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Spin-dependent transport through Cd1ÀxMn xTe diluted magnetic semiconductor
quantum dots
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We theoretically investigate the spin-dependent transport through Cd12xMnxTe diluted magnetic semicon-
ductor ~DMS! quantum dots~QD’s! under the influence of both the external electric field and magnetic field
using the recursion method. Our results show that~1! it can get a 100% polarized electric current by using
suitable structure parameters;~2! for a fixed Cd12xMnxTe DMS QD, the wider the system is, the more quickly
the transmission coefficient increases;~3! for a fixed system length, the transmission peaks of the spin-up
electrons move to lower Fermi energy with increasing Cd12xMnxTe DMS QD radius, while the transmission of
the spin-down electrons is almost unchanged;~4! the spin-polarized effect is slightly increased for larger
magnetic fields;~5! the external static electric field moves the transmission peaks to higher or lower Fermi
energy depending on the direction of the applied field; and~6! the spin-polarized effect decreases as the band
offset increases. Our calculated results may be useful for the application of Cd12xMnxTe DMS QD’s to the
spin-dependent microelectronic and optoelectronic devices.
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I. INTRODUCTION

In recent years, much interest has been paid to spintro
~spin transport electronics or spin-based electronics!, where
it is not the electron charge but the electron spin that car
information, and this offers opportunities for a new gene
tion of devices combining the standard microelectronics w
spin-dependent effects that arise from the interaction
tween the spin of the carrier and the magnetic propertie
the material.1

Guo2 investigated the spin-polarized transport throu
semimagnetic semiconductor heterostructures under the
fluence of both an external electric field and a magnetic fie
The structurally symmetric and asymmetric effects as wel
the electric-field effect were stressed. The results indica
that ~1! transmission resonances are drastically suppre
for spin electrons tunneling through the symmetric hete
structure under an applied bias; and~2! transmission reso
nances can be enhanced to optimal resonances for sp
electrons tunneling through the asymmetric structure w
double paramagnetic layers under a certain positive b
while for spin-down ones tunneling through the same str
ture, resonances can also be enhanced to optimal reson
but under a certain negative bias. Transmission suppres
and enhancement could originate from the magnetic-
electric-field-induced and structure-tuned potentials. Sp
dependent resonant enhancement and negative differe
resistances could be clearly seen in the current density.
results in Ref. 2 might shed light on design and applicatio
of spintronic devices.

With the rapid progress in semiconductor growth tec
niques, it is now possible to fabricate various ze
dimensional diluted magnetic semiconductor~DMS! quan-
tum dot~QD! structures. The novel properties of DMS ari
0163-1829/2003/68~24!/245306~5!/$20.00 68 2453
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from the strongsp-d exchange interaction between the ca
riers and the magnetic ions Mn21 in DMS structures.3

Of particular interest in the spin transport theory for sem
conductor systems has been the question whether the q
independent electron model can adequately account for
experimental results, or whether many-body, or correlat
electron processes are important. Flatteet al. have examined
extensively this issue in the diffusive transport regime a
have concluded that an independent electron approach a
is quite capable of explaining the measurement results,
ticularly the room-temperature measurements.1

The purpose of the present paper is to establish the ca
lation method for the single-electron transport through thr
dimensional nanostructures of DMS based on the o
dimensional numerical method of Lambin and Vignero4

Then, we will study the single-electron transport throu
Cd12xMnxTe/Cd12yMgyTe DMS QD system using ou
method. In more detail, we will study the spin-depende
transport under influence of an external electric field an
magnetic field. The results could be useful for the und
standing and exploring of future applications of DMS Q
such as the spin-based transistors, quantum computing,

This paper is arranged as follows, in Sec. II, we give
theoretical model to calculate the conductance through na
structures. In Sec. III, we show the numerical results. Fina
we give the conclusion in Sec. IV.

II. THEORETICAL MODEL

We consider a DMS QD embedded in another semic
ductor material. The DMS QD can be a ball, a disk, or
other shapes. An external magnetic field and an electric fi
are applied to the system alongz direction. The effective
Hamiltonian can be written as follows:
©2003 The American Physical Society06-1
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H5
~p1eA!2

2m*
6ge* mBB2eFz1Vexch1V~r !, ~1!

where m* and p are the electron effective mass and t
momentum operator, respectively,r5(x,y,z) is the position
vector of the electron,ge* is the electron Lande´ g factor, F
5(0,0,F) is the external electric field, andA is the vector
potential. In the symmetric gauge,

A5B3r /25~2y,x,0!B/2. ~2!

V(r ) is the confining potential of the electron in the QD:

V~r !5H 0 in the QD

Ec otherwise.
~3!

The exchange interaction termVexch describes thesp-d ex-
change interaction between the electron and the magnetic
Mn21,

Vexch5Js2d^Sz&sz , ~4!

where Js2d52N0axe f f , ^Sz&5S0BJ@SgMnmBB/kB(T
1T0)#, andS55/2 corresponds to the spins of the localiz
3d5 electrons of the Mn21 ions.BJ(x) is the Brillouin func-
tion, N0 is the number of cations per unit volume; the ph
nomenological parametersxe f f ~reduced effective concentra
tion of Mn! and T0 account for the reduced single-io
contribution due to the antiferromagnetic Mn-Mn couplin
kB is the Boltzmann constant,mB is the Bohr magneton
gMn52 is theg factor of the Mn21 ion, andsz561/2 is the
electron spin.

We calculate the transmission by employing the Landa
formula.5 It is first needed to calculate the effective potent
function Ve f f(z) along thez direction. In thex andy direc-
tions, we consider a two-dimensional supercell structure
unit of the supercell is taken to be large enough so that
transmission through the supercell can be regarded as th
the nonperiodic potential. According to the Bloch theore
electron states are written in terms of the discrete recipro
lattice vectors (kx1nKx ,ky1mKy).

5 kx andky are the wave
vectors of the electron in thex andy directions, respectively
The transverse wave functions can be written in the follo
ing form

C~x,y!5
1

ALxLy
(
n,m

Cnm~z!ei [(kx1nKx)x1(ky1mKy)y] ,

~5!

with Kx52p/Lx , Ky52p/Ly . Lx and Ly are the normal-
ized lengths along thex and y directions, respectively, an
n,m50, 61, 62, . . . .

The matrix elements of the effective Hamiltonian Eq.~1!
in the x andy directions can be written as
24530
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Hnn8,mm85dnn8dmm8H \2

2mxy*
@~kx1nKx!

21~ky1mKy!2#

6ge* mBB2eFz1VexchJ 1~12dnn8!dmm8

3~21!n2n8F vc
2L2

8p2~n2n8!2
2 i

\vc~ky1mK!

2~n2n8!K
G

1~12dmm8!dnn8~21!m2m8F vc
2L2

8p2~m2m8!2

1 i
\vc~kx1nK!

2~m2m8!K
G

1
1

LxLy
E V~r !ei [(n2n8)xKx1(m2m8)yKy]dxdy,

~6!

wherevc5eB/m* is the electron-cyclotron frequency.
Thus, the effective potential functionVe f f

i (z) can be de-
rived from Eq.~6! by employing the diagonalization matrix
where the superscripti is the index of the transverse qua
tized energy. The Schro¨dinger equation is now changed t
the one-dimensional form

Pz
2

2mz*
C~z!1Ve f f

i ~z!C~z!5EC~z!. ~7!

Using the Numerov method,6 Eq. ~7! can be transformed into
the three-term differential equation with mesh sizehz ,

a~zp!C~zp11!2b~zp!C~zp!1c~zp!C~zp21!50, ~8!

where

a~zp!512
1

12

2mz* hz
2

\2
@Ve f f

i ~zp11!2E#, ~9!

b~zp!521
5

6

2mz* hz
2

\2
@Ve f f

i ~zp!2E#, ~10!

c~zp!5a~zp22!. ~11!

The discretized equation can be changed into the form

S~zp21!5
c~zp!

b~zp!2a~zp!S~zp!
, ~12!

where

S~zp!5
C~zP11!

C~zp!
. ~13!

Using the boundary condition for the entrance and the e
we can calculate the wave function in the entrance,C(z0).
The transmission amplitude for the index in the exit is c
culated as
6-2
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t i5C~zN!5 )
p50

N

S~zp!C~z0!. ~14!

The spin-dependent transmission coefficients of the sys
can be calculated by

T5(
i

t i . ~15!

The transmission coefficient in the above formula is dep
dent on the wave vectorskx andky . For sufficiently largeLx
andLy it will be sufficient to use onlykx5ky50.5

FIG. 1. The spin-dependent transmission coefficient
a function of the electron Fermi energy for the different syst
widths in Cd0.93Mn0.07Te/Cd0.938Mg0.062Te system.
24530
m
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III. RESULTS AND DISCUSSION

We consider an electron transport through a sin
Cd12xMnxTe/Cd12yMgyTe spherical DMS QD. The spheri
cal DMS QD is located at the middle of the system. T
width of the system and the radius of the QD are 2L andR,
respectively. The parameter used in our calculations arx
50.07 and Ec50.8(Eg

22Eg
1), where Eg

15(1.586
11.51x) eV andEg

25(1.58611.705y) eV are the band gap
of Cd12xMnxTe and Cd12yMgyTe, resepectively. m*
50.096m0,7 where m0 is the free-electron mass.xe f f
50.045, gMn52, N0a50.22 eV, N0b520.88 eV, S0

51.32, T053.1K, ge* 520.7.8

A. The electron transport through a single
Cd0.93Mn0.07TeÕCd0.938Mg0.062Te spherical DMS QD system

In this section, we mainly consider the effect of spin sp
in a DMS QD. We setEc50 for the Cd0.93Mn0.07Te/
Cd0.938Mg0.062Te system.9

Figure 1 shows the spin-dependent transmission co
cient as a function of the electron Fermi energy for differe
system widths. The radius of the QD is taken to be 5 nm. T
magnetic fieldB510 T. Electric fieldE50. Figures 1~a!
and 1~b! show the results for spin-up and spin-down ele
trons, respectively. The solid, dotted, and dashed lines are
L510, 15, 20 nm, respectively. Figure 1~a! shows that the

s

FIG. 2. The spin-dependent transmission coefficient as a fu
tion of the electron Fermi energy for the different QD radii
Cd0.93Mn0.07Te/Cd0.938Mg0.062Te system.
6-3
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transmission coefficient increases quickly from near 0
close to 1 at electron Fermi energy near 10 meV. The wi
the system is, the more quickly the transmission coeffici
increases. For spin-up electrons, the transmission is alm
restrained if the Fermi energy is lower than 10 meV. Figu
1~b! shows that the transmission coefficient of the spin-do
electrons almost equals 1 as long as the Fermi energ
greater than 1 meV. So, we can get a 100% polarized ele
current by injecting electrons with 1–10-meV Fermi ener
with the structure parameters given above. This character
can be clearly seen in Fig. 1~c!.

Figure 2 shows the spin-dependent transmission co
cient as a function of the electron Fermi energy for differe

FIG. 3. The spin-dependent transmission coefficient as a fu
tion of external applied magnetic field i
Cd0.93Mn0.07Te/Cd0.938Mg0.062Te system.
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QD radii. The width of the system is taken to be 20 nm. T
magnetic fieldB510 T. Electric fieldE50. Figs. 2~a! and
2~b! show the results for spin-up and spin-down electro
respectively. The solid, dotted, and dashed lines are foR
55, 10, 15 nm, respectively. From Fig. 2~a! we find that the
transmission peaks of spin-up electrons move to low Fe
energy side with increasing QD radius for a fixed syst
length. The reason is that the resonance energy levels aloz
direction will decrease for a larger QD and a fixed syst
length. For the spin-down electrons, the transmission is
of quantum wells, and the transmission is affected slightly
the QD radius.

c-
FIG. 4. The effects of an external static electric field on t

transmission coefficient in Cd0.93Mn0.07Te/Cd0.938Mg0.062Te system.
6-4
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Taking into consideration the magnetic-field effects,
have calculated the spin-dependent transmission coeffic
as a function of externally applied magnetic field. The resu
are shown in Fig. 3. The solid, dashed, and dotted lines
respond to the magnetic fieldB510, 20, and 30 T, respec
tively. Let the radius of the QD beR55 nm, the length of
the systemL520 nm, and the external electric fieldE50.
The axial magnetic field along thez direction increases the
transverse confined energy levels making the resona
peaks move to the high Fermi energy side for both
spin-up and spin-down electrons. This can be found in F
3~a! and 3~b!. Comparing Figs. 1~c! and 3~c!, we find that the
main difference between the spin-up and spin-down elec
transmission is slightly enhanced for larger magnetic fiel

Figure 4 shows the effects of an external static elec
field on the transmission coefficients, in which~a! and~b! are
for spin-up and spin-down electrons, respectively. The so
dotted, and dashed lines are forE50,104, and
2104 V/cm, respectively. The radius of the QD isR
55 nm, and the length of the systemL520 nm, the exter-

FIG. 5. The spin-dependent transmission coefficient as a fu
tion of the electron Fermi energy in Cd0.93Mn0.07Te/Cd0.6Mg0.4Te
DMS QD system. Solid and dashed lines correspond to spin-up
spin-down electrons, respectively. The structure and field par
eters areL520 nm, R510 nm, B510 T, F50.
S.
.
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nal magnetic fieldB510 T. The external static electric fiel
can move the transmission peaks to higher or lower Fe
energy side, depending on the direction of the external e
tric field. From Fig. 3~c! we find that the polarized electri
current can also be present in an external static electric fi

B. The electron transport through a single
Cd0.93Mn0.07TeÕCd0.6Mg0.4Te spherical DMS QD system

In this section, we consider the effect of band offset. W
have Ec5461 meV for the Cd0.93Mn0.07Te/Cd0.6Mg0.4Te
system.

Figure 5 shows the variation of the spin-dependent tra
mission coefficient with the electron Fermi energy for t
Cd0.93Mn0.07Te/Cd0.6Mg0.4Te DMS QD. The solid and
dashed lines correspond to the results for spin-up and s
down electrons, respectively. The structure and electric-fi
parameters areL520 nm, R510 nm, B510 T, andF50.
Comparing with Fig. 1~c!, we find that the difference be
tween the spin-up and spin-down transmissions decrease
Ec increases. The reason is that the split energy between
spin-up and spin-down electrons can be treated as a pe
bation, compared with largeEc .

IV. SUMMARY

In this paper, we have studied the transmission throu
Cd12xMnxTe DMS QD’s using the recursion method. Th
spin-dependent transmission can be tuned not only by
structure parameters but also by the external magnetic
electric fields. We can get a 100% polarized electric curr
by using suitable structure and external field parameters.
calculated results may be useful for the application
Cd12xMnxTe DMS QD’s to the spin-dependent microele
tronic and optoelectronic devices.
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