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Longitudinal spin transport in diluted magnetic semiconductor superlattices:
The effect of the giant Zeeman splitting
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Longitudinal spin transport in diluted magnetic semiconductor superlattices is investigated theoretically. The
longitudinal magnetoconductivity~MC! in such systems exhibits an oscillating behavior as function of an
external magnetic field. In the weak magnetic-field region the giant Zeeman splitting plays a dominant role that
leads to a large negative magnetoconductivity. In the strong magnetic-field region the MC exhibits deep dips
with increasing magnetic field. The oscillating behavior is attributed to the interplay between the discrete
Landau levels and the Fermi surface. The decrease of the MC at low magnetic field is caused by thes-d
exchange interaction between the electron in the conduction band and the magnetic ions. The spin polarization
increases rapidly with increasing magnetic field and the longitudinal current becomes spin polarized in strong
magnetic field. The effect of spin-disorder scattering on MC is estimated numerically for low magnetic fields
and found to be neglectible for our system.
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I. INTRODUCTION

The most striking phenomena in semiconductor quan
structures is the tremendous change of the optical and tr
port properties induced by the quantum confinement eff
The use of diluted magnetic semiconductors~DMS! in such
systems provides us with an additional degree of freedom
engineer the optical and transport properties by applying
external magnetic field.1 An external magnetic field magne
tizes the magnetic ions, which gives rise to the excha
field acting on the electron spin. This spin-dependent ene
shift is comparable to the band offset in a DMS superlatti
therefore, influencing significantly the optical property
DMS. The optical properties of the DMS systems have b
studied extensively in the past few years. Time-resolved p
toluminescence~PL! of a dilute magnetic semiconductor s
perlattice has shown the feasibility of the spin-alignme
mechanism.2–4 The strongs-d exchange interaction betwee
the electron spin in the conduction band and the locali
magnetic ions gives rise to unique magneto-opti
properties.5–7 Giant Zeeman splitting, excitonic magnetic p
laron, Faraday rotation, and optically induced magnetiza
are well-known examples. Recent experiments demonstr
that spin-polarized transport in diluted magnetic semic
ductors and spin coherence can be maintained over l
distances (>100 mm) and for long times (1029–1028 s)
in metals and semiconductors and showed that the spin o
electron offers unique possibilities for quantum computat
and information transmission.8–11

One of the fascinating effects of magnetic fields on
electron-transport properties in bulk materials is the w
known Shubnikov–de Haas~SdH! effect, i.e., magnetocon
ductivity ~MC! or magnetoresistance of the system is ind
pendent of the magnetic-field strength at very low magn
field, and exhibits an oscillating dependence with t
0163-1829/2002/65~15!/155211~8!/$20.00 65 1552
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magnetic-field strength at higher magnetic fields.12 This phe-
nomena arises from the interplay between the quantized L
dau levels and the Fermi energy. In semiconductor supe
tices the SdH effect displays a rich diversity of promine
phenomena since the electron motion along the magn
field is quite different from that in bulk materials. The co
ductivity of a system is determined by the number of diffe
ent states near the Fermi energy, the group velocity ass
ated with them, and the coupling of these states to each o
by scattering mechanisms. Polyanovskii13 presented a theory
to describe longitudinal magnetotransport in semiconduc
superlattices using the semiclassical approach. A single-b
tight-binding model was used to describe the superlattice
very high and very low temperature. Datars and Sipe14 ex-
tended the theory to the multiple miniband case, and fou
multiple miniband oscillations in the regime where the se
ond miniband is populated.

In this paper we focus on the effect of the giant Zeem
splitting on the longitudinal magnetoconductivity in DM
superlattices and take as an example the ZnSe/Zn0.96Mn0.04Se
superlattices~see Fig. 1!. In a DMS system, the giant Zee
man splitting induced by thes-d exchange interaction is
comparable to the band offset, and, therefore, can cha
significantly the energy spectrum of the minibands and
group velocity, which influences the magnetoconductiv
Here we extend the treatment of the SdH effect from or
nary semiconductor superlattices to diluted magnetic se
conductor superlattices. We find a spin-dependent conduc
ity when an external magnetic field is applied along t
growth direction. The magnetoconductivity decreases sign
cantly with increasing magnetic field at low magnetic field
and exhibits an oscillating behavior in strong magnetic fiel
A strong spin-polarized current is found with increasi
magnetic field. The underlying physics arises from thes-d
exchange interaction between the intinerant electron and
©2002 The American Physical Society11-1



he
le

ec
ld
e
ur

w
na

l
u
e

o
u
th

ll
in
fe
f t

on
e
on

,

he
MS
tion
ites
re-

in
f the
has
the
al.
to

ke

an-

the

s,

en-

ion

S
ely.

the
e-
low

ad

i

of
n

KAI CHANG, J. B. XIA, AND F. M. PEETERS PHYSICAL REVIEW B65 155211
localized magnetic impurity that lifts the degeneracy of t
spin-up and spin-down electron band states. Here we neg
the effect of the spin-flip process15 and focus only on the
effect of the giant Zeeman splitting caused by thes-d ex-
change interaction on the MC in a DMS superlattice for el
trical transport along the growth axis. The molecular-fie
approximation is used in the present paper that has b
shown to lead to an excellent agreement with SdH meas
ments performed on Cd12xMnxTe/CdyMg12yTe quantum
wells ~Fig. 4 in Ref. 16!. Our numerical results also sho
that the spin-disorder scattering process is not the domi
scattering mechanism in this case.

The paper is organized as follows, the theoretical mode
described in Sec. II, and the numerical results and disc
sions are given in Sec. III. Finally, the conclusion is pr
sented in Sec. IV.

II. THEORETICAL MODEL

We model a DMS superlattice as a periodic array
square potential wells and nonmagnetic barriers and ass
that the magnetic ions are distributed homogeneously in
DMS layers ~see Fig. 1!. In a DMS superlattice, a sma
external magnetic field gives rise to a giant Zeeman splitt
of the conduction-band states, and results in striking dif
ences between spin-up and spin-down electron states o
system. This giant Zeeman splitting arises from the spins
the injected electrons interacting with theS55/2 spins of the
localized 3d5 electrons of the Mn21 ions via thes-d ex-
change interaction.5 Our theory is based on the assumpti
that the electron motion in the DMS superlattice can be w
described by the effective-mass approximation that is c
firmed by recent experiments.16,17,18As shown in Fig. 1, the
model Hamiltonian for electrons in such a system is

H5px
2/2me* 1~py1eBx!2/2me* 1pz

2/2me* 1Vcon f~z!

1Js2d(
i

s~r !•S~Ri !d~r2Ri !, ~1!

FIG. 1. Schematic illustration of a ZnSe/Zn0.96Mn0.04Se DMS
superlattice subjected to a perpendicular magnetic field. The sh
regions denote the diluted magnetic semiconductor layers.~a!
shows the potential profile for an electron in a DMS superlattice
the absence of a magnetic field.~b! and ~c! show the potential
profiles for the spin-up and spin-down electron in the presence
magnetic field, respectively. The probabilities for the spin-up a
spin-down electrons are also shown in the figure.
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whereVcon f(z)5Vcon f(z1L) is the periodic potential along
the growth direction,L is the period of the DMS superlattice
S is the spin of the localized 3d5 electrons of the Mn ions
with S55/2, ands is the electron spin. We assume that t
magnetic ions are distributed homogeneously in the D
layers. The extended nature of the electronic wave func
spanning a large number of magnetic ions and lattice s
allows the use of the molecular-field approximation to
place the magnetic-ion spin operatorSi with its thermal and
spatial averagêSz&, taken over all the ions. The mean sp
^Sz& denotes the spatial as well as the thermal average o
spin component along the magnetic field. This approach
been proven to be valid in previous theoretical works on
study of the magneto-optical properties of DMS materi
Very recently, this approximation was applied successfully
study the transport property of a DMS system.16,19 The ex-
change interaction given by Eq.~1! can, in the molecular-
field approximation, be written in terms of a Zeeman-li
Hamiltonian

H5px
2/2me* 1~py1eBx!2/2me*

1pz
2/2me* 1Vcon f~z!1Js2d^Sz&sz

5px
2/2me* 1~py1eBx!2/2me* 1pz

2/2me* 1Ve f f~z!, ~2!

where Js2d52N0ax and ^Sz&55/2BJ(SgmBB/kB(T
1T0)), BJ(x) is the Brillouin function,N0 is the number of
cations per unit volume,x is the Mn concentration,T0 ac-
counts for the reduced single-ion contribution due to the
tiferromagnetic Mn-Mn coupling,kB is the Boltzmann con-
stant, ands is the electron spin. The parameters used in
calculation are taken from Ref. 3:me* 50.16m0 , x50.04,
Vcon f523 meV in the DMS material, g52, N0a
50.27 eV, T051.4 K. In Eq.~2! the exchange interaction
Hs2d5Js2d^Sz&sz only induces spin-conserving processe
and consequently we neglected all spin-flip processes.

Using the usual boundary conditions20 for the electron
wave function at the well/barrier interface, the energy eig
value can be obtained by solving the following equation:

coskzL5coskN
s LNcoskD

s LD2
1

2 S mDkN

mNkD

1
mNkD

mWkN
D sinkN

s LNsinkD
s LD , ~3!

wherekN
s 5A2mN(E2VN

s )/\2, kD
s 5A2mD(E2VD

s )/\2, and
VN

s 50, VD
s 5Vcon f61/2N0ax ^Sz& is the depth or the

height of the DMS layer that depends on the spin orientat
(s56, ‘‘ 1 ’’ for the spin-up electron, ‘‘2 ’’ for the spin-
down electron!. The period of the superlattice isL5LD
1LN , whereLD is the width of the DMS layers andLN is
the width of the nonmagnetic semiconductor layers.mD and
mN denote the effective mass of the electron in the DM
layers and nonmagnetic semiconductor layers, respectiv
In this work the difference between the effective mass of
electron in the DMS layers and the non-DMS layers is n
glected that is a reasonable assumption because of the
Mn concentration (mN5mD5me* ). Notice that the barrier
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LONGITUDINAL SPIN TRANSPORT IN DILUTED . . . PHYSICAL REVIEW B65 155211
height and the well depth can be tuned by varying the ex
nal magnetic field. The wave function of the electron for sp
s in the DMS superlattice can be expressed as

C5
1

ALy

fn~x2Xky
!eikyyckz

~z!, ~4!

where Xky
52kyl B

2 ,l B5A\/eB is the magnetic length

ckz
(z)51/ALze

ikzzukzs
(z) is the envelope function along th

z axis,fn(x) is the wave function of the harmonic oscillato

fn~x2Xky
!5

1

p1/4A2nn! l B

expF2
~x2Xky

!2

2l B
2 GHnFx2Xky

l B
G ,

~5!

whereHn(x) is thenth Hermite polynomial.
In the presence of a magnetic field, the in-plane motion

the electron is described by discrete Landau levels on wh
any effect of the collision broadening is ignored. Therefo
the eigenvalue of the electron state in a DMS superlat
under a perpendicular magnetic field is

E~ k̃!5S n1
1

2D\vc1Es~kz!, ~6!

where k̃5(n,kz ,s) is the complete set of quantum indice
vc5eB/me* is the cyclotron frequency, andn denotes the
label for the Landau level.Es(kz) is the energy spectrum o
the miniband in the DMS superlattice.

The group velocity of the electron along thez direction is

vs,z5
1

\

]E~kz!

]kz
, s5↑,↓. ~7!

The ballistic current densityJs is the sum of the contri-
butions from each Landau level with different spin

J52nê vz&52
eE

2p l B
2 (

s,n
E

2p/L

p/L dkz

2p
vs,z~n,kz! f s~n,kz!,

~8!

where 1/2p l B
2 is the degeneracy of the Landau level for ea

spin, f s(n,kz) is the electron distribution function in the sta
(n,kz ,s) that can be determined from the semiclassical B
zmann equation

] f s

]t
1v•“ f s1

]k

]t
•“kf s5S ] f 0

]t D
c

. ~9!

If the distribution f s depends weakly on the positionz along
the growth direction, and is independent of the time, Eq.~9!
becomes

2eE•“kf s5S ] f 0

]t D
c

. ~10!

If we use the relaxation-time approximation, the collisi
term on the right side of Eq.~10! is equal to
15521
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S ] f 0

]t D
c

52
f ~ k̃!2 f 0~ k̃!

t~ k̃!
, ~11!

wheref 0„E( k̃)…51/$exp@(E( k̃)2EF#/kBT)11% is the Fermi-
Dirac distribution,E is the electric field along the growth
direction, andt( k̃) denotes the electron relaxation time
the DMS superlattice.

The Fermi energy can be determined from the followi
equation:

ne5
e2

4p2l B
2 (

s,n
E

2p/L

p/L

f „E~n,kz ,s!…dkz , ~12!

wherene is the density of the electron in the DMS superla
tice.

We restrict ourselves to the linear-response regime,
sume weak electric field, and ignore spin-flip process
therefore, the distribution function can be written in the for
of f 5 f 01 f 15 f 02evtE] f 0 /]E, here f 0 is the equilibrium
distribution function andf 1 is the linear term that is propor
tional to the electric field. Because there is no electric curr
in the equilibrium Fermi-Dirac distribution, the current de
sity Eq. ~8! becomes

J5
e2Et

4p2l B
2 (

s,n
E

2p/L

p/L

dkzS 2
] f 0

]E D vs,z
2 . ~13!

From this formula, we can find that the current density
ascribed to the contribution of the Landau level near
Fermi energy, and especially at low temperatu
2(] f 0 /]E)'d(E2EF) for kBT!EF . The conductivitys
can be obtained as

s5
e2t

4p2l B
2 (

s,n
E

2p/L

p/L

dkzS 2
] f 0

]E D vs,z
2 . ~14!

The degree of spin polarization of the current density u
der weak electric field can be defined as

P5
J↓2J↑

J↓1J↑ , ~15!

hereJ↑(J↓) is the component of spin-up~spin-down! current
density.

For simplicity, we take the relaxation timet as a constant
in the calculation of the conductivity. In the DMS system, t
relaxation time t takes into account energy- and spi
relaxation processes and may be written in the form

1

t
5

1

te
1

1

ts2d
. ~16!

Here,te denotes the relaxation time that incorporates ot
energy and momentum scattering mechanism andts2d de-
notes spin-related scattering processes that is caused b
s-d interaction.
1-3
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In order to estimate the effect of the magnetization flu
tuation, we calculate the relaxation timets2d , i.e., the scat-
tering process induced by thes-d exchange interaction be
tween the conduction electron and the magnetic ions.
transition rate from an initial stateun,kz ,sz ,S1

z ,S1
z , . . . ,SN

z &
to all the final statesun8,kz8 ,sz8 ,S18

z ,S18
z , . . . ,SN8

z& can be
calculated using the Fermi golden rule and after perform
an ensemble average over a distribution of the magnetic
a

-

m

es
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Wk̃k̃85
2p

\
u^k̃uVs2duk̃8&u2, ~17!

where Vs2d5Js2d( is(r )•S(Ri)d(r2Ri) describes thes-d
exchange interaction between the conduction electron
the magnetic ions,Ri is the coordinate of the magnetic io
Mn21. The matrix element of thes-d interaction can be
obtained14,23
u^k̃uVs2duk̃8&u25Js2d
2 (

i , j

1

Lz
2

exp@ i ~kz2kz8!~Zi2Zj !#$^Si
zSj

z&dss81^Si
7Sj

6&~12dss8!% (
n8,kz8

d~E~n,kz ,s!

2E~n8,kz8 ,s8!!
1

VNE S)
i

dRi Dfn* ~Xi !fn~Xi !fn8
* ~Xj !fn8~Xj !ukz

* ~Zi !uk
z8
~Zi !ukz

* ~Zj !uk
z8
~Zj !, ~18!
e

r-
th

the
n is
ice
of

ini-
ini-
ied
-

of
c

that
and

e
g-
ses
-up
the
be-
ith
di-

cal

he

in
he
where the capital letters denote the coordinates of the m
netic ions,Si

65Si
x6 iSi

y , dss851 for s5s8, and 0 other-
wise. V is the volume of the sample,N the number of the
magnetic ions. The brackets^•••& indicate the statistical av
erage over Mn spin orientation uSz.(Sz525/2,
23/2, . . .,3/2,5/2). The term̂ Si

zSj
z& in Eq. ~18! describes

the spin-conserved scattering process and the term^Si
7Sj

6&
indicates the spin-flip scattering process.23 Neglecting the
terms whereiÞ j in Eq. ~18! that do not contribute to the
change of the distribution function, then we obtain

u^ k̃uVs2duk̃8&u25Js2d
2 (

i
$^Si

zSi
z&dss81^Si

7Si
6&~12dss8!%

3 (
n8,kz8

d„E~n,kz ,s!2E~n8,kz8 ,s!…

3
V

NLy
E ufn~Xi !u2ufn8~Xi !u2I kk8dX, ~19!

where I kk85* uckz
(zi)u2uck

z8
(zi)u2dzi . The relaxation time

ts2d due to thes-d interaction can be obtained after a su
over all possible final states,

1

ts2d~ k̃!
5

2p

\ (
n8

1

uv~ k̃8!u

Ly

2pE u^k̃uVs2duk̃8&u2dky8

5
2LzJs2d

2

p\2l B
2

V

N
$^~Sz!2&dss81^S7S6&~12dss8!%

3(
n8

I kk8

uv~ k̃8!u
d„E~n,kz ,s!2E~n8,kz8 ,s8!…,

~20!

wherev( k̃8) is the electron group velocity of the final stat
along the growth direction of the superlattice.
g- III. NUMERICAL RESULTS AND DISCUSSIONS

Figures 2~a! and 2~b! show the energy spectrum of th
lowest two miniband spin-up~solid curves! and spin-down
~dashed curves! electron states@see Eq.~6!, n50] for a
ZnSe/Zn0.96Mn0.04Se diluted magnetic semiconductor supe
lattice for different magnetic fields. For definition, the wid
of the barrier~well! is taken asLD510 nm (LN510 nm)
throughout the paper. From these figures we notice that
separation between the spin-up and spin-down electro
enhanced significantly with increasing magnetic field. Not
that the Fermi energy is located slightly above the bottom
the second miniband at low magnetic fields@see Fig. 2~a!#. In
strong magnetic fields, the energy of the lowest spin-up m
band is even higher than that of the spin-down second m
band, and only the lowest spin-down miniband is occup
by electrons@see Fig. 2~b!#. This can be explained as fol
lows, an external magnetic field induces a magnetization
the magnetic ion Mn21 along the direction of the magneti
field in the DMS superlattice. From Eq.~1!, the magnetic
ions can influence the energy of the electron state via thes-d
exchange interaction, and leads to a giant spin splitting
is comparable to the band offset between ZnSe
Zn0.96Mn0.04Se.

Figures 2~c! and 2~d! depict how the bandwidths of th
electrons for different spin orientation vary with the ma
netic field. For spin-down electrons the bandwidth decrea
and saturates with increasing magnetic field, but for spin
electrons, it exhibits a maximum and saturates when
magnetic field increases. For spin-up electrons the wells
come more and more shallow and finally form barriers w
increasing magnetic field. At this point the bandwidths
verge and the miniband gaps disappear@see Fig. 2~c!#. There-
fore the bandwidth for the spin-up electron exhibits a lo
maximum. In Fig. 2~e! we plot the group velocity of the
electrons with different spin orientation as a function of t
momentumkz for different magnetic fields. At low fields the
group velocity for the spin-up electron is larger than that
the absence of magnetic field. The group velocity for t
1-4



s

the
rve denote
the
ote the
d as

LONGITUDINAL SPIN TRANSPORT IN DILUTED . . . PHYSICAL REVIEW B65 155211
FIG. 2. The energy spectrum of the two lowest minibands of electron states (n50) in a DMS superlattice for different spin orientation
under two different magnetic fields:~a! B50.1 T and~b! B54 T. The width of the barrier~well! is LD510 nm (LN510 nm), the lattice
periodL5LD1LN andT54.2 K. The density of the electrons isne5231017/cm3. The solid curves denote the energy spectrum for
spin-up electron, the dashed curves for the spin-down electron, the dotted line is the Fermi energy, the thick solid and dashed cu
the derivative of the Fermi distribution and the Fermi distribution,] f /]E and f (E), near the Fermi energy, respectively. The bandwidth of
two lowest spin-up~c! and spin-down~d! bands are shown as function of the magnetic field. The shaded regions in the figures den
electron miniband@Es(kz)# in the DMS superlattice.~e! shows the group velocity of the spin-up and spin-down electron lowest miniban
a function of the momentumkz for different magnetic fields.
ne
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spin-up and spin-down electrons decrease at strong mag
fields.

Figure 3 shows the Landau-level fan diagram for sp
down ~thick curves! and spin-up~thin curves! electrons in a
15521
tic
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DMS superlattice under a perpendicular magnetic field. T
solid ~dashed! lines indicate the energy of the Landau level
kz50 (kz5p/Lz), i.e., the edge of the lowest miniband
Notice that the magnetic-field variation of the Landau lev
1-5
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in DMS is quite different from that in a nonmagnetic sem
conductor, which is linearly proportional to the external ma
netic field. In a DMS superlattice the Landau levels of t
spin-down electron exhibit minima with increasing magne
field, and its variation with magnetic field is quite differe
from that of the Landau levels for the spin-up electron. F
very small magnetic fields thes-d exchange interaction in
creases the barrier height for the spin-up electrons mov
the Landau levels up in energy, while for the spin-down el
trons the wells deepen resulting in a decrease of the Lan
level energy. This effect saturates aroundB;4 T when the
magnetization of the Mn21 is saturated beyond which w
have the usual Landau-level fan diagram for each of
electron-spin states. The spin-up and spin-down fan
shifted in energy due to the fact that they move in a differ
superlattice potential. The thickest solid curve in Fig. 3 d
notes the Fermi energy vs the magnetic field. Sharp dr
take place at the points where the Fermi energy pa
through the bottom of the different Landau-level ban
From this figure we also learn that the electron state beco
spin polarized since only the lowest spin-down miniband
populated at sufficient large fields.

Figure 4 shows the conductivitys as a function of mag-
netic field for various temperatures in a DMS superlatti
The inset shows the Fermi energy vs magnetic field in suc
system. An interesting property of the MC is the variation
the low-field MC. The conductivity decreases and oscilla
with increasing magnetic field. At low magnetic field, th
spin splitting induced by thes-d exchange interaction is eve
much larger than the separation of the Landau levels, thes-d
exchange interaction results in a variation of the miniba
width, i.e., a variation of the electron group velocity@see Eq.
~7!#. From Figs. 2~c! and 2~d!, we find that an increase of th
magnetic field leads to a decrease of the bandwidth for
spin-down and the spin-up electron and a local maximum

FIG. 3. The energy spectrum of the lowest miniband for diff
ent Landau levels for spin-up~thin curves! and spin-down~thick
curves! electrons as a function of magnetic field. The solid lin
and dashed lines represent the energy of electrons atkz50 and
at kz5p/L, respectively. The thick solid and thick dashe
lines show the energies for the spin-down electron atkz50. The
thickest solid curve shows the Fermi energy as a function of m
netic field.LD510 nm, LN510 nm, the density of the electron
is ne5231017/cm3.
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the spin-up electron, i.e., a decrease of the group velocity
the spin-down and spin-up electron and a local maximum
the spin-up electron@see Fig. 2~e!#. Therefore, the MC ex-
hibits a maximum for the spin-up electron and a decrease
the spin-down electron in the low-field case~see Fig. 4!. The
decrease of the low-field MC was found previously in diso
dered two-dimensional system that was attributed to qu
tum corrections caused by Anderson weak localization.22 But
the decrease of MC in a DMS superlattice arises from
s-d exchange interaction between the electron and the lo
ized magnetic impurity that lifts the degeneracy of t
spin-up and spin-down electron band states.

The magnetization of the magnetic ions Mn21 saturates
with increasing magnetic field, therefore the strength of
exchange interaction@the last term in Eq.~2!# also saturates
when the magnetic field becomes strong enough~B.4 T!.
The separation of the Landau levels increases linearly~see
Fig. 3! with increasing magnetic field. The Fermi surfa
passes through the band bottom of the subsequent La
levels with increasing magnetic field. The Fermi energy~see
the inset! decreases and shows a series of sharp drop
strong magnetic field. The variation of MC in strong ma
netic field is ascribed to the contribution from Landau lev
near the Fermi energy. When a Landau level passes thro
the Fermi surface, the electron group velocity of the sta
that contribute to conduction drops to zero@see Eq.~14!#
resulting in an oscillation of the MC. The conductivity ex
hibits a sharp dip if there is only one Landau level near
Fermi energy. The separation of the Landau levels is sma
low field and these dips are smeared out since there are m
Landau levels located near the Fermi surface. From this
ure, we can also see that the dips will be less pronoun
when temperature increases since the latter leads to a sm
ing of the Fermi surface.

Figure 5 depicts how the conductivitys varies with mag-
netic field for different carrier density. The period of th
conductivity oscillations for lower density is larger than th
for higher density, which can be understood from the in
which shows the variation of the Fermi energy vs magne

-

g-

FIG. 4. The conductivityszz/s0 vs the magnetic field for three
different electron temperatures, wheres05nee

2t/m* . LD

510 nm, LN510 nm, and the density of the electronsne52
31017/cm3. The inset shows the Fermi energy as a function
magnetic field.
1-6
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field. When the Landau level passes through the Fermi
face, a corresponding dip can be found in the conductiv
Since the period of the oscillation of the Fermi energy
lower density is also larger than that for higher density,
period of the MC oscillation for lower density will be large
than for higher density.

In Fig. 6 we plot the spin polarization of the current vs t
magnetic field for different temperatures. The inset shows
spin-up and spin-down components of MC. The spin-
components exhibit a maximum for small magnetic field a
decreases rapidly to zero, since the population for
spin-up band decreases when the magnetic field increa
The maximum is due to a maximum in the bandwidth@see
Fig. 2~c!#. From this inset we found that the oscillation in th
MC is due to the spin-down MC components. The spin p
larization at higher temperature increases more slowly t
that at low temperature due to the thermal fluctuations of
magnetization of the magnetic ions.

In order to estimate the effect of the spin-disorder scat
ing process on the total relaxation timet, we show the re-

FIG. 5. The conductivityszz/s0 vs the magnetic field for two
different electron densities.LD510 nm, LN510 nm, T51 K.
The inset shows the Fermi energy for two different densities.

FIG. 6. The spin polarization of the current in a DMS superl
tice for different temperatures. The inset shows the spin-up
spin-down MC components as a function of magnetic field. T
arrows in the inset represent the spin-up and spin-down MC c
ponents.LD510 nm, LN510 nm, T51 K.
15521
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laxation time induced by thes-d exchange interaction as
function of the external magnetic field in Fig. 7. Since on
electrons near the Fermi surface contribute to the conduc
ity, therefore, we calculate the relaxation time of the high
occupied Landau levels. Notice that our definition of the
laxation time follows the one of Ref. 14 which is similar t
Eq. ~25! of Ref. 23. From these numerical results we fi
that the spin-conserved and the spin-flip relaxation time
rather long as compared to the relaxation time due to
other energy and momentum relaxation processes, suc
the electron-optical phonon scattering, the electron-acou
phonon scattering, and the electron-impurity scattering p
cesses, etc. A rough estimate of the relaxation timete from
PL experiments give (te;324 ps).15 An approximate esti-
mate from the mobility of the ZnSe semiconductor mater
gives (te;1210 ps).21 As a consequence we see from E
~16! that the total relaxation time is mainly determined
the non-spin-disorder scattering mechanismste , hence we
may neglectts2d for practical purposes.

IV. CONCLUSIONS

We studied the electron transport in DMS superlattic
using a semiclassical Boltzmann equation, and investiga
the effect of thes-d exchange interaction, which is treate
using the molecular-field approximation, on the longitudin
spin transport in diluted magnetic semiconductor super
tices. The conductivity exhibits an oscillating behavior wi
varying magnetic field. The conductivity decreases rapi
for small magnetic field, and increases for strong magn
field. The dips in the conductivity at strong magnetic fiel
are smeared out with increasing temperature. The spin po
ization increases rapidly with increasing magnetic field a
the longitudinal current becomes spin polarized in stro
magnetic fields. Our results clearly illustrate that one c
adjust the longitudinal spin transport by tuning the exter
magnetic field in DMS superlattices. Most optical and tran
port properties of the band electrons were successfully in

-
d

e
-

FIG. 7. The relaxation times due to the spin-disorder scatte
processes vs the magnetic field atT54.2 K. tup-up(tup-down) de-
notes the relaxation time for the transition in which the initial sta
is the spin-up Landau level near the Fermi energy and the fi
states are the spin-up~spin-down! Landau levels. The definition o
the relaxation timetdown-down (tdown-up) is similar.
1-7
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preted within the molecular-field approximation for pu
paramagnetic DMS. This approach is only justified for pu
paramagnetic material where every spin can be treated i
pendently.

From our numerical results, it is reasonable to ignore
spin-disorder scattering process, i.e., the effect of the m
netization fluctuations, which is less important than oth
scattering processes in this DMS superlattice structure
summary, the external magnetic field provides us a too
tailor the transport properties of DMS superlattices. Su
systems are extremely attractive from the point of view
.
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both basic research and technological application, such as
a spin filter.
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