+ W))W+ TaW ¥ + T2W ¥, +H.c.,
tions, each junction involving a superconducting @obr b (13
and the bulk superconductét The Josephson coupling as- ) o
sociated with each junction has been computed in Ref. 389here theW;; destroys a singlet pair in twdl dots and
starting from a microscopic, single-electron hopping Hamil-¥a,,s destroys a Cooper pair in the superconducting ele-
tonian. Surprisingly, these Josephson couplings can be reif2ents. This Hamiltonian will be used in Sec. V to derive the
forced by the Coulomb blockade effects in the superconductaverage current through the cell.
ing dots. In practice, such resonant conditions can be
achieveq because the ind_ividual levels of dots Ileqnal by v ELECTROSTATICS OF THE TELEPORTATION CELL
our choice of a symmetric celand dot 2 can be indepen-
dently chosen, provided they stay within the superconducting Let us now discuss the central issue of the Coulomb en-
gaps of superconducting dots a,b. ergy balance in the TP cell. The external variables are the
In the Appendix, a perturbative argument is provided tobias voltageV applied betweeh andR and the gate voltages
show that direct transitions of electrons from 1 to 3 via 2 canVy, applied to dotsu=1, 2, 3, a, b. For the sake of sim-
be strongly reduced compared to the teleportation procesglicity, the TP cell is assumed to be symmetric, which means
The amplitude of cotunneling being comparable to that of(i) the equality of the tunneling matrix elements between dot
Andreev transition$® the way to suppress cotunneling is by pairs al2), b 2(3) and (i) the equality of the capacitances
raising the level in 2 with respect to 1,[Big. 2b)]. Then, C13=C,,=C5,=C3,=C, C,s=Cys=C;. Notice that the
contrarily to the teleportation process, cotunneling involvedunneling amplitudes from reservdiror to reservoirR can
only nonresonant transitions and can be safely neglected iostead be different: the symmetry of the device is only as-
lowest order. We also show show in the Appendix undersumed within the teleportation cell. One assumes in addition
which conditions the Josephson process can be neglected.that C_ ;=Cgr3=C,, and that the gate capacitances are all
Gate voltages on the five dots of the cell can be tunedqual toCy, which is taken much smaller tha Cg,C, . In
such that all the singlet pair transitions in the TP cell arethis section’s applications, the teleportation regime will be
either resonant or blocked by Coulomb interactigas T  studied under the assumpti@~C,=Cg in order to reduce
=0 and neglecting cotunnelingFirst, pair transitions be- the number of parameters. At temperatukgd <|V|, the
tween dot ab) and circuitS have amplitudeTg"b, Second, direction of the current through the cell is determined by the
Andreev pair transitions between dot a and the pair of dotsign ofV, from left (L) to right (R) as a convention. The dot
(1, 2, and between dot b and the pair of d¢®3), have occupation number®l, are defined by the excess charge
amplitudesT&?. The resonant condition for these ampli- Numbersn, =N, —N, with respect to a reference state with
tudes will be explicit when writing the coherence terms ofeven occupancies. External voltages can be tuned such that
the Bloch equations for the reduced density-matrix elementghe relevant numbers are,=0,1 for normal dots, ana,,
On the opposite, Cooper pair transitions from dot a or dot b=0,2 for superconducting dots, apart from intermediate qua-
to one of individual dots 1,2,3 are strongly suppressed byiparticle states involved in pair transitions, which involve
Coulomb repulsion. These last assumptions were also coedd charge states. This defines the cell configurations
sidered in Refs. 12 and 13, where the system formed by én;n;n,nyns). Incorporating the charge numbelr\isﬁ into
superconductor and two normal dots was shown to behave dise definition of the effective charged,, one writes the
a source of entangled Cooper pairs. Nonlo@al crossell  total electrostatic energy of the cell

J7l
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configurationg10020, (10103, and(0200) can be deduced

a b () 1010 0200
OO D@y e Tom e (9 co. e AL o
A ) 3 P

) 3 ] < Q1+5Q,+4Q3+2Q,—7Q,=—3e, (15

N Q RN O 4Q;+5Q,+ Qs —7Q,+2Q,=—e. (16

FIG. 4. TP cycle, which operates with a dc bias. “Horizontal” Similarly, the resonance condition between conflgllgg(?ltlons

12001_
transitions only are resonant. Starting from the framed configuratior( 12001), (10001), and (10021), e.gAEigo0r=AEjg021

(upper righj, an electron in 3 escapesR) next, a pairfrom dot b =0, leads to

creates an entangled state &8ggly line) with rateT,, leaving all

N-dots filled. A pair 1,2 then escapes in dot a. The electron in 3 Q115Q,+4Q3+2Q,+8Qp=13¢, 17)
acquires the spin state of dot 1, as confirmed by the absorption of a

singlet state in a and the subsequent injection of an electronlfrom 4Q,+5Q,+Q3+8Q,a+2Qp=13e. (18

These equations can be simplified, assunting- Qz and
Q.=0Qy, which yields

Qi +Qy=%e, Q,=%e. (19
(N_+Ng)eV

B — (14 Notice that the second condition means $dots a qua-
siresonance between states differing by one Cooper pair. One
then finds, as a simple result, that the above resonance con-

where Q,=C¢Vy, (n=a,2,0 and Q;=CyVy+C(V/2),  ditions for injection or detection processes fix the back-
Q3=CyVy3—C,(V/2). NL and N are the total number of ground charge on superconducting dots, and relates those on
charges that have passed through junctiofisand 3R. The  normal dots. This still leaves one more gate voltage as a free
voltage drops at these junctions are equaV/t2 due to the  parameter.

symmetry in the junction capacitances. Let us turn to the “transport” conditions allowing elec-
The electronic transitions within or out of the cell involve tronic transitions fromL to 1, and from 3 toR to occur

total Coulomb energy differences&Eif=AEEEiQaEEEEB_‘ (assumingeV>0). Two cases must be distinguished, de-
a I

+Ae, between initial and final states. The second term acPending on the relative energies of the "eve(resorlarbt .
counts for the discreteness of the normal dot spectrum, angfates (1200%(1000,(10021) compared to the “odd
will be neglected compared to the main Coulomb contribu-reésonant states (10020(10109,(02001). First, assume
tion. Among all possible transitions in the system, severafhat the even states are more stabliich corresponds to
processes can result in a current from reserkdo reservoir Q1> 10)- Then the transport conditions can be written as
R Some of them involve teleportation of the spin state Vv
presentin 1, others not. Selection of the former processes can e->AEL2001 AE10020 (20)
be achieved at low enough temperature if their energy bal- 2
ance is negative, while that of unwanted processes is posj
tive. Also, spurious processes leading to spin exchange wit
the reservoirs can be suppressed in this way. 9 CVv
In all the above, it is crucial to have a finite charging Qqi— E<?'
energy in the superconducting dots. This charging energy is

necessary to enforce the desired sequence of events. Transi-on the other hand. in the other case where odd states are

tions involving dot occupation by many Cooper pairs WOU|dmore stable than even one®{< %), one gets similarly
instead follow, leading to further spurious processes.

1 .
Ennannn, =5 2 Cui(n,€-Q,)(n,e-Q,)

w,vedot

vhich in the present case result in

(21)

9 CV

— Qi+ —=<—. 22
A. Allowed transitions within the teleportation cycle Q 10 e (22

Allowed trans_itions are represented in Fig. 4. The se- The conditions of Eq919) and(21) or (22) are necessary
quence mayarbitrarily) start with the evacuation of dot 3 ¢, the wanted sequence to occur, but still do not prevent

triggered by a Cooper pair in dot(bee framed sectionThe g rioys transitions from occurring. We now consider all

electron measured iR corr_esponds to a previously tele- possible processes leaving the sequence states.
ported state. At the same time, the next electron to be tele-

ported is already sitting in dot 1. This allows next to deposit
a singlet in dots 2 and 3 and to ultimately perform the Bell
projection, coming back to the initial state. Transitions which  As discussed earlier, the microscopic Hamiltonian allows

do not involve reservoirs are taken to be resonant, while théor a number of unwanted processes. These can be mini-
injection and detection steps from/to the reservoirs are takemized or reduced for physical reasons, keeping in mind that
to be irreversible. First, the conditions for resonance betweewe can tune the energy levels in the dots.

B. Unwanted processes
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The first category of unwanted processes concerns the in- A
stant at which charges are injected into 1 or detected from 3. (C/ e)V

According to the general TP protocol, a singlet state has to
be measured in dot4,2), by an irreversible transition to dot

a. This means that injection must occur in state (02001), to
the exclusion of any other state of the sequence. This is
enforced by forbidding the occupation number 2 on dot 1,

e.g.,

11/30

\%
22001 20001 20021 20020 20101
e§< A E12001' A ElOOOl’ A E10021' A ElOOZO’ A ElOlOl‘

(23

On the other hand, detection from 3 must wait for a clas-
sical signal to be sent, that the above measurement has been 0
completed. Since the pair in a, once created, can resonate
with dot b throughS the signal is nothing but the appearance
of a pair in dot b, which triggers detection from 3 by means
of the Coulomb repulsion. For this one must avoid spurious
transitions from(1200J), (10001 and (101021, which im-
plies

1
Qi1/e

\ —11/3 :
12000 10000 10100 02000 :
e§<A E12001:AE100011AE10101:AE02001- (24) Q1—11/105

The compatibility of Eq.(24) with Eq. (21) requires to

satisfy the following conditions: 1/6-Q,

12000 10000 10100 A =0200 10020
AE 15001, AE10001:AE1o101,A Eozoog> AEjpeor (29
FIG. 5. Stability diagram for the teleportation cycle. The two
ed rectangles indicate the parameter domain for the voltage bias

and for the background charge of dot 1 which are required to stay in
the teleportation cycle.

These conditions can be shown to be equivalent to thﬁlt
following set of inequalities between inverse capacitances:

Cpa—Co3>0, Cpi>0,
I I . creation of the entangled pair in dot b. Its sequence is
2Cy3—Cp3>0, 2(Cp3—Ca3)+C13>0, (260 (10020)-(02120)—(02001), e.g., the absorption of the
singlet in dot a occurs before creation of the entangled pair in
: . 21 ; dot b. This process is however unlikely due to the charge
ﬁe_cjrﬁase of the inverse capacitartee™ with the distance state—1 in dot 2, which renders the crossed Andreev tran-
An especially important condition concerns the cotunnel-S'tion nonresonant. .
ing process from dot 1 to dot @ee Sec. )lwhich involves . Th(_a operatlpg condltlons .dISCUSSGd above can b.e summa-
the possible transitions (1200%)(02101), (10021) rized in a stability dlagranﬁF_lg. 5, plotted_as a function of
—(00121), (10001)-(00101). These transitions involve Q, andV. The two symmetric rectangles tilted atr/4 con-
positive energies provided th@; — & >0. A sufficient con- tain the zero-temperature Work'ng regimes. O_uts[de the ver-
dition to minimize cotunneling processes is therefore t|cr?1l Ilnes on the left and on the right, cp?unnelmg IS favored.
This diagram shows that all the conditions meet in a rela-
Q- E>y.. 27) tively large portion of the parameter range. Remarkably
enough, apart from the “even-odd” degeneracy point at
Other forbidden transitions concern injection from reser-Q;/e=9/10, there is a threshold voltage for teleportation.
voir R, and detection to reservoir, processes which would This means than the system does no work in the linear re-
contribute to an “inverse” current flowing frorRto L. One  gime but instead there is a “Coulomb gap” equal to the

which are always fulfilled, owing to the concavity of the

can check that this involves the condition energy difference between the even and the odd states par-
ticipating in the TP sequence. Notice thats also bounded
11 Cv 1 CV from above, to avoid spurious transitions during the se-
E_Q1>?' Qi— 5 e (28) guence. The size of the working region guarantees that the

system can work in presence of weak thermal and quantum
One could also worry about a process transferring an eledtuctuations. Indeed, the relevant energy scale is a sizable
tron from 1 to 3 accompanied by a net Cooper pair transfefraction of the Coulomb charging energy of the dots.
from dot b to dot a, but the latter happening in reverse order: Note that the simplification which consists of choosing
the absorption of the singlet in dot a would occur before thehe junction capacitances to be equal is by no way restrictive.
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It can be shown that all the above results hold in general, the b 1 § 3 a 0
only condition being on the relative values of the capaci- 10021—10020 - 10101¢- 02001 1200110001
tancesC, andC, . Tt
10101
V. CALCULATION OF THE TELEPORTATION CURRENT FIG. 6. Labeling of the states which enter the Bloch equations.

. . . . Their respective connection is identified by arrows. Single arrows
This section presents the dynamics of the five-dot telepor, P y g

. . h i . represent irreversible processes which involve the transfer of an
tation cell, described in the above working regime, at zerqyacron to/from the reservoir.

temperature. The method is that of the master equation de-

scribing the dynamics of the reduced density matuix, ()

where theu's are the configuration states retained in the ngi(EM—Ey)gWHE (0 Q=00 Q,0)
sequence. A microscopic derivation of the master equation A

for a system of dots, superconductors and normal reservoirs .

starting from single-electron hoppings is presented — k7 2 (C 10 (32)
elsewheré® Diagonal elements describe the occupation 2 X

probabilities of the configurations and nondiagonal ones de- . _ . : -
scribe the coherences between them. The latter naturally oézl\flth #v=2,0,0,1,35, and imaginary coefficients(y,,,)

cur because of the resonant Andreev processes occurring i the right-hand side identify coherent processes, while

the TP sequence, and lead to a system of Bloch-like;':qjeCtion/deteCtion processes have real coefficiedts, ).
equations’ The derivation is inspired by the work of ' of the teleportation cell, according to Fig. 6 we hdvg,

GurvitzZ8% who treated the cases of single- and double-dog %’aggbaozt(%’gg ’ dtgtebtugneﬂrg rate I_OZZC%OpSera'rS
. 1s— %&s1— = 1A/& 1t =~tl

systems. The generalization starts from an effective Hamil- !
tgnian, which |gs the sum of the Andreev pair Hamiltonian ~ V3TW2, Q35=05=T, are the An,dreev tupnelmg
and the one-electron injection/detection terms as in(Eg).  'a€SI'b1=T'r, I'sa=I',, all the other},,’s andI',,’s are
Starting with a given initial condition specifying a point 2€r0- The energies,, —E, of the Cooper pair transitions are
of the sequence, for instance the state (10021), with aspin included for sake of generality, and are set to zero in the

state in dot 3, the Schdinger equation is written for the esonant regime. Note that the Andreev amplitudigsare
state at instant, computed to the lowest order in the Appendix, yet here these

amplitudes are considered nonperturbative, including all pos-
sible round trips between the normal and the superconduct-
ing dot. It is therefore possible to consider the limit of a
“good” Andreev contact in what follows.

The full system of Bloch equations involve the popula-
where the index contains the information on the quasipar- tions of the seven above states, and the coherences between
ticles which have been transferre@vith wave vectors States 1,3,t on one hand, and between stateb,0 on the
kL 1kR) from reservoirL to reservoirR. The reduced density other hand. All the other coherences are zero since the cor-
matrix (o,,) involves a trace of all transition operators responding states are coupled by relaxation terms, according
|u)(v| on quasiparticle indicesn® The index x  to the usual approximatiot. The Bloch equations are

=hb,1,3a,05,t runs on the states of the sequence, denoted

[P (1))=2 b, a(0)]x,n), (29)
MmN

for simplicity as |b)=|1002), |[1)=|10020, |3) . 1 _
—|02009, |a)=|12003, |0)=|1000D, and |s), |t} in- o1~ ~I15Tal01570s) =1 5 Talon = 0) + Tropp,
volved in the configuration (10101), produced from (10020) (32)

as the statgo), |4°),3. The decomposition expressed in Eq.

(3) leads to the singlet stais)=|°),J )5 and the triplet _ 1

combination [t)=(1/3)Zq, |4 Vidags )3 The 0ss= —i5TaA(0q =019 +iTa(0ss—039), (33

states|'&o,+,_>3 are obvious notations for the rotated states

appearing in Eq(3). Notice that statét) does not connect to V3

any other state thafi), while |s) connects td1) and|3). Oy=—i = Ta(Ty— 1), (34)
Let us stress again that spin is perfectly conserved within 2

the teleportation process. Therefore, a general set of closed

Bloch equations can be obtained irrespective of the spin di- 0a3= I TA(Tas— 0s3) — ' 0723, (35)
rection along an arbitrary axis. This of course holds only in
absence of any spin relaxation or decoherence. The spin in- : )
dex is thus omitted in the,, : 0aa=1Ts(0a0~ 00a) +I' 033, (36)
. , 000= i Ts(T0a— 0a0) +iTs(Top— Tho), 37
o-p,,u,: I 2 Q,LLV(O-/.LV_ O-V/.L) - ; (F,LL)\U,LL/.L_ F}\p.a-}\)\)!
(30) Top=1Ts(Tb0~ T0p) = T'rObb, (39)
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(-Tls:i(El_Es)
_ 1 V3
+1| — ETAO'11+ TA(T:|_3+ ETAUSS+ TTA(T»[S y
(39
on=1(E;—Ep)+i| — 7TA011+ ETAUSI+7TAUII ,
(40)
. , 3
013=1(E;—Eg) +i| Taos+ ETAUS3+ TTAUB
1
- EFLUB! (41)
035=1(E3—Eg)+i| — ETAO'31+ TAths_TA(Tss)
1
- EFLO-\')’S' (42)
oyx=i(Es—E)+il| — TTA031_TAUst - EFUT&:
(43
os=i(Es—E)+i| — 7TA0'51+ ETAo'lt_TAO'Bt )
(44)
0a0=1(Ea—Eo) +iT3(Tapt Taa— To0), (45)
0po=1(Ep—Eg) +iT3(0pa+ 0pp— 00 — 3 rObo,
(46)
Tap=1(Ea=Ep) +iTy(Tao— 00p) — 3T Roan,  (47)

which have to be solved, obviously verifying the normaliza-

tion constraint for the probabilities

(48)

0‘11+ O'SSJF O'tt+ 0'33+ (Taa+ (Too+ Opp= 1.
In the above system the equations égy, = afw are omit-
ted. The stationary solution gives the average current flowin
from L to 1 or from 3 toR for each spin direction. This
current, denoted as the teleportation current, is given by

stat

lte, s =€l o33, (49)

with (ritj‘t the stationary density-matrix elements. Let us first

consider the case of resonant Cooper pair transitions. After
straightforward calculation, one obtains quite a simple resu

'Tr T
oo =T AT, 2IT, 0
A aFL+4FR

PHYSICAL REVIEW B569, 035332 (2004

with

s

T2 . (51

3 1
(1—54-5

One can show that if by chance the transitions from con-
figuration (10020) to (10101) and from (10101) to (02001)
are not exactly resonant, the above result still holds provided
(10020) and (02001) have the same enefgywill then be
decreased and can be calculated using the lowest-order per-
turbation estimate of the Appendix: for instance, an energy
denominator AET39Y ~* will reflect the suppression of the
Andreev process describing the singlet injection in 2,3. This
situation can be enforced in practice if dots 1 and 3 on one
hand, and dots a and b on the other hand, are coupled to the
same electrostatic gate in order to preserve the symmetry.

Equationg32)—(47) allow to explore the effect of another
detuning effect such as the energy differen8ebetween
(10020) and (02001). One can show that it has a negligible
effect provided thab<y, .

Equating to zero the tern}bb in Eg. (38) one easily de-
duces the Cooper pair current from dot a to dot b :

stat
ZeFLO'33 .

(52

stat__

|p=29iTJ(0'bo stat_

staty _
Oop )—ZeFRO'bb =

One thus finds thalp=2l, ,. This relationship ex-
presses a very fundamental property: each time a spin state is
teleported fromL to R, a Cooper pair passes from dot a to
dot b. This is because the pair transfer in eircuit con-
ditions detection. While in the present work this property can
be attributed to the specific model which we have chosen for
the teleportation cell, and to the parameters which select the
relevant states of the TP cell, the experimental observation of
both currents in such a device, on the time scale of the tele-
portation cycles, would offer a nonambiguous proof of tele-
portation, as in Ref. 6. Instead, here the equality is demon-
strated only on the average. But it is clear from the operation
of the TP sequence, and from the time-dependent solution of
Bloch equations, that it is true at the time scale of an elemen-
tary spin transfer. This locking of both currents reflects the
basic property of TP: splitting a qubit transf@lectron with
gs spin into a spin transfeffrom 1 to 3 and a classical
information transfer from dot a to dot b, which is here noth-
ing but the charge & This behaves classically owing to the
irreversibility of the transition, driven by the bidg Notice
that the classical signal is sent automatically and needs no
operation external to the circuit.

Here the interdot charging energy plays a crucial role be-
eause it conditions the precise sequence. Successive TP
Ieycles follow each other in a sequential way, overlapping the
injection step of cycleN+1 and detection step of cyc
(Fig. 4). In fact, cycleN+ 1 begins with the injection in 1 of
an arbitrary spin state. This forces the Bell measurement of
the singlet in a for cycléN, followed by the classical signal
and detection of th&lth teleported spin state iR. Then dot
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b produces the entangled pair for cydle- 1, which is mea- ratus is necessary. Such tests of nonlocality allow to rule out
sured in dot a when the spin state for cyble-2 enters 1, a description at the classical level once the outcome of a
and so on. specific measurement in known.

Let us insist on the irreversibility of both pair production  In the optics experimerfta coincidence measurement is
and measurement. Although both processes occur betwe@@rformed to isolate the teleportation event. First, two pairs
state of identical energies, the quantum resonance betwee photons are created at a close time interval with the same
(10020), (10101) and (02001pdd statep“begins” when  |aser pulse. The first pair 2,3 is the entangled pair which is
the previous electron leaves 3 and “ends” when the next on@pared by Alice and Bob and which is used to build the
enters 1. Then the resonance between (12001), (10001) aggkee-particle state in the Bell state decomposition. One of
(10021) (even statgsbegins and ends when the electron e photons of the second pair 1(#he test photon JLcon-

leaves 3. Change of odd to even states generically involves @jng the state to be teleported. The other photon of this same

large energy change, .Of a fraction@f/C (se_e_ Fig. 5 ThPS air (4) serves as a simple trigger to signal when the propa-
the phase coherence is lost at these transitions, allowing tr%ﬁon of the photon 1 has started. A four fold coincidence

transfer of classical information. Yet, the spin coherence i easurement in the trigger detector, in the two detectors

preserved during each TP cycle. . . .

One sees that the above protocol has the virtue to work irqeed_ed to signal the measurement of a singlet pair 1 and 2,
an automatic way, without any external intervention. It has‘r’.md In thg detector of the outgomg photon 3 allows to con-
the great advantage that its speed is only limited by the AnfirM the signature of teleportation. _
dreev amplitudd , and the coupling, «, as shown by the _In nanocircuits, counting single elec_trons or_smgle Cooper
average TP current of EG0). It seems blausible tha, can  Pairs one by one in a transport experiment still rgpres_,en_ts a
be optimized by reducing the dimensionality of the S‘uper_challen_gmg task. _In the present case, .they coul.d in principle
conducting dots, as the geometrical factor is known to have R achieved by time-resolved capacitive coupling measure-
reduction effect in three and two dimensions only. An esti-ments at the injection and detection location, and on one
mate of currents in the picoampere range still leads to aboutnction of the superconducting circuit. Which quantity
10’ TP events per second, a quite sizable quantity. One drawpeeds to be measured to confirm the signature of teleporta-
back of such a high cycling value is the difficulty of a time- tion? Recall that for the theoretical description of the mea-
resolved diagnosis. This will be discussed in the followingsurement of entangled states injected from superconductors,
section. Bell inequality tests can be envisioned for situations where a
stationary current flows from the superconductors to the de-
tectors, both in a scattering appro&tand in sequential tun-
neling scenarios. In the former case, equal time number of
particle correlators can be converted into current-current

In this work, a primary teleportation diagnosis lies in the (noise cross correlations.
nonlocal transfer of the injected electron spin franmto R, In the present teleportation scenario, assuming the
and in the perfect locking of the average TP current whichinjected particle has a definite spin state, a measurement
flows betweerlL andR with the average pair current in tf2 on both the Cooper pair and on the detected particle
circuit. This relies on the assumption—justified by perturba—is needed. This involves the know|edge of the quantity
tion theory estimates—that processes such as successive ¢, (t)(o,)g(t')), where Ny(t) is the excess Cooper pair
tunneling via the two superconducting dots or such as Joariving in dot b and ¢,)x(t') is the electron spin subse-
sephson tunneling through the central dot, which may affecy ently measured in the detection resen®itusing a ferro-
the fidelity of teleportation, can be neglected: the teleportaf‘nagnetic reservoir Note that herg>t’ need to belong to

t'oi'gcvaer:/réfl 'esvtehne?f tgr?ed%me;]saljr]rtegn;\}era e currénjsc- the same cycle. From the teleportation current result of Eq.

. P . ge ¢ (50), assuming that the Andreev tunneling amplitutle is

tion and detection current, together with the pair curand . i
tcéomparable to the ratd§ g, one can estimate the period of

if one finds that these are correlated, this does not constitu h I dth diti the two fi b d
a rigorous proof that we are dealing with teleportation. In®ach cycie and the co’n ition on the two imes above reads
gal' +TR)/I' I'g>t—t". As in the Bell inequality test for

fact, accidental fluctuations in the gate voltages for instance®’ i )
may pollute the TP process. To be more precise, the trygolid state devices, the above number correlator can readily

fingerprint of TP is thatach timean electron appears iR D€ expressed in terms of noise or current-current correlators
with the same spin that was injected frdma Cooper pair ~ at finite frequency:fdwe'“(1p(t)l1/(0)), wherel(t) is
passes almost simultaneously from dot a to dot b. Quanturfleasured using a spin-polarized reservoir. Note that the
mechanics described by our microscopic and effectivechoice of having weak injection and escape rates is fully
Hamiltonian confirms explicitly this perfect correlation of consistent with the working assumptions for using a Bloch
electron and Cooper pair currents at the single-particle/singlequation description.
Cooper pair level. An experimental test of the device would require to moni-
In similar situations, encountered experimentally first intor the electron current at the point of injection and detection,
quantum optics, such as Bell inequality t€®¥4!a diagnosis  and the Cooper pair current betwearand S (or S andb),
which measures correlations between particles independentind to resolve the time correlatidA®etween these two cur-
of the chosericlassical or quantujrdescription of the appa- rents[in Fig. 2a), such detector® | s are sketchefd

VI. COMPARISON WITH THE QUANTUM OPTICS
IMPLEMENTATION
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VIl. CONCLUSION to reduce the fidelity of teleportation.
. . . How could this device be implemented experimentally?

.TO summarize, an electron spin _teleportgnon SCheF“ t the present time, the best control of quantum dots is
which employs a normal/superconducting hybrid nanodevicg, hieyeqd with semiconductor dots defined by metallic gates.
for electrons has been proposed. Although the overall systeWeyertheless, hybrid, semiconductor/superconductor junc-
contains several elements of controlled size and naturgong sijll present technological challenges. Here, reasonably
(superconducting/normal metal/ferromagnetichich could  gmajl barriers have to be achieved between the normal dots
prove difficult to integrate, it relies fully on current nanofab- gnd the superconductor in order to maximize the Andreev
rication techniques. The main message of this paper is thahjection/absorption rate. An alternative would be to define
teleportation can in principle be achieved in a hybridthe dots with quasi-one-dimensional conductoeranotubes
superconductor/normal metal nanodevice operating withouplaced in contact with superconducting elements. Indeed,
time-dependent interactions, in the steady-state regime, hbyent, gated, contacted carbon nanottbkave demonstrated
simply applying a bias to the device. Coulomb blockade behavior. Concerning the contact with a

We have shown that the teleportation protocol is preciselysuperconductor-nanotube junction, there is some hope that
the same as in the quantum optics experiment, as only thiée geometrical constraint which operates in two and three
singlet state of the Bell decomposition is used. A differencedimensions is relaxetl:?® Also, the feasibility of this pro-
however for our system is that the generator for singlet pairfosal relies on the control of the single-electron injection and
and the detector for such pairs is a superconductor whicHetection process. Efficient spin filtets R, are already
either breaks Cooper pairs and distributes them in the dots oRVailable at low temperaturés. ,
alternatively absorbs them, is the same device: the Andreev- Finally, it is legitimate to ask about the practical range
dot entanglet® We have pointed out that given the micro- OVer Whlc_h th_e elect_ron spin state can be_ t_eleported. In the
scopic Hamiltonian, several competing processes are poQ_resent §|tuat|on, using low temperatqres, itis I|[<ely to be of
sible in this system. These can be minimized by adjusting th@ few microns. The proposed setup is generalizableto 2
electrostatic gates on the dots and most importantly by works 1 normal dots, together with/" superconducting circuits
ing with the condition of resonant pair transitigginglet (2 Sdots: TP of a spin state in dot 1 onto dof\2+ 1 can
pairs of electrons in the dots and Cooper pairs in the supeR€ achieved by a swapping procéstus extending the
conducting elements This enabled the use of an effective 'ange of TP _

Hamiltonian where the sole single-electron jumps consist of Note added in proofA quantum teleportation protocol
the injection and detection processes with the reservoirdnvolving electron and hole states in the integer quantum
Nonetheless the full operation of the device is not quantuntiall effect has been proposed recedifly.

mechanically coherent, owing to the large energy changes

involved in both the injection/measurement and detection ACKNOWLEDGMENTS

processes. Finite capacitances of the dots, together with
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allow to single out a sequence of successive states whegsiged. LEPES is under convention with UJF and INPG,
teleportation takes place. A Bloch equation description proGrenoble. One of ugT.M.) wishes to thank NTT Basic Re-
vides the derivation of the teleportation current, which issearch Laboratories for their hospitality.

perfectly locked to the pair current flowing from one super-
conducting dot to another.

Limiting factors should also be discussed. First, although
the transport through the dots is described at the sequential
level, it is crucial to maintain spin coherence during the TP
sequenceon a time scale~#/I'g | , which turns out to be In order to justify our assumptions, we present lowest-
“short” in practical situation$. This coherence can be de- order perturbative estimates of the electron transfer process
stroyed by spin-orbit coupling, or by collisions with the other in the teleportation cell displayed in Fig. 3. For simplicity,
electrons within the dot. Such spin-flip processes can béhe expressions below are derived with our working assump-
minimized by carefully monitoring the parity of the occupa- tion that the charging energies of the dots are much smaller
tion number of small enough normal dots. Second, thehan the superconducting gdp (in a,b,S. Calculations are
present scheme requires a sufficient amplitlige This am-  performed using th&-matrix approximation, in which the
plitude is reduced by a geometrical factor in two and thre€‘effective tunneling Hamiltonian” is specified by:
dimensions when the twl-S tunnel barriers are spaced far-

APPENDIX: PERTURBATIVE CALCULATION
OF PAIR TUNNELING, COTUNNELING,
AND JOSEPHSON AMPLITUDES

ther than a few nanometets!*2° 1 n
~ Amore de_taile(_j vgrsion of t_he dynamics of our teleporta- Hef=H+ Hr> mHT (A1)
tion should in principle also include unwanted processes. n [17Te—Ho~Hc

Such processes lead to states which lie outside the teleporta-

tion cycle states, which can be accessed for instance via cavith €; the initial energy and the Hamiltonian in the denomi-
tunneling transitions. Cotunneling process would then be inhator excludes all single-electron hoppingss an infinitesi-
cluded by coherent couplings of the reduced density-matrixnal. We are interested in events which connect an initial
elements in the Bloch equation approach, and are then likelgtate |i) (specified by the occupation configurations
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n;,N,,N,,n,,Nng of the dotg which is connected by to a

final state|f) with the same energy.

with vg the density of states of the superconductor in the
normal state. For typical physical parameters, the logarithm
is of the order of 1, so the Andreev and the cotunneling

1. Second-order processes process have a comparable magnitude.

Assuming no external phase difference across the super-
conductors, it is straightforward to derive the effective am-
plitudes for pair tunnelingT,), cotunneling T¢), and Jo- We consider three types of fourth-order tunneling pro-
sephson tunneling T(;) between the superconducting cesses which are relevant to our problei: teleportation
elements, to second order in the single-electron hopping anprocesses(b) the succession of two cotunneling processes
plitudest,,, . TS (Tﬁ’) involves an intermediate state with one Which result in the spin conserving tr_ansfer of an electron
Bogoliubov quasiparticle ir§ or dot a(b), while T2 (TR) from 1 to 3 (an unwanted process which pollutes teleporta-
involves an intermediate state with one quasiparticle in dot &°0); (¢) Josephson tunneling from dot a to dot b via dot 2.
(b). The amplituded 2P have been calculated in Ref. 35 and _ FOr the teleportation process we start with the state
are not reproduced here. Summing over all possible intermd10020) as in Fig. 1. Transferring one electron on 2 or 3

diate states, the crossed Andreev amplitudes are given by Créates a quasiparticle in dot b (10110 or 10011), which is
subsequently destroyed when the intermediate state with the

electrons in the normal dots is reached, (10101). The final

2. Fourth-order processes

Ta=2>) UBvltyaton/(i n—ED), (A2)  state (02001) can be reached via either of the two states
K (11001 or 01101) with one quasiparticle in a each. The off-
resonancéOR) teleportation tunneling amplitude then reads
T2=2> upvPtoptan/(in—Ep). A3 :
A Ek: kViloptsp/(in—Ey) (A3) Tretor=—(i7— AELY -1
Cotunneling amplitudes are specified in a similar way: 4tb2tb3t§1t;2uﬁvﬁug*vg*
x> > = (A10)
kK “q EvES
Ta=D, tiatax(JUl?=[v|H/(in—E), A4
c Ek sataal U= loid /(7= B (A4) Note that by specifying that the dot level energies in 1, 2
are located at an equal distance but opposite location with
b b2 b2 - b respect to the superconducting chemical potential, the reso-
TCZEK taptha(|Uel“—[vel )/ (in—Ey).  (A5)  nance condition is enforceck ET339%=0 (also AE9229L=0)

and this expression divergésxcept for the presence o).
These amplitudes are reduced from an ideal value of thé more careful analysis would show that a resummation of
order ofy, by the necessary propagation of the virtual inter-all the terms in the perturbation series leads to a finite am-
mediate state quasiparticle between the two junctions, at plitude in this resonant situation. As specified in the preced-

distancel. This involves a geometrical fact&®!®?°of the
order of f(1)=(Ag/lI)%e”""%0 in the clean limit {5 is the
Fermi length in the superconductor agglis the coherence
length.

ing section, the resonant regime is the working assumption
of our teleportation proposal.
For the successive two cotunneling events, it is possible to

write down a general expression for transitions from the state

Note that both the Andreev and the cotunneling ampli-n;nzn,nyns to the final staterf; —1)nyn,n,(n3+ 1) via the

tudes of Egs.(A3) and (A5) contain denominatorsi {

intermediate staten—1)n,(n,+ 1)nyns:

—Eg) which involve the superconducting gap. This however
does not imply that the amplitudes for such processes areT o= —(AE" a2 1NoNg) —1

proportional toA !, as one needs to take into account the

energy dependence uﬁ'b andvf(Lb in order to compute the

sums. In fact, these processes have either no dependence on
the gap—the case of the Andreev process—or a logarithmic

dependence IN{/A), whereW is the bandwidth of the super-

conductor in the normal state—for the case of cotunneling
Discarding numerical factors of the order of unity, one finds

TA~tiataavsf(l), (AB)
TR~ taptaprsf (1), (A7)
Ta~tytaordn(W/A) (D), (A8)
T2~ toptharsn(W/A) (1) (A9)

nynanonpng

>y tlatathbtb3(|Uﬁ|2_|U§|2)(Ug|2_|vg|2)
X< E2ED '
k=q
(A11)

Computing the sums over momentum, this is estimated to be
-1 +1 _
Tacor=—(AELL "2 0000) 1t stouthavan®(W/A)

(ng—1)ng(np+1)nyng _lTaTb
nyn Nonpng ) c'c

—(AE (A12)

3. Estimation of the cotunneling current

Under the resonance condition, the energy denominator

(N —1)ng(np+1)npng = o « ” P i
Enlnanznbns is “large” and successive cotunneling
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can be minimized. Indeed, using Ed4) and the definition T2
of the capacitance matrix, one obtains Tocot™~ A

<T,, (A18)

(n1=1)ng(nx+1)npng
(11 ng(nz + g 2 _ s U
N1NaNoNpNg that is, the crossed Andreev reflection hopping is required to
B B B be much smaller than the energy difference between the ini-
_ Y27+ Qq  124n—Qp Mp— Qs (A13)  tial and the intermediate state implied by the sequential co-
C+C,+Cy 2C+Cy c tunneling process. We have seen in the above that this energy

At this point we use our working assumption that all capaci-d'fference is maximized when the capacitive eneediC is

tances are equal, together with the resonance conditiolr?rge; _this is a C(_)nfirmation of the crucial role played by the
which fixesQ, = Q, = 29/30. Furthermore we choose a value capacitive couplings in order to select the proper teleporta-
of Q; which is located well into the stability regions of Fig. tion sequence.

5. For a given initial configuration, such as=1, n,=0
=ns, n,=0, n,=2, as in the bottom right corner of Fig. 4,

4. “Other” (less relevanj fourth-order processes

one obtains that Note that there are other higher-order cotunneling pro-
cesses, for instance those which involve intermediate states
e? with two quasiparticlegone in dot a and one in dot b at the
AE0550- c (Al4)  same timg One argues here that they are much weaker be-

cause the corresponding energy denominators all contain the
with a numerical prefactor of the order of unity. One cansuperconducting gap>. A typical contribution would read
therefore favor processes involving two sequential Andreeythis time neglecting the charging energies in front of the
processes while at the same time reducing the effect of onerap
electron processes from 1 to 3.

Granted, our finding that the intermediate state for the _, S trataztontoa(|UR 2= 02 (ugl?— v gl?)
successive cotunneling process has a large charging energy2cot™ 4« < E2ED(E2+ED) :
e?/C is strictly speaking not sufficient to convince oneself Koai Tk T g (A19)

that this process can be ruled out: the typical current associ- ) )
ated with this process needs to be compared to the telepof’€ summations over momenta can’ be performed, for in-
tation current of Eq(50). To estimate this cotunneling cur- Stance, provided that for instandg{+ E) is replaced byeg
rent, we consideT ¢, to be the effective hopping amplitude or Eq. This yields

between 2 dots, dot 1 and dot 3, respectively are connected

to reservoirsL andR. A Bloch equation approach was used t1atastoptpa(|u
in Ref. 44 to describe this situation. The corresponding cur- [ Tacod < Ek: Eq:

rent reads

22 052 (U2 |ob)2)

(ED)?ED |

2
Vs
'k Tacot A5) ~t1ata2t2btb3XInW/A. (A20)

e .
2
Fi+Tg Tocort T I'r/4 One therefore sees that the latter contribution is smaller than

. X (ny—1)ny(ny+1)ngn
Note that the teleportation current and the cotunneling curthat of Eq.(A11) by a factorAE, 7 5 2 “7*=/A. Recall

rent become comparable whai ,T3.,>T I'r. The tele- that throughout this work, charging energies are assumed to
portation cell requires theppositelimit. Indeed, the injec- be smaller than\.

tion and evacuation from/to the reservoirs need to be Finally, we evaluate some processes contributing to the
efficient enough in order to avoid spurious processes. One Bosephson tunneling amplitudgsir tunneling from b to a
now in a position to justify why cotunneling can be ne- via the central dot 2 The transport properties of a Josephson
glected when compared to the teleportation current. Assumjunction containing an impurity leveivith charging energy

ing ' ~T'g, I'L g>Ta,Tocor and neglecting numerical fac- in the tunnel barrier have been detailed in Ref. 34. Two situ-

l2cot=

tors, the two currents become ations are considered here. First, assume that dot 2 is empty.
The transitions involve an initial state,002n; and a final
T,i state n;200n5. This transition necessarily involvast the
|te|,o’“em, (A16)  peginning and at the eidwo intermediate states;011n;
’ andn;110n; with one quasiparticle into dot a or dot b. The
2 third intermediate state then has two possibilities: either it
I2C0t~eT2C0t' (A17) involvgs a qua_siparticle in both dots a and b which gives a
I'ir tunneling amplitude
So one simply needs to comparg and T,co- Using the 242 UPp2Ub* o 242 ,2
estimate of Eq(A11) (assuming all single-electron hoppings TH~-> > b2*2aYqVq"k Uk 'b2'2aV’s
to be comparablethe condition for neglecting the cotunnel- )z K ‘9 EJEI+EQE} A
ing current becomes (A21)
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or it implies double occupancy of the central dot: On the other hand one can have the sequemg®l2n,

—n;10203—n42(—1)2n3—n;20In;—n,210n53 with the

a a, bk bk amplitude

tb2t2a qvquk Uy

(2)~ n1020n3y —1
(A, 002"'3) Ek % E2EP t2.42 3, ayb , b
K T~ (AEM2( D2ng) - 12 2 b2t2alqVqUk Uk
thot3ars e EGE
n, 004 N thaot2a?s (A24)
AE, o1,

When one imposes a phase difference between dot a and dot
b, the fact that the central dot is empty at the initial stateThe latter two transitions lead tozajunction behavior. Note

makes this junction a “0” junction. On the other hand, if dot that all the Josephson processes either involve three powers
2 is initially occupied, we look for transitions such as of the superconducting gap in their denominators, or they are

n,012n;—n;102n3—n;11In;—n;20In3—n;,2103:

a a, bx_ bx
(3)~2 2 thtZaUquuk Uk

T(l)
7 EYESrEDED

(A23)

proportional toA ~2 times the inverse of the Coulomb charg-
ing energy for double occupancy of normal dot 2. The choice
of normal dots with a small total capacitance therefore al-
lows to neglect these processes when compared t@dke-
nand teleportation amplitude.
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