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In this work, it is considered a hybrid nanostructure composed by a quantum dot coupled to two 
ferromagnetic leads and a superconductor lead. It is shown that the zero-bias transmittance for the 
co-tunneling between the ferromagnetic leads presents Fano anti-resonances due to the destructive 
interference between the two spin channels mixing by the relative orientation of the magnetizations 
in the leads. When the superconductor is coupled to the system, electron–hole correlations between 
different spin states lead to a resonance in the place of the dip appearing in the transmittance. Such 
an effect is accompanied by two Fano anti-resonances explained by a “leakage” of conduction channels 
from the co-tunneling to the Andreev transport. In the non-equilibrium regime, correlations within 
the quantum dot introduce a dependence of the resonance condition on the finite bias applied to the 
ferromagnetic leads. However, it is still possible to observe signatures of the same interference effect in 
the electrical current.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The recent technology of production of quantum dots (QDs) 
has allowed the implementation of hybrid nanoelectronic devices 
combining superconductivity and ferromagnetism. In these sys-
tems one is able to investigate purely quantum phenomena under 
the presence of spin polarization and superconducting pair corre-
lations. The electrons are also submitted to Coulomb correlations 
within the QD. All these features lead to rather complex spectral 
properties for the QD [1–17]. More specifically, a multi-peak struc-
ture has been observed in a F–QD–S nanostructure caused by the 
interplay between Coulomb correlations and Zeeman splitting due 
to an external magnetic field [18]. Additionally, regions of negative 
differential conductance were predicted for a double QD nanos-
tructure coupled to a superconductor and two ferromagnets [19].

In this work, the transport properties of a three-terminal 
F1–(QD, S)–F2 nanostructure is considered. As illustrated in Fig. 1, 
the QD is coupled to two ferromagnets in which a voltage bias 
is applied to F1 while S and F2 are kept grounded (V 2 = 0). The 
transmittance with the presence of a superconductor coupled to 
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Fig. 1. (Color online.) Schematic diagram for the F1–(QD–S)–F2 system. The magne-
tization of F1 is assumed to be fixed and the magnetization of F2 can be varied by 
an angle θ with respect to the F1 magnetization. V 1 and V 2 are the external poten-
tials applied to F1 and F2, respectively, while the superconductor is grounded. V g is 
the gate potential applied to the QD.

the QD is studied in order to determine the role of the Andreev 
reflection (AR) in the co-tunneling current between F1 and F2. The 
orientation of the magnetization for the lead F1 is fixed while the 
magnetization of F2 is directed to an angle θ with respect to F1. 
It may be varied from 0 (parallel configuration) to π (anti-parallel 
configuration). The correlations within the QD are treated by us-
ing a Hubbard-I approximation [20,21] under which the current 
still may be expressed in terms of a Landauer-like formula [22]. It 
worth mentioning that the geometry shown in Fig. 1 has already 
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been studied considering the situation in which the QD is non-
interacting and addressing non-local transport due to crossed AR 
[23,24]. More recently, spin-dependent conductance and thermo-
electric properties were studied for this nanostructure where the 
role of AR is considered [25–28]. In Ref. [26], the differential con-
ductance and the magnetoresistance have been studied in which a 
zero-bias anomaly in the Andreev conductance is reported. Such an 
anomaly is explained by the spin-accumulation generated within 
the QD due to the coupling to ferromagnets. In Ref. [27] the au-
thors address the role of the superconductor in the detection of 
the exchange field induced within the QD due to the coupling to 
the ferromagnets. More recently, Colci et al. [29] measured the 
resistance of a multiterminal S/F junction finding an anomalous 
behavior in which the resistance is higher for the anti-parallel con-
figuration of the ferromagnets in contrast to the expected behavior 
of the crossed AR. This feature was explained by considering spin 
dependent scattering at the interfaces F/S [30].

Here we focus on the co-tunneling process and how it is af-
fected by the coupling to the superconductor. We observe Fano-like 
resonances appearing in the transmittance due to the interplay 
between different spin-channels and the Andreev bound states 
within the QD. In spite of transport properties have already been 
addressed in literature [23,31], the Fano-like interference reported 
here was not at all discussed in previous works. A similar pattern 
in the transmittance of a double QD coupled to non-magnetic leads 
[32] was considered but in that case it was a result of Fano inter-
ference between different paths for the transport. In contrast, the 
effect discussed in the present work is a result of an interplay be-
tween superconductivity and ferromagnetism which emulates the 
effect of a Fano interference. In this way, such an effect and the 
mechanism proposed is original and different from the previous 
results for F1–(QD, S)–F2 system.

This paper is organized as follows: in Section 2 we present the 
model for the system displayed in Fig. 1 and the physical quantities 
are determined by using the formalism of non-equilibrium Green’s 
functions. In Section 3 the results are presented and discussed. 
A summary and the main conclusions are presented in Section 4.

2. Model and formulation

In this section we provide a general description of the formal-
ism used to carry out the calculations of the physical quantities. 
We have used the Keldysh formalism within the Nambu notation 
[33,34] which allows us to describe spin and electron–hole degrees 
of freedom in the same footing. This is widely used to tackle sys-
tems involving ferromagnets and superconductors.

2.1. Hamiltonian

The Hamiltonian for the full system, illustrated in Fig. 1, is writ-
ten as

Ĥ = Ĥ1 + Ĥ2 + Ĥs + Ĥ D + ĤT . (1)

The terms Ĥ1 and Ĥ2 are the Hamiltonians describing the fer-
romagnets F1 and F2, respectively. Explicitly, we can write:

Ĥ1 =
∑
kσ

ε1kσ (0)â†
1kσ â1kσ (2)

and

Ĥ2 =
∑
kσ

ε2kσ (θ)â†
2kσ â2kσ −

∑
kσ

h2 sin θ2â†
2kσ â2kσ̄ , (3)

where â†
ηkσ and âηkσ create an electron and a hole, respectively 

with spin σ and wave-vector k in the ferromagnet Fη , η = 1, 2; 
εηkσ (θ) = εk −σhη cos θ −μη with σ = + (−), for spin up (down). 
The ferromagnets are modeled by the Stoner model [35] in which 
the spin bands of Fη are split by an internal mean-field hη pro-
ducing a finite polarization of the electron gas. The magnetization 
of F1 is considered to point to a fixed direction while the magne-
tization of F2 can be rotated by an arbitrary angle θ . The chemical 
potentials of each ferromagnet are determined by an external volt-
age bias μη = eVη which controls the Fermi level of each electrode 
independently.

In addition to the angle θ , an additional phase factor φ can also 
appear in a general rotation operation (Euler rotation) on the mag-
netization of F2. However, such a phase factor does not play any 
role since the up and down spins projections depend only on θ . In 
fact, it is possible to show that this additional phase is completely 
eliminated of Ĥ2.

The superconductor is described by

Ĥs =
∑
kσ

(εs,k − μs)â
†
skσ âskσ +

∑
k

[�∗â†
sk↑â†

s(−k)↓ + H.c.] (4)

where εs,k = εk − μs, with μs being the superconductor chemi-
cal potential which is fixed to zero as the ground (μs = 0). The 
superconducting correlations enter by means of the pair ampli-
tude � which in general is a complex function depending on k. 
Since we are using just one superconductor lead, we use the well-
known assumption [23,33,34] in which � is just a constant real 
number. Here we have considered a conventional superconduc-
tor (s-wave) being well described by the BCS Hamiltonian [36]. 
In this case, the ferromagnetism and superconductivity are an-
tagonistic phenomena since the exchange field induces a triplet 
alignment of spins while the superconductor requires the oppo-
site alignment. This is not always case once the superconductivity 
also may exist with triplet pairing [37] or even with a mixture 
of both pairing symmetries [38]. Conversion from singlet to triplet 
supercurrent is also being studied in half-metallic/superconductor 
interfaces [39,40] and Josephson junctions [41].

The QD is considered to be interacting with one level degener-
ated in spin,

Ĥ D =
∑
σ

(ε0 − eV g)d̂
†
σ d̂σ + Ud̂†

↑d̂↑d̂†
↓d̂↓. (5)

We consider that the QD level can be displaced by means of 
a gate voltage V g with ε0 being the bare QD level (spin de-
generated). Hereafter we assume ε0 = 0 in such a way that the 
bare QD level is aligned to the superconductor chemical potential 
when V g = 0. The second term describes the Coulomb correlations 
whose intensity is controlled by U ; since we are interested in the 
Andreev regime, U is considered to be smaller than the supercon-
ductor gap �.

The tunneling between the QD and the leads is described by

ĤT =
∑
kγ σ

[tγ kâ†
γ kσ d̂σ + H.c.] (6)

where γ = 1, 2, s and tγ k is the tunneling amplitude. Since the 
energy range is limited to the narrow superconductor gap, it is a 
good approximation to consider tγ k independent on k.

2.2. Green’s functions and physical quantities

In order to calculate the transport properties we have used 
the non-equilibrium Green’s function method [42]. All the physi-
cal quantities can be cast in terms of the Green’s function of the 
QD. By using the equation of motion technique [43,44], we are able 
to determine the equations for these Green’s functions in terms of 
the parameters of the system. A thorough derivation of the Green’s 
functions as well as the corresponding physical quantities may be 
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found in Ref. [45]. In the stationary regime, it is possible to write 
the Green’s functions as functions of the energy of the electrons 
as well as the other parameters of the system. In particular, the 
coupling strengths between the QD and the leads are given by the 
constants 
η = 2πDη(εF )|tη|2, with η = 1, 2, s. For the ferromag-
nets, the density of states at the Fermi level is different for spin-up 
and spin-down electrons. To quantify this, we define a transport 
polarization for each lead:

Pη = 
η↑ − 
η↓

η↑ + 
η↑

, (7)

where η = 1, 2 and 
ησ = 2πDησ |tη|2. Instead working with 
ησ , 
we define an spin average coupling 
η = (
η↑ + 
η↓)/2 which al-
lows us to write 
ησ = 
η(1 + σ Pη). With these definitions, we 
work with Pη and 
η as independent parameters.

The physical quantities studied in this work are the electri-
cal current and the transmittance through the QD. The current 
through the ferromagnet Fη is defined as the time variation of the 
average occupation of the corresponding lead, i.e., Iη = −e 

〈
dn̂η/dt

〉
where n̂η = ∑

kσ â†
ηkσ âηkσ is the number operator for the lead Fη . 

The current flowing in F1 may be written as

I1 = e

h

∫
[TAR,11( f1 − f̄1) + TAR,12( f1 − f̄2)

+ T12( f1 − f2)] dE (8)

where f1 = f (E − eV 1) and f2 = f (E − eV 2) are the correspond-
ing Fermi distributions for electrons in the leads F1 and F2 and 
f̄1 = f (E + eV 1) and f̄2 = f (E + eV 2) are the corresponding ones 
for holes. By comparing the Fermi distributions one is able to de-
termine each contribution in Eq. (8). In fact, T12 is the co-tunneling 
current of electrons from F1 to F2 through the QD; TAR,11 accounts 
for the Andreev reflection in F1 and finally TAR,12 is the crossed 
Andreev reflection of an electron from F1 as a hole in F2. The ex-
plicit transmittance expressions for each process may be found in 
Refs. [23,45].

The corresponding equation for I2 can be obtained from I1 just 
replacing the 1 → 2 in the previous equations. We point out that 
the expression for the current is the same as obtained by Y. Zhu 
et al. [23] for a non-interacting QD. In the present case, in spite 
from the fact of the current formula resembles the one obtained 
in Ref. [23], it is being considered the presence of interactions into 
the QD which means that matrix elements of the Green’s functions 
must be determined in a self-consistent calculation. However, it 
was used a Hubbard-I approximation to tackle the electronic cor-
relations within the QD which allows us to obtain a Landauer-like 
equation for the current. This is an advantage in the sense that one 
can obtain analytic expressions for the transmittances T12, TAR,11
and TAR,12.

3. Results and discussion

In the following results, we consider the Andreev regime in 
which the applied bias range is bounded by the superconductor 
energy gap. Since this quantity is the natural energy scale of the 
problem, all the physical parameters are presented in units of the 
superconductor gap.

Before proceeding to the results, a brief discussion about the 
validity of the approximation used to treat the Coulomb correla-
tions is in order. The decoupling scheme used to close the system 
of equations does not describe the so-called Kondo effect in QDs 
that appears at low temperatures [46]. However, in the present 
case, the high polarization values suppress the Kondo effect [45,46]
and the use of Hubbard-I approximation is completely justified in 
this case [47,48].
The superconductor gap of a common superconductor such as 
aluminum [49] is given by �Al = 0.34 meV. By using kB T = 0.5�Al
one obtains T � 1.95 K. Notice that the value of U = 0.85 was 
fixed in order to comply with the weak tunneling regime in which 
the ratio U/
 � 1. In fact, with the values used we obtain U/
 =
85 which is of the same order of magnitude as the ratio used in 
Ref. [26].

Sothmann et al. [28] address the effect of the exchange field in-
duced on the QD by studying the electrical current entering into 
the superconductor. It was considered a strong coupling to the 
superconductor (
s = 0.40U ) and bias voltages up to μ/U � 1.5. 
In contrast, we have used a fixed bias voltage eV 1 = 0.07� ap-
plied to F1 which leads to eV 1/U � 0.08 for U = 0.85�. In ad-
dition, the temperature used in Ref. [28] was kB T = 0.01U while 
in the present work the values kB T = 0.5� and U = 0.85� yield 
kB T � 0.59U . The comparison of these parameters allows us to 
safely neglect the effects of an exchange field induced on the QD. 
Therefore, the approximation used in this work yields realistic re-
sults that might be probed with the present technology.

Notice that all the results to be discussed were determined by 
using fixed polarization values. For the ferromagnet F1 we have 
used P1 = 0.91 while F2 was assumed to be full polarized, P2 = 1.

3.1. Zero-bias regime

Here we consider the transmittance curves at zero-bias voltage 
for both co-tunneling between the ferromagnet as well as the di-
rect Andreev reflection in F1. In order to make easier to visualize 
the lineshapes for these curves, we have normalized these curves 
by their maximum values. The high polarization values strongly 
reduce their maximum values which make difficult to observe the 
detailed variation with the external variables.

We start considering the tunneling between the ferromagnets, 
characterized by the transmittance T12. In Fig. 2, it is shown the 
contour plot of T12 as a function of the electron energy within the 
QD, ε, and the gate voltage, V g .

The presence of electronic correlations within the QD intro-
duces two resonances located at ε and ε + U located by two 
diagonal lines in the contour plot. These resonances may better 
visualized in Figs. 2(b) and 2(c) in which some profiles labeled as
A1, B1, C1 and D1 are shown. This pattern is similar of an inter-
acting QD coupled to two normal metal reservoirs; the coupling to 
the superconductor is not evident from Fig. 2(a). This is a result of 
the energy scale since the resonances are resolved in the scale of 
the coupling constants 
1 and 
2 which are set to 0.005�. In this 
way, in Fig. 2(d) the contour plot within this scale is shown where 
the effect of the coupling to the superconductor can be observed. 
In fact, the contour plot is divided into four regions in which the 
transmittance can reach a maximum for particular values of gate 
voltage and energy. The curves labeled as B2 and C2 shown in 
Figs. 2(e) and 2(f), respectively, reveal a two dip structure in trans-
mittance with a central well defined peak.

Such a central peak is the main result of this work revealing the 
effect of the coupling to the superconductor; without its presence, 
T12 is characterized by a single central dip due to the interference 
between the different spin channels. The coupling to the supercon-
ductor changes dramatically the profile of T12 with a resonance in 
the place of dip, i.e., the presence of the superconductor improves 
the transport between the ferromagnets. This is a non-trivial effect 
resulting from interplay between the Andreev bound states and the 
spin polarization from the ferromagnets. We have called this effect 
as a Fano-like interference since it is a similar behavior observed 
in other nanostructures composed by double QDs [32]. It is worth 
mentioning that the misalignment between the magnetizations of 
F1 and F2 is also crucial for the phenomenon to emerge. In fact, in 
Fig. 2(e) the green-dotted curve was calculated for the same pa-
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Fig. 2. (Color online.) Transmittance curves for the system F1–(QD, S)–F2, i.e., with the presence of the superconductor lead coupled to the QD. (a) Contour plot for zero-bias 
transmittance T12 in terms of the gate potential V g and energy ε. (b), (c) T12 curves for some values of V g . Their location at the contour plot are indicated by the horizontal 
lines labeled by A1, B1, C1 and D1 for V g equal to 0.9, 0.02, −0.02 and −0.9, respectively. (d) Enlarged view of the region around V g = 0, ε = 0 in which one may observe 
the appearance of a resonance for ε = 0. (e), (f) Corresponding T12 curves with A2, B2, C2 and D2 corresponding to V g equal to 0.045, 0.0022 and −0.0022 and −0.045, 
respectively. In (e) a green dotted curve for θ = 0 is shown with the other parameters remaining the same as the curve B2. Fixed parameters: θ = π/4, V 1 = 0, V 2 = 0, 

1 = 
2 = 0.005, 
s = 0.01, P1 = 0.91, P2 = 1.0, U = 0.85 and kB T = 0.5. All the parameters are scaled by the energy gap of the superconductor lead.

Fig. 3. (Color online.) Transmittance curves for the system F1–(QD, S)–F2 corresponding to direct Andreev reflection at ferromagnet F1, TAR,11. (a) Contour plot for zero-bias 
Andreev transmittance TAR,11 in terms of the gate potential V g and energy ε. (b), (c) TAR,11 curves for some values of V g . Their location at the contour plot are indicated by 
the horizontal lines labeled by A1, B1, C1 and D1 for V g equal to 0.9, 0.005, −0.31 and −0.91, respectively. (d) Enlarged view of the region ε = 0, V g = 0 in which one can 
observe the electron–hole bond states in the transmittance. (e), (f) TAR,11 profiles curves with A2, B2, C2 and D2 corresponding to V g equal to 0.048, 0.0024, −0.013 and 
−0.047, respectively. Fixed parameters: θ = π/4, V 1 = 0, V 2 = 0, 
1 = 
2 = 0.005, 
s = 0.01, P1 = 0.91, P2 = 1.0, U = 0.85 and kB T = 0.5. All the parameters are scaled by 
the energy gap of the superconductor lead.
rameters as the curve B2, with the exception of θ , which was set 
to 0. The additional resonance does not emerge in this case. The 
effect only appears for intermediate values of θ from θ ∼ 0.07π
up to ∼ 0.85π .

To make evident the role of the superconductor on this effect, 
in Fig. 3(a) we show the corresponding direct Andreev transmit-
tance TAR,11 normalized by its maximum value. The signature of 
the Andreev bound states is the two peak structure corresponding 
to electron and hole states located to ε and −ε, respectively. The 
electronic correlations split these states as evident in the profile
A1 of Fig. 3(b). As the gate voltage is changed, the resonance con-
ditions are modified and the spectrum changes from four peaks to 
just one peak at V g = 0. For negative values of V g the transmit-
tance just present a two peak structure. Within the scale of 
, one 
can notice two crossing lines in the contour plot of Fig. 3(d) cor-
responding to two resonances as shown in Figs. 3(e) and 3(f). By 
comparing the contour plots of Fig. 3(d) to the corresponding one 
of Fig. 2(d), it is clear that these are complementary patterns of 
resonances: in the regions at which the TAR,11 exhibits a maximum 
value, the transmittance T12 presents a dip. Thus, the coupling to 
the superconductor results in a “leakage” of states from the direct 
channel between the ferromagnets to Andreev states. This leads to 
the pattern observed in Fig. 2. It is worth mentioning that Calle 
et al. [32] have studied a three-terminal nanostructure composed 
by two normal metals coupled by a double QD system and a super-
conductor. In this system they have observed a similar pattern as 
shown in Fig. 2. The authors attributed such a feature to the Fano 
effect due to interference between two electronic paths. Here, the 
origin of such a pattern is different being related to the interplay 
between the Andreev bound states and spin polarization provided 
by the ferromagnets. The result is the leakage of electrons to the 
superconductor when the QD energy meet the Andreev resonances.

3.2. Finite-bias regime

In the finite bias regime, Coulomb correlations couple the trans-
mittance and spectral properties of the QD to the bias applied to 
F1 and F2. In this way, for each value of V 1 and V 2 there is a corre-
sponding transmittance curve. In spite of these modifications, it is 
also possible to recognize the signatures of Fano-like interference 
in the non-equilibrium case.

In order to illustrate such an effect, in Fig. 4 the current as 
a function of eV g is shown for direct co-tunneling between the 
leads as well as direct and crossed AR. A finite bias eV 1 = 0.07
is applied to F1 while the superconductor and the ferromagnet F2
are kept grounded. The other parameters are the same as used in 
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Fig. 4. (Color online.) Currents flowing through the lead F1 for the system F1–(QD–S)–F2 as functions of eV g are shown. I Q ,12 is the co-tunneling current, I A,11 is the 
direct Andreev current and I A,12 is the current through crossed Andreev reflection. The currents are normalized by their maximum values with I0,Q 12 = 7.86 × 10−4e�/h, 
I0,A11 = 1.38 × 10−4e�/h and I0,A12 = 1.12 × 10−4e�/h. It is considered a finite bias eV 1 = 0.07 applied to F1 with F2 and S kept grounded. In (a) the corresponding curves 
are shown for full scale in which the resonances are shown. In (b) and (c) the resonance around ε = 0 is shown in a small scale in order to clarify the relation between the 
Andreev resonance and the corresponding dip in I Q ,12. The dependence of I Q ,12 on θ is shown in (c) where the dip evolves to a resonance for intermediate values of θ . 
Fixed parameters: eV 1 = 0.07, eV 2 = 0, 
1 = 
2 = 0.005, 
s = 0.01, P1 = 0.91, P2 = 1.0, U = 0.85 and kB T = 0.5. All the parameters are scaled by the energy gap of the 
superconductor lead.
Figs. 2 and 3. Notice also that the currents are normalized to its 
maximum value in order to compare their behavior. In fact, the 
high polarization values strongly reduce the current by direct AR 
while the crossed AR increases with θ being the dominant mecha-
nism of transport for θ = π .

In Fig. 4(a) the currents for both direct and crossed AR display 
similar behaviors with three peaks located at eV g = 0, eV g = U/2
and eV g = U . This splitting is a result of the electronic correlations 
within the QD. The current I Q 12 between the ferromagnets ex-
hibits a series of dips corresponding to the Andreev resonances. As 
discussed in the zero-bias results, the effect of the coupling to the 
superconductor is better understood by looking at the scale set by 
the constant couplings 
1 and 
2. In fact, as shown in Fig. 4(b), the 
region around eV g = 0 displays a splitting of the direct Andreev 
current (solid black curve) with a central dip located at eV g = 0; 
the current I Q ,12 exhibits a corresponding peak at eV g = 0 with 
two dips located at the same place as the Andreev resonances. 
In this way, the currents keep the same complementary behav-
ior as presented by the zero-bias transmittances. In contrast, the 
crossed AR current presents a single peak at eV g = 0 as shown in 
Fig. 4(b). The reason is that the crossed AR involves both ferro-
magnetic leads which work in a coherent way: an electron of F1
combines with a second electron of F2 in order to form a Cooper 
pair into the superconductor. As a result, the dependence of this 
current on the QD spectral properties is different in comparison to 
direct AR as well as the cotunneling current I Q ,12. This point has 
been discussed in depth in Ref. [31]. When the orientation angle 
θ is changed from 0 to π the crossed AR dominates the transport 
and the current is fully carried by crossed AR for full polarization.

The dependence of the current I Q ,12 on the gate voltage for 
some values of the angle θ is shown in Fig. 4(c). It can be noted 
that this current shows a central peak for intermediate values of θ
which are suppressed for θ = 0 and π . This is the signature of the 
Fano-like interference in the nonequilibrium case, resulting from 
the interference between different spin orientations as well as the 
Andreev bound states induced in the QD.

4. Conclusion

In this work, we have studied the interference effects on 
F1–(QD, S)–F2 system due to the coupling to a conventional su-
perconductor. The interplay between spin imbalance and Andreev 
bound states gives rise to a central resonance in the transmit-
tance T12, accounting for the transport between the ferromagnets. 
By comparing T12 and direct AR transmittance (T A,11), it is ob-
served a complementary relation between these two channels of 
conduction. This relation allows one to probe the effects of the 
Andreev bound states in the transport between two ferromagnets. 
In the non-equilibrium situation, it is also possible to observe the 
signatures of such interference effects in the electrical current as 
shown in Fig. 4. It is worth mentioning that the correlation ef-
fect is to modify the signatures of the Fano-like effect and they 
do not kill the effect. The results presented may be reproduced in 
experiments by using half-metal ferromagnets. Additionally, high 
polarization (>90%) values have been obtained in ferromagnetic 
films of CrO2 by Soulen Jr. and co-workers [50]; polarization val-
ues over 85% have been reported in ferromagnetic semiconductors 
based on GaMnAs [51]. Hence, the results above presented are 
realistic and may be implemented with the state-of-art of experi-
ments.
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