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Abstract. Theoretical studies on spin-dependent transport in magnetic tunnel heterostructures consist-
ing of two diluted magnetic semiconductors (DMS) separated by a nonmagnetic semiconductor (NMS)
barrier, are carried in the limit of coherent regime by including the effect of angular dependence of the
magnetizations in DMS. Based on parabolic valence band effective mass approximation and spontaneous
magnetization of DMS electrodes, we obtain an analytical expression of angular dependence of transmis-
sion for DMS/NMS/DMS junctions. We also examine the dependence of spin polarization and tunneling
magnetoresistance (TMR) on barrier thickness, temperature, applied voltage and the relative angle be-
tween the magnetizations of two DMS layers in GaMnAs/GaAs/GaMnAs heterostructures. We discuss the
theoretical interpretation of this variation. Our results show that TMR of more than 65% are obtained at
zero temperature, when one GaAs monolayer is used as a tunnel barrier. It is also shown that the TMR
decreases rapidly with increasing barrier width and applied voltage; however at high voltages and low
thicknesses, the TMR first increases and then decreases. Our calculations explain the main features of the
recent experimental observations and the application of the predicted results may prove useful in designing
nano spin-valve devices.

PACS. 73.40.Gk Tunneling – 75.50.Pp Magnetic semiconductors – 73.23.Ad Ballistic transport

1 Introduction

In recent years, interest in tunneling of spin-polarized car-
riers through magnetic tunnel junctions (MTJs) has been
partly fueled by the expectation that it can lead to novel
microelectronics devices exploiting the spin degree of free-
dom of carriers as well as their charge. The MTJs are
promising candidates for inclusion in magnetic random
access memory, magnetic field sensors and quantum com-
puting devices [1,2]. In most experiments, they consist of
two ferromagnets separated by a nonmagnetic tunnel bar-
rier. Junctions of this type including two magnetic layers,
are named spin-valve devices. For such structures, tunnel-
ing magnetoresistance (TMR) arise due to different con-
ductivity of parallel and antiparallel alignment of the mag-
netizations [3–5]. The magnitude of TMR depends on the
spin polarizations of the two magnetic electrodes [6], but
details remain to be worked out, particularly the role of
spin-dependent scattering versus band structure.

Apart from the TMR observed in metallic MTJ, the
spin-valve effect is also observed in semiconductor tunnel-
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ing junctions. Because of a better compatibility with con-
ventional microelectronics [7] and signature of the trans-
mission of spin-polarized carriers [8], all-semiconductor
spin-valves have an advantage. Using ferromagnetic semi-
conductors (FMSs), such as EuS, the TMR has also been
investigated in single [9–12] and double [13–16] magnetic
barrier junctions. In these structures, the FMSs, which act
as spin filters, are used as tunnel barriers. Therefore, the
MTJs based on these materials are able to produce highly
spin-polarized current and high values of TMR. However,
the Cure temperature in most of FMSs is much lower than
the room temperature [17].

Moreover, recent progress has been made in manip-
ulating the magnetic property that occurs in a number
of common III-V compound semiconductors when some
atoms are randomly replaced by magnetic atoms, such
as Mn [18–20] of below critical temperature TC. These
materials are known as diluted magnetic semiconductors
(DMSs). In DMSs, the exchange interaction between the
itinerant carriers in the semiconducting band and the lo-
calized spins on magnetic impurity ions leads to spectacu-
lar magneto-optical effects, such as giant Faraday rotation
or Zeeman splitting. To achieve large spin polarization
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in DMSs, the Zeeman splitting of the conduction (valence)
band must be high for electrons (holes), this depends upon
the concentration of magnetic species. For a type of III–V
compound, the discovery of a higher TC about 110 K in
GaAs based ferromagnetic semiconductor, Ga1−cMncAs,
with optimal Mn concentration c ∼ 0.05 [18] has generated
much attention. GaMnAs is a good candidate for DMS
properties due to the relatively high TC, the spontaneous
magnetization and the feasibility of preparing GaAs-based
DMSs. The origin of ferromagnetism in the GaMnAs can
be demonstrated through the p-d exchange coupling be-
tween the itinerant holes in the valence band of GaAs and
the spin of Mn magnetic impurities [18,20,21]. Hence, in
recent years, the spin-dependent transport phenomena in
the MTJs based on Ga1−cMncAs/(GaAs or AlAs) het-
erostructures have been studied by several groups [22–24].
Also, Tao et al. [25] studied the AlAs thickness dependence
of TMR using the transfer matrix approach. Their treat-
ment, is however somewhat questionable, because they did
not apply the boundary conditions for derivatives of wave
functions correctly. When the materials are different, it is
the normal mass flux that must be continuous.

In this paper, we develop the analytical stud-
ies on coherent spin-polarized transport in GaM-
nAs/GaAs/GaMnAs heterostructures by considering the
effects of angular dependence of the magnetization of elec-
trodes of the DMS layers along the lines of our recent
work [26]. It may be suitable to identify the origin of TMR
for a superlattice structure with such layers. Here, we em-
phasis the variation of magnetization between two DMS
electrodes which can be rotated by a small applied field.
This effect may be considered because in some experi-
ments, spin conservation no longer holds, and the spin-
flip scattering may affect the transport properties [27].
Next, we propose a formula to obtain the spin-dependent
transmission through the structure. Using the Landauer-
Büttiker formalism [28] we will calculate the tunneling
current density and then study the TMR and spin polar-
ization of tunneling carriers in terms of the barrier thick-
ness and applied voltage at all temperatures.

The rest of the paper is organized as follows.
To understand the spin-polarized tunneling results for
DMS/NMS/DMS heterostructures, we invoke the model
based on quantum theory and then the spin polarization
and the TMR are formulated in Section 2. In our model,
spins of electrons during tunneling are no supposed be
conserved, namely, the tunneling of spin-up and spin-down
electrons are not an independent process. In Section 3, nu-
merical results obtained for a new typical tunnel junction
(GaMnAs/GaAs/GaMnAs) are discussed, while the paper
is summarized in Section 4.

2 Theoretical framework

In this section, we investigate the spin-dependent trans-
port properties in a new type of MTJ based on
DMS materials by including the angular dependence of
magnetizations in the DMSs. The structure consists of
two semi-infinite DMS electrodes separated by a NMS

Fig. 1. Spin-dependent potential profile for DMS/NMS/DMS
magnetic heterostructures under forward bias Va. tbar is the
barrier thickness, EFL(FR) is the Fermi energy in the left (right)
electrode, measured from the middle point between the edges
of two spin subbands, and φ is the barrier height measured
from the Fermi level. The angle θ is the relative angle between
the magnetization of two DMS electrodes. The zero of energy
is taken at the middle of bottoms for majority-spin band and
minority-spin one in the left DMS electrode. The presented
MTJ profile is at T < TC, which the spin-splitting energy is
non zero.

layer, in the presence of applied voltage Va. For simplicity,
we assume that the two DMS electrodes are made of the
same material and all the interfaces are flat shown in Fig-
ure 1. Based on the parabolic valence band effective mass
approximation and spontaneous magnetization of DMS
electrodes [26], we obtain an analytical expression for the
angular dependence of transmission in DMS/NMS/DMS
junctions. The longitudinal part of the one-hole Hamilto-
nian can be written as

Hx = − �
2

2m∗
j

d2

dx2
+ Uj(x) − hMF

j · σ, (1)

where m∗
j (j = 1–3) is the hole effective mass in the jth

layer, and

Uj(x) =

⎧
⎨

⎩

0, x < 0
EF + φ− eVax/tbar, 0 < x < tbar

−eVa, x > tbar,
(2)

where tbar is the barrier thickness, EF is the Fermi energy
in the left electrode, measured from the middle point be-
tween the edges of the two spin subbands, and φ is the
barrier height measured from the Fermi level. −hMF

j · σ is
the internal exchange energy where hMF

j is the molecular
field in the jth DMS electrode and σ is the conventional
Pauli spin operator.
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The Schrödinger equation for a biased barrier layer
can be simplified by a coordinate transformation whose
solution is the linear combination of the Airy function
Ai[ρ(x)] and its complement Bi[ρ(x)] [29]. Considering all
three regions of the DMS/NMS/DMS junction, the eigen-
functions of the Hamiltonian (1) with eigenvalue Ex have
the following forms:

ψj(x) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

A1↑eik1↑x +B1↑e−ik1↑x +A1↓eik1↓x

+B1↓e−ik1↓x, x < 0
A2↑Ai[ρ(x)] +B2↑Bi[ρ(x)] +A2↓Ai[ρ(x)]

+B2↓Bi[ρ(x)], 0 < x < tbar

A3↑eik3↑x +B3↑e−ik3↑x +A3↓eik3↓x

+B3↓e−ik3↓x, x > tbar,

(3)

where
k1σ =

√

2m∗
1(Ex + h0σ)/� (4)

k3σ =
√

2m∗
3(Ex + eVa + h0σ)/�, (5)

are the hole wave vectors along the x axis. Here, σ are
the hole spin components ±1 (or ↑, ↓), and h0 = |hMF

j |,
(j = 1, 3). The temperature dependence of the molecular
field h0 in the DMS electrodes is calculated before [26],
using mean-field theory. The coefficients Ajσ and Bjσ are
constants to be determined from the boundary conditions,
while

ρ(x) = − d

eVaλ

(

EF + φ− Ex − x

tbar
eVa

)

, (6)

with

λ =
[−�

2tbar

2m∗
2eVa

]1/3

. (7)

Our system has translation asymmetry in the direction
perpendicular to the growing direction x. Therefore, the
transverse momentum k‖ is omitted from the above no-
tations, namely, the summation over k‖ is carried out in
our calculations.

Upon applying the boundary conditions such that the
wave functions and their first derivatives are matched at
x = 0 and tbar, we obtain a matrix of the coefficients of ψ1

and ψ3. These boundary conditions at x = 0 are ψ1(0) =
ψ2(0) and (m∗

1)
−1[dψ1(0)/dx] = (m∗

2)
−1[dψ2(0)/dx], and

also, the change in quantization axis at x = tbar requires
the spinor transformation

ψ2↑(tbar) = ψ3↑(tbar)cos( θ
2 ) + ψ3↓(tbar)sin( θ

2 ),
ψ2↓(tbar) = −ψ3↑(tbar)sin( θ

2 ) + ψ3↓(tbar)cos( θ
2 )

(8)

and, similarly for the derivatives.
The matrix formula can be written as

⎡

⎢
⎣

A1↑
B1↑
A1↓
B1↓

⎤

⎥
⎦ = M

⎡

⎢
⎣

A3↑
B3↑
A3↓
B3↓

⎤

⎥
⎦ , (9)

where, M is the total transfer matrix.
For holes with spin-up incident from the left electrode,

we have A1↑ = 1, A1↓ = 0, and B3↑ = B3↓ = 0, (since
there is no reflection in region 3) so, the transmitted am-
plitudes are obtained from equation (9) as

A3↑ = M33
M11M33−M13M31

, A3↓ = − M31
M11M33−M13M31

. (10)

Therefore, if a spin-up hole tunnels from left DMS elec-
trode into right electrode and occupies the spin-up and
spin-down states of the right electrode, the corresponding
transmission coefficients, are defined as the ratio of the
transmitted flux to the incident flux, are given by

T↑↑(θ) = |A3↑|2|m
∗
1k3↑

m∗
3k1↑

|, T↑↓(θ) = |A3↓|2|m
∗
1k3↓

m∗
3k1↑

| (11)

respectively. Similarly, for holes with spin-down incident
from the left electrode, we have A1↑ = 0, A1↓ = 1, B3↑ =
B3↓ = 0, and thus,

A3↑ = − M13
M11M33−M13M31

, A3↓ = M11
M11M33−M13M31

. (12)

Here, the transmission coefficients of spin-down incident
electrons as spin-up T↓↑(θ), and spin-down T↓↓(θ), are as

T↓↑(θ) = |A3↑|2|m
∗
1k3↑

m∗
3k1↓

|, T↓↓(θ) = |A3↓|2|m
∗
1k3↓

m∗
3k1↓

|. (13)

On the other hand, from equation (9), the elements of total
transfer matrix, M11, M33, M13 and M31, can be derived,
analytically

M11 = S1 cos( θ
2 ) , M33 = S3 cos( θ

2 ) ,
M13 = S2 sin( θ

2 ) , M31 = −S4 sin( θ
2 ) ,

(14)

where

S1 =
π

2

[

(β +
m∗

1

ik1↑
δ) − ik3↑

m∗
3

(α +
m∗

1

ik1↑
γ)

]

eik3↑tbar , (15)

S2 =
π

2

[

(β +
m∗

1

ik1↑
δ) − ik3↓

m∗
3

(α +
m∗

1

ik1↑
γ)

]

eik3↓tbar , (16)

S3 =
π

2

[

(β +
m∗

1

ik1↓
δ) − ik3↓

m∗
3

(α +
m∗

1

ik1↓
γ)

]

eik3↓tbar , (17)

S4 =
π

2

[

(β +
m∗

1

ik1↓
δ) − ik3↑

m∗
3

(α +
m∗

1

ik1↓
γ)

]

eik3↑tbar . (18)

Here, the following abbreviations are used

α = (λm∗
2){Ai[ρ(0)]Bi[ρ(tbar)] − Bi[ρ(0)]Ai[ρ(tbar)]},

(19)

β = Ai[ρ(0)]Bi′[ρ(tbar)] − Bi[ρ(0)]Ai′[ρ(tbar)], (20)

γ = Ai′[ρ(0)]Bi[ρ(tbar)] − Bi′[ρ(0)]Ai[ρ(tbar)], (21)

δ =
1

λm∗
2

{Ai′[ρ(0)]Bi′[ρ(tbar)] − Bi′[ρ(0)]Ai′[ρ(tbar)]},
(22)

where, Ai′[ρ(x)] and Bi′[ρ(x)] are the first derivatives of
the Airy functions.
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With above considerations, the tunneling spin-
dependent current densities, Jσσ′ , with σ(σ′) =↑ and ↓
for a MTJ with a given applied bias Va at temperature T
can be calculated within the nearly-free-hole approxima-
tion [28]:

Jσσ′ (θ, Va) =
em∗

1kBT

4π2�3

∫ ∞

E0

Tσσ′(Ex, θ, Va)

× ln
{

1 + exp [(EF − Ex)/kBT ]
1 + exp [(EF − Ex − eVa)/kBT ]

}

dEx , (23)

and, at T = 0 K,

Jσσ′ (θ, Va) =
em∗

1

4π2�3

[

eVa

∫ EF−eVa

E0

Tσσ′(Ex, θ, Va)dEx

+
∫ EF

EF−eVa

(EF − Ex)Tσσ′(Ex, θ, Va)dEx

]

, (24)

where kB is the Boltzmann constant and E0 is the lowest
possible energy that allows transmission and is given by
E0 = h0, for spin-up and -down holes. It is clear that, the
tunnel currents are modulated by the magnetic configura-
tions of the both DMS electrodes.

The degree of spin polarization in each configuration
is defined as

P(θ) =
J↑(θ) − J↓(θ)
J↑(θ) + J↓(θ)

, (25)

where, J↑(↓) =
∑

σ J↑σ(↓σ), and σ are the spin electron ↑
and ↓. For studying the TMR, a measurable quantity, we
calculate the tunnel conductance per unit area,G(θ, Va) =∑

σσ′ Jσσ′ (θ, Va)/Va. Therefore, the angular dependence of
the TMR can be described quantitatively by the relative
change of the conductance with respect to the different
orientation of magnetic moment in DMS electrodes as

TMR(θ) =
G(0) −G(θ)

G(θ)
, (26)

where, G(0) corresponds to the conductances in the par-
allel alignments of the magnetizations in the DMS lay-
ers. In the following, the numerical results on the effects
spin-dependent transport on the spin polarization and the
TMR in a typical DMS/NMS/DMS tunnel heterostruc-
tures are presented.

3 Numerical results and discussions

Numerical calculations are performed for a typi-
cal Ga1−cMncAs/GaAs/Ga1−cMncAs tunnel heterostruc-
tures. We have chosen Ga1−cMncAs and GaAs because
they have the same crystal structure and the lattice mis-
match is very small [23]. The lattice constant a0, and
Fermi energy EF are taken as 5.65 Å, and 200 meV [23]
for Ga1−cMncAs electrodes, respectively. Other relevant
parameters are the same as those used in Ref. [26] for a
sample with TC = 110 and c = 0.05. The calculations pre-
sented in this paper were done for the barrier height of

Fig. 2. Dependence of (A) the normalized magnetization of
Ga0.95Mn0.05As electrodes, (B) the itinerant-hole spin polar-
ization, and (C) the TMR in the GaMnAs/GaAs/GaMnAs
tunnel junctions as a function of temperature for several dif-
ferent hole densities, p = 0.15, 0.35, and 0.49 nm−3 with the
fixed values of Va = 5 mV, and tbar = 0.565 nm.

GaAs, φ = 100 meV, which can be found in the relevant
literature [30]. The effective mass of all carriers for the
structure are taken is m∗ = 0.16me [26], where me is the
free-hole mass.

According to Figure 1, in our MTJ, the magnetiza-
tion direction of the left DMS electrode stays fixed, but
the spin orientation of the right DMS electrode is free and
may be switched from 0 to 2π with respect to the left DMS
magnetization direction by an external magnetic field. In
the following, we give the numerical results on the effects
of barrier thickness, temperature, applied voltage and rel-
ative angle between the magnetizations of the two DMS
electrodes on the spin polarization and the TMR.

In Figures 2 and 3, we have shown the temperature
dependence of the normalized Mn-ion magnetization of
Ga1−cMncAs, the itinerant-hole spin polarization and the
TMR for the GaMnAs/GaAs/GaMnAs tunnel junctions
at several values of the hole densities p and Mn-ion con-
centrations c, respectively. In Figure 2, the curves have
been plotted when p = 0.15, 0.35, and 0.49 nm−3 with the
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Fig. 3. Dependence of (A) the normalized magnetization of
Ga1−cMncAs electrodes, (B) the itinerant-hole spin polariza-
tion, and (C) the TMR in the GaMnAs/GaAs/GaMnAs tunnel
junctions as a function of temperature for several different Mn-
ion concentrations, c = 0.040, 0.045, and 0.05 with the fixed
value of p = 0.49 nm−3. Other parameters are taken the same
as those in Figure 2.

fixed values of c = 0.05, Va = 5 mV, and tbar = 0.565 nm.
It is obvious that the critical temperature TC increases
when the hole density increases because TC exhibits a
non-monotonic dependence on p (see Eq. (25) in Ref. [26]),
therefore, the values of TC corresponding to p = 0.15, 0.35,
and 0.49 nm−3, are found to 74, 98, and 110 K, respec-
tively. It is clear from Figure 2A that the magnetization of
the DMS electrode vanishes in above the critical temper-
ature, which is due to disappearance of the valence band
spin-splitting energy at T ≥ TC. The highest value of spin
polarization can reach 38% at zero temperature for differ-
ent hole densities, which makes the TMR about 70%. With
increasing temperature, these values reduce to zero, when
T ≥ TC. Also, it is observed that the magnetization, the
spin polarization and the TMR decrease rapidly for lower
hole densities when the temperature increases. The origin
of this effect is related to the reduction of band splitting
∆ between the spin-up and -down states in valence band
of Ga1−cMncAs, when hole densities decrease at T ≤ TC.

Table 1. The extracted values of the critical temperature
TC, the highest spin polarization P , and the TMR (at zero
temperature) from Figure 3, for several Mn-ion concentration
c with the fixed values of p = 0.49 nm−3, Va = 5 mV, and
tbar = 0.565 nm.

c 0.040 0.045 0.050
TC 88 99 110

P (%) 31 34 37
TMR(%) 44 55 68

It is necessary to point out that, the ferromagnetic cou-
pling strength between the Mn-ion spins in Ga1−cMncAs
becomes weaker when the hole density decreases [21], and
so, the spin polarization and the TMR are both reduced.

The features in Figure 3 are plotted for several differ-
ent Mn-ion concentrations, c = 0.040, 0.045, and 0.050,
with the fixed values of p =0.49 nm−3, Va = 5 mV, and
tbar =0.565 nm. It is clear that the critical temperature
TC reduces when impurity Mn-ion concentration decreases
(see Eq. (25) in Ref. [26] and also Tab. 1). However, simi-
lar to what we have discussed before, the temperature de-
pendence of the magnetization (Fig. 3A) is related to the
value of the spin-splitting of the DMS electrodes. Con-
trary to Figure 2, one can see that the highest value of
spin polarization and also TMR at zero temperature do
not become equal for different c’s (see Tab. 1). With in-
creasing temperature, the spin polarization and TMR re-
duce to zero, when T ≥ TC. Also, it is seen that the mag-
netization, the spin polarization and the TMR decrease
rapidly for lower impurity Mn-ion concentrations, when
temperature increases. The origin of this effect is also re-
lated to the strength of ferromagnetic coupling between
the Mn-ion spins in Ga1−cMncAs, which in low Mn-ion
concentrations is weak, and so, the spin polarization is
induced, partially. But the strength of the ferromagnetic
coupling become strong when the doping of Mn increases
in Ga1−cMncAs and the itinerant holes becomes spin-
polarized, completely. This result creates a larger spin po-
larization and TMR at higher temperatures below TC (see
Figs. 3A and 3B).

We also calculated the dependence of TMR on the
relative angle between the magnetization of two elec-
trodes with different applied voltages at T = 0 K, and
tbar = 0.565 nm, and plotted the tunneling current den-
sities at Va = 5 mV and at Va = 80 mV, in Figures 4A
and 4B, respectively. Figure 4C displays the dependence
of the TMR on angle θ. When the magnetic moments of
two DMS electrodes are parallel (θ = 0), the tunneling
current density for J↑↓ is zero, the same for J↓↑, and there-
fore there is no spin-flip effect. On the other hand, in the
antiparallel alignment (θ = π), J↑↑ and J↓↓ are zero, and
the spin flip effect is very important. For other angles,
all components of tunneling current densities change and
become nonzero. Continuing to increase the angle from
θ = π to 2π, the variation of the tunneling current densi-
ties show similar behavior as that from θ = 0 to π. The
origin of this effect can be understood by the effect of an-
gular dependence of the magnetizations in DMSs, which
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Fig. 4. Variation of the tunneling current densities and TMR
on the relative angle between the magnetization of two elec-
trodes at different barrier thickness for several applied voltage
at T = 0 K with the fixed values of c = 0.05, p = 0.49 nm−3,
and tbar = 0.565 nm.

changes the sign of transmitted hole spin through the
system. It is observed that values of tunneling current den-
sities with Va = 80 mV in Figure 4B are bigger than the
corresponding currents in Figure 4A. The reason for this
is related to the tilt of the barrier potential under an ap-
plied voltage. At low voltages, the tunneling current densi-
ties vary linearly, but with increasing the applied voltage,
the effective width of the barrier becomes narrower and
a nearly parabolic dependence of current on the voltage
appears [12,31]. As the applied voltage increases the differ-
ence between the normalized current densities in parallel
state (θ = 0), and an arbitrary (θ) configuration decreases,
and then, the TMR is reduced (see Fig. 4C), namely, the
spin filter effect becomes weak. Figure 4C also shows that
the highest value of TMR (about 70%) is obtained in Va =
5 mV, when the relative angle becomes θ = π (antiparal-
lel alignment) at zero temperature. This value reduces to
nearly 20% in Va = 120 mV. Also, it is found that the the
TMR increases, monotonically, when the angle increases,
while Figure 4 shows the TMR exhibits the spin-valve ef-
fect.

In the pervious work [26], we investigated the depen-
dence of TMR on the barrier thickness for different ap-
plied voltage in GaMnAs/GaMn/GaMnAs heterostruc-
tures without applying the effect of angular dependence
of the magnetizations in DMS. We also obtained that
with enhancement of the applied voltage by more than
the barrier height (100 meV) a quantum well will appear
at GaAs/GaMnAs interface. Therefore, the carriers can

Fig. 5. Dependence of the TMR on the relative angle be-
tween the magnetization of two electrodes at different bar-
rier thickness at T = 0 K with the fixed values of c = 0.05,
p = 0.49 nm−3, and Va = 5 mV.

cause standing waves in the barrier, leading to not only
a change of the magnitude of the TMR, but also its sign
switching from positive to negative when the thickness
increases. The reduction of TMR is due to tilt of the bar-
rier potential, under an applied voltage, when the spin
filter effect becomes weak. In this regard, we have dis-
played the TMR as a function of the barrier thickness
tbar for seven different angles between two magnetic mo-
ments of the DMS, at zero temperature and Va = 5 mV in
Figure 5, which shows an interesting behavior. It is seen
that, the TMR first rises and then decreases when tbar

increases, that is, the TMR exhibits a peak in the thinner
barrier region, which has been observed experimentally
by Tanaka and Higo [23]. The location of this maximum
shifts toward low thickness when the angle θ increases and
then disappears. When tbar increases, the peaks are grad-
ually invisible. Also, with increasing the applied voltage,
the peaks of TMR has shifted toward low thickness when
θ deviates from 0 to π. The physical explanation of this
behavior is related to the resonance transmission coeffi-
cients T↑↑, T↑↓, T↓↓, and T↓↑, when the difference between
the spin polarization in the parallel magnetization con-
figuration and the angle θ between two magnetization of
electrodes first increases and then decreases when tbar in-
creases. It is necessary to point out that with increasing
the barrier thickness, the transmission, spin polarization
and tunneling currents decrease (e.g. see [1]).

Therefore, the calculated results show that, the tem-
perature dependent spin transport is a result of the ferro-
magnetic phase of the DMS electrodes, and by adjusting
the temperature, applied voltage and the barrier thick-
ness, one can reach high values for the tunneling spin-
polarization and TMR. It is expected that the enhanced
TMR effects and its interesting behavior will have poten-
tial applications.

4 Conclusions

On the basis of the parabolic valence band effective
mass approximation, we have obtained an analytical ex-
pression for the angular dependence of transmission for
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DMS/NMS/DMS tunnel junctions by including the an-
gular dependence of magnetizations in DMSs. The de-
pendence of spin polarization of itinerant holes and the
TMR on the applied voltage, barrier width and the an-
gle between two magnetizations of Ga1−cMncAs at all
temperatures and for several Mn concentrations were in-
vestigated in the Ga1−cMncAs/GaAs/Ga1−cMncAs het-
erostructures. We have shown that the TMR first increases
and then decreases when the barrier thickness increases,
which exhibits a peak at low thickness. This peak is clear
at small angles. They decrease with increasing tempera-
ture and can be controlled by doping of Mn in GaMnAs.
Our calculations explain the main features of the recent
experimental observations and also show the possibility
of new semiconductor device with an added functionality
of magnetic multilayers, so it may be useful in designing
spin-valve devices in the future [20].

The author is grateful to Dr A. Saffarzadeh for helpful discus-
sions and also Prof. H. Rafii-Tabar for critical reading of the
manuscript.
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