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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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[. INTRODUCTION ence to spin-relaxation rates within the quantum wells.

The giant magnetoresistance effect in magnetic metal The formation of electric field domains is the hallmark of
multilayers occurs because of the coupling of external mag-dc-biased transport in weakly coupled semiconductor super-
netic fields to band electron spins through their collectivelattices. Spontaneously generated inhomogeneities in the
spin polarization. The utility of this effect for information spatial distribution of voltage drops, were proposed as an
storage and field sensing devices has increased interest éxplanation for overall conductand& (V)] oscillationst’
exploring related spin-dependent transport properties in bottiscovered in pioneering growth direction MQW transport
ferromagnetic and paramagnetic semiconductors. At thetudies. This early hypothesis was later confirmed by direct
same time, progress in the homoepitaxy and heteroepitaxy gfhotoluminiscence measuremetftsSubsequently, highly
magnetically doped semiconductors is creating new possdoped GaAs/AlGaAs superlattices that present sawtoothlike
bilities for engineered material geometries in which newcurrent-voltage -V) characteristics in the negative differen-
spin-dependent transport effects are likely to oécltarge tial conductancéNDC) region were studied in detail. Along
band electron spin polarizations can oécir diluted mag-  branches of the sawtooth two approximately constant electric
netic semiconductor€DMS’s),> for example, in 1I-VI com-  field regions develop in the sample, separated by a layer of
pounds with Mn substituted on the group Il site. Among theaccumulated electrons. In the following, we follow common
striking phenomena already demonstrated in Mn doped II-Viusage in referring to these layers with higher 2D electron
quantum structures are magnetically tunable quantum wellensity asnonopolesThis nonequilibrium configuration en-
barriers and interwell couplingsspin-dependent dynamics ables resonant tunneling between ground and excited sub-
of polarized excitons in spin superlatticesptically probed  bands in the high field region, minimizing the total resistance
spin coherenc,and the injection of highly polarized spin of the superlattice. Increases in external voltage in this re-
currents into GaAs/AlGaAs light emitting dioddn addi-  gime lead to sharp decreases in current, followed by discrete
tion, n-doping of wide-gap II-VlI magnetic semiconductor jumps of the monopole region from a well to its upstream
quantum wells (Zp__,CdMn,Se) has been achieved, neighbor, extending the high field domain over an additional
yielding two-dimensional electron ga8DEG) systems that period and increasing the current.
are exchange coupled to magnetic i6h§he exchange in- Past work has studied the dependence of domain forma-
teractionJgy betweens electrons in the conduction band and tion and evolution on magnetic fields applied along the
Mn** S=5/2 local moments, results in band spin splittingsgrowth direction and on far-infrared radiation wavelength. In
larger thanf w., the Landau level splitting. The spin split- the former case, the formation of Landau levels and scatter-
tings can reach values as high as 20 nfeM fact, complete  ing between them introduces a new voltage scale for domain
spin polarization can be achieved in quantum wells at relaformation?® In the latter case, photonic sidebands sustain the
tively low magnetic fields ¢1 T).1® formation of the electric field domairf8 The inclusion of the

Although the study of electronic transport properties inelectronic spin in the study of perpendicular transport in
DMS heterostructure systems is still in its initial stages, in-MQW'’s can also be expected to alter electric field domain
teresting predictions have already been mdde.The formation physics, and exchange coupling to Mn spins
present study is motivated in part by the recent growth of ahould make it possible to tune these effects with relatively
modulation-doped ZnS@n,Cd,MnSe multiple quantum weak external magnetic fields. This is the possibility that we
well (MQW) system'® In nonmagnetic MQW systems, explore at greater length in this paper. In all these cases the
growth direction transport phenomenology is enriched by arelectron-electron interaction, although small in the ground
interplay between charge accumulation and resonant intestate in comparison with typical energies of the system, can-
well tunneling effects that results in the formation of electricnot be neglected since it is the Poisson equation relating
field domains. In this paper we report on a theory of thecharge accumulation to field variations that is at the heart of
influence of exchange coupling with Mn ion spins on electricfield-domain formation. For example, it permits the experi-
field domain formation and on the sensitivity of this influ- mentally observed multistability of distinct stationary
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phySicaI states at a fixed bias VOltage. Nonetheless, trGuantum well subband index. We will ta@ to be a con-
mean-field Hartree approximation is sufficient to capture thigjnyous index |, disregarding Landau-level formation in the
physics in typical samples. The nonlinearity of the currentyeak magnetic fields we will consider.
versus voltage relationship between neighboring quantum (ji) 7¢; contains the tunneling amplitudes that couple qua-
wells, coupled with the nonlocality of electron-electron i”ter'siparticles in different quantum wells. In weakly coupled su-
action effects leads to transport equations that can be SOW%rIattices it is a good approximation to treat this term by
only numerically, and also to results that are sometimes difteading order perturbation theory as we discuss in Sec. Il A,
ficult to interpret. _ . o (iil ) HecarrCONtains the scattering terms within a quantum
In this paper we deal with the formation of electric field e|| that allow a nonequilibrium quasiparticle to relax its
domains in I-VI MQW systems with one or mof#,Mn)Vl  excess energy, but does not contain terms that permit the
quantum wells. The main ingredients of our self-consistenfyasiparticle system to bring its spinsubsystems into equilib-
theoretical model ar¢i) a theory for the tunneling current rjym_ (These terms are absorbed?ify.) Because it is diffi-
between two spin-polarized 2DEG'6) a continuity equa- ¢yt to describe these scattering processes accurately, or even
tion that accounts for relaxation of nonequilibrium spinto know what they are in particular systems, we will use a
populations;(iii) a relationship between the up and down phenomenological relaxation time approximation. The time
chemical potentials and their densiti€s) the application of  scaje associated with these processes is typically rather short
simple Hartree mean field theory to account for the COU|°mt(Tscan~0-4 ps)it
interaction; and(v) a mean-field theory for the interaction ) 745 s the electron-electron interaction in the conduc-

between 2DEG electrons and Mn spins whose average polafiy hand for which we will use a Hartree mean-field ap-
ization is very sensitive to external magnetic fields at |°Wproximation.(See Sec. Il ¢

temperature. We shall demonstrate that new features appear o remaining terms in Eq(1) describe spinrelated

in the I-V curve that depend on temperature and Mn Spirbhysics.

concentration, and explain why spin bottlenecks turn out to (i) 1% is the exchange interaction betwegnonduction
int

ha\_ﬁ]a strong_lnfluenc_e 'g thef'TIStab"'lty rSegloTls. h tband electrons and Mn local moments, an interaction that
: € paper IS organized as 1ollows. In Sec. I our theorely, g ot to pe ferromagnetic in 1I-VI MQWSs. When the
ical model is thoroughly explained. Section Il is devoted to ean-field and virtual crystal approximations are employed,

a discussion of technical details important for the numerica he effect of this coupling is to make the subband energies
integration of thg rate equations th_at Qesprlbe the time deF)e'g'pin—dependent in those quantum wells that contain Mn ions
dent charge, spin, and current distributions. In Sec. IV w _E”

j .

give numerical results and discuss their interpretation. Fi- =1 "y . .
nally, Sec. V contains our conclusions. . (i) Tim TEpPresents the apnferromagnetlc super gxchqnge
interaction between Mn spins on neighboring lattice sites
that has been found to be important in modelling bulk DMS
IIl. THEORETICAL MODEL systemg' Since our intention here is to address the qualita-
Following sucessfdl early work on bulk systems by UUve phys(ljc(:js of field domains in DMS MQW systems, we
Kossut?? Bastard?® and Gaf* we account for the presence neglectH;,; . We do expect, however, that these interactions
of Mn ions in DMS guantum wells, by Combining a phenom_ will be important for detailed modelling of Specific experi-
enological exchange model with a virtual crystal approxima-mental systems.
tion and mean-field theory. The lattice parameters and the (iii) Hs contains the microscopic processes that allow
band Hamiltonian parameters of a 1I-VI heterostructure areéquilibrium to be established between spin subsystems
assummed to Change Smooth|y as Mnspins are intro- within a quantum well. The fact that spin relaxation can be
duced in the system and$=5/2 quantum spin is assumed duite slow in the conduction bafitis one of the motivations
to be added to the low energy degrees of freedom for eacﬁ)r this work. Relaxation times in excess of 1 ns have been
Mn spin. The band electron system and the local momentgstablished experimentaflyin 11-VI semiconductor QW's
are coupled by a ferromagnetic exchange interaction that favithout Mn. In 1I-VI DMS QWs these times are reduced to
vors parallel alignment of the local moment and band electens of picosecondéut still larger thanrgc,).* We discuss
tron spins. The total Hamiltonian of the system is the role of these terms at greater length in Sec. Il B.

H=Ho+ Hr+ Hocarrt Hos+ H30+HI+ Hy. (D) A. 2D-2D tunneling

The standard theory of tunneling relates the electric cur-
rent between weakly coupled subsystems to tunneling matrix
Melements and subsystem spectral functfSrid.In our case
we will apply this theory to describe the current flowing

isolated t ls. It ¢ ; v sinal between one quantum well and its neighbor. Since elastic
ISolatedquantum wells. 1tS energy Spectrum IS purely SINgle-5,q ne|astic scattering times in the quantum wells are

particle-like, and the quasipa[ticle spectrym is that (3f an iso-Shorter than any other time scale of the problem, we can
lated quantum well 2DE@;(k)) =E;+ £(k)), wherek) is  follow the standard lines of tunneling theory and assume that
the wave vector parallel to the MQW heterointerfaces,the electrons in each well are in quasiequilibrium between
g(kH)zhzkﬁ/Zm*, m* is the effective mass, andis the  succesive tunneling events and that their temperature is that

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

(i) Hg is the Hamiltonian for independent electronsNn
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of the lattice. We ignore interwell spin-flip processes, so thaspin.. The transmission coefficients from the ground subband

currents are carried between wells by the two spin subto thejth subband of the neighboring wél} are calculated

systemsin parallel. Accordingly, the current per spin from by means of the transfer Hamiltonian meti8dSince this

theith well to the {+1)st well is given by the following approach involves only orbital degrees of freeddmdoes

general expression: not depend explicitly oro. We are therefore implicitly re-
stricting ourselves to the case when the spin splittings are not

o _ . o o so large as to mix different subbands. The funct®nex-
R By k; Tkiki+1J de Ag(e)Ag  (e+eV) presses the width of the energy “window” available for tun-
r neling. For tunneling between the lowest subbands

X[fle—pi)—fle—pui +eVi], 2
T—EZ: 7, —eVi<E7,
where o=(1,]) is the conduction electron spin index, Hi U'l ) 'u':l ' U'l
Tik., is the transmission coefficient between particular =1 ~ (w1~ Bt wi+teVi<iel g,
wave vector states in the two quantum wedly is the volt- ui— i teVi: otherwise,

age drop across thigh barrier, andf (x) = 1] exp@/kgT)+1]

is the Fermi factoru; denotes the chemical potential in well whereE;, is the first subband energy in tith well and so

i measured from the bottom of well A commonly used oOn. The expressions for the energy window for tunneling to
Lorentzian-shape function is chosen to represent the influhigher subbands are similar and differ only through the ab-
ence of disorder on quasiparticles in tfta subband within ~ sence of Pauli blocking effects in the target layer.

theith quantum well:

B. Spin splitting and spin relaxation

— 7: ) (3) The exchange interaction between the conduction band
i ™ [S—Ef(ki)]er y? electrons and the Mh™" ions produces a giant spin splitting
of the 2DEG even in the presence of a small magnetic field.

This form for the spectral function results from neglectingtha hottom of the band for each spin rigidly shifts accord-
the real part of the disorder self-energy, which introduces arihgly:

unimportant rigid shift of the quasiparticle energies, and the
energy dependence of its imaginary paytis treated as a EC—E.—sA (5)
J L

phenomenological parameter whose value may vary substan- J
tially from sample to sample and is to be taken from experi-
ment. (y=7%/27¢.~1 meV). In weakly coupled superlat-
tices the broadening due to scattering is much larger than the
miniband width so that tunneling between quantum wells is
sequentialrather than bandlike. In this regime an electronwhere E; is the jth miniband centers=+(—) for o
undergoes many scattering events in one well before tunnel=1(1), Jsq is the exchange integraly, is the density of

ing to the next well. Because of the epitaxial nature of theMn?* ions with spin equals t&=>5/2, Bg is the Brillouin
samples in question, we assume that the tunneling procedgnction, andT is an effective temperature which can, in
conserves parallel momentum, i.e., effects such as interfaggeneral, include a correction due to antiferromagnetic inter-
roughness are not taken into account. This approximation igctions between neighboring Mn iohdVe have assumed
made for the sake of definiteness and does not influence theere that the magnetic field) orientation is such that the
qualitative conclusions we will reach. In addition, the typical quasiparticle energy is lowered fop spins. Note that our
electronic densities in particular quantum wells are assumedrtual crystal approximation for the Mn ions implies that the
to be~10'" cm™2 so that only the lowest subband is appre-mean-field experienced by band electrons of spiis spa-
ciably populated in the quasiequilibrium state of a quantundially uniform. In this paper we take the field experienced by
well. Therefore, when current flows dominantly by a transi-the local moments in Eq6) to be the external magnetic
tion from the ground state of wallo the first excited state in field. In fact, the mean-field approximation we employ can
well i+1, rapid relaxation to the lowest subbafua, e.g., be extende® to include the contribution of spin-polarized
emission of a LO phononis assumed. This simplifications band electrons to the total effective magnetic field experi-
lead us to an analytical expresion for Hg) atT=0 K: enced by the local moments. When this is done, ferromag-
netism results. That extention of the models and approxima-
tions employed here does in fact appear to account for the

gMBBS>, ®)

A=JseNunS Bs(m
e

g VO —_ g (o8 g g . . . .
Ji,i+1:m=(ﬂi EN o uiy 1Bl 1.6 V) main features of the carrier induced ferromagnetism that
m occuré®3tin doped diluted ferromagnetic semiconductors.
5 The transition temperatures in these systems can be
X E T Y ] (4) substantiaf for p-type systems and for higher carrier densi-
T (E1— B4y +eV)2+(2y)? ties. In the case of relatively low-densitytype systems, the

ferromagnetic transition temperatures will be low and ferro-
The sum in Eq.(4) is extended over all subands in the magnetism does not necessarily occur, when direct interac-
(i+1)st well vo=m*/2742 is the 2D density of states per tions between the Mn local moments are included in the
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theory. Experimentally, most-type DMS 2DEG’s show no o
evidence for ferromagnetism. In this paper we will assume
that the contribution of the spin-polarized conduction band
system to the effective field experienced by the Mn local ® )
moments is negligible. If ferromagnetism did occur, the non- %' """""" v
linear field-domain transport physics we discuss in this pape!

would be further enriched.

In modelling spin relaxation within a quantum well we
start by nelecting the transport curredf§, ; .33 For instan- 27 ! A
taneous spin splittings smaller than the Fermi energy we ust ET 2 E,
the following phenomenological spin-relaxation rate equa-
tion within each quantum well: (a) ()

0 0

Energy
Energy

a (o8 (o8
di - _ u,, 7) FIG. 1. Schematic illustration of spin relaxation within a quan-
dt Tsf o tum well. The dashed lines indicate initial nonequilibrium chemical
— ) ) ) ) potentials while the dot-dashed line the equilibriuta+(>) chemi-
where o is the spin opposite tar and 7 is the spin-  cal potentials. Pané) is for the case of spin splittings smaller than
scattering time.(We neglect the dependence af on A, ,7—E] while panel(b) is the case of for spin splittings larger than
which may be important in certain samplésThis equation w'—E] for which the equilibrium state is completely spin polar-
implicitly assumes the linear noninteracting 2DEG relation-ized. The zero of energy in these plots is the electrostatic potential
ship between density and chemical potential, so that correlasf the quantum well.

tion effects are not taken into accoufit:

n’=wo(ui —Ef). 8

In the absence of a driving bias voltage, the solution of Eq. . _ o

(7) att—oo is n/ = (n;+ voA)/2 andn! = (n;— voA)/2. Here whered is the superlattice perioc is the sample average

ni=n/ +n! is the total density of carriers in tfién well. we ~ Permittivity, andN,, denotes the doping density within the
can see from this asymptote that Eg) is valid only for spin ~ WellS- (Experimentally, doping is usually accomplished by
splittings smaller than the chemical potential. placing a ZnCJ layer in the barrier layers; this difference in

For A greater than the chemical potential, Eg). must be electrostatics compared to our model has no important

Vi-=Vi_1 e )
SNy, B=1 N, @

1
modified using Eq(8): consequences:

g Ea(®) By inspection of Eqs(10) and(11) it is obvious that a set
dn! nt M_i_E_ll of boundary conditions must be provided fiog andny ;-
d_tI: - L=- ;Vo, (98  Within our model these layers play the role of source and

Tsf Tsf drain, respectively. A simple way to represent source and
' , drairt® is to fix the density in both layers at high values. We
—_=— . (9b)
dt dt

I , =kN,,, 12
For large enough\, Eq. (9) leads to an equilibrium state No: M+ 1= KNw (12

with full spin polarization.(See Fig. 1. _ _ where k>1 is an adjustable parameter. More sophisticated
Adding transport currents to these considerations leads tg,54e|$6-37 have proven that a proper description of the con-
the following discrete continuity equations for the spin popU-acts can have a strong effect on the selection of the transport

lation in each quantum well: equation solution when multistability occurs, especially
_ when dynamical solutions are allowdd.However, we
dn’ g =i mi—w o choose not to delve into these effects in detail here since our
dat e B Tof vo, 1=1,...N main interest is on spin effects. For the sake of definiteness,

(100  the contacts are taken to be unpolarized throughout our cal-
et . culations; including spin-polarized injection in our theory
for the caseu; —Ej;>2A. Otherwise, Eq(9) must replace  ould be straightforward and indeed this may be a very in-

the second term on the right-hand side of Etf). teresting avenue to explore in future experimental and theo-
retical studies. With this representation of the source and
C. Electrostatics drain, fixing the overall bias voltage

In large area heterostructures, the Coulomb interaction is N
usually included in a Hartree mean-field approximation. The V= 2 v (13)
Poisson equation relates the electrostatic potential drop =
across MQW barriersy;, to the charge distribution among
the quantum wells closes the set of equations.
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IIl. NUMERICAL CONSIDERATIONS T '

Our model contains §+1 unknown functions of time
(2N chemical potentialsy”, 2N electronic densitiesy;,
andN+1 voltage dropsy;). These unknown functions are «
determined by the I8 constitutive equalitie$Eq. (8)], 2N
rate equation$Eq. (10)], N Poisson relationgEq. (11)], and
the total bias conditiofEqg. (13)]. Thus, giving a physically
sensible initial profile, the system of algebraic-differential
equations can be integrated to yield a definite solution. Stan
dard numerical methods are employed in solving Bd),
being careful to use the appropriate spin-relaxation equatior g L. N P
[either Eq.(7) or Eqg.(9)] at each time step. 0 \?'?2 v 0.04 0 %012 \?‘04

The total current densityi(t) traversing the sample at oltage (V) oltage (V)
time t is determined by the following procedure. Differenti-  FIG. 2. (a) Current density flowing from a nonmagnetic well to
ate Eqg.(11) with respect to time and substitute the result intoa magnetic one foA=0-6 meV in steps of 1 meV. The rightmost
the sum of Eq(10) over spin indices in order to eliminate curve corresponds tA=0 meV. (b) Same aga) but the carriers
densities and chemical potentials. This leads to the followingire now flowing from the magnetic well to the nonmagnetic one.
current which has the same value when evaluated for anyhe leftmost curve is foA=0 meV.
well indexi:

)

T (Afem
o

0.01

A. Linear regime

J(t)= £ d_\:i+3i (). (14) The behavior of the spin-dependent current density in Eq.

dd (4) depends on many variables. In Figs. 2 and 3 we have

. . . plottedJ/;, ,, for the case wherg|, and u}, have been set
The first term of the right-hand member of the previous, = . equilibrium values,:@,ﬁq:ﬂ#n:um). Thus the spin-

equation is the displacement current whereas the second terdrré endent chemical potential. measured from the bottom of
is the tunneling currend; ;. 1(t)=J/ . 1(t)+ 3}, 4(t). For P P ’

. . d st the well, will depend on the value & (see Fig. 1
static steady state solutions discussed in this paper only the Figure 2a) plots the up-spin current from a nonmagnetic

latter term is finite. well to a magnetic ond| ., i.e., net electron flow from a
magnetic well to an nonmagnetic one. Fb=0 meV and

low voltages the behavior is ohmic, as expected. A larger

We focus on ZnSe/zn,_,CdMn,Se DMS MQWs. A bias results in the alignment of the ground states of both
value ofx~0.2 has been chosen to be consistent with barriWells within y, giving rise to a first maximum in the current.
ers (~200 meV) sufficiently high to capture more than one After this blgs is exceeded, E@) |mpl|es the appearance of
subband in the quantum wells. For definiteness, we focus off NDC region due to subband mismatch and of a second
the case where Mn has been incorporated only ircéeral peak at higher biases when the first subband is aligned with
well of the superlattice. In experimental samples the value of€ sécond subband of the next well. Increasindecreases
y can be varied over a wide range. We expect that the fieldh€ value of the first peak since the up-spin density in the
tuned field-domain effects we discuss will be strongest af@gnetic well increases and fewer states are available for
moderate Mn densities, large enough to give rise to sizabl&Nneling. The peak corresponding to tunneling from first
spin splittings but not so large as to increase the spin scat-
tering rate excessively.

The experimental samples reported on in Ref. 16 posses 1
ZnSe barriers too thick~430 nm) for perpendicular trans-
port. Under those conditions, the coefficiefitsare so small
that electron tunneling would likely occur via impurity chan- «
nels in the barriers or through different symmetry points in
the host semiconductor band structure, violating the assump
tions of our theory. For these model calculations we choose ¢*
smaller barrier widttb=5 nm. The remaining phenomeno-
logical parameters have been fixed on the basis of availablt
experimental data: w=10 nm, m*=0.1én,, N,=2
X 10" ecm 2, 74=10 ps, andk=1.5. w is the well width 001
and « specifies the source and drain densifese Eq(12)].

In Sec. IV A we study self-consistent steady-state solu-
tions for low voltages. This will help us understand the more  FIG. 3. () Same as Fig. (@) for down spins. The leftmost curve
complicated behaviors that result from instabilities in thecorresponds ta=0 meV. (b) Same as Fig. ®) for down spins.
NDC voltage regime(See Sec. IV B below. The rightmost curve is foA=0 meV.

IV. RESULTS

)

(Afem

0.1

nm

0.01

. L . I
0 0.02 0.04
Voltage (V) Voltage (V)
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&-0.01- @
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0 0.05 0.1 0.15 0.2 0035005 01 015 02 0 005 01 015 02

Voltage (V) Voltage (V) Voltage (V)
FIG'h4' I-thh?racft_enstlczgoA;3 meV. The f(ljr_s_t peak oceurs FIG. 5. (a) Spin polarization for the upstrearfuownstream
near where the firstfirst subband resonant condition occurs in aquantum well is represented by fullashed lines. The inset high-

configuration with no field domains. The following three branchesIightS the low voltage regimeb) Same aga) but for the magnetic
reflect steady states with monopoles in one of the three quanturguanturn well

wells of the system. The monopoles move upstream with increasin

bias voltage, increasing the number of high field barriers. Note thaéystem prefers to mantain regions of low and high electric
the final peak in the-V curve is split in the spin-dependent rans- ga|4s where intrasubband and intersubband resonant tunnel-
port case. Results for thie=0 meV case are shown in the insetfor 4 can occur, rather than maintaining a constant field. The
comparison. The_vertlcal lines that connect different branches of thﬁigh field regime forms in the downstream side of the
|-V curve are guides to the eye. sample. In this way, the superlattice minimizes the total re-
sistance and current increases. In order to build the inhomog-
—second subband is not affected in magnitude but its posienous field, according to Poisson equatiddi) an excess
tion is shifted to lower bias voltages because the bottom oglectron density, or a monopole, must accumulate in the well
the up-spin subband goes down. For a given value of the spist the boundary between low and high field regions. As the
splitting (A~3 meV), the magnetic well is fully polarized voltage is further increased, configurations with particular
so that the first peak magnitude can no longer vary its valuemonopole locations sucessively become unstable and the
a displacement due to subband lowering is observed insteaghonopole moves by one quantum well to increase the width
In Fig. 2(b) the up-spin current from a magnetic well to a of the high field region. Monopole motion gives rise to an
nonmagnetic one is shown. Here the first peak becomesbrupt decrease of the current, which is followed by a
larger as,uln grows since more electrons take part in thegradual increase as the voltage increases further. These suc-
tunneling. This increase ceases once the fully polarized sitweessive monopole position jumps lead ultimately to the saw-
ation is achieved. In addition larger voltages are needed ttwothlike |-V curve shape of Fig. 4. The inset in this figure
align the energy levels as increases and the peak moves toshows the corresponding=0 meV |-V curve for com-
higher voltages. Field-domain physics is at heart controllegparison. The most obvious change is the appearance of a new
by the interplay of electrostatics and the layer-to-layer nonbranch that develops close to the firstecond subband tran-
linear 1-V relationships. These examples illustrate that thesition (see below.
layer-to-layer nonlinealr-V's can be altered by (and hence The somewhat complicated behavior of the bias voltage
an external magnetic fieldvhen one of the layers contains dependence of the steady state spin polarization is depicted
Mn local moments. It follows that the field-domain structurein Fig. 5 forN=3 andA=3 meV. Notice that in Fig. @) a
must beA and field dependent as we show below. nonzero steady state spin polarization is induced in the non-
The corresponding down-spin current is plotted in Fig. 3.magnetic wells by the spin-dependent transport currents. We
The considerations explained above for the up spin case maave assumed here that the spin-relaxation time constant
be invoked to understand this figure. FA=3 meV [see is the same in all quantum welld0 p3. In practice these
Fig. 3(b)] the down-spin current flowing from the magnetic times are likely to be considerably larger in the nonmagnetic
to the nonmagnetic well)(,,) vanishes for any value of the wells, and the induced spin-polarization in these wells will
applied bias since in the fully polarized regime, no down-have an even larger importance. For low voltages, the inset
spin carriers are present in the magnetic well. of Fig. 5b) shows a reduction of the magnetic well spin
A numerical calculation foN=3 gives rise to the MQW polarization. This effect can be understood by realizing that
current-voltage characteristics shown in Fig.Mhas been the minority spin current from a nonmagnetic well to a mag-
set to 3 meV. At low voltages the behavior is linear, up to thenetic oneJ! . grows when the system is driven out of equi-
peak which marks alignment to withirt y of the first sub-  librium by a small bias voltage. This occurs aIsoJirhn but
bands of all wells. Then, after entering the NDC region, anat a smaller rate because of the spin subband displacement in
increase of the current occurs because an electric field dahe magnetic wel[compare Figs. @) and 3a)]. Therefore,
main has formed. The underlying mechanism can be undeat low voltages the magnetic well polarization must decrease.
stood in the following terms. As the voltage is increased, theCorrespondingly, the upstream-well polarization must in-
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FIG. 6. 3D plot describing the dependence of the magnetic well FIG. 8. MQW profiles forVy, V;, V3, andV, [(a), (b), (c), and
spin polarization on voltage bias and spin splittihgin construct-  (d), respectively marked in Fig. 7. Resonant levelshemical po-
ing this figure, 7 has been increased to 10 (sill a reasonable tentialg are depicted by soliddashedlines. The spin polarizations
value (Ref. 8 in order to magnify the effects commented on the plotted in Fig. %a) are not observable on the scale of these figures.

text.
appeared close to the;,— E, transition at smalleA is now

_ _ ) _ fully developed. In addition, a new branch foribeforethe
creasd see the inset of Fig.(8] since down spins leak out g _.E, transition.

of it. The enlargement of the downstream-well spin polariza- 1o petter understand the subtle interplays that control
tion has the same originSee Figs. &) and 3b).] these features, we have studied the self-consistent steady-
state well-dependent spin polarizations at the particular volt-
_ ages marked in Fig. 7. The series of MQW electrostatic pro-
B. NDC regime files illustrated in Fig. 8 are dominated by classical field-
As explained above, once the bias voltage reaches thdomain physics not qualitatively influenced by the spin-
NDC regime, electric field domains form in the sample. Asdependent nature of the transport. Figufe)§V,) is the
we now discuss, their formation strongly influences spin-highest voltage at which intrasubban#,(~E;) resonant
polarizations in both magnetic and nonmagnetic quantuntunneling can be maintained. The electric field drops almost
wells, with discontinuities associated with every break in thelinearly along the system. In Fig(8 (V,) the formation of
[-V curve. The magnetic well polarizatioR, varies particu- a high electric field domain in the last barrier is clearly ob-
lary strongly, especially when the monopole moves througtserved, favoring a resonant condition between the third well
the magnetic well, and becomes stronger as the spin splittingnd the collector first-excited subbaifdThe second branch
is increased. This can be seen in Fig. 6, which describes thia the NDC region ¥3) involves the generation of a larger
general behavior oP with voltage and spin splitting. high field domain[see Fig. &)]. The domain wall is now
If A is further increasedX=6 meV), new branches ap- located in the magnetic well. A jump to the first wékig.
pear in thel-V curve (see Fig. 7. The extra branch that 8(d)] (V,) is accompanied by further expansion of the high
field domain. In this situation all tunneling within the wells
takes place between the ground and the excited states, fol-
lowed by a rapid relaxation to the first subband.
Figure 9 illustrates spin populations nellv features

oz where the spin-dependent element introduced by the mag-

3 ol netic quantum well plays a qualitative role. Figur@)9de-

e scribes the position of energy levels for the voltade

z marked in Fig. 7. The subband energies in the nonmagnetic

% wells (E' andE') are quasidegenerate. Notice that resonant

50.01 tunneling occurs betweel], andE},. Further increase of
the voltage, however, results in a decrease of the current
since nowE]; is then off-resonancésee Fig. %)]. The

0 I O.IOI ' 0.:)2 ‘ 0.03 X . . .
. I . I . I . current is then increased again sifieg starts to matctes, .
0 0.05 ol 0.15 0-2 This explains whyP does not show the behavior observed
Voltage (V) . . .
for smallerA (A=3 meV) in the linear regimelIn con-
FIG. 7.1-V characteristics foA=6 meV. Note the appparance trast to the inset of Fig.(§), the inset of Fig. 7 presents a flat

of new branches in the steady-state curve. The spin polarization ~polarization at low voltagesP starts to increase only when
in the magnetic quantum well at low voltages is plotted in the insetV is such thaE], reaches withiny of E,. The splitting of

0.001
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FIG. 9. Same as Fig. 8 fors, Vg, V;, andVg [(a), (b), (c),and a blow-up of three different steady states reached Vat
(d), respectively. =0.08 meV. The state labeled(3) is achieved by sweeping volt-
age up(down) from a high(low) initial bias. The state labeled 2 is
obtained by sweeping voltage up ¥%=0.1 (marked with a crogs
'3nd then reversing the sweep direction.

Distance (nm)

the branch at higher bias voltage where all transport occu
via intersubbandE,— E,) resonant tunneling has a similar
explanation. Figure @) is stabilized by alignment oE], V. CONCLUSION

with E%z levels. Subband mismatch at higher bias gives rise \\e have introduced and studied a simple model for
to a sharp reduction of the current, which increases later, a§rowth direction nonlinear transport in multiple quantum
the voltage is increased and resonant tunneling betlgen well systems containing magnetically doped layers. Our
andE}, levels is achieved. Incidentally, the dipsFhillus-  analysis is based on a tunneling Hamiltonian expression for
trated in Fig. 5 can be explained in this way. When the lattethe current between spin-polarized gquantum wells and on a
alignment occurs, a large flow of down-spin carriers streamghenomenological expression for spin relaxation within
towards the magnetic well, causing a sharp decrease of tlguantum wells. Numerical studies of this model show that it
polarization. The remaining features in Fig. 5 can be underpredicts rich behavior due to its nonlinearity and due to the
stood in similar terms. additional degrees of freedom introduced by spin-dependent
So far all results were calculated by sweeping voltages upransport. Nonlinearity manifests itself in the formation of
Steady state solutions in the NDC bias voltage region are ielectric field domains when the differential conductivity be-
general multistable. We can obtain different solutions at aween neighboring layers is negative. We find that the spin
given bias voltage by evolving solutions following different polarization of electrons in magnetic wells can change sub-
histories?* for example, by decreasing voltages from a highstantially when the system jumps between different branches
initial bias. For a given voltage different values of the currentof the |-V curve. When current flows finite electron spin
with different density and spin polarization profiles may bepolarization extends from the magnetic quantum wells to
achieved. To amplify effects, in studying this possibility, we nonmagnetic quantum wells. When large equilibrium spin
have setr=10 ns in aN=9 superlattice. The change ih  splitting, thel -V curve is strongly affected by the appearance
with voltage is now so greatly increas¢see Fig. 1Dthat  of extra branches, due to tunneling into and out of spin po-
even reversedpolarization can be observed at somewhatlarized well subbands and these effects become more and
larger values ofrg in the E;— E, resonant tunneling regime more prominent when the characteristic time for spin-
(not shown here This is a direct consequence of the emer-relaxation is longer.
gence of dominant spin bottlenecksThe alterations in po- The effects addressed in this paper could be investigated
larization are more visible for voltages greater than the onexperimentally by studying transport properties and by
corresponding to th&,— E, resonance, but we choose not studying the polarization dependence of interband optical ab-
to show them here since these involve transitions to highesorption and photoluminescence in MQW systems contain-
excited energy levels, close to the top of the barrier, wheréng magnetically doped layers. The predicted sensitivity of
our model breaks down. However, for sufficently high barri-transport properties to external magnetic fields, suggests that
ers it would be natural to obtain such behavior. these systems could potentially be useful for magnetic field
Figure 10 shows three different values of spin polarizatiorsensors, most likely in geometries with a relatively small
in the magnetic well which can be obtained at a particulamumber of quantum wells. The sensitivity to external fields
bias voltage, depending on the sample history, up sweewill be strongest at low temperatures where the the Mn ions
from zero voltage, down sweep from a high voltage, and ugare easily polarized to produce the maximum equilibrium
sweep to an intermediate voltage followed by down sweepspin-splitting field. To illustrate the sort of effects that we
We emphasize that this kind of hysteretic phenomena beexpect to occur, we have considered only relatively simple
tween magnetic states is driven hereddgctric fields. geometries with a single magnetic layer. Other effects will
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occur in larger MQW systems with particular geometries. Infor A self-consistenly in Eq(6), not only the electric field
general there is considerable lattitude for designing the Mrlomain structure but also the magnetic state configuration
density distribution in the MQW system to realize desiredwould have been sensitive to the bias voltage history. Explor-
magnetoresistance effects that could be described with ﬂ’]ﬂg these possibilities appears to be a promising avenue for

type of model we have introduced here. _ _future experimental and theoretical work.
Analogs of the magnetotransport effects we discuss will

also occur in ferromagnetic multiple quantum well systems,
similar to the delta-doped layerdé®Ga,MnAs systems stud-
ied by Kawakamiet al*® These systems are ferromagnetic
and the carriers are holes rather than electrons, leading to One of us(D.S) thanks the hospitality of Indiana Univer-
strain-sensitive  spin-orbit-coupling induced magneticsity and The University of Texas at Austin where most of this
anisotropy>*' and coercitivities. These properties suggest avork was completed. This work was supported by the Span-
rich interplay between the hysteretic magnetoresistance efsh DGES Grant No. PB96-00875, by the European Union
fects common in thin film itinerant electron magriéfsand  TMR Contract FMRX-CT98-0180, and by the Indiana 21st
the hysteretic effects discussed here, which have their rootentury fund, the Welch Foundation and DARPA/ONR
in electric field domain structurés. Had ferromagnetism Award No. N00014-00-1-0951. The authors acknowledge
been taken into account in our model calculations, by solvingzalueable assistance from Tomas Jungwirth.
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