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The spin-dependent tunneling across the single semimagnetic semiconductor barrier has
been studied in CdTe/Cd, Mn Te/CdTe based system under the external magnetic and electric
fields. The influence of parameters of such spin filter on the spin polarization of electrons has
been revealed. The spatial distribution of polarized spins has been calculated as a function of the
distance from the barrier. It has been shown that this distance depends on the relaxation times
and may reach few micrometers. The polarization degree was studied as a function of carrier
concentration, concentration of magnetic impurities in the barrier and kinetic parameters of the
electron motion, mobility.

WccnenoBamo cinH-3aBUCHMOE TYHHEIUPOBAHUE Yepe3 OJIUHOYHBIN Oaphep B II0JIyMarHUTHOM
TIOJTyTIpoBoAHKKe B cucteMe Ha ocHoBe CdTe/Cd, Mn Te/CdTe mon BiuaHMeM BHENTHUX MarHUT-
HBIX U JIEKTpUUecKuX rmoser. OOHapysKeHo BIMAHNE ITapaMeTPOB TAKOTO CITMHOBOIO (WUIBLTPA HA
CIIMHOBYIO ITIOJIAPHU3AIIHUIO 3JIEKTPOHOB. PaCC‘{I/ITaHO IIPOCTPAaHCTBEHHOE pacCIipeaesieHe IIOJIAPM-
30BAHHBIX CIIMHOB KaK (PyHKIMs paccTosHus oT 6apbepa. [lokasamo, 4To aT0 paccTossHue 3aBUCUT
OT BpEeMEHHU peJIaKCallu| U MOKET JOCTHUI'AaTh HECKOJBbKHUX MHUKPOMETPOB. I/ICCJIe,HOBaHa CTEeIIeHb
IIOJIAPHU3AIINHU KaK d)yHKHI/IH KOHIIEHTpPAaIluK1 HOCI/ITe.Hef/'I, KOHIEHTPAIluX MAarHUTHBIX HpI/IMeceﬁ B
6apbepe 1 KMHETHYECKHUX IIapaMeTPOB IBUKEHHNA 3JIEKTPOHOB, IIOABHKHOCTH.

1. Introduction

During the last few years, different systems with a considerable level of the electron spin
polarization were studied intensively, because of the developing and searching of new devices with
properties defined mainly by the spin orientation. The electron spin polarization is a critical param-
eter, for example, in the quantum spin computers [1], spin transistors [2], etc. One way to provide
a high level of the electron spin polarization is to use spin filters based on the effect of the spin-de-
pendent electron tunneling across the semimagnetic semiconductor heterostructures with different
barrier configurations [3—9]. In this work, the simplest single-barrier semimagnetic semiconductor
tunneling structure with one magnetic layer under the external magnetic and electric fields is pro-
posed as the spin filter. Fig. 1 shows schematically the proposed device. In semimagnetic semicon-
ductors, a strong exchange interaction between the carriers and the localized spins of the magnetic
ions (giant Zeeman splitting) results in a strong dependence of the barrier height on the external
magnetic field and carrier spin. As a result, the electrons with different spin orientations have dif-
ferent transition coefficients. The level of the giant Zeeman splitting depends heavily on the exter-
nal magnetic field and thus there is a possibility to tune the spin polarization level by an external
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parameter. In this work, the one-barrier system
based on CdTe materials was studied. A similar
spin polarization scheme for ZnSe based systems
was studied in [4]. In contrast to [4, 5], in this work
the dependence of the carrier polarization degree on
the distance from the barrier was studied. The polar-
ization degree was investigated as a function of the
spin-lattice relaxation time.
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2. The system under consideration

All calculations in this work were made for

the CdTe based semimagnetic semiconductor sys-
tem. The system under consideration consists on
semimagnetic barrier formed by the Cd, Mn Te
layer sandwiched between two CdTe layers. The
electric and external magnetic fields are applied
along the crystal growth direction z. The general Fig. 1. A schematic diagram of the band aligment
design of such system and its band structure with-  without (a) and under (b) the external electric and
out applied fields are shown in Fig.1la and under magnetic fields.
the external electric and magnetic fields, in Fig 1b.
We consider the regions outside the barrier to be conductive because an additional carrier concen-
tration arose in the CdTe layer (due to donors, irradiation, external carrier source, etc.). First of
all, we will calculate the current polarization relying on the electron transmission coefficients at
different spin orientation.

The Shrodinger equation for the electron in such system is

b)

2
1 H

2—[[px _e_y} +p§+p§ +v-EoH U(x,y,2)= EV(x,y,2). (1)
m c s

where m is the electron mass; o, the spin projection on z direction; H, the magnetic field; V,
the potential having value and shape dependent on the system inner parameters (for exam-
ple, used materials and impurities concentration), external magnetic field and applied bias,
V=V (2)+Vy(2)+Vg(2).

The first item V, (z) describes the crystal lattice deformation caused by the replacement of
cations by the magnetic impurity ions and its value does not depend on the spin. In this case, V, (Z)
is zero in CdTe layers and

Vx <2> = QVAEg (2)

in the layer with impurities. AE P is the valence band shift; @y, the system parameter determined
experimentally. The second item V77 (2) describes the exchange interaction between the electron and
the magnetic ion spins and depends on the magnetic field H and the electron spin projection s_.

Vi (2) = —xNoaSMnz (H)s,. 3

Here, Nyo is the exchange integral; §Mn,z (H ), the average spin of the impurity ions. The ex-
change integral can be calculated theoretically but this calculation is very complicated, and thus its
value was taken from the experiment. The average spin was determined using the semi-empirical

formula — - gwpH
S H)= By | —————
Mn,z ( ) s(x) g kB [T n TO (x)]

’
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and S = B [11,12]. The last item Vg (z) characterizes the

6 6 1 1
where Bs (¥)= gCOth gy] - gCOth[g y] is a Brillouin function; Ty (x) =

2
5(x) = 5]0.265¢ 5547 10,735 619

applied external electric field influence on the barrier shape:
0, z2<0

Vi (z)= fgeU, 0<z<a 4)
—elU, a<z<oo,

where U is the applied bias. Our calculations show that the barrier deformation caused by the
charge redistribution is small in comparison with the barrier size and so can be neglected.

3. The current polarization

The current outside the barrier can be completely defined by the transition coefficient. Tak-
ing into account the fact that the potential V depends on the variable z (2), (3), (4) only and using
standard methods, we can separate the variables in equation (1) ¥(x,y,z)= X (x)Y(y)¥(z). The

1 p
proposed approach gives E= [n + EJHWH + EL - Z—OH and the next wavefunction: X( ) eh< X ),

2
1 (y*yo)
Y(y 2a% H, Y — Yo | for the x and y, respectively, where H, (£) is Hermite
TYGH 2aH

polynomial, ag , Yo = _% . On the direction z, we have the one-dimensional

e

t1
equation 2 2

————+4+V(z)—E, |¥(z)=0. 5
GRS ®

The standard solution of this equation is

M Clefﬂﬁz, z2<0
U(z)= C2Ai(g2)+033i(g2), 0<z<a ®)
zk32
a<z<oo,

[3]. In the present case,

2mW, [V,
where kl—/z—mEL,kg)—/ (E, +eU), /m2[2

Vo=Vio+Vha, W, = — . Standard joint of the wave function (6) and the numerical solution
a

of the resulted system of equations gives the spin-dependent transition coefficient for the electron
tunneling under the electric and external magnetic fields:

D,(U,H,E,) :’Z—j|c4|2. (7)

Cd,_,Mn,Te

The carrier current density throughout the barrier (the layer ) can be deter-

mined by the following formula:
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. Lot
(UH)=  3BY [7D,(UH.E, )
n=0 8
1 1
X{fEL—F n+§]th —fEL'i‘ n—i—E]th—FeU}dEL,
2 2
where f [X] = is the Fermi-Dirac distribution function; € = m (37T2ne)3 , the Fermi
X—ep e
1ie kgT ,
energy; T, the carriers concentration, j, = e2 [4, 5]. By the definition, the current polariza-
tion is determined as 4n°h

b i (UH) - (UH)

== : . )
j (UH)+j_(UH)

4. The charge carrier polarization

The spin filter described above allows passage of a highly polarized current of electrons. But
the interaction of the electrons with the surrounding material results in the electron relaxation and
in decreased spin polarization. The distance for which the spin polarization remains significant is
defined by the crystal properties, such as the spin relaxation time, the electron mobility, etc. The
polarization degree is the relative concentration difference of electrons with different spin projec-
tions:

_ n+—n7

P (10)

’
n,+n_

where n, and n_are the concentrations of electrons with s_ = 1/2 and s_=—1/2, respectively. The cur-
rent density of electrons with different spin polarization is:

. d
jr =eun E +eD (;Li . (11)

2 ki
. o . o phpT
where D is the diffusion coefficient; i, the electron mobility and D = . -
The density of electrons with different spin orientation and their polarization can be calculated

in the two-component drift-diffusion transport model and described by the continuity equations:

e L gigj, 422 T (12)
0 e Ty Ty
where 7+ and T4 are the relaxation times (times of electron transition from the state with s, = —1/2
to the state with spin s, = 1/2 and vise versa). Taking into account (11), Eq. (12) in the steady state
give the system of equations:

d’n dn o
D@_}_MEE_FHMZWE =0 (13)
2
Dd_p_HLEd—p—kpudivE—p L-I-L +n L =0
dz* dz T Ty TFTx
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where n=n, +n_ and p=n, —n_ [10]. According to Eq. (11), the boundary conditions for the
total concentration and for the of electron concentration difference take the form:

5 dn(z)
dz

. . dp(z

. (0)- - (0) = awp(0)E(0) + eD L)

where the coordinate origin z = 0 is located at the external boundary of the barrier and the values

Jj.(0) and j_(0) are as calculated above (see (8)). We suppose that for a low temperature, the spin

distribution at the infinity is normal, p(co)~ 0, and the total carrier concentration is equal to the
donor concentration n(co)~ N .

i (0) - (0) = eun(0) E(0) + ¢
0 (14)

In order to obtain a full system of kinetic equations for the electron density in the conduction

band, the Eq.(13) must be complemented with the Poisson equation Cfi—E = i(N — n) . In combina-
z

EEO
tion, the Poisson equation and the total current equation give the electric field equation
2 2 .
CE, e gdb N g J - (15)
dz?> kT dz egpkpT eegD

where N is the donor concentration. The boundary conditions for the electric field are formulat-
ed according to the following physical considerations. We suppose that the electrical field on the
barrier/sample interface is continuous and equal to the electric field value inside the barriers,

E(O) = AV . On the other hand, the electric field at infinity is constant, so the equation (15)
a .
gives E(oo)= ]kgT . So, the system of equations (13) and (15) with boundary conditions defines
De”N

completely the spin polarization of the electrons in the layer placed after the barrier.
5. Results and discussion

The spin-dependent electron transition coefficient in the case of the single Cd, Mn Te bar-
rier was calculated for the electron effective mass m, = 0.096m, the dielectric constant ¢ = 9.7, the
exchange integral N, = 0.22 eV and @, = 0.4 [13]. The shape and magnitude of the general poten-
tial was determined as a sum of components V (2), V,(2), V,(2), where V,(2) was calculated accord-

ing to the empirical formula (3), V,(2) according to the formula (4) and V (2) according to (2). It was

taken into account that AE g = E§d1-XMnXTe — EngTe , E§d1‘XMnXTe = Enge + xdE p and dEgZ 1.592

eV [14]. In such a system, the giant Zeeman splitting lets to tune the barrier height by the mag-
netic field. When the external magnetic field rises, the barrier height for the o* current component
decreases and for the o~ component, it increases. Such dependence results in the transition coef-
ficient dependence on the electron spin. Thus, outside the spin filter, we can form a region where
the number of electrons with the spin —1/2 exceeds that of electrons with the spin 1/2.
-

Jy+J
impurities concentration. As is seen from the Figure, the current polarization has a maximum. This
maximum can be explained as follows. When the impurity concentration is low, the electron Fermi
energy exceeds the barrier height and thus the electron does not fill the barrier transformations
caused by the magnetic field. When the impurity concentration is high, the barrier height in both
cases of electron spin polarization is so large that the electron does not fill the difference. It is seen
from the Figure that in the present case, we can obtain the current polarization value close to 0.4.

Fig.3 shows the total current under applied voltage for several different donor concentra-
tions. The parameters H and x in Fig. 3 were chosen to obtain the maximum current (and thus the

Fig.2 shows the calculated current polarization dependence Pj = on the magnetic
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Fig. 2. Current polarization PJ as the function of
magnetic impurities Mn?* concentration. Depen-
dence obtained at temperature 7'= 2 K and carriers
concentration n, = 10" cm™

carriers) polarization in the case when the carrier
concentration is n, = 10" cm™. It is seen that the
current absolute value increases when the charge
carrier concentration rises. Fig.3 also shows that
the current value rises by an order of magnitude as
the donor concentration grows twice. The current
polarization also depends on the system param-
eters such as widths of the barriers and tempera-
ture. The calculations show that the temperature
affects critically the spin filter efficiency. For ex-
ample, if at a low temperature we can reach the
situation when the number of tunneling electrons
with the spin —1/2 exceeds that of electrons with
the spin 1/2 twice, at the temperature 7' = 20 K
and physically motivated U such value is inacces-
sible. A similar behavior as a function of tempera-
ture was observed in experimental work [15] for a
system based on ZnSe. Another important param-
eter which influences the current absolute value
and the polarization value is the barrier width.
The barrier must be wide enough for the electron
might fill it but it cannot be too wide to suppress
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Fig. 3. Total current for the different values of donor
concentration (energy of the Fermi level) as function
of applied bias. Solid curves correspond to the cur-
rent components with a spin —1/2, dashed curves to
the spin 1/2. Black curves correspond to the carriers
concentration n, = 10'® cm™, grey n, = 0.5*10'® cm™.
All curves obtained at x = 0.06, 7=2K, a =70 A
and H = 3.
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Fig. 4. Spin density polarization degrees P =
(n, — n)/(n, + n) as function of the distance from
the border of the barrier. Solid curves correspond to
the 7, =1 =107 s, dashed — 7, =7 = 10" s, dot-
dashed — 7, =7 =10"s. For all curves n,= 10'® cm™?,
x =006 T=2K a=70A and H=3.

the electron tunneling. For example, when the barrier width rises by 100 A, the current value de-

creases by one decimal order.

Fig.4 shows the carriers spin polarization dependence on the distance from the barrier bound-

ary. It is seen that for the specified parameters, the electron spin polarization may exceed 40%. As
could be expected, the relaxation time increase results in higher polarization of the carriers in the
sample. The spin-lattice relaxation time depends on the sample conditions (the presence of impuri-
ties, the electron-phonon interaction, etc.), and may reach the nanosecond range in II-VI semicon-
ductors [2, 15, 16]. Fig.4 shows that the polarization penetration depth critically increases as the
electron spin relaxation time increases. For example, when the relaxation time increases from 10!
to 10 s, the polarized region increases from a few hundred angstroms to few dozen of thousand
angstroms (i.e. um). The calculations also show that the penetration depth increases when the elec-
tron mobility p grows.
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6. Conclusion

In this work, the spatial spin distribution of electrons tunneled across the one-barrier het-
erostructure CdTe/Cd, Mn Te/CdTe was studied under external electric and magnetic fields. It has
been shown that the polarization level may reach 40% even for the simplest one-barrier semimag-
netic system at certain values of the system parameters and the external field. We expect that
the polarization degree can be increased by adding the few additional barriers. It has been shown
that for the relaxation time T = 10 s, the distance at which a high degree of carrier polarization is
maintained could reach several micrometers. The current polarization dependence on temperature,

concentration of magnetic ions, the barrier width was obtained.

® ® N % oe Wb o=

o S e S S S G
o otk w2 o

244

Acknowledgment
The authors wish to thank Prof. V. I. Sugakov for useful discussions.

References

D. P. DiVincenzo, Science, 270, 255 (1995). B. E. Kane, Nature, 393, 133 (1998).

J. M. Kikkawa, I. P. Smorchkova, N. Samarth, D. D. Awschalom, Science, 277, 1284 (1997).
V. 1. Sugakov, S. A. Yatskevich, Sov. Tech. Phys. Lett. 18, 134 (1992).

Y. Guo, H. Wang, B. L. Gu, Y. Kawazoe, J. Appl. Phys., 88, 6614 (2000).

Y. Guo, J. Q. Lu, Z. Zeng et al., Phys. Lett. A, 284, 205 (2001).

V. 1. Perel, S. A. Tarasenko et al., Phys. Rev. B, 67, 201304(R) (2003).

A. Voskoboynikov, S. S. Liu, C. P. Lee, Phys. Rev. B, 59, 12514 (1999).

S. Nonoyama, J. Inoue, Physica E, 10, 283 (2001).

X. Zhang, B. Z. L1, G. Sun, F. C. Pu, Phys. Lett. A, 245, 133 (1998).

Z. G.Yu, M. E. Flatte, Phys. Rev. B, 66, 235302 (2002).

S. B. Lev, V. I. Sugakov, G. V. Vertsimakha, J. Phys.: Condens. Matter ,16, 4033 (2004).
W. Greishaber, A. Haury, J. Gilbert et al., Phys. Rev. B, 53, 4891 (1996).

W. Ossau, R. Fiederling, B. Konig et al., Phys. Low.-Dim. Struct., 11/12, 89 (1997).

J. A. Gaj, W. Grieshaber, C. Bodin-Deshayes et al., Phys. Rev. B, 50, 5512 (1994).

A. Slobodskyy, C. Gould, T. Slobodskyy et al., Phys.Reuv.Lett., 90, 246601 (2003)

M. Bejar, D. Sanches, G. Platero et al., Phys. Rev. B, 67, 045324 (2003).

Bruiue oquo6ap’epHOro HaIriBMarHiTHOTO
HAIIiBIIPOBiJHNKA K CIHiHOBOro (hibTpa
Ha CIIIHOBY HOJIAPU3AIlil0 €JIEKTPOHIB

I'.B.Bepuumaxa, C.B./Ies

JlocmimpxeHo CIIiHO3aJIesKHe TYHEJIOBAHHS Yepes OJUHOYHUHN bap’ep y HAINIBMATHITHOMY Ha-
miBnpoBinHuKy y cucremi CdTe/Cd, Mn Te/CdTe min BIJIMBOM 30BHIIIHIX MArHiTHHUX Ta eJIEKT-
PUYHUX TI0JT1B. BUsIBIIEHO BIJIMB ITapaMeTpiB TAKOTO CIIIHOBOTO (PLIIETPA HA CIIHOBY IIOJISIPU3AITII0
esieKTpoHiB. OOUKCIIEHO ITPOCTOPOBUI POSIIOMIIII MOJISPU3OBAHUX CIIIHIB K (DYHKIIIIO BiJCTaHI Bif
Gap’epy. ITokasaHo, 110 I BiACTaHb 3aJIEKUTH Bl Yacy pesiakcallil Ta MOsKe JOCATaTH KiJIbKOX
mikpomeTpiB. JlocmimxeHo CTymHE TOIIPU3aliil Tk PYHKITII0 KOHIIEHTPAIII] HOCITB, KOHIIEHTpATIIil
MATHITHUX JIOMIIIOK Y 0ap’epl Ta KIHETUYHUX [TAPAMETPIB PyXy eJIeKTPOHIB, PYXOMOCTI.

Functional Materials, 17, 2, 2010



