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Field-domain spintronics in magnetic semiconductor multiple quantum wells
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We develop a theory of nonlinear growth direction transport in magnetically doped II-VI compound semi-
conductor multiple-quantum-well systems. We find that the formation of electric field domains can be con-
trolled by manipulating the space dependence of the band electron spin polarization, using its exchange
coupling to local moments. We emphasize the importance of band electron spin relaxation in limiting the
strength of these effects.
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I. INTRODUCTION

The giant magnetoresistance effect in magnetic m
multilayers1 occurs because of the coupling of external ma
netic fields to band electron spins through their collect
spin polarization. The utility of this effect for informatio
storage and field sensing devices has increased intere
exploring related spin-dependent transport properties in b
ferromagnetic and paramagnetic semiconductors. At
same time, progress in the homoepitaxy and heteroepitax
magnetically doped semiconductors is creating new po
bilities for engineered material geometries in which n
spin-dependent transport effects are likely to occur.2,3 Large
band electron spin polarizations can occur4 in diluted mag-
netic semiconductors~DMS’s!,5 for example, in II-VI com-
pounds with Mn substituted on the group II site. Among t
striking phenomena already demonstrated in Mn doped II
quantum structures are magnetically tunable quantum
barriers and interwell couplings,6 spin-dependent dynamic
of polarized excitons in spin superlattices,7 optically probed
spin coherence,8 and the injection of highly polarized spi
currents into GaAs/AlGaAs light emitting diodes.9 In addi-
tion, n-doping of wide-gap II-VI magnetic semiconducto
quantum wells (Zn12x2yCdxMnySe) has been achieved,10

yielding two-dimensional electron gas~2DEG! systems that
are exchange coupled to magnetic ions.11 The exchange in-
teractionJsd betweens electrons in the conduction band an
Mn11 S55/2 local moments, results in band spin splittin
larger than\vc , the Landau level splitting. The spin spli
tings can reach values as high as 20 meV.12 In fact, complete
spin polarization can be achieved in quantum wells at re
tively low magnetic fields (;1 T).13

Although the study of electronic transport properties
DMS heterostructure systems is still in its initial stages,
teresting predictions have already been made.14,15 The
present study is motivated in part by the recent growth o
modulation-doped ZnSe/~Zn,Cd,Mn!Se multiple quantum
well ~MQW! system.16 In nonmagnetic MQW systems
growth direction transport phenomenology is enriched by
interplay between charge accumulation and resonant in
well tunneling effects that results in the formation of elect
field domains. In this paper we report on a theory of t
influence of exchange coupling with Mn ion spins on elect
field domain formation and on the sensitivity of this infl
0163-1829/2001/65~3!/035301~10!/$20.00 65 0353
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ence to spin-relaxation rates within the quantum wells.
The formation of electric field domains is the hallmark

dc-biased transport in weakly coupled semiconductor su
lattices. Spontaneously generated inhomogeneities in
spatial distribution of voltage drops, were proposed as
explanation for overall conductance@G(V)# oscillations,17

discovered in pioneering growth direction MQW transpo
studies. This early hypothesis was later confirmed by dir
photoluminiscence measurements.18 Subsequently, highly
doped GaAs/AlGaAs superlattices that present sawtooth
current-voltage (I -V) characteristics in the negative differen
tial conductance~NDC! region were studied in detail. Along
branches of the sawtooth two approximately constant elec
field regions develop in the sample, separated by a laye
accumulated electrons. In the following, we follow comm
usage in referring to these layers with higher 2D elect
density asmonopoles. This nonequilibrium configuration en
ables resonant tunneling between ground and excited
bands in the high field region, minimizing the total resistan
of the superlattice. Increases in external voltage in this
gime lead to sharp decreases in current, followed by disc
jumps of the monopole region from a well to its upstrea
neighbor, extending the high field domain over an additio
period and increasing the current.

Past work has studied the dependence of domain for
tion and evolution on magnetic fields applied along t
growth direction and on far-infrared radiation wavelength.
the former case, the formation of Landau levels and sca
ing between them introduces a new voltage scale for dom
formation.19 In the latter case, photonic sidebands sustain
formation of the electric field domains.20 The inclusion of the
electronic spin in the study of perpendicular transport
MQW’s can also be expected to alter electric field dom
formation physics, and exchange coupling to Mn sp
should make it possible to tune these effects with relativ
weak external magnetic fields. This is the possibility that
explore at greater length in this paper. In all these cases
electron-electron interaction, although small in the grou
state in comparison with typical energies of the system, c
not be neglected since it is the Poisson equation rela
charge accumulation to field variations that is at the hear
field-domain formation. For example, it permits the expe
mentally observed21 multistability of distinct stationary
©2001 The American Physical Society01-1
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physical states at a fixed bias voltage. Nonetheless,
mean-field Hartree approximation is sufficient to capture t
physics in typical samples. The nonlinearity of the curre
versus voltage relationship between neighboring quan
wells, coupled with the nonlocality of electron-electron inte
action effects leads to transport equations that can be so
only numerically, and also to results that are sometimes
ficult to interpret.

In this paper we deal with the formation of electric fie
domains in II-VI MQW systems with one or more~II,Mn!VI
quantum wells. The main ingredients of our self-consist
theoretical model are~i! a theory for the tunneling curren
between two spin-polarized 2DEG’s;~ii ! a continuity equa-
tion that accounts for relaxation of nonequilibrium sp
populations;~iii ! a relationship between the up and dow
chemical potentials and their densities;~iv! the application of
simple Hartree mean field theory to account for the Coulo
interaction; and~v! a mean-field theory for the interactio
between 2DEG electrons and Mn spins whose average p
ization is very sensitive to external magnetic fields at l
temperature. We shall demonstrate that new features ap
in the I -V curve that depend on temperature and Mn s
concentration, and explain why spin bottlenecks turn ou
have a strong influence in the instability regions.

The paper is organized as follows. In Sec. II our theor
ical model is thoroughly explained. Section III is devoted
a discussion of technical details important for the numer
integration of the rate equations that describe the time de
dent charge, spin, and current distributions. In Sec. IV
give numerical results and discuss their interpretation.
nally, Sec. V contains our conclusions.

II. THEORETICAL MODEL

Following sucessful5 early work on bulk systems by
Kossut,22 Bastard,23 and Gaj,24 we account for the presenc
of Mn ions in DMS quantum wells, by combining a phenom
enological exchange model with a virtual crystal approxim
tion and mean-field theory. The lattice parameters and
band Hamiltonian parameters of a II-VI heterostructure
assummed to change smoothly as Mn11 spins are intro-
duced in the system and aS55/2 quantum spin is assume
to be added to the low energy degrees of freedom for e
Mn spin. The band electron system and the local mome
are coupled by a ferromagnetic exchange interaction tha
vors parallel alignment of the local moment and band el
tron spins. The total Hamiltonian of the system is

H5H01HT1Hscatt1Hint
ss1Hint

sd1Hint
dd1Hsf . ~1!

The first four terms in the right-hand side of the equat
describe a conventional superlattice system with m
weakly coupled quantum wells.

~i! H0 is the Hamiltonian for independent electrons inN
isolatedquantum wells. Its energy spectrum is purely sing
particle-like, and the quasiparticle spectrum is that of an i
lated quantum well 2DEGEj (kW uu)5Ej1j(kW uu), wherekW uu is
the wave vector parallel to the MQW heterointerfac
j(kW uu)5\2kuu

2/2m* , m* is the effective mass, andj is the
03530
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quantum well subband index. We will takekW uu to be a con-
tinuous index , disregarding Landau-level formation in t
weak magnetic fields we will consider.

~ii ! HT contains the tunneling amplitudes that couple qu
siparticles in different quantum wells. In weakly coupled s
perlattices it is a good approximation to treat this term
leading order perturbation theory as we discuss in Sec. I

~iii ! Hscatt contains the scattering terms within a quantu
well that allow a nonequilibrium quasiparticle to relax i
excess energy, but does not contain terms that permit
quasiparticle system to bring its spinsubsystems into equ
rium. ~These terms are absorbed inHsf .) Because it is diffi-
cult to describe these scattering processes accurately, or
to know what they are in particular systems, we will use
phenomenological relaxation time approximation. The tim
scale associated with these processes is typically rather s
(tscatt;0.4 ps).11

~iv! Hint
ss is the electron-electron interaction in the condu

tion band for which we will use a Hartree mean-field a
proximation.~See Sec. II C!.

The remaining terms in Eq.~1! describe spin-related
physics.

~i! Hint
sd is the exchange interaction betweens conduction

band electrons and Mn local moments, an interaction t
turns out to be ferromagnetic in II-VI MQWs. When th
mean-field and virtual crystal approximations are employ
the effect of this coupling is to make the subband energ
spin-dependent in those quantum wells that contain Mn i
Ej→Ej

s .
~ii ! Hint

dd represents the antiferromagnetic super excha
interaction between Mn spins on neighboring lattice si
that has been found to be important in modelling bulk DM
systems.4 Since our intention here is to address the qual
tive physics of field domains in DMS MQW systems, w
neglectHint

dd . We do expect, however, that these interactio
will be important for detailed modelling of specific exper
mental systems.

~iii ! Hsf contains the microscopic processes that all
equilibrium to be established between spin subsyste
within a quantum well. The fact that spin relaxation can
quite slow in the conduction band25 is one of the motivations
for this work. Relaxation times in excess of 1 ns have be
established experimentally8 in II-VI semiconductor QW’s
without Mn. In II-VI DMS QWs these times are reduced
tens of picoseconds~but still larger thantscatt).

4 We discuss
the role of these terms at greater length in Sec. II B.

A. 2D-2D tunneling

The standard theory of tunneling relates the electric c
rent between weakly coupled subsystems to tunneling ma
elements and subsystem spectral functions.26,27 In our case
we will apply this theory to describe the current flowin
between one quantum well and its neighbor. Since ela
and inelastic scattering times in the quantum wells
shorter than any other time scale of the problem, we
follow the standard lines of tunneling theory and assume
the electrons in each well are in quasiequilibrium betwe
succesive tunneling events and that their temperature is
1-2
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FIELD-DOMAIN SPINTRONICS IN MAGNETIC . . . PHYSICAL REVIEW B 65 035301
of the lattice. We ignore interwell spin-flip processes, so t
currents are carried between wells by the two spin s
systemsin parallel. Accordingly, the current per spin from
the i th well to the (i 11)st well is given by the following
general expression:

Ji ,i 11
s 5

e

2p\ (
kW i k

W
i 11

TkW i k
W

i 11
E d« AkW i

s
~«!AkW i 11

s
~«1eVi !

3@ f ~«2m i
s!2 f ~«2m i 11

s 1eVi !#, ~2!

where s5(↑,↓) is the conduction electron spin inde
TkW i k

W
i 11

is the transmission coefficient between particu

wave vector states in the two quantum wells,eVi is the volt-
age drop across thei th barrier, andf (x)51/@exp(x/kBT)11#
is the Fermi factor.m i denotes the chemical potential in we
i measured from the bottom of welli. A commonly used
Lorentzian-shape function is chosen to represent the in
ence of disorder on quasiparticles in thej th subband within
the i th quantum well:

AkW i

s
~«!5

1

p

g

@«2E j
s~kW i !#

21g2
. ~3!

This form for the spectral function results from neglecti
the real part of the disorder self-energy, which introduces
unimportant rigid shift of the quasiparticle energies, and
energy dependence of its imaginary part.g is treated as a
phenomenological parameter whose value may vary subs
tially from sample to sample and is to be taken from expe
ment. (g5\/2tscatt;1 meV). In weakly coupled superlat
tices the broadening due to scattering is much larger than
miniband width so that tunneling between quantum wells
sequentialrather than bandlike. In this regime an electr
undergoes many scattering events in one well before tun
ing to the next well. Because of the epitaxial nature of
samples in question, we assume that the tunneling pro
conserves parallel momentum, i.e., effects such as inter
roughness are not taken into account. This approximatio
made for the sake of definiteness and does not influence
qualitative conclusions we will reach. In addition, the typic
electronic densities in particular quantum wells are assum
to be;1011 cm22 so that only the lowest subband is appr
ciably populated in the quasiequilibrium state of a quant
well. Therefore, when current flows dominantly by a tran
tion from the ground state of welli to the first excited state in
well i 11, rapid relaxation to the lowest subband~via, e.g.,
emission of a LO phonon! is assumed. This simplification
lead us to an analytical expresion for Eq.~2! at T50 K:

Ji ,i 11
s 5

en0

2p2\
J~m i

s ,Ei1
s ,m i 11

s ,Ei 111
s ,eVi !

3(
j

Tj

2g

~Ei1
s 2Ei 11 j

s 1eVi !
21~2g!2

. ~4!

The sum in Eq.~4! is extended over all subands in th
( i 11)st well n05m* /2p\2 is the 2D density of states pe
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spin.. The transmission coefficients from the ground subb
to the j th subband of the neighboring wellTj are calculated
by means of the transfer Hamiltonian method.36 Since this
approach involves only orbital degrees of freedom,Tj does
not depend explicitly ons. We are therefore implicitly re-
stricting ourselves to the case when the spin splittings are
so large as to mix different subbands. The functionJ ex-
presses the width of the energy ‘‘window’’ available for tu
neling. For tunneling between the lowest subbands

J[H m i
s2Ei1

s : m i 11
s 2eVi,Ei1

s ,

2~m i 11
s 2Ei 111

s !: m i
s1eVi,Ei 111

s ,

m i
s2m i 11

s 1eVi : otherwise,

whereEi1 is the first subband energy in thei th well and so
on. The expressions for the energy window for tunneling
higher subbands are similar and differ only through the
sence of Pauli blocking effects in the target layer.

B. Spin splitting and spin relaxation

The exchange interaction between the conduction b
electrons and the Mn11 ions produces a giant spin splittin
of the 2DEG even in the presence of a small magnetic fie
The bottom of the band for each spin rigidly shifts acco
ingly:

Ej
s5Ej2sD, ~5!

D[JsdNMnSBSS gmBBS

kBTeff
D , ~6!

where Ej is the j th miniband center,s51(2) for s
5↑(↓), Jsd is the exchange integral,NMn is the density of
Mn21 ions with spin equals toS55/2, BS is the Brillouin
function, andTeff is an effective temperature which can,
general, include a correction due to antiferromagnetic in
actions between neighboring Mn ions.4 We have assumed
here that the magnetic field~B! orientation is such that the
quasiparticle energy is lowered forup spins. Note that our
virtual crystal approximation for the Mn ions implies that th
mean-field experienced by band electrons of spins is spa-
tially uniform. In this paper we take the field experienced
the local moments in Eq.~6! to be the external magneti
field. In fact, the mean-field approximation we employ c
be extended28 to include the contribution of spin-polarize
band electrons to the total effective magnetic field expe
enced by the local moments. When this is done, ferrom
netism results. That extention of the models and approxim
tions employed here does in fact appear to account for
main features of the carrier induced ferromagnetism t
occurs29–31 in doped diluted ferromagnetic semiconducto
The transition temperatures in these systems can
substantial32 for p-type systems and for higher carrier den
ties. In the case of relatively low-densityn-type systems, the
ferromagnetic transition temperatures will be low and fer
magnetism does not necessarily occur, when direct inte
tions between the Mn local moments are included in
1-3
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theory. Experimentally, mostn-type DMS 2DEG’s show no
evidence for ferromagnetism. In this paper we will assu
that the contribution of the spin-polarized conduction ba
system to the effective field experienced by the Mn lo
moments is negligible. If ferromagnetism did occur, the no
linear field-domain transport physics we discuss in this pa
would be further enriched.

In modelling spin relaxation within a quantum well w
start by nelecting the transport currentsJi ,i 11

s .33 For instan-
taneous spin splittings smaller than the Fermi energy we
the following phenomenological spin-relaxation rate eq
tion within each quantum well:

dni
s

dt
52

m i
s2m i

s̄

tsf
n0 , ~7!

where s̄ is the spin opposite tos and tsf is the spin-
scattering time.~We neglect the dependence oftsf on D,
which may be important in certain samples.13! This equation
implicitly assumes the linear noninteracting 2DEG relatio
ship between density and chemical potential, so that corr
tion effects are not taken into account:34

ni
s5n0~m i

s2Ei1
s !. ~8!

In the absence of a driving bias voltage, the solution of
~7! at t→` is ni

↑5(ni1n0D)/2 andni
↓5(ni2n0D)/2. Here

ni5ni
↑1ni

↓ is the total density of carriers in thei th well. We
can see from this asymptote that Eq.~7! is valid only for spin
splittings smaller than the chemical potential.

For D greater than the chemical potential, Eq.~7! must be
modified using Eq.~8!:

dni
↓

dt
52

ni
↓

tsf
52

m i
↓2Ei1

↓

tsf
n0 , ~9a!

dni
↑

dt
52

dni
↓

dt
. ~9b!

For large enoughD, Eq. ~9! leads to an equilibrium stat
with full spin polarization.~See Fig. 1.!

Adding transport currents to these considerations lead
the following discrete continuity equations for the spin pop
lation in each quantum well:

dni
s

dt
5

Ji 21,i
s 2Ji ,i 11

s

e
2

m i
s2m i

s̄

tsf
n0 , i 51, . . . ,N

~10!

for the casem i
↑2Ei1

↑ .2D. Otherwise, Eq.~9! must replace
the second term on the right-hand side of Eq.~10!.

C. Electrostatics

In large area heterostructures, the Coulomb interactio
usually included in a Hartree mean-field approximation. T
Poisson equation relates the electrostatic potential d
across MQW barriers,Vi , to the charge distribution amon
the quantum wells
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~ni2Nw!, i 51, . . . ,N, ~11!

whered is the superlattice period,e is the sample averag
permittivity, andNw denotes the doping density within th
wells. ~Experimentally, doping is usually accomplished b
placing a ZnCl2 layer in the barrier layers; this difference i
electrostatics compared to our model has no import
consequences.!11

By inspection of Eqs.~10! and~11! it is obvious that a set
of boundary conditions must be provided forn0 and nN11.
Within our model these layers play the role of source a
drain, respectively. A simple way to represent source a
drain35 is to fix the density in both layers at high values. W
take

n0 ,nN11[kNw , ~12!

wherek.1 is an adjustable parameter. More sophistica
models36,37have proven that a proper description of the co
tacts can have a strong effect on the selection of the trans
equation solution when multistability occurs, especia
when dynamical solutions are allowed.37 However, we
choose not to delve into these effects in detail here since
main interest is on spin effects. For the sake of definiten
the contacts are taken to be unpolarized throughout our
culations; including spin-polarized injection in our theo
would be straightforward and indeed this may be a very
teresting avenue to explore in future experimental and th
retical studies. With this representation of the source a
drain, fixing the overall bias voltage

V5(
i 50

N

Vi , ~13!

closes the set of equations.

FIG. 1. Schematic illustration of spin relaxation within a qua
tum well. The dashed lines indicate initial nonequilibrium chemic
potentials while the dot-dashed line the equilibrium (t→`) chemi-
cal potentials. Panel~a! is for the case of spin splittings smaller tha
m↑2E1

↑ while panel~b! is the case of for spin splittings larger tha
m↑2E1

↑ for which the equilibrium state is completely spin pola
ized. The zero of energy in these plots is the electrostatic pote
of the quantum well.
1-4
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III. NUMERICAL CONSIDERATIONS

Our model contains 5N11 unknown functions of time
(2N chemical potentials,m i

s , 2N electronic densities,ni
s ,

andN11 voltage drops,Vi). These unknown functions ar
determined by the 2N constitutive equalities@Eq. ~8!#, 2N
rate equations@Eq. ~10!#, N Poisson relations@Eq. ~11!#, and
the total bias condition@Eq. ~13!#. Thus, giving a physically
sensible initial profile, the system of algebraic-different
equations can be integrated to yield a definite solution. S
dard numerical methods are employed in solving Eq.~10!,
being careful to use the appropriate spin-relaxation equa
@either Eq.~7! or Eq. ~9!# at each time step.

The total current densityJ(t) traversing the sample a
time t is determined by the following procedure. Differen
ate Eq.~11! with respect to time and substitute the result in
the sum of Eq.~10! over spin indices in order to eliminat
densities and chemical potentials. This leads to the follow
current which has the same value when evaluated for
well index i:

J~ t !5
e

d

dVi

dt
1Ji ,i 11~ t !. ~14!

The first term of the right-hand member of the previo
equation is the displacement current whereas the second
is the tunneling currentJi ,i 11(t)5Ji ,i 11

↑ (t)1Ji ,i 11
↓ (t). For

static steady state solutions discussed in this paper only
latter term is finite.

IV. RESULTS

We focus on ZnSe/Zn12x2yCdxMnySe DMS MQWs. A
value ofx;0.2 has been chosen to be consistent with ba
ers (;200 meV) sufficiently high to capture more than o
subband in the quantum wells. For definiteness, we focus
the case where Mn has been incorporated only in thecentral
well of the superlattice. In experimental samples the value
y can be varied over a wide range. We expect that the fi
tuned field-domain effects we discuss will be strongest
moderate Mn densities, large enough to give rise to siza
spin splittings but not so large as to increase the spin s
tering rate excessively.

The experimental samples reported on in Ref. 16 pos
ZnSe barriers too thick (;30 nm) for perpendicular trans
port. Under those conditions, the coefficientsTj are so small
that electron tunneling would likely occur via impurity cha
nels in the barriers or through different symmetry points
the host semiconductor band structure, violating the assu
tions of our theory. For these model calculations we choo
smaller barrier widthb55 nm. The remaining phenomeno
logical parameters have been fixed on the basis of avail
experimental data: w510 nm, m* 50.16me , Nw52
31011 cm22, tsf510 ps, andk51.5. w is the well width
andk specifies the source and drain densities@see Eq.~12!#.

In Sec. IV A we study self-consistent steady-state so
tions for low voltages. This will help us understand the mo
complicated behaviors that result from instabilities in t
NDC voltage regime.~See Sec. IV B below.!
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A. Linear regime

The behavior of the spin-dependent current density in
~4! depends on many variables. In Figs. 2 and 3 we h
plottedJi ,i 11

s , for the case wheremm
↑ andmm

↓ have been se
to their equilibrium values (mm

↑ 5mm
↓ 5mm). Thus the spin-

dependent chemical potential, measured from the bottom
the well, will depend on the value ofD ~see Fig. 1!.

Figure 2~a! plots the up-spin current from a nonmagne
well to a magnetic oneJnm

↑ , i.e., net electron flow from a
magnetic well to an nonmagnetic one. ForD50 meV and
low voltages the behavior is ohmic, as expected. A lar
bias results in the alignment of the ground states of b
wells within g, giving rise to a first maximum in the curren
After this bias is exceeded, Eq.~4! implies the appearance o
a NDC region due to subband mismatch and of a sec
peak at higher biases when the first subband is aligned
the second subband of the next well. IncreasingD decreases
the value of the first peak since the up-spin density in
magnetic well increases and fewer states are available
tunneling. The peak corresponding to tunneling from fi

FIG. 2. ~a! Current density flowing from a nonmagnetic well t
a magnetic one forD50 –6 meV in steps of 1 meV. The rightmos
curve corresponds toD50 meV. ~b! Same as~a! but the carriers
are now flowing from the magnetic well to the nonmagnetic o
The leftmost curve is forD50 meV.

FIG. 3. ~a! Same as Fig. 2~a! for down spins. The leftmost curve
corresponds toD50 meV. ~b! Same as Fig. 2~b! for down spins.
The rightmost curve is forD50 meV.
1-5
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DAVID SÁNCHEZ, A. H. MACDONALD, AND GLORIA PLATERO PHYSICAL REVIEW B65 035301
→second subband is not affected in magnitude but its p
tion is shifted to lower bias voltages because the bottom
the up-spin subband goes down. For a given value of the
splitting (D;3 meV), the magnetic well is fully polarized
so that the first peak magnitude can no longer vary its va
a displacement due to subband lowering is observed inst
In Fig. 2~b! the up-spin current from a magnetic well to
nonmagnetic one is shown. Here the first peak beco
larger asmm

↑ grows since more electrons take part in t
tunneling. This increase ceases once the fully polarized s
ation is achieved. In addition larger voltages are neede
align the energy levels asD increases and the peak moves
higher voltages. Field-domain physics is at heart contro
by the interplay of electrostatics and the layer-to-layer n
linear I -V relationships. These examples illustrate that
layer-to-layer nonlinearI -V’s can be altered byD ~and hence
an external magnetic field! when one of the layers contain
Mn local moments. It follows that the field-domain structu
must beD and field dependent as we show below.

The corresponding down-spin current is plotted in Fig.
The considerations explained above for the up spin case
be invoked to understand this figure. ForD*3 meV @see
Fig. 3~b!# the down-spin current flowing from the magnet
to the nonmagnetic well (Jmn

↓ ) vanishes for any value of th
applied bias since in the fully polarized regime, no dow
spin carriers are present in the magnetic well.

A numerical calculation forN53 gives rise to the MQW
current-voltage characteristics shown in Fig. 4.D has been
set to 3 meV. At low voltages the behavior is linear, up to
peak which marks alignment to within;g of the first sub-
bands of all wells. Then, after entering the NDC region,
increase of the current occurs because an electric field
main has formed. The underlying mechanism can be un
stood in the following terms. As the voltage is increased,

FIG. 4. I -V characteristics forD53 meV. The first peak occurs
near where the first→first subband resonant condition occurs in
configuration with no field domains. The following three branch
reflect steady states with monopoles in one of the three quan
wells of the system. The monopoles move upstream with increa
bias voltage, increasing the number of high field barriers. Note
the final peak in theI -V curve is split in the spin-dependent tran
port case. Results for theD50 meV case are shown in the inset f
comparison. The vertical lines that connect different branches o
I -V curve are guides to the eye.
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system prefers to mantain regions of low and high elec
fields where intrasubband and intersubband resonant tun
ing can occur, rather than maintaining a constant field. T
high field regime forms in the downstream side of t
sample. In this way, the superlattice minimizes the total
sistance and current increases. In order to build the inhom
enous field, according to Poisson equation~11! an excess
electron density, or a monopole, must accumulate in the w
at the boundary between low and high field regions. As
voltage is further increased, configurations with particu
monopole locations sucessively become unstable and
monopole moves by one quantum well to increase the w
of the high field region. Monopole motion gives rise to a
abrupt decrease of the current, which is followed by
gradual increase as the voltage increases further. These
cessive monopole position jumps lead ultimately to the sa
toothlike I -V curve shape of Fig. 4. The inset in this figu
shows the correspondingD50 meV I -V curve for com-
parison. The most obvious change is the appearance of a
branch that develops close to the first→second subband tran
sition ~see below!.

The somewhat complicated behavior of the bias volta
dependence of the steady state spin polarization is depi
in Fig. 5 forN53 andD53 meV. Notice that in Fig. 5~a! a
nonzero steady state spin polarization is induced in the n
magnetic wells by the spin-dependent transport currents.
have assumed here that the spin-relaxation time constantsf
is the same in all quantum wells~10 ps!. In practice these
times are likely to be considerably larger in the nonmagne
wells, and the induced spin-polarization in these wells w
have an even larger importance. For low voltages, the in
of Fig. 5~b! shows a reduction of the magnetic well sp
polarization. This effect can be understood by realizing t
the minority spin current from a nonmagnetic well to a ma
netic oneJnm

↓ grows when the system is driven out of equ
librium by a small bias voltage. This occurs also inJnm

↑ but
at a smaller rate because of the spin subband displaceme
the magnetic well@compare Figs. 2~a! and 3~a!#. Therefore,
at low voltages the magnetic well polarization must decrea
Correspondingly, the upstream-well polarization must

s
m
g

at

e

FIG. 5. ~a! Spin polarization for the upstream~downstream!
quantum well is represented by full~dashed! lines. The inset high-
lights the low voltage regime.~b! Same as~a! but for the magnetic
quantum well.
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crease@see the inset of Fig. 5~a!# since down spins leak ou
of it. The enlargement of the downstream-well spin polari
tion has the same origin.@See Figs. 2~b! and 3~b!.#

B. NDC regime

As explained above, once the bias voltage reaches
NDC regime, electric field domains form in the sample.
we now discuss, their formation strongly influences sp
polarizations in both magnetic and nonmagnetic quan
wells, with discontinuities associated with every break in
I -V curve. The magnetic well polarization,P, varies particu-
lary strongly, especially when the monopole moves throu
the magnetic well, and becomes stronger as the spin spli
is increased. This can be seen in Fig. 6, which describes
general behavior ofP with voltage and spin splitting.

If D is further increased (D56 meV), new branches ap
pear in theI -V curve ~see Fig. 7!. The extra branch tha

FIG. 6. 3D plot describing the dependence of the magnetic w
spin polarization on voltage bias and spin splittingD. In construct-
ing this figure,tsf has been increased to 10 ns~still a reasonable
value! ~Ref. 8! in order to magnify the effects commented on t
text.

FIG. 7. I -V characteristics forD56 meV. Note the appparanc
of new branches in the steady-stateI -V curve. The spin polarization
in the magnetic quantum well at low voltages is plotted in the ins
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appeared close to theE1→E2 transition at smallerD is now
fully developed. In addition, a new branch formsbeforethe
E1→E1 transition.

To better understand the subtle interplays that con
these features, we have studied the self-consistent ste
state well-dependent spin polarizations at the particular v
ages marked in Fig. 7. The series of MQW electrostatic p
files illustrated in Fig. 8 are dominated by classical fie
domain physics not qualitatively influenced by the sp
dependent nature of the transport. Figure 8~a! (V1) is the
highest voltage at which intrasubband (E1→E1) resonant
tunneling can be maintained. The electric field drops alm
linearly along the system. In Fig. 8~b! (V2) the formation of
a high electric field domain in the last barrier is clearly o
served, favoring a resonant condition between the third w
and the collector first-excited subband.38 The second branch
in the NDC region (V3) involves the generation of a large
high field domain@see Fig. 8~c!#. The domain wall is now
located in the magnetic well. A jump to the first well@Fig.
8~d!# (V4) is accompanied by further expansion of the hi
field domain. In this situation all tunneling within the wel
takes place between the ground and the excited states,
lowed by a rapid relaxation to the first subband.

Figure 9 illustrates spin populations nearI -V features
where the spin-dependent element introduced by the m
netic quantum well plays a qualitative role. Figure 9~a! de-
scribes the position of energy levels for the voltageV5
marked in Fig. 7. The subband energies in the nonmagn
wells (E↑ andE↓) are quasidegenerate. Notice that reson
tunneling occurs betweenE11

↑ andE21
↑ . Further increase of

the voltage, however, results in a decrease of the cur
since nowE11

↑,↓ is then off-resonance@see Fig. 9~b!#. The
current is then increased again sinceE11

↓ starts to matchE21
↓ .

This explains whyP does not show the behavior observ
for smallerD (D53 meV) in the linear regime.@In con-
trast to the inset of Fig. 5~b!, the inset of Fig. 7 presents a fla
polarization at low voltages.# P starts to increase only whe
V is such thatE11

↑ reaches withing of E21
↓ . The splitting of

ll

t.

FIG. 8. MQW profiles forV1 , V2 , V3, andV4 @~a!, ~b!, ~c!, and
~d!, respectively# marked in Fig. 7. Resonant levels~chemical po-
tentials! are depicted by solid~dashed! lines. The spin polarizations
plotted in Fig. 5~a! are not observable on the scale of these figur
1-7
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the branch at higher bias voltage where all transport occ
via intersubband (E1→E2) resonant tunneling has a simila
explanation. Figure 9~c! is stabilized by alignment ofE11

↑

with E22
↑ levels. Subband mismatch at higher bias gives r

to a sharp reduction of the current, which increases late
the voltage is increased and resonant tunneling betweenE11

↓

andE22
↓ levels is achieved. Incidentally, the dips inP illus-

trated in Fig. 5 can be explained in this way. When the la
alignment occurs, a large flow of down-spin carriers strea
towards the magnetic well, causing a sharp decrease o
polarization. The remaining features in Fig. 5 can be und
stood in similar terms.

So far all results were calculated by sweeping voltages
Steady state solutions in the NDC bias voltage region ar
general multistable. We can obtain different solutions a
given bias voltage by evolving solutions following differe
histories,21 for example, by decreasing voltages from a hi
initial bias. For a given voltage different values of the curre
with different density and spin polarization profiles may
achieved. To amplify effects, in studying this possibility, w
have settsf510 ns in aN59 superlattice. The change inP
with voltage is now so greatly increased~see Fig. 10! that
even reversedpolarization can be observed at somewh
larger values oftsf in theE1→E2 resonant tunneling regim
~not shown here!. This is a direct consequence of the em
gence of dominant spin bottlenecks.39 The alterations in po-
larization are more visible for voltages greater than the
corresponding to theE1→E2 resonance, but we choose n
to show them here since these involve transitions to hig
excited energy levels, close to the top of the barrier, wh
our model breaks down. However, for sufficently high bar
ers it would be natural to obtain such behavior.

Figure 10 shows three different values of spin polarizat
in the magnetic well which can be obtained at a particu
bias voltage, depending on the sample history, up sw
from zero voltage, down sweep from a high voltage, and
sweep to an intermediate voltage followed by down swe
We emphasize that this kind of hysteretic phenomena
tween magnetic states is driven here byelectric fields.

FIG. 9. Same as Fig. 8 forV5 , V6 , V7, andV8 @~a!, ~b!, ~c!, and
~d!, respectively#.
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V. CONCLUSION

We have introduced and studied a simple model
growth direction nonlinear transport in multiple quantu
well systems containing magnetically doped layers. O
analysis is based on a tunneling Hamiltonian expression
the current between spin-polarized quantum wells and o
phenomenological expression for spin relaxation with
quantum wells. Numerical studies of this model show tha
predicts rich behavior due to its nonlinearity and due to
additional degrees of freedom introduced by spin-depend
transport. Nonlinearity manifests itself in the formation
electric field domains when the differential conductivity b
tween neighboring layers is negative. We find that the s
polarization of electrons in magnetic wells can change s
stantially when the system jumps between different branc
of the I -V curve. When current flows finite electron sp
polarization extends from the magnetic quantum wells
nonmagnetic quantum wells. When large equilibrium sp
splitting, theI -V curve is strongly affected by the appearan
of extra branches, due to tunneling into and out of spin
larized well subbands and these effects become more
more prominent when the characteristic time for sp
relaxation is longer.

The effects addressed in this paper could be investiga
experimentally by studying transport properties and
studying the polarization dependence of interband optical
sorption and photoluminescence in MQW systems conta
ing magnetically doped layers. The predicted sensitivity
transport properties to external magnetic fields, suggests
these systems could potentially be useful for magnetic fi
sensors, most likely in geometries with a relatively sm
number of quantum wells. The sensitivity to external fiel
will be strongest at low temperatures where the the Mn io
are easily polarized to produce the maximum equilibriu
spin-splitting field. To illustrate the sort of effects that w
expect to occur, we have considered only relatively sim
geometries with a single magnetic layer. Other effects w

FIG. 10. Multistability of distinct polarization steady state
within the magnetic well of aN59 MQW system. The inset show
a blow-up of three different steady states reached atV
50.08 meV. The state labeled 1~3! is achieved by sweeping volt
age up~down! from a high~low! initial bias. The state labeled 2 i
obtained by sweeping voltage up toV50.1 ~marked with a cross!
and then reversing the sweep direction.
1-8
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occur in larger MQW systems with particular geometries.
general there is considerable lattitude for designing the
density distribution in the MQW system to realize desir
magnetoresistance effects that could be described with
type of model we have introduced here.

Analogs of the magnetotransport effects we discuss
also occur in ferromagnetic multiple quantum well system
similar to the delta-doped layered~Ga,Mn!As systems stud-
ied by Kawakamiet al.40 These systems are ferromagne
and the carriers are holes rather than electrons, leadin
strain-sensitive spin-orbit-coupling induced magne
anisotropy29,41 and coercitivities. These properties sugges
rich interplay between the hysteretic magnetoresistance
fects common in thin film itinerant electron magnets1,42 and
the hysteretic effects discussed here, which have their r
in electric field domain structures.43 Had ferromagnetism
been taken into account in our model calculations, by solv
ff,
hy
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for D self-consistenly in Eq.~6!, not only the electric field
domain structure but also the magnetic state configura
would have been sensitive to the bias voltage history. Exp
ing these possibilities appears to be a promising avenue
future experimental and theoretical work.
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