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Abstract. The spin-dependent tunneling of electrons through the CdMgTe-based two-
barrier resonant tunneling system with a semimagnetic CdMnTe well is studied. The
level splitting in the semimagnetic well under an external magnetic field, caused by giant
Zeeman splitting, allows one to achieve a high level of spin polarization of the current
flowing through the spin filter. The current polarization degree depending on different
parameters of the system such as the carrier density, concentration of magnetic ions,
temperature, and the strength of the external magnetic and electric fields is analyzed.
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1. Introduction

During last few years, different facilities and methods of
creation of systems with a considerable level of electron
spin polarization were intensively studied because of the
possible applications [1-3]. Thus, it is important to
create appropriate spin filters for the polarized spin
injection into an investigated system. There are two most
popular systems for the spin polarization in
semiconducting crystals. One of the candidates is the
asymmetric nonmagnetic heterostructure based on the
interface-induced Rashba spin-orbit coupling [4, 5].
Another possibility to create the spin filter is based on
the effect of the spin dependent electron tunneling
through semimagnetic semiconductor double-well
structures. Such CdTe-based two-barrier system with
semimagnetic barriers and well was proposed and
theoretically investigated in work [6]. In semimagnetic
semiconductors, the strong exchange interaction between
the carriers and the localized spins of magnetic ions
(giant Zeeman splitting) leads to a strong dependence of
the energy of the resonant tunneling level on the external
magnetic field and the spin of carriers. For a certain
range of parameters of the system in an applied externa
electric field, two clear peaks of the current are observed
experimentally [7]. Recently, similar systems with
different configurations of barriers, for example two-
and one-barrier spin filters, become very popular [8-16].

As digtinct from work [6], we consider the CdTe-
based resonant tunneling structure, in which magnetic

impurities Mn are placed in the well and the barriers
formed by the layers containing nonmagnetic impurities,
Mg ions. System, in which Mg impurities are localized
in barriers, allows one to tune the relative position of the
resonant level in the well and the Fermi level outside the
barriers, which leads to a higher degree of spin pola-
rization. In the present work, the polarization degree is
investigated as a function of the system parameters. the
charge carrier concentration, the size of the spin filter
well and barriers, temperature, and so on. Such an ana
lysis allows performing the system parameters optimi-
zation and obtaining the highest current and electron
spin polarization.

2. The system under consideration

In the present work, we study the two-barrier semi-
magnetic semiconductor resonant tunneling structure
Cd,.yMg,Te / Cdy_Mg,Te / CdiMn,Te / Cdi_Mg,Te /
Cd,yMg,Te, where y <z The genera design of such a
system and its band structure are shown in Fig. 1.
Magnetic properties of the system are determined by the
semimagnetic semiconductor CdMnTe layer that forms a
quantum well in the structure. The concentration of
charge carriersin the external layers of the system under
study is created by the doping of the pre-barrier region.
The Fermi energy is marked in the figure as Er. The
electric and external magnetic fields are applied along
the crystal growth direction z. A giant Zeeman splitting
leads to a gplitting of the resonant level in the
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Fig. 1. Schematic diagram of the heterostructure and the band
alignment for spin-up and the spin-down electrons in a
magnetic field. Thin lines indicate the resonance levels for
spin-up (solid) and the spin-down (dashed) electrons.

semimagnetic layer, and thus the transition coefficient
depends on the electron spin. We consider that the
voltage drops mainly in the device region. First of all,
we will calculate the current polarization relying on the
transmission coefficients of eectrons with different spin
orientations.

The Schrédinger equation for an electron in such a
system has the form

1
2m,

x¥(x,y,z)= E¥(x,,2),

(b, +eBy) + bz + B2)+V(z.B, E)} o

where m, is the electron mass, B is the magnetic field,
V(z,B,E) = V(2) + Va(2) + Ve(2) is the potential which
describes the crystal lattice deformation caused by the
replacement of cations by the magnetic impurity ions
V,(2), the exchange interaction Vg(2), and the influence
of the applied externa electric field Vg(2),
correspondingly. The electron current outside the spin
filter is calculated on the base of the electron transition
coefficient of the system of semiconductor barriers.
Taking into account the fact that the potentia V(z, B, E)
depends on the variable z only and using the standard
methods of calculations (e.g., see work [6]), we obtain
the spin-dependent electron transition coefficient in the
applied external magnetic and electrical fields as

D,(U,H,E,) = %|T|2. @
1

The carrier current density is given by the formula

i (U,H):ez—BZJ'dELD (UH,E, )x
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where f(E, ) is the Fermi-Dirac distribution function.
By definition, the current polarization is determined as
_ iU H)-j_(UH)

LU+, OH)

(4)

3. Thecurrent polarization

The spin-dependent electron transition coefficient in the
two-barrier resonant tunneling structure Cd,_,Mg,Te/
Cd_,Mg,Te /Cd,Mn,Te/Cd;_,Mg,Te /Cd_,Mg,Te,
was calculated in the case where the electron effective
mass m, = 0.096 m,, the dielectric constant ¢ =9.7,

the exchange integral Nooo = 0.22 eV and Q= 0.6 [17].
The shape and the magnitude of the genera potential is
determined as a sum of the components V,(2), Va(2), and
Ve(2), where Vy(2) was calculated according to the
empirical formula presented in [18], and Vi(2) was
caculated by the equations EyCd;x\MgcTe)
[1.606(1-X) + 3.6x — 0.3x(1-X)] eV and Ey(Cd,_xMg,Te) =
[1.606(1-x) + 3.198x] eV with relative concentrations of
the impurities Mn and Mg characterized by x = 0.05, y =
0.06, z= 0.12. We chose the barriers widths L; = L, =
70 A and the well width, respectively, d = 60 A.

Figure 2 shows the total current of electrons against
the applied voltage for the different values of the
external magnetic field B= 0.5, 2, and 4 T, the donor
concentration Np = 5:10%? m™3, and the temperature T =
2 K. Each peak of the total current corresponds to the
peak of the current with a certain eectron spin
polarization. The results of calculations of different
components of the tunneling current for the donor
concentration in the external layers of the structure equal
to Np = 5:10% m3, which corresponds to the Fermi level
E; ~ 5meV, for the magnetic field B= 0.5T and the
temperature T= 2K are shown in Fig.2 by dotted
curves. These curves show that, by changing the applied
electric field, we can reach the situation where the
current of electrons with a certain spin polarization will
be greater by afew orders of magnitude than the current
with the opposite spin polarization. According to the
numerical calculation of the current polarization, we
have a zero polarization for the magnetic field B=0T.
Starting from B= 0.5 T, there exist some values of the
bias, at which the value of polarization can reach 90 %.
The range of the electric field, a which current
polarization exceeds any demanded level (e.g., 90 %),
will growth when the external magnetic field increases.
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Fig. 2. Current densities for spin-up and spin-down electrons
and the total current for the different values of the external
magnetic field as a function of the applied bias,
Jo =€2/4n2n2. Dotted curves correspond to the current
components with different spin polarizations of carriers for
B=05T.

Figure 3 shows the total current under the applied
voltage for the different temperatures T= 5, 10, and
15 K, the external magnetic field B= 4 T, and the donor
concentration in the leftmost layer Np = 510 m ™. The
figure shows that the peaks become wider when the
temperature increases, and the correspondent maxima
can overlap at a certain temperature. This behavior of the
current of electrons with different spin orientations is
explained by the distribution function dependence on the
temperature because the greater temperature enlarges the
range of the applied externa electric field, in which
there are the electrons in the conduction band of the
leftmost layer with the energy corresponding to the
resonant tunneling energy. In other words, the electron
distribution change with increase in the temperature will
override the phenomena caused by the splitting of
resonant tunneling levels in the external magnetic field.
For example, at some values of the structure parameters
and externa fields, the maximum value of the current
polarization at the temperature T = 5K can be P, > 0.99.
But, at the temperature T = 20 K, it does not exceed 0.5.
A similar behavior of the current polarization as a
function of temperature was observed in work [7] for a
ZnSe-based system. The smaller experimental value of the
separation of pesks can be explained by the greater
concentration of carriers, which also agrees with our
results presented in Fig. 3.

All above-presented figures describe the current
dependence on the parameters which change the location
of the peaks of the currents of electrons with different
spin orientations but do not change the value of the
current essentially. Fig. 4 shows the dependence of the
total current of electrons on the applied voltage for
severa different values of the donor concentration Np =
5.10%, 1-10%, and 1.5-10% m3, at the temperature T =
2K, and the external magnetic field B= 6 T. These
concentrations correspond to the different energies of the
Fermi level: Er ~ 5, 10, and 15 meV, respectively. It is
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Fig. 3. Tota current for different temperatures as a function
of applied voltage, J, = e?/4n2h? .
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Fig. 4. Total current for the different values of the donor
concentration (the Fermi level energy) as a function of the

applied bias, J, = €2/4n2h2.
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clearly seen from the figure that the absolute value of the
current increases when the charge carrier concentration
grows. Fig. 4 also indicates that increasing the donor
concentration makes peaks wider and closer one to
another. This behavior can be explained similarly as
above, because the greater energy of the Fermi level
enlarges the interval of applied external electric fields, at
which there are electrons with corresponding energy in
the pre-barrier region of the system. As shown above,
the current polarization is very sensitive to the donor
concentration. The current polarization aso depends on
anumber of parameters of the system such as the widths
of the barriers and the well, the concentration of
nonmagnetic Mg ions in the barriers and magnetic ions
in the well layer (the greater concentration of magnetic
Mn ions in the well corresponds to the larger splitting of
resonant tunneling levels and, consequently, to the better
localization of peaks and current polarization). For
example, increasing the barrier width from L;= L, =
50A to Ly = L, = 90 A does not change the location of
the corresponding peaks of the current, but decreases its
maximum value more than by a factor of five
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Parameters of the system are chosen to obtain the
maximum polarization while minimizing the barrier
deformation caused by the external electric field.

4. Thechargecarrier polarization

The spin filter described above allows the passage of a
highly polarized current of electrons. But the interaction
of electrons with the surrounding materia leads to the
electron relaxation and to a decrease of the spin
polarization. The distance, at which the spin polarization
remains significant, is determined by the properties of a
crystal, such as the spin relaxation time, the electron
mobility, and so on. The degree of polarization is the
relative difference of concentrations of electrons with
different spin projections,
_n.-n

P 1
n, +n_

®)

where n, and n_ are the concentrations of electrons
with s, :% and s, = —%, respectively. Spin-polarized

electrons injected into a semiconductor lose the spin
polarization degree due to various spin relaxation
processes. Here, we suppose that the equilibrium state
with respect to energy is established more faster than
that with respect to spin. Thus, the density of electrons
with different spin orientations and their polarization can
be calculated in the two-component drift-diffusion
transport model [19] and can be described by the
continuity equations

n. n,

= Edivj++ - =,
e T Ty

ot (6)

where t, and t; are the relaxation times for electrons
with the spin s, :% and s, :—%,
time of the electron transition from the state with spin

respectively, the

S, = —% into the one with s, = —% and vice versa. We

note that the current density of electrons with different

dn,

spin polarizations j, = eun, E+eD , Where D is

the diffusion coefficient, u is the electron mobility and
D = ukgT/ e. Inthe steady state, we have the system of

equations

2
p M L L ed L nudivE=0
dz? dz
2
Dd—f+u5@+ pudivE—p(i+ij @)
dz dz T T,
+n[i_ijzo,
T,

where n=n, +n_ and p=n, —n_. According to the

equation for the electron current density, the boundary
conditions for the total concentration and for the
difference of electron concentrations take the form

j:(0) £ :(0)
d(n, +n)

=eu(n,(0) £ n (0) E(0)+eDT R

(8)

where the origin of coordinates z=0 is located at the
external boundary of the second barrier, and the values
j,(0) and j (0) calculated above are the currents

densities of electrons with different spin orientations
after passing the second barrier. We suppose as well
that, for a low temperature, the spin distribution at
infinity is norma, p()~0, and the total carrier
concentration is equal to the donor concentration
n(oo) =Np.

In order to obtain a full system of kinetic equations
for the electron density in the conduction band, Eq. (7)
must be complemented by the Poisson equation
de _ e

dz egq

equation for the total current give the equation for the
electric field strength:

(N —n). Both the Poisson equation and the

d2E e ~dE e’N E .
dz2 keT  dz  egpkgT
where j=j, +j_(0) isthe tota current. The boundary
conditions for the electric field strength are formulated
according to the following physical considerations. We
suppose that the electric field at the point z=0 is
continuous and is equal to the electric field inside the
barriers which is determined by the voltage drop U on

j

=0 (9
gD ®

the inner layers of the structure
E(0)=U/(L, +d+L,). On the other hand, the electric
field at infinity is constant, so Eg. (9) gives

E(w)= j/ (neNp). Hence, the system of equations (7)
and (9) with boundary conditions completely determines
the spin polarization of the electrons in the layer placed
after the last barrier.

Figure 5 shows the dependences of spin and current
polarizations on the distance from the boundary of the
barrier for several values of the relaxation time and for
the eectron mobility u= 102 m’JV. The spin-lattice
relaxation time depends on the sample conditions (the
presence of impurities, the electron-phonon interaction,
etc.) and can reach the nanosecond range in I1-VI
semiconductors [3, 20]. It is clearly seen that, for the
given parameters, the electron spin polarization can
exceed the value of 90 % and would decrease when the
distance from the spin filter grows. The width of the
layer with large spin polarization is determined, first of
all, by the value of the electron spin relaxation time for
the given system.
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Fig. 6. Distance from the boundary of the barrier, at which the
polarization of carriers decreases by e times as a function of
the electron spin relaxation time at U = 0.022 V.

Figure 6 demonstrates how the distance from the
barrier, a which a high degree of polarization of carriers
exists, depends on the eectron spin relaxation time. In
Fig.6, d, stands for the distance from the barriers, at

which the polarization of carriers decreases by a factor of
e, P(0)/P(d,) = e. Figures 5 and 6 indicate that the

penetration depth of the polarization critically increases
with the electron spin relaxation time. For the relaxation
time exceeding 10-°, the polarized region can spread for
several microns. The caculations aso showed that the
penetration depth increases when the electron mobility
grows.

We also calculated the spin and current polarizations
in asimpler one-barrier semimagnetic semiconductor spin
filter. The magnetic properties of such a system are
determined by the Cd,Mn,Te layer that forms the

barrier. For eectrons with the spin projection s, :% and

S

z

—% , the heights of the barrier in the magnetic field

are different. The splitting of the barrier height leads to the
splitting of the trangition coefficient for electrons with

different spin projections. Therefore, different values of
the current for the different electron spin polarizations are
obtained. In the case of a one-barrier spin filter, the
current and carrier polarizations can reach considerable
values close to 50 % that is less than that in the case of
resonant tunneling.

5. Conclusion

We have studied the two-barrier resonant tunneling
CdTe-based system with Mg ions in barriers and Mn
ions in the well placed in the external electric and mag-
netic fields. The dependences of the polarization degree
on the temperature, concentration of magnetic ions, the
well width, and the doping level are determined. It is
shown that, for certain values of the system parameters
and the external field strengths, the polarization higher
than 90% can be obtained. The degree of carrier
polarization was studied as a function of the distance
from the barrier. It is shown that the distance, at which a
high degree of the polarization of carriers (above 50 %)
is maintained, can reach several microns.
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