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The spin filtering effect of the electron current in a double-barrier resonant-tunneling diodesRTDd consisting
of Zn1−xMnxSe semimagnetic layers has been studied theoretically. The influence of the distribution of the
magnesium ions on the coefficient of the spin polarization of the electron current has been investigated. The
dependence of the spin filtering degree of the electron current on the external magnetic field and the bias
voltage has been obtained. The effect of the total spin polarization of the electron current has been predicted.
This effect is characterized by total suppression of the spin-up component of electron current, which takes
place when the Fermi level coincides with the lowest Landau level for spin-up electrons in the RTD semimag-
netic emitter.
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I. INTRODUCTION

Spin-polarized ballistic electron transport in resonant-
tunneling semimagnetic semiconductor nanostructures at-
tracts considerable attention of the researchers developing
the fundamentals of spintronics.1–8 This transport is also as-
sociated with the search for effective sources of the spin-
polarized current which can be controlled using a constant
magnetic fieldB as well as by means of a bias voltageVa.
Resonant-tunneling semimagnetic nanostructures are charac-
terized by the high degree of the current spin polarization
due to thesp-d exchange interaction between the conduction
electrons and localized electrons of the magnetic ions be-
longing to the semimagnetic semiconductors.9–11 In a mag-
netic fieldB, this interaction gives rise to the giant Zeeman
splitting of the electron energy levels. As a result, the elec-
trons with spins oriented alongB sspin-up electronsd and
againstB sspin-down electronsd move in different potential
fields and have different transmission coefficients through
the resonant-tunneling semimagnetic semiconductor nano-
structures. Therefore, spin filtering of the electron current
occurs even in moderate magnetic fields, and the electrons
with a certain spin direction dominate in the current. The
presence of the spin filtering of the electron current can be
detected by its injection into a light-emitting diode and by
the measurement of the electromagnetic radiation of the cir-
cular polarization.12,13

The idea of using semimagnetic semiconductors for spin
filtering of the electron current has been proposed in Ref. 4.
It was shown that the electron current flowing through a
semimagnetic semiconductor layer in a constant magnetic
field of 224 T displays a high degree of spin polarization. In
Ref. 5, the dependences of the coefficient of current spin
polarization on the thickness of the semimagnetic layer and
the bias voltage have been investigated. In Refs. 6 and 7, the
results of Refs. 4 and 5 have been summarized for the case of
a nanostructure consisting of two semimagnetic semiconduc-
tor layers separated by a nonmagnetic layer. In these papers,

along with the study of voltage-current characteristics of the
nanostructure, the influence of the thicknesses of semimag-
netic layers6 and operating temperatures7 on the value of the
coefficient of the current spin polarization has been investi-
gated.

Later, it was shown that the degree of the current spin
polarization can be enhanced if the resonant-tunneling nano-
structure has semimagnetic contacts.8 This is related to the
fact that the conduction band edge of a semimagnetic emitter
in the magnetic fieldB is spin dependent. In this case, the
number of spin-down electrons in the emitter exceeds the
number of spin-up electrons. As a result, spin-down electrons
play the determining role in the current flowing through the
resonant-tunneling nanostructure with semimagnetic con-
tacts. Thus, the spin-dependent shift of the conduction band
edge of the semimagnetic emitter and the spin-dependent
electron transmission through semimagnetic layers lead to a
significant increase in the coefficient of current spin polar-
ization in fully semimagnetic resonant-tunneling nanostruc-
tures.

In this paper new results are presented on the theory of
the effect of the electron current spin filtering in a double-
barrier resonant-tunneling diodesRTDd based on a
Zn1−xMnxSe semimagnetic semiconductor. The choice of this
semimagnetic semiconductor is related to the presence of an
RTD in which the emitter, collector, and quantum well con-
sist of this semiconductor material.3 In contrast to Ref. 8, we
assume that all RTD layers are semimagnetic. Moreover, in
our paper the value of the electron current density and the
coefficient of current spin polarization are determined taking
into account the influence of the bias voltageVa on the co-
efficient of the electron transmission through the RTD.

The dependencies of the electron current density and the
coefficient of the current spin polarization on the constant
magnetic fieldB as well as on a bias voltageVa are studied
for different spatial distributions of magnetic ions in the RTD
and for different values of the Fermi level in the RTD emit-
ter. The occurrence of the total polarization of the electron
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current has been predicted. Total polarization takes place
when the Fermi level coincides with the lowest Landau level
for spin-up electrons in the RTD semimagnetic emitter.

II. THEORETICAL MODEL

We assume that the RTDsincluding its emitter and collec-
tord consists of Zn1−xj

Mnxj
Se layers with different Mn con-

centrations xj =hx1,x2,x3,x4,x5j fFig. 1sadg. The region
z,z1 is an RTD emitter and the regionz.z4 is an RTD
collector. We assume that the emitter and collector are
n-doped. The external magnetic fieldB is directed along the
z axis. The bottoms of the conduction bands for the spin-
down and spin-up electrons are shown by the solid and
dashed lines correspondingly in Fig. 1sbd. The values of
Li =zi+1−zi si =1,2,3d are the thicknesses of two potential
barrierssL1 andL3 d and the potential wellsL2d of the RTD.
The valueEF is the Fermi level in the emitter and collector.

As is well known, the band gap of semimagnetic semi-
conductors depends on the Mn concentration.9,14–16 There-
fore, at the boundary between two semimagnetic semicon-
ductors with different Mn concentrations, an offset of the
band gap takes place. In this case, one part of this offset falls
at the conduction band offset and the other one falls at the
valence band offset.14 At low temperatures the band gapEgj
of the semimagnetic semiconductors depends slightly onxj
in the rangex3,0.065.9,14–16Therefore, to obtain the depen-
dence of the conduction band edgeEcjsxjd of the semimag-
netic semiconductor, we use the following empirical formula
which describes the experimental dependencies in Ref. 14:

Ecjsxjd = HEgs0d, xj , 0.065,

E0 + s1 − VBOdxjDEg, xj . 0.065.
s1d

HereEgs0d=2.822 eV is the band gap of ZnSe, VBO is the
valence band offset,DEg=0.4141 eV, andE0 is the fitting

parameterffor each value of VBO, it is determined in such a
way that at the pointxj =0.065 the functionEcjsxjd is con-
tinuousg.

In the external magnetic fieldB, the conduction band
edge of the semimagnetic semiconductor is spin dependent
due to the effect of the giant Zeeman splitting of the electron
energy levels.9,10 The value of the spin-dependent shift
e jsz

sBd of the conduction band edge of the semimagnetic
semiconductor is equal to the value of the energy of the
sp-d exchange interaction between the conduction electrons
and localized electrons of the magnetic Mn ions,

e jsz
sBd = − szxj

ef fN0akSzjl, s2d

where sz= ±1/2 sor ↑ ,↓d is the spin quantum number;
xj

ef f=xjs1−xjd12 is the effective concentration of Mn ions;4–8

N0a is thesp-d exchange constant for conduction electrons;
and kSzjl is the thermal average of the Mn spin component
along the magnetic fieldB:

kSzjl = − SBSsgMnmBSB/kTj
ef fd. s3d

HereBS is the modified Brillouin function for the total spin
quantum number of Mn ions;S=5/2; gMn=2 is g-factor of
the spectroscopic splitting for Mn-d-electrons;mB is the Bohr
magneton;Tj

ef f=T+Tj
AF is the effective temperature;T is the

lattice temperature of semimagnetic semiconductors; andTj
AF

is the phenomenological parameter. The parameters,xj
ef f and

Tj
AF, are required by the necessity to take into account the

antiferromagnetic interaction between the Mn ions.
Thus, the conduction band edge of semimagnetic semi-

conductorsEcjsz
in the magnetic fieldB is determined by the

following formula:

Ecjsz
= Ecj + e jsz

sBd. s4d

We consider sufficiently high magnetic fields for which
the Landau quantization of transverse motion of electrons is
important. Then the electron energy in each layer of the con-
sidered RTD has the following form:

Ejsz
= Ecjsz

+ sl + 1
2d"vc + szg

*mBB + Ez. s5d

Here l =0,1,2,… is the Landau level quantum number;
vc=eB/cm* is the electron cyclotron frequency;Ez
="2kz

2/2m* is the electron energy connected with their mo-
tion along the RTDskz is the electron wave vector alongz
directiond; m* is the effective electron massswe assume a
single electron mass throughout all RTD layersd; and g* is
the zone electrong-factor.

Taking into account expressions4d, the electron energy in
each RTD layer can be written in the following form,

Ejsz
= Ecj + sl + 1

2d"vc + szgj
ef fmBB + Ez, s6d

where

gj
ef f = g* + xj

ef fN0aSBSsgMnmBSB/kTj
ef fd/mBB. s7d

The average current density through the RTD created by
electrons withsz polarization in the magnetic fieldB at the
finite temperature T is determined by the following
expression:5–7

FIG. 1. sad The Zn1−xMnxSe double-barrier resonant-tunneling
semimagnetic nanostructuresRTDd and sbd its spin-dependent con-
duction band profile in the nonzero bias voltage.
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Jsz
= J0Bo

l=0

` E
0

`

Tsz
sEz,B,VadhffEz + sl + 1

2d"vc + szg1
ef fmBBg

− ffEz + sl + 1
2d"vc + eVa + szg5

ef fmBBgjdEz, s8d

where Tsz
sEz,B,Vad is the electron transmission

coefficient through the RTD; J0=e2/h2c; and fsEd
=1/h1+expfsE−EFd /kTgj is the Fermi function.

The total current densityJt through the RTD isJ↑+J↓ and
the coefficient of the current spin polarizationP is

P =
J↓ − J↑
J↓ + J↑

. s9d

To find Tsz
sEz,B,Vad we use the Airy’s-function-based

transfer-matrix method.17 This allows us to calculateJsz
nu-

merically for arbitrary values ofVa. In the following we use
these specific values of the RTD parameters:m* =0.16m0 sm0
is the free electron massd, g* =1.1; N0a=0.26 eV;T=4.2 K;
Tef f

j =2 K; L1=L3=5 nm; andL2=9 nm. Note that the thick-
nesses of the quantum well and two barriers of the RTD
correspond to the physical semimagnetic RTD with nonmag-
netic barriers, whose properties were investigated experi-
mentally in Ref. 3.

III. NUMERICAL RESULTS AND DISCUSSION

The spin-filtering effect of the electron current becomes
most clearly apparent when the energy of thesp-d exchange
interaction is maximal. Considering this energy as a function
of xj, it is easy to show from formulas2d that it is maximal at
xj =xm=1/13<0.077. Later on we will consider the case
when the Mn concentration in the emitter and collector of the
RTD is equal to this value, that is,x1=x5=xm. This allows us
to obtain the maximal value of the spin-dependent shift of
the conduction band edge of the emitter and collector. To
create the potential profile inherent in double-barrier RTDs,
it is required that the concentration of Mn ions in the
two barrierssx2 and x4d is larger than in the emittersx1d,
collector sx5d, and the potential wellsx3d. We assume that
x2=x4=0.25, andx3 is changed fromx3=0 to x3=xm.

A. The spin-dependent RTD conduction band profile
at the zero bias voltage

Figure 2 shows the dependence of the energyEc3sz
of the

conduction band edge of quantum wellswe choose the zero
of the energy to be at the conduction band edgeEc1sz

of the
RTD emitterd on the Mn concentrationx3 for three values of
B=2,3,4 Tsthe solid lines correspond to the spin-down elec-
trons and the dashed lines correspond to the spin-up elec-
tronsd. It is seen from Fig. 2 that with increasingB, the
difference in the position of the conduction band edge of the
RTD quantum well for the spin-up and spin-down electrons
increases. At a fixed value ofB, the largest difference in the
position of the spin-dependent conduction band edges takes
place, and hence the largest spin splitting of the electron
levels in the RTD quantum well occurs, atx3=0. We empha-
size that this statement is related to the fact that we measure

the energyEc3sz
of the conduction band edge of quantum

well from the energyEc1sz
of the conduction band edge of

the emitter. As far as the RTD emitter has a nonzero Mn-ion
concentrationsx1=xm=0.077d and the energyEc1sz

is spin
dependent, the relative position of the energyEc3sz

is defined
by the electron spin direction.

Figure 3 shows the zero bias voltage RTD potential pro-
file sthe energy is measured from the spin split conduction
band edge of the emitterd for spin-down electronsssolid
linesd and for spin-up electronssdashed linesd for sad
x3=0.0 and sbd x3=0.05 at B=4 T. One can see that for
spin-up electrons the barriers are smaller and the quantum
well is deeper than for spin-down electrons. Consequently,
the energy levels in the quantum well lie deeper for spin-up
electrons than for the spin-down electrons. It is obvious that
with decreasingx3, the difference in the potential profile for
spin-up and spin-down electrons increases, and the effect of
electron current spin filtering becomes more apparent.

B. Magnetic field dependencies of the RTD current spin
polarization

In Fig. 4 the dependencies ofJ↑sVad, J↓sVad, JtsVad sthe
left axis of ordinatesd andPsVad sthe right axis of ordinatesd
are shown atsad B=2 T and sbd B=4 T for x3=0.0 and
EF=10 meV. It is seen from these figures that there are two
current density peaks in the curvesJ↑sVad and J↓sVad. With
increasingB, the values of the peaks ofJ↓sVad increase and
for J↑sVad they decrease. This is concerned with the fact that
Jsz

sBd depends not only on the numberNsz
of the Landau

levels lying under the Fermi level but on the value of degen-
eracy of the Landau levels which is determined by the ratio
NB=AeB/hc sA is the RTD aread. The increase inB causes
the decrease inNsz

and the increase inNB. The first circum-
stance leads to the decrease inJsz

sBd and the second one to
its growth. So the peak value of theJsz

sBd depends on the

FIG. 2. The dependence of the conduction band edge of the
RTD quantum well on the Mn ion concentrationx3 for spin-down
ssolid linesd and spin-upsdashed linesd electrons atx1=x5=xm

=0.077,x2=x4=0.25 forB=2,3,4 T.
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factor which is dominant. For the relatively small values ofB
which we have considered we haveN↓@N↑. Therefore, for
the spin-down electrons the main factor determining the peak
value of theJ↓sBd is the increase inNB with increasingB. As
a resultJ↓sBd is the increasing function ofB, in spite of the
minor decrease inN↓. For the spin-up electrons there are
only several Landau levels under the Fermi level and the
decrease in their number even by unity leads to the consid-
erable decrease inJ↑sBd, in spite of the increase inNB. So
J↑sBd is the decreasing function ofB. Note that the values of
the peaks of the total current densityJtsVad increase whenB
increases.

The dependencies ofPsVad are non-monotone functions
and the values of the peaks ofP rise with increasingB as
well. The low-voltage range is of interest, in whichP<1 for
the relatively small value ofB=2 T. In Fig. 4, the presence
of two peaks of the current densitiesJ↓sVad andJ↑sVad cor-
responds to the two lowest resonant spin splitting electron
energy levels in the RTD quantum well. In this case, as the

bias voltage increases, the resonant electron transmission
takes place, from the beginning, for the first lowest electron
energy level in the quantum well and then for the second
electron energy level. Note that the shape of the first peak in
JtsVad has interesting features such as atB=2 T the current
density peak is split and atB=4 T there are kinks. This is
due to both the presence of the spin splitting of the electron
energy levels in the quantum well and the quantization of the
transverse electron motionsthe presence of the Landau lev-
elsd.

A note should be made concerning the physical phenom-
ena determining the shape of the above-mentioned depen-
denciesJtsVad andPsVad. For this reason we plotT↓sEzd fFig.
5sadg and T↑sEzd fFig. 5sbdg for the different values of the
voltage biasVa for B=4 T andx3=0.0 sthe numbers next to
the curves show the corresponding values ofVa in voltsd.

There are resonant peaks with unit peak-value inT↓sEzd
andT↑sEzd for Va=0 fin view of the chosen scale in Fig. 5,
these curves show only the region of the first resonant peak
both forT↓sEzd and forT↑sEzdg. Due to the fact that the depth
of the potential well depends significantly on the electron
spin, the resonant peaks ofT↓sEzd andT↑sEzd strongly differ
in location. With increasingVa the resonant peaks ofT↓sEzd
and T↑sEzd shift in the low-energy region, and their peak

FIG. 3. The zero bias voltage RTD potential profile for spin-
down electronsssolid linesd and for spin-up electronssdashed linesd
at B=4 T, x1=x5=xm=0.077,x2=x4=0.25 for sad x3=0.0 andsbd
x3=0.05.

FIG. 4. J↑sVad, J↓sVad, JtsVad sthe left axis of ordinatesd and
PsVad sthe right axis of ordinatesd at sad B=2 T andsbd B=4 T for
x3=0.0, EF=10 meV.
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values decrease. In Figs. 5 and 6 the dotted lines show the
values of

Ezm
szsld = EF − 1

2"vc − szg1
ef fmBB, s10d

which are the maximal values of the longitudinal electron
energyEz for each Landau levell. The electrons located at
Landau levell pass through the RTD whenEzm

szsld.0. For
sz=1/2, this condition is fulfilled only for l =0, but at
sz=−1/2 it holds forl =0,… ,5. With increasingVa the cur-
rent through the RTD occurs as soon as the first resonant
peak of Tsz

intersects the lineEz=Ezm
szs0d for the Landau

level, l =0. For spin-down electrons this takes place at
Va=0.002 V and for the spin-up electrons it occurs at
Va=0.0026 V. It is seen from Fig. 5sad that with increasing
Va the resonant peak ofT↓sEzd shifts towards the low-energy
region. In this case, the resonant peak decreases in magni-
tude and successively intersects the linesEz=Ezm

szsld. At each
intersection, the current densityJ↓ increases at the expense of
the electrons located at the corresponding Landau levelsl,
and a kink inJ↓sVad occurs. On the other hand, the decrease

in the magnitude of the resonant peak ofT↓ leads to a de-
crease inJ↓. At a fixed value ofVa, the magnitude ofT↓sEzd
decreases so much that electrons with all possible values ofl
give a very small contribution to the current, and it becomes
minimal. At sz=1/2 the current densityJ↑ is only deter-
mined by electrons withl =0, so the contribution of this cur-
rent component to the total current densityJt is small. With a
further increase inVa, the second resonant peak ofTsz

sEzd
intersects the lineEzm

szs0d, and a second peak appears in
J↓sVad andJ↑sVad. In this case, the width of the second peak
of T↓sEzd is so large that it intersects practically all lines
Ezm

↓ sld sat Vaù0.08 Vd. As a result,J↓ is produced by the
electrons located at all the filled Landau levels. For this rea-
son the second peak ofJ↓sVad is higher and smoother than
the first one, and it does not contain visible kinks. Note that
the value of the second peak ofJ↑ approximately equals to
the value of the first peak.

Let us denote the resonant peak locations ofTsz
sEzd by

Ezp
sz. Figure 6 shows the dependencies ofEzp

szsVad for the first
two peaks ofT↓sEzd ssolid linesd and T↑sEzd sdashed linesd
for B=4 T, EF=10 meV, andx3=0.0. It is seen from this
figure that the first and second resonant peaks ofT↓sEzd are
located in the region of smaller values ofEz than those of
T↑sEzd. With increasingVa, the locations of the resonant
peaks ofTsz

sEzd shift to the low-energy region. Each current
density componentJsz

makes a contribution to the total cur-
rent densityJt for those values ofVa for which the value of
Ezp

sz is less than the value ofEzm
szs0d. Note that the end-points

of theEzp
szsVad dependencies correspond to the disappearance

of the resonant peaks in theTsz
sEzd, i.e., these dependencies

are monotone with further increase ofVa.

C. The effect of total RTD current spin polarization

It is clear that a high degree of the current spin polariza-
tion occurs whenJ↑ is small. It follows froms8d that at low
temperatures the current is only created by the electrons for
which the conditionEz,Ezm

szsld is fulfilled. It is obvious that

FIG. 5. sad T↓sEzd and sbd T↑sEzd for the different values of the
voltage biasVa at B=4 T and x3=0.0 sthe numbers next to the
curves show the corresponding values ofVa in voltsd.

FIG. 6. The bias-voltage dependence of theEzp
sz locations of two

resonant peaks in the dependenciesT↓sEzd ssolid linesd andT↑sEzd
sdashed linesd for B=4 T andx3=0.0.
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for the spin-up electronsssz=1/2d located at the lowest Lan-
dau level sl =0d, the conditionEzm

↑ s0dø0 can be fulfilled.
This implies that for the spin-up electrons, the lowest Landau
level is located higher than the Fermi level, and spin-up elec-
trons are absent in the RTD emitter. As a result, the effect of
total spin polarization of the electron current in the RTD
must occur when the current is only caused by the spin-down
electronssJ↑=0,P=1d.

Let us show that the conditionEzm
↑ s0dø0 can be fulfilled

for moderate magnetic fieldsB. In Fig. 7 theEFsBd depen-
dencessolid curve 1d, corresponding to the solution of equa-
tion Ezm

↑ s0d=0, is plotted along the left axis of the ordinates.
The magnetic field dependence of the RTD emitter electron
concentrationn sdashed curve 2d is presented along the right
axis of the ordinates assuming thatn is related toEF by the
equationn=s1/3p2ds2m*EF /"2d3/2. sWe consider the elec-
tron gas in the RTD emitter to be degenerate.d For a fixed
value of EF, the effect of the total spin polarization of the
electron current must occur starting at a critical value ofB.
sThis situation corresponds to the dashed area in Fig. 7.d
Note that in order to decrease the critical value ofB, it is
necessary to decrease the value ofEF. For example, for the
moderate valueB=2 T the effect of the total spin polariza-
tion of the electron current occurs atEF=5.1 meV.sThe cor-
responding value ofn is 1017 cm−3.d

Now we consider the influence of constant magnetic field
B on theJtsVad andPsVad for two values of the Mn concen-
tration x3 in the RTD quantum well atEF=5.1 meV. In Fig.
8 JtsVad sthe left axis of ordinates, curves of different types
except dashed linesd and PsVad sthe right axis of ordinates,
dashed linesd are shown forsad x3=0.0 andsbd x3=0.05 for
five different values ofB=0.5,1,2,3,4 T. It is seen from Fig.
8 that with increasingB the current densityJt in the RTD
increases, and kinks on the first resonant peak ofJt arise. The
value of P also increases with increasingB. Starting with
B=2 T, the electron current in the RTD is totally spin polar-
ized sP=1d. As one can see in Fig. 8sad, in the casex3=0.0
the peaks of theJtsVad coincide with the peaks ofPsVad. For
the casex3=0.05fFig. 8sbdg the situation is different because

the peak values of the current density correspond to the local
minima of P. So, we conclude that in moderately low mag-
netic fieldsB, the maximal degree of the current spin polar-
ization in the peak values of the current takes place when the
RTD quantum well does not contain Mn ions. In this case the
first current density peak is characterized by almost total cur-
rent spin polarization.

In order to obtain a high value of the spin-polarized cur-
rent in the RTD, it is necessary to increaseEF. Figure 9
showsJtsVad sthe left axis of ordinates, curves of different
types except dashed linesd andPsVad sthe right axis of ordi-
nates, dashed linesd at sad x3=0.0 andsbd x3=0.05 for five
different values ofEF=5.1,10,15,20,25 meV atB=2 T. It is
seen from Fig. 9 that with increasingEF the current density
peak values increase. However, the value ofP decreases and,
moreover, the functionP becomes negative in low-voltage
region for the casex3=0.05fFig. 9sbdg. The first current den-
sity peak is characterized by the high value ofP for the case
x3=0.0 as usual, but the difference inP for the second peak
in casesx3=0.0 andx3=0.05 becomes smaller. Note that the
high value of the peak-to-valley ratio typical of the first cur-
rent density peak also decreases with increasingEF.

FIG. 7. EFsBd sleft ordinate axisd andnsBd sright ordinate axisd
corresponding to the occurrence of total current spin polarization
effect.

FIG. 8. JtsVad sthe left axis of ordinatesd andPsV−ad sthe right
axis of ordinatesd for five values ofB=0.5,1,2,3,4 T,EF=5.1 meV
at sad x3=0.0 andsbd x3=0.05.
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IV. CONCLUSION

In this paper, we have investigated theoretically the spin-
polarized electron current in a double-barrier semimagnetic
RTD based entirely on a Zn1−xMnxSe semimagnetic semi-
conductor. We have demonstrated the dependance of the cur-
rent spin polarization on the external constant magnetic field,
the applied voltage bias, and the distribution of Mn ions in

the RTD. We have obtained the condition for total current
spin polarization in the semimagnetic RTD, and we have
found the optimal distribution of Mn ions in the RTD pro-
viding the maximal current spin polarization in the current
peaks for arbitrary values of the external magnetic fields and
the Fermi levels in the RTD emitter. We have demonstrated
that the degree of current spin polarization in the semimag-
netic RTD can be effectively controlled by an electric field,
and this fact can be used for creating the voltage controlled
sources of spin polarized current for spintronics devices.

Note that some important nonlinear phenomena related to
the current transmission through the RTD have not been con-
sidered in this paper. We have neglected a charge accumula-
tion in the quantum well which involves a band bending.
This effect results in a number of interesting phenomena in
conventional electron transport through RTD, such as
bistability,18–24 tristability,25 and formation of the electric
field domains.26 Charge accumulation in quantum wells also
plays an important role in spin-polarized electron transport
through the magnetic RTD.27,28

In our case, the potential profile in the RTD will differ
from the profile shown in Fig. 3 due to the presence of the
charge accumulation in the quantum well. As a result of this
the bias-voltage dependence of the resonant peak locations
of Tsz

sEzd sFig. 6d will have a more complicated shape. This
will change the positions of current peaks and the coefficient
of current spin polarizationP.

At the same time the results of our investigations show
that high values ofP are observed at small currents in the
RTD sJt<10 kA/cm2, Fig. 9d when EF=5–10 meV. For
such small currents and small quantum well thicknesses we
assume that the effects of charge accumulation and band
bending are of little importance, and so we can use our re-
sults as a first approximation to the spin-filtering effect of the
electron current in the semimagnetic RTD.
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