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Spin-polarized current oscillations in diluted magnetic semiconductor multiple quantum wells
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We study the spin and charge dynamics of electrons inn-doped II-VI semiconductor multiple quantum wells
when one or more quantum wells are doped with Mn. The interplay between strongly nonlinear interwell
charge transport and the large tunable spin splitting induced by exchange interactions with spin-polarized Mn
ions produces interesting spin-dependent features. The tunneling current between quantum wells can be
strongly spin polarized and, under certain conditions, can develop self-sustained oscillations under a finite dc
voltage. The spin polarization oscillates in both magnetic and nonmagnetic quantum wells and the time average
in magnetic wells can differ from its zero-voltage value. Our numerical simulations demonstrate that the
amplitude of the spin-polarization oscillations depends on the distribution of magnetic wells within the sample.
We discuss how the spin-polarized current and the spin polarization of the quantum wells can be tailored
experimentally.
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I. INTRODUCTION

Current information technology devices are based on
manipulation of electrical charge flow using electric field
Recent technological developments1 that exploit magne-
totransport effects in ferromagnetic metals have increa
interest in exploring other ideas. Effects based on the e
tron spin degree of freedom can be used either to impr
device functionality, or to create radically new devices th
either implement new processing algorithms, as in quan
computing, or that are based on different physical princip
as in spin field-effect transistors.2 The extreme sensitivity to
external magnetic fields3 that has been exploited in ferro
magnetic metals is ultimately a consequence of the collec
behavior of many electronic spins that follows from lon
range ferromagnetic order. Ferromagnetic semiconduc
are important because their magnetic properties can in p
ciple be engineered by doping or by adjusting gate voltag
Considerable progress has been recently made in manip
ing the ferromagnetism that occurs in a number of comm
III-V compound semiconductors when they are doped w
the magnetic element Mn.4–6Although they are not normally
ferromagnetic, II-VI semiconductors doped with Mn also r
spond strongly to external magnetic fields and ha
properties7–9 that are similar in many respects. The transp
properties of Mn-based heterostructures have been stud10

including miniband transport in strongly coupled superl
tices doped with Mn.11

In a recent paper12 three of us analyzed the nonline
transport properties of II-VI semiconductors with weak
coupled highlyn-doped quantum wells in which one or mo
of the quantum wells is doped with Mn. The interplay b
tween electronic spin, charge accumulation, and resonan
terwell tunneling effects that takes place in these systems
been shown to alter the formation of stable electric-field
mains and to produce hysteretic behavior in both spin
charge distributions. Spin polarization is induced in bo
0163-1829/2003/67~4!/045324~5!/$20.00 67 0453
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magnetic and nonmagnetic quantum wells when driven
strong dc electric fields.

In nonmagnetic highlyn-doped semiconductor weakl
coupled multiple quantum wells, it is well known that d
electrical transport is dominated by the formation of electr
field domains. This effect is reflected in the nonline
current-voltage characteristics13,14 which present a sawtooth
structure that arises from the interplay between electr
electron interactions and resonant intersubband tunneling
tween neighboring quantum wells. When the carrier den
is below a critical value, however, the formation of electr
field domains is not stable and the nonlinear transport pr
erties change drastically in comparision with the high
n-doped systems. Intermediaten-doped systems have ver
rich behavior. The time-averaged current-voltageJ-V char-
acteristics presents flat plateaus. Real-time measurem
show that within a plateau the current has an undamped
cillatory dependence on time.15 These self-sustained elec
tronic current oscillations15,16come from the dynamics of the
domain wall separating electric-field domains and per
even at room temperature, making these devices promi
candidates for microwave generation15 with frequencies that
extend from kHz to GHz.

In this paper we explore interesting features that occu
weakly coupled quantum wellsthat support self-sustained
oscillationswhen they are doped with magnetic impuritie
In Sec. II we briefly review the model that we use for inc
herent transport between quantum wells which can con
magnetic impurities. In Sec. III we summarize and discu
the results we have obtained by solving this model num
cally for some representative circumstances. Finally, in S
IV we present our conclusions.

II. MODEL

Our theory of transport through diluted magnetic sem
conductor multiple quantum wells is built on~i! a theory for
the tunneling current between two spin-polarized tw
©2003 The American Physical Society24-1
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dimensional electron gases~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! a mean-field
theory for the interaction between 2DEG electrons and
spins; and~v! an expression to take into account the Co
lomb interaction between charge accumulations in the qu
tum wells.

In weakly coupled multiple quantum wells, it is a goo
approximation to treat tunneling of quasiparticles betwe
neighboring quantum wells by leading-order perturbat
theory. We ignore interwell spin-flip processes, so that c
rents are carried between wells by the two spin subsystem
parallel. Accordingly, the current per spins from thei th well
to the (i 11)st well, Ji ,i 11

s , can be properly described by
transfer Hamiltonianmodel14,17 with a Lorentzian lifetime
broadening of each quasiparticle’s spectral density. O
Lorentzian half width,g5\/tscatt, is energy independen
purely phenomenological, and represents the combined
fects of interface roughness, phonons, and impurity effe
Spin-relaxation procceses are not included ing. The scatter-
ing times in quantum wells are shorter than any other ti
scale of the problem (tscatt.0.1–1 ps); we therefore assum
that the electrons in each well reestablish local equilibri
between succesive tunneling events and that their temp
ture is that of the lattice. The exchange interaction t
coupless conduction-band electron spins andd Mn local
moments is ferromagnetic4 and favors parallel alignment o
the local momentS and band electron spinss: Hint

sd

5Jsd( ISW I•sW(rW I), where the sum is extended over the po
tions I of the magnetic impurities andJsd is the exchange
integral ~which we take as a constant!.

When the mean-field and virtual crystal approximatio
are employed,18 the effect of the exchange interaction is
make the subband energies spin dependent in those qua
wells that contain Mn ions:Ej

s5Ej2sD, where D
[2JsdNMnSBS(gmBBS/kBTeff),

4 and s511/2(21/2) for
s5↑(↓). We must also take into account the microsco
processes that permit the quasiparticle system to bring
spin subsystems into equilibrium within each quantum w
Slow conduction-band spin relaxation19 makes the effects we
discuss stronger and is an important motivation for t
study. Relaxation times in excess of 1 ns have been es
lished experimentally20 in II-VI semiconductor quantum
wells without Mn. In II-VI diluted magnetic semiconducto
quantum wells these times are reduced to tens of picosec
~but are still larger thantscatt).

21 Fermi’s golden rule leads to
the following equations for the spin relaxation rate equat
within each well:22

dni
s

dt
52

m i
s2m i

s̄

tsf
n0 , ~1!

wheres̄ is the spin opposite tos, tsf is the spin-scattering
time, n0 is the two-dimensional density of states per sp
and ni

s is the spins charge density in thei th well. For D
.m i

↑2Ei 1
↑ , Eq. ~1! must be modified:12
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dni
↓

dt
52

ni
↓

tsf
52

m i
↓2Ei 1

↓

tsf
n0 , ~2!

dni
↑

dt
52

dni
↓

dt
. ~3!

For large enoughD, Eq. ~2! leads to an equilibrium state
with full spin polarization. The continuity equations that d
scribe the time evolution of the partial densities in ea
quantum well include both spin-relaxation and transport c
rents:

dni
s

dt
5

Ji 21,i
s 2Ji ,i 11

s

e
2

m i
s2m i

s̄

tsf
n0 i 51, . . . ,N ~4!

for the casem i
↑2Ei 1

↑ .D (N is the number of quantum
wells!. Otherwise, Eqs.~2! and ~3! must replace the secon
term on the right-hand side of Eq.~4!.

III. RESULTS

In order to obtain electric-field domain physics it is ne
essary to account for electron-electron interactions am
conduction-band electrons at the mean-field level by solv
the Poisson equation.12 Including a displacement curren
contribution, the total current densityJ(t) traversing the
sample at timet is J(t)5(e/d)(dVi /dt)1Ji ,i 11(t) which is
independent ofi and whereJi ,i 11(t)5Ji ,i 11

↑ (t)1Ji ,i 11
↓ (t), e

is the sample permittivity,d is the multiple quantum well
period, andVi the voltage drop between wellsi andi 11. We
model aN550 n-doped ZnSe/Zn0.8Cd0.2Se multiple quan-
tum well system8 with well and barrier widths of 10 and 5
nm, respectively. Mn impurities are placed in the 1st a
50th quantum wells. We have chosen the spin-relaxation t
within the magnetic and nonmagnetic quantum wells to
tsf510211 s and tsf51029 s, respectively. The quantum
wells and the contacts aren doped withNw andNc5kNw ,
respectively. We takek51.1. Figure 1 shows theJ–V char-
acteristics for ~a! Nw5131012 cm22 and ~b! Nw59
31010 cm22. The spin splitting isD52 meV in both cases
With these parameters, the magnetic quantum wells~if taken
as isolated! are partially polarized:P57% @case~a!# and
P575% @case~b!#, wherePi5(ni

↑2ni
↓)/ni is the spin po-

larization of thei th well. As expected, Fig. 1~a! exhibits a
series of sharp discontinuities in the negative differen
conductance region which are linked to the formation
static electric-field domains. Along each branch, charge
cumulates at the domain wall, forming a monopole th
jumps discretely toward the emitter asV increases. WhenNw
is lowered@see Fig. 1~b!#, the branches are substituted by
plateau on which current oscillates periodically with tim
We observe undamped self-oscillations of the current in
rangeV50.2–1.5 V.

In Fig. 2 we plot the total current~a!, and the spin-up~b!
and spin-down~c! currents toward the collector as a functio
of time for V50.5 V for the sample described in Fig. 1~b!,
i.e., for an intermediatedn-doped sample:Nw5931010 and
Nc59.931010 which presents self-sustained oscillations
the absence of magnetic quantum wells. The current osc
4-2
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tions have a period of the order of 5ms, i.e., a frequency in
the kHz range. We observe an irregular shape for the cur
amplitude in all the three cases. The current spikes that
superimposed on the main periodic structure reflect disc
jumps of a domain wall separating electric-field doma
from well to well.16 The current oscillations emerge from th
dynamics of the domain wall which usually consists of
charge accumulation layer~monopole! spread over one o
two quantum wells. In nonmagnetic multiple quantum we
the dynamics of the monopole has been theoretically
scribed and experimentally observed.15 Lowering the contact
charge doping, the domain walls lead to traveling dipole23

that consist of one accumulation and one depletion cha

FIG. 1. J–V curves for a 50-welln-doped 5-nm ZnSe/10-nm
Zn0.8Cd0.2Se system with fractional MnSe monolayers at the 1st
50th quantum wells. Well doping is~a! Nw5131012 cm22 and~b!
Nw5931010 cm22. Contact doping is~a! Nc51.131012 cm22

and ~b! Nc59.931010 cm22. Case ~a! corresponds to a highly
n-doped sample. In that case, the current is stationary and ele
field domain formation takes place. It is reflected in the sawtoo
like structure that presentsJ versusV. Case~b! corresponds to an
intermediaten-doped sample. In that case, the current presents
sustained oscillations and the time-averaged current shown in
figure above shows a flat plateau behavior.

FIG. 2. ~a! Total time-dependent current~tunneling
1displacement!, ~b! spin-up, and~c! spin-down time-dependen
current at a fixed dc bias voltageVdc50.5 V for the superlattice
described in Fig. 1~b!. The current oscillations present a flat regio
and overimposed spikes~see the text below!. Comparison of~b! and
~c! indicates that the current towards the collector is partia
spin-up polarized.
04532
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layer located in separated quantum wells and have dist
dynamics.~The dipole charge front wave is similar to the on
responsible of the Gunn effect in bulk semiconductors.! In
semiconductor multiple quantum wells, monopole and dip
domain walls can coexist at a fixed dc bias16 under certain
conditions.

In Fig. 3~a! we plot the charge-density quantum well di
tribution at the timest1–t5 marked in Fig. 2. We observe tha
for the case illustrated the domain wall is a monopole wh
travels through only a part of the structure. In Fig. 3~b! the
charge density at timest5–t10 is presented. These plots illus
trate an interesting feature of our results: the domain wa
now a dipole with both charge accumulation and depleti
During each oscillation period the domain wall undergoe
transition from a monopole to a dipole one and back.
exciting consequence of this behavior is shown in Fig
where the polarization in the magnetic quantum well is pl
ted as a function oft. We observe that the polarizatio
reaches three different values during one oscillation: dur
the intervals of dipole propagation the polarization abrup
drops and increases up to a practically fully polarization c
figuration. When the domain wall becomes a monopole
polarization remains practically constant up to the tim
where the dipole is formed. The constant value of the po
ization is close to the value of the polarization of the isola
quantum well.

The previous observation can be explained by looking
how the spin polarization in the Mn-doped quantum w
influences the tunneling probability to neighboring wells a
by the strongly nonlinear transport in the negative differe
tial conductance region. The chemical potentials for spin
and -down electrons within a magnetic quantum well (mm

↑

and mm
↓ , respetively! do not take on the same value in th

stationary limit as they would do in an isolated quantum w
because of the finite spin-flip and tunneling rates and beca
self-consistency changes the charge density in the quan
wells (nm).

d

ric
-

lf-
he

FIG. 3. Local distribution of the electron density through t
sample at fixed dc bias voltage:Vdc50.5 V for the different times
marked in Fig. 2~a!. At the flat region of the oscillation in Fig. 2~a!
the domain wall consists of one charge accumulation layer~mono-
pole! which propagates just within a small part of the superlatti
With increasing time (t52t10) the domain wall configuration
changes and it becomes a dipole~one charge accumulation and on
charge depletion layer! which runs through half of the superlattice
4-3
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The magnetic quantum well spin polarization in the no
equilibrium case may be related to the instantaneous l
chemical potentials for majority and minority spins:

P5
n0D

nm
1

dmmn0

nm
, ~5!

wheredmm5mm
↑ 2mm

↓ . This expression is obtained assum
ing the linear noninteracting 2DEG relationship betwe
density and chemical potential, so that correlation effects
not included:24 ni

s5n0(m i
s2Ei1

s ). The above expression fo
the polarizationP is also valid for nonmagnetic quantum
wells. In this case, the spin splitting is very small and it
basically the second term of Eq.~5! that is responsible for
the induced finite polarization.

As we can see from Eq.~5!, increasing the density re
duces the relative polarization. It follows that a monopo
domain wall accumulation layer in the magnetic well w
reduceP compared to the equilibrium case. This reducti
was observed for multiple quantum wells with stab
electric-field domains and stationary12 currents. In contrast
in the self-sustained current oscillations the magnetic w
polarization can increase with respect to the isolated c
even reaching full spin-polarization. Comparing Figs. 3 a
4, we note that the high polarization configuration state
curs att5t9, when the front wave is a dipole with one depl
tion and one accumulation layer~domain walls! and the
depletion region is located at the magnetically doped qu
tum well. The large polarization occurs in part because of
local instantaneous decrease in the total density of elect
in the magnetic well. The frequency, amplitude, and shap
the current oscillations depend on the dynamics of the po
ized charge, which itself depends on the distribution of m
netic quantum wells in the sample. Then tailoring the sam
configuration should enable control of not only the frequen
and amplitude of the current oscillations, but also of the s
polarization and its time dependence. To illustrate this
present in Fig. 5 results for the case in which two magne

FIG. 4. Spin polarization,P, in the quantum well closest to th
collector as a function oft for VDC50.5 V. The fractional polar-
ization of the isolated quantum well isP575%. Within the super-
lattice, in the strongly nonlinear regime, the polarization oscilla
and reaches, for a small time window of the period, full spin-
polarization.
04532
-
al

n
re

ll
e,
d
-

n-
e
ns
of
r-
-

le
y
n
e
ic

quantum wells are placed in the system, one adjacent to
emitter and another at a variable position. We observe
when the magnetic quantum well is close to the position
the domain wall the amplitude of the polarization oscillatio
increases@Fig. 5~d!#. Because the polarization depends
the inverse of the charge density, whenever the domain w
enters and leaves the magnetic quantum well, the amplit
of the magnetization oscillations increases andP oscillates
between 20% and 100%. As the magnetic quantum w
comes closer to the collector, the polarization exhibits t
flat regions within an oscillation. Since the period of the
electric-field domain oscillations is of the order of 5ms,
time resolved measurements of PL in illuminated multip
quantum well samples should allow this polarization chan
to be observable.

IV. CONCLUSION

In closing, we have studied the spin dynamics in multip
quantum well systems doped with magnetic impurities.
predict time-dependent periodic oscillations of the sp
polarized current and of the spin polarization in both ma
netic and nonmagnetic quantum wells. The interplay betw
nonlinearity of the current-voltage relationship and the e
change interaction produces interesting spin-dependent
tures which are sensitive to spin relaxation times and to
equilibrium exchange fields in the quantum wells which c
be tailored by adjusting external field and temperature. Th
spin-dependent features can potentially be exploited for
vice applications. In particular, our results for the oscillati
spin-polarized currents at the collector suggest that these
tems could be designed as spin-polarized current injec
oscillators.

s

FIG. 5. Spin polarization of the magnetic quantum well, locat
in the 10th~a!, 20th~b!, 30th~c!, and 40th~d! position at a fixed dc
bias,Vdc50.5 V. In all four cases a second magnetic quantum w
is placed at the location closest to the emitter. The polariza
corresponding to the isolated magnetic well isP575%. The deple-
tion charge of the dipole domain wall is centered around the 4
well. This depletion is responsible for the enlargement of the s
polarization and can lead to full polarization@see~d!#.
4-4
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