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Enerǵıa Atómica and CONICET, 8400 Bariloche, Argentina
2 Solid State and Structural Chemistry Unit, Indian Institute of Science,
Bangalore 560 012, India
E-mail: karenhallberg@gmail.com, julian.jimenez@cab.cnea.gov.ar,
marco.nizama@cab.cnea.gov.ar, aligia@cab.cnea.gov.ar and
ramasesh@sscu.iisc.ernet.in

Received 27 October 2010
Accepted 28 October 2010
Published 19 November 2010

Online at stacks.iop.org/JSTAT/2010/P11031
doi:10.1088/1742-5468/2010/11/P11031

Abstract. Several of the most interesting quantum effects can or could be
observed in nanoscopic systems. For example, the effect of strong correlations
between electrons and of quantum interference can be measured in transport
experiments through quantum dots, wires, individual molecules and rings formed
by large molecules or arrays of quantum dots. In addition, quantum coherence
and entanglement can be clearly observed in quantum corrals.

In this paper we present calculations of transport properties through
Aharonov–Bohm strongly correlated rings where the characteristic phenomenon
of charge–spin separation is clearly observed. Additionally quantum interference
effects show up in transport through π-conjugated annulene molecules producing
important effects on the conductance for different source–drain configurations,
leading to the possibility of an interesting switching effect.

Finally, elliptic quantum corrals offer an ideal system to study quantum
entanglement due to their focalizing properties. Because of an enhanced
interaction between impurities localized at the foci, these systems also show
interesting quantum dynamical behaviour and offer a challenging scenario for
quantum information experiments.

Keywords: mesoscopic systems (theory), entanglement in extended quantum
systems (theory), quantum transport in one dimension

c©2010 IOP Publishing Ltd and SISSA 1742-5468/10/P11031+15$30.00



J.S
tat.M

ech.
(2010)

P
11031

Correlations, quantum entanglement and interference in nanoscopic systems

Contents

1. Introduction 2

2. Transport through nanoscopic systems 3
2.1. How spin and charge could be observed independently in interacting systems 3
2.2. Quantum interference in transport through molecules . . . . . . . . . . . . 5

3. Entanglement in confined quantum systems 7

4. Conclusions 13

Acknowledgments 13

References 14

1. Introduction

New advances in nanotechnology led to the fabrication of different nanostructures,
motivated either by technological interest or the possibility of testing theories for strongly
correlated electrons and observing new phenomena. One example is the realization of the
Kondo effect in systems with one quantum dot (QD) [1]–[4] and the study of universal
properties in non-equilibrium transport [5]–[8]. Another one is a study of the metal–
insulator transition in a chain of several QDs [9]. Systems of a few QDs have been
proposed theoretically as realizations of the two-channel Kondo model [10, 11], the so-
called ionic Hubbard model [12] and the double exchange mechanism [13]. Recently it has
been studied how the Kondo resonance splits in two in a system of two QDs, one of them
non-interacting [14, 15].

Several interesting properties arise from artificial and molecular systems. On the
one hand, artificial nanorings of nanoladders with strong interacting electrons could be
assembled to observe the elusive property of charge–spin separation (SCS), characteristic
of strongly correlated low-dimensional systems [16].

In addition, molecular systems also pose a challenging scenario for transport
experiments as seen from various successful attempts [17]–[19]. The possibility of achieving
controlled quantum transport has been studied, for example in electronic conductance
through single π-conjugated molecules using theoretical [20]–[25] and experimental [26]–
[29] techniques.

Other relevant nanoscopic systems with interesting quantum properties are the so-
called quantum corrals. Here the electrons remain quantically confined by means of a
geometrical array of adatoms deposited on the surface of noble metals, forming a nearly
closed structure. These systems have allowed the observation of surprising effects such as
quantum mirages [30]–[32]: a ‘ghost’ image in one focus of an elliptical quantum corral
was measured by deposition of an impurity on the other focus. These systems are excellent
candidates for technological applications in quantum information and spintronics [33, 34].
For example, by adding a magnetic atom on one focus the quantum mirage could be used
as a geometric protection of magnetic qubits against decoherence. In addition, quantum
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Figure 1. Sketch of the Aharonov–Bohm interacting ring modelled in the
calculations (a) and its effective 1D version for small coupling to the leads.

entanglement can be robust if two magnetic impurities are added at the foci. Also feasible
is the implementation of logic gates of one and two qubits. In this case, these corrals could
serve as elementary prototypes of quantum computers.

2. Transport through nanoscopic systems

2.1. How spin and charge could be observed independently in interacting systems

Among the theoretical methods for detecting and visualizing SCS, predicted theoretically
for one-dimensional strongly interacting systems, direct calculations of the real-time
evolution of electronic wavepackets in finite Hubbard rings revealed different velocities in
the dispersion of spin and charge densities as an immediate consequence of SCS [16]. Also,
Kollath et al [35] have repeated this calculation for larger systems using the density matrix
renormalization group (DMRG) technique [36] and observed distinct features of SCS in
a model for one-dimensional cold Fermi gases in a harmonic trap, proposing quantitative
estimates for an experimental observation of SCS in an array of atomic wires.

In [37] and [38], the transmission through infinite Aharonov–Bohm (AB) rings was
analysed. The dynamics of the electrons in the ring was described by a Luttinger liquid
(LL) propagator with different charge and spin velocities, vc and vs, included explicitly.
They found that the flux dependence of the transmission has, in addition to the periodicity
in multiples of the flux quantum Φ0 = hc/e, new structures which appear at fractional
values of the flux. In addition, numerical calculations of the transmittance through finite
AB rings described by the t–J and Hubbard models show clear dips at the fluxes that
correspond to the ratio vs/vc [39]–[42]. The extension of these results to ladders of two
legs was also considered, as a first step to higher dimensions [43].

The system considered is sketched in figure 1. It consists of an interacting ring weakly
coupled to two non-interacting leads. Our model Hamiltonian is H = Hleads+Hlink+Hring,

doi:10.1088/1742-5468/2010/11/P11031 3
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where Hleads describes free electrons in the left and right leads,

Hlink = −t′
∑

σ

(a†
−1,σcL,σ + a†

1,σcR,σ + H.c.) (1)

describes the exchange of quasiparticles between the leads (ai,σ) and particular sites of
the ring and Hring depends on the modelling of the ring of L sites:

Hring = −eVg

∑

l,σ

c†l,σcl,σ − t
∑

l,σ

(c†l,σcl+1,σe−iφ/L + H.c.) + Hint (2)

where the flux is given in units of the flux quantum φ = 2πΦ/Φ0 and the system is
subjected to an applied gate voltage Vg.

Several interacting electronic models can be considered for the ring. We have
considered the paradigmatic Hubbard and t–J models. For the Hubbard model Hint =∑

l,σ #=σ′ Unl,σnl,σ′ , with nl,σ = c†l,σcl,σ. This model is also related to the well-known t–J
model for very large interactions by J = 4t2/U . We measure energies in units of t.

Following [37], the transmission from the left to the right lead can be calculated
to second order in t′, where the resulting effective Hamiltonian is equivalent to a one-
particle model for a non-interacting chain with two central sites modified by the interacting
ring, with effective on-site energy ε(ω) = t′ 2GR

L,L(ω) and effective hopping between them
t̃(ω) = t′ 2GR

L,R(ω). GR
i,j(ω) denotes the Green’s function of the isolated ring.

By using the effective impurity problem, the transmittance and conductance of the
system at zero temperature may then be computed. The transmittance T (ω) is given
by [37]

T (ω, Vg, φ) =
4t2 sin2 k|t̃(ω)|2

|[ω − ε(ω) + teik]2 − |t̃2(ω)||2
, (3)

where ω = −2t cos k is the tight-binding dispersion relation for the free electrons in
the leads which are incident upon the impurities. These equations are exact for a non-
interacting system.

From equation (3), T (ω, Vg, φ) can be calculated from the Green’s functions of the
isolated ring. We consider holes incident on a ring of L sites and N = Ne + 1 electrons
in the ground state, obtaining the Green’s functions from the ground state of the ring
calculated using numerical diagonalization [44]. Then we substitute these in equation (3).
We fix the energy ω = 0 to represent half-filled leads and explore the dependence of the
transmittance on the threading flux, obtained by integration over the excitations in a
small energy window, which accounts for possible voltage fluctuations and temperature
effects [39].

For infinite on-site repulsion U (or equivalently J = 0), the wavefunction can be
factorized into a spin and a charge part [39, 45, 46]. Therefore, charge–spin separation
becomes evident for finite systems and independent of system size. For each spin state,
the system can be mapped into a spinless model with an effective flux which depends on
the spin. Considering a non-degenerate ground state containing N = Ne +1 particles and
analysing the part of the Green’s function that enters the transmittance when a particle
is destroyed, it is shown that the dips occur when two intermediate states cross at a given
flux and interfere destructively. These particular fluxes depend on the spin quantum
numbers and are located at [40]

φd = π(2n + 1)/Ne, (4)

doi:10.1088/1742-5468/2010/11/P11031 4
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with n integer. If the integration energy window includes these levels, a dip in the
conductance arises.

In figure 2 we show results for the transmittance using the t–J (top) and Hubbard
(bottom) models in the ring. For large interactions, J ! t or U " t, dips are found at the
positions given by equation (4). However, when J is enlarged or U is reduced, increasing
the mixture between different spin sectors, the spin–charge separation is affected and we
observe the appearance of new dips and a shift of some of them. This is because the
destructively interfering level crossings which lead to the reduction in the conductance
occur at different values of the flux, as explained in [40].

2.2. Quantum interference in transport through molecules

Quantum interference might play a crucial role in transport measurement through
molecules and could be used as a handle to control conductance through such systems.
In recent theoretical works [20, 23, 24], the idea of a quantum interference effect transistor
(QuIET) based on single annulene molecules, including benzene, was proposed. The
equilibrium conductance at zero bias and gate voltage (Vg) was calculated in the last
two papers for the strong coupling limit using the non-equilibrium Green’s function
and the Landauer–Büttiker formalism. However, as annulenes have a gap at an energy
corresponding to Vg = 0 due mainly to the strong Coulomb interactions present in the
molecule, for zero gate voltage the conductance is finite, albeit small, only for strong
coupling to the leads. For weak coupling the conductance will be appreciable only through
the main channels of the molecule which are a few electronvolts away from the Fermi
energy. By analysing the QuIET at the main transmittance channels the switching effect
is be much more pronounced and robust [20].

We have studied annular π-conjugated molecules with N sites, weakly connected
to non-interacting leads in the A or B configurations (figure 3). Now the interacting
Hamiltonian Hring describes the isolated π-conjugated molecule, modelled by the PPP
Hamiltonian [47], with on-site energy given by a gate voltage Vg:

Hring = −eVg

N∑

i=1,σ

c†iσciσ − t
∑

〈ij〉,σ

c†iσcjσ +
∑

i

Ui(ni↓ − 1
2)(ni↑ − 1

2)

+
∑

i>j

Vij(ni − 1)(nj − 1) (5)

where the operators c†iσ (ciσ) create (annihilate) an electron of spin σ in the π orbital of
the carbon atom at site i, n are the corresponding number operators and 〈· · ·〉 stands for
bonded pairs of carbon atoms. The intersite interaction potential Vij is parametrized to
interpolate between U and e2/rij in the limit rij −→ ∞ [48]. In the Ohno interpolation,
Vij is given by Vij = Ui(1 + 0.6117r2

ij)
−1/2, where the distance rij is in ångströms. The

standard Hubbard parameter for sp2 carbon is Ui = 11.26 eV and the hopping parameter
t for r = 1.397 Å is 2.4 eV [49].

If we consider the isolated benzene molecule, which has translational symmetry, the
allowed total momentum quantum numbers are k = rπ/3, with r an integer. For a
two-terminal set-up like the one considered here, wavefunctions travelling through both
branches of the molecule will interfere producing different interference patterns depending

doi:10.1088/1742-5468/2010/11/P11031 5
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Figure 2. Transmittance versus flux. Top: t–J model for J = 0.001, L = 8 sites
and Ne + 1 = 4, 6 and 8 from top to bottom. Bottom: Hubbard model with
L = 6, Ne + 1 = 6 particles in the ground state and several values of U (curves
are shifted vertically for better visualization).

doi:10.1088/1742-5468/2010/11/P11031 6
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Figure 3. Schematic representation of the conjugate molecules considered for
QuIETs with both relevant lead configurations mentioned in the text.

on the positions of the leads. The phase difference will be: ∆φ = k∆x (in units of the C–C
separation). For leads in the ‘para’ position, ∆x = 0 and the waves are in phase, interfering
constructively (figure 3, A configuration). However, in the ‘meta’ (B configuration)
position (∆x = 2), the interference will depend on the k value of the particular channel.
For the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) the phase differences will be ∆φ = 2π/3 and ∆φ = 4π/3, respectively,
and the interference will reduce the amplitude in these channels.

In figure 4 we show results for the conductance through benzene molecules in the
‘para’ and ‘meta’ configurations of the leads. The nearly destructive interference effect
for the latter case is clearly visible.

Considering that the reduction of the HOMO (or LUMO) peaks for the ‘meta’
configuration are due to destructive interference effects, one can ask whether disrupting
translational invariance would lead to a larger conductance. This question was first
addressed in [23] by introducing a local energy (Σ) at one site in benzene, focusing on
the Fermi energy of the leads (set to zero) where the observed effect is small. In [20]
we studied the effect of external perturbations on the main transmittance channels such
as the HOMO and LUMO (away from the Fermi level) and we found a much larger
response. These results are shown in the bottom part of figure 4, where an additional
diagonal energy is added to the site to the right of the B (‘meta’) position (the effect is
not qualitatively dependent on this position). It is clearly seen that, in this case, the small
peak corresponding to the HOMO level develops and grows as the local energy is increased,
disrupting the translational symmetry responsible for the destructive interference (see the
inset). We also find that this effect is much more striking for larger annulenes. These
results are not affected by molecular vibrations at room temperature since modes that
can cause decoherence are excited at temperatures higher than 500 K [23].

3. Entanglement in confined quantum systems

There have been several papers analysing the beautiful experiments in quantum
corrals [30]. One and two impurities have been considered in different configurations
(see review articles in [31, 32]). In [32], [50]–[55] it was suggested that, as a consequence
of the focalizing properties of quantum elliptic corrals, two impurities located at the foci

doi:10.1088/1742-5468/2010/11/P11031 7
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Figure 4. Top: conductance versus gate voltage (measured from the Fermi
energy) through a benzene molecule for the ‘para’ or ‘A’ and ‘meta’ or ‘B’
configurations for t′ = 0.4 and a finite Lorentzian width η = 0.03. Bottom:
conductance for the ‘meta’ configuration in the presence of on-site potentials
which break the translational invariance. Inset: increase of the weight of the
transmission peak through the HOMO as a function of the local potential Ed.

of the system will strongly interact. Such a prediction has been supported by Stepanyuk
et al [56] who reported results of first-principles calculations of the exchange coupling
between magnetic impurities inside quantum corrals.

We present results on the many-body problem of two S = 1/2 magnetic impurities
located at the foci of elliptical corrals. Each spin interacts via an antiferromagnetic
superexchange interaction J with the surface electron spins (figure 5).

We consider the following Hamiltonian:

H = Hel + J(!S1 · !σ1 + !S2 · !σ2), (6)

where

!Si · !σi = Sz
i · σz

i + 1
2(S

+
i · σ−

i + S−
i · σ+

i ), (7)

σ+
i = ci↑ci↓, σz

i = (ni↑ − ni↓)/2, with niσ the number operator and ciσ the destruction
operator of an electron with spin σ in focus i of the ellipse. In the basis of eigenstates
|α〉 of the isolated ellipse (Mathieu functions), these local operators can be expanded as
ciσ =

∑
α Ψαicασ, where cασ and Ψαi are the destruction operator and amplitude in state

|α〉. Hel is the Hamiltonian of the isolated ellipse with infinite walls.
In this basis the spin operators are expressed as

σz
i = 1

2

∑

α1α2

Ψ∗
α1iΨα2i(c

†
α1↑cα2↑ − c†α1↓cα2↓) σ+

i =
∑

α1α2

Ψ∗
α1iΨα2ic

†
α1↑cα2↓. (8)

doi:10.1088/1742-5468/2010/11/P11031 8
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Figure 5. Density of states at the Fermi energy for the non-interacting ellipse
with eccentricity ε = 0.6. Black lines represent nodal lines of the electronic
wavefunction, which has maxima at the foci of the ellipse. Also represented are
the eigenstates of the non-perturbed ellipse |α〉, the impurity spins at the foci of
the ellipse, S1 and S2, which interact via a antiferromagnetic interaction J with
the electronic spins σi.

We solve this Hamiltonian numerically using the Lanczos technique for up to ten
levels below and above the Fermi level in the ellipse and different fillings corresponding
to even (closed shell) or odd (open shell) numbers of particles, N .

We start by analysing two concepts which are widely used in quantum information
theory, i.e. the fidelity and the concurrence [57]–[59]. The fidelity measures the quantum
transfer from one section of the system to another of a state after a perturbation is applied
to the system [59]. It is alternatively defined as the overlap between a time-evolved state
and its specular reflection as

F1(t) = |〈ψ0|R†U(t)|ψ0〉| (9)

where U(t) = e−iHt is the time evolution operator, H is the perturbed Hamiltonian, |ψ0〉
is the eigenstate at the Fermi level and R is the reflection operator along the minor axis
of the ellipse in our case.

The concurrence measures the degree of entanglement in the following way:

C(t) =
∑

j

|ψ(j, t)||Rψ(j, t)|, (10)

where |ψ(j, t)| is the time-evolved wavefunction projected on site j.
We calculate these quantities for the non-interacting system (absence of impurities)

considering a simplified description of the system, based on a spinless tight-binding model
defined on a discretized square lattice within the boundaries of an ellipse, with eccentricity
ε = 0.6 and hopping element t∗ between nearest neighbours. The Hamiltonian in this case
is simple and is

Hel = −t∗
∑

〈i,j〉

c†icj , (11)

doi:10.1088/1742-5468/2010/11/P11031 9
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Figure 6. Evolution of the fidelity, F1, and concurrence, C, for an ellipse without
impurities after a potential e1 = −1 is applied at t = 0 to focus 1.

where the sites i and j run inside the ellipse which consists of around 1000 sites or atoms.
The underlying atomic distribution is irrelevant [31] because we will be analysing low-
energy wavefunctions with wavelengths much larger than the real interatomic distance.
Our calculations could have also relied on the exact solutions for a non-discretized ellipse
(Mathieu functions).

The Fermi energy in our problem coincides with its 23rd eigenstate |ψ23〉, which is
similar to the experimental set-up of [30] (see figure 5). This configuration is not crucial
for the main conclusions and other eccentricities and Fermi levels will have a similar
behaviour, as long as the wavefunction bears an appreciable weight at the foci of the
ellipse.

At time t = 0 a negative potential e1 is applied to the left focus and the dynamical
response of the system is observed through these quantities. The results are shown in
figure 6.

The initial values of F1 and C are due to the symmetry of the wavefunction and the
time oscillations reflect how accurately the perturbation to the wavefunction is transferred
to the other side of the ellipse. This process involves a small number of excited states
(states 18 and 23 of the unperturbed Hamiltonian).

We have also studied the time evolution of the ground state when, at time t = 0,
a constant negative or positive potential V1 is applied to focus 1: exp(−iHt)|ψ0〉, where
H = Hel + V1(t) and |ψ0〉 is the ground state of the system with 23 spinless electrons (the
spin degree of freedom is irrelevant for this analysis). The square of the amplitude of such

doi:10.1088/1742-5468/2010/11/P11031 10



J.S
tat.M

ech.
(2010)

P
11031

Correlations, quantum entanglement and interference in nanoscopic systems

Figure 7. Time evolution of the probability density in both foci for a negative
potential, V1 = −1, applied to focus 1 at time t = 0. The inset depicts short
times. t0 is the time elapsed until the perturbation reaches the unperturbed
focus.

a wavefunction in foci 1 and 2 for t ≥ 0, for V1 = −1 is shown in figure 7. Here consider
2t∗ as the energy unit. We notice that a finite time t0 elapses between the onset of the
perturbation in focus 1 and the observation of the response in focus 2, as shown in the
inset, which is of the order of t0 ∼ 20!/2t∗ ∼ 10−14 s, where we have used t∗ = 1 eV. An
animated version of this behaviour is found in [60].

Another very important quantity in quantum information is the von Neumann or
quantum entropy [57]. Given a quantum system A in a mixed state described by a
density operator ρA, the quantum entropy is defined as

S = −Tr(ρA log2 ρA). (12)

This is a measure of uncertainty in the mixed state. When a system is in a pure
state |ψ〉 and it is divided into two parts, A and B, the entanglement between A and B
is defined as the entropy of either part as E = −Tr(ρA log2 ρA) = −Tr(ρB log2 ρB), where
the density matrices are defined as ρA

i′i =
∑

j ψ∗
ijψi′j, ψij is the projection of the pure state

|ψ〉 onto states i and j corresponding to parts A and B of the system, respectively, and
similarly for ρB

i′i. If the density matrices are diagonalized with the eigenvalues ωA
i , the

entropy has a simpler form:

S = −
∑

i

ωA
i log2 ωA

i = −
∑

i

ωB
i log2 ωB

i . (13)

To study the entanglement between the spins and the ellipse, we partition our system
as shown in the inset of figure 8.

We find that the entropy increases with J and has a slightly different behaviour for
even and odd particles in the ellipse (figure 8). For even filling in the ellipse and small
interaction, the entropy is negligible because the spins are locked into a singlet state and
the ground state consists of a direct product between this singlet and the ground state

doi:10.1088/1742-5468/2010/11/P11031 11
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Figure 8. Entanglement entropy as a function of the interaction for the partition
shown in the inset. A contains the localized spins and B the extended electrons.

of the non-interacting ellipse. When J increases, more states get involved, the localized
spins are no longer in a singlet and the entropy or entanglement increases. In the largest
entangled case we have in A a sum of all four spin states (|↑↑〉, |↑↓〉, |↓↑〉, |↓↓〉), which
appear with equal probability. For odd fillings and small J , the spins are in a mixture of
mainly two triplet states because we are considering the Sz

T = 1/2 subspace. For large J ,
the results match the even case and have maximum entropy (S = log2 4 = 2).

Now we analyse a different partition of the system and consider the entanglement
between both localized impurities. To analyse this entanglement, we have to resort to the
formulation performed by Wootters for the entanglement between two qubits in a mixed
state (since the localized impurities are no longer in a pure state once they interact with
the ellipse) [58]: E(C) = h((1 +

√
1 − C2)/2), where h(x) = −x log2 x−(1−x) log2(1−x)

and C is the concurrence C(ρ) = max{0, λ1 − λ2 − λ3 − λ4}. λi are the eigenvalues of
the Hermitian matrix R =

√√
ρρ∗√ρ, where ρ∗ = (σy ⊗ σy)ρ∗(σy ⊗ σy), σy is the Pauli

matrix and ρ is the reduced density matrix of the magnetic impurities.
In figure 9 we show the entanglement between the impurities as a function of the

interaction J . We see that, as expected, the quantum entanglement E is maximal for
small J values. For even electrons the localized spins are locked in a singlet state with the
highest entanglement between them (and lowest with the corral electrons). For odd fillings
the entanglement is smaller due to the fact that we have fixed the subspace Sz

T = −1/2
in the whole system and here the triplet ground state has contributions of the 0 and −1
projections of the localized triplets. For all fillings, the entanglement goes to zero for large
interactions (i.e. large mixing with the electronic levels).

We note that the discontinuity observed in the derivative of E for J ' 1.5 and 2 is
due to the definition of the concurrence given above [58] and does not signal any level
crossing. This discontinuity can be removed by using the ‘quantum discord’ magnitude
instead [61, 62].

doi:10.1088/1742-5468/2010/11/P11031 12
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Figure 9. Entanglement between the localized impurities as a function of the
interaction for even and odd fillings and different numbers of levels considered.

4. Conclusions

We have shown how some basic and interesting quantum physical behaviour could be
observed in modern nanoscopic systems. Quantum coherence can be crucial in transport
properties through conjugated molecules such as benzene to the point of producing
important switching effects between high and low conducting states. For some molecules,
a switch between non-conducting and conducting states occurs when a perturbation which
breaks the molecular symmetry is applied to the system, thus disrupting destructive
interference effects.

Strong correlations between electrons also have fundamental effects in the low-energy
basic excitations of low-dimensional systems: they lead to the separation of spin and
charge degrees of freedom. This phenomenon could also be directly observed by transport
measurements through strongly interacting nanoscopic rings pierced by a magnetic field
in an Aharonov–Bohm configuration: the conductance will show clear dips at fractional
values of the magnetic flux, the position of which corresponds, mainly, to the ratio of the
charge and spin velocities and to the position of the leads.

Finally, quantum corrals are an ideal playground to study and measure quantum
entanglement. The focalizing properties of elliptic corrals enhance the correlations of
magnetic impurities localized in its foci allowing for robust and strongly entangled
magnetic states at low temperatures which could be of interest for possible applications
in quantum computing.
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