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Abstract

We analyze nonlinear electron spin dynamics of a n-doped DC voltage biased semiconductor II–VI multi-quantum well structure

(MQWS) having one or more of its wells doped with Mn. Even if normal contacts have been attached to this nanostructure, spin

polarized current can be obtained provided one well is doped with magnetic impurities. We have studied the conditions for the system to

exhibit static electric field domains and stationary current or moving domains and time-dependent oscillatory current. There are self-

sustained current oscillations (SSCO) for nanostructures with four or more QWs. Moreover, SSCO may appear or not depending on the

spin splitting induced by both, the exchange interaction and the external magnetic field. We calculate the minimal doping density needed

to have SSCO, which is crucial to design a device behaving as a spin-polarized current oscillator.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

To use semiconductor nanostructures as spin devices,
one has to solve the problem of injecting spin polarized
current in them. Diluted magnetic semiconductors (DMS)
are much better spin injectors than ferromagnetic or semi-
magnetic semiconductor junctions which have a very small
efficiency due to the large conductivity mismatch between
the metal and the semiconductor. For example in II–VI
semiconductor MQWS doped with Mn, exchange interac-
tion between the spin carrier and Mn ions results in large
spin splitting, thereby producing spin polarized transport
and large magneto-resistance. Nonlinear transport through
DMS MQWS has been recently investigated, Ref. [1]. The
interplay between the non-linearity of the current as a
function of the DC voltage and the exchange interaction
produces multi-stability of steady states with different
e front matter r 2007 Elsevier B.V. All rights reserved.
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polarization in the magnetic wells [1], time-dependent
periodic oscillations of the spin-polarized current [2] and
induced spin polarization in non magnetic wells by their
magnetic neighbors.

2. Governing equations

The equations describing our model generalize those in
Ref. [1] to the case of finite T :

Fi � F i�1 ¼
e

e
ðnþi þ n�i �NDÞ, (1)

e
dn�i
dt
¼ J�i�1!i � J�i!iþ1 �

n�i � nþi Yiðmþi Þ
tsf ;i

, (2)

where N, nþi , n�i , m
þ
i , tsf ;i and �Fi are the number of wells,

the two-dimensional (2D) spin-up and spin-down electron
densities, the spin-up chemical potential, the phenomen-
ological spin-flip time (larger than impurity and phonon
scattering times [1]) and the average electric field at the ith
MQWS period (which starts at the right end of the ði � 1Þth
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barrier and finishes at the right end of the ith barrier),
respectively. Yiðmþi Þ ¼ 1 if mþi 4E�1;i, and Yiðmþi Þ ¼ 0 if
mþi oE�1;i. The voltage bias condition is

PN
i¼0F il ¼ V for

the applied voltage V . We have denoted the spin-
dependent subband energies (E) (measured from the
bottom of the ith well) by E�j;i ¼ Ej � Di=2, with Di ¼ D
or 0, depending on whether the ith well contains
magnetic impurities. ND, e, �e, l ¼ d þ w, and �J�i!iþ1

are the 2D doping density at the QWs, the average
permittivity, the electron charge, the width of a MQWS
period (d and w are barrier and well widths), and the
tunneling current density across the ith barrier, respec-
tively. Tunneling currents are calculated by the Transfer
Hamiltonian method:

J�i!iþ1 ¼
evðf Þ�ðFiÞ

l
n�i �

m�kBT

2p_2
ln 1þ e�eFil=kBT

"(

� exp
2p_2n�iþ1
m�kBT

 !
� 1

 !#)
; i ¼ 1; . . . ;N � 1,

ð3Þ

provided that scattering-induced broadening of energy
levels is much smaller than sub-band energies and chemical
potentials Ref. [3]. As boundary tunneling currents for i ¼

0 and N, we use (3) with n�0 ¼ n�Nþ1 ¼ kND=2 (identical
normal contacts with kX1) Ref. [1]. Initially, we set
Fi ¼ V=½lðN þ 1Þ�, n�i ¼ ND=2 (normal QWs). The spin-
dependent ‘‘forward tunneling velocity’’ vðf Þ� is a sum of
Lorentzians of width 2g (the same value for all sub-bands,
for simplicity) centered at the resonant field values
F�j;i ¼ ðE

�
j;iþ1 � E�1;iÞ=ðelÞ, Ref. [3]:

vðf Þ�ðFiÞ ¼
X2
j¼1

ð_3lg=2p2m�2ÞTiðE
�
1;iÞ

ðE�1;i � E�j;iþ1 þ eFilÞ
2
þ ð2gÞ2

. (4)

Here Ti is proportional to the dimensionless transmission
probability across the ith barrier and it can be found in
Appendix A of Ref. [3].
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Fig. 1. Electric field profile vs QW index and time for N ¼ 50, V ¼ 0:048V, N

is: (a) i ¼ 1, (b) i ¼ 25.
3. Results

3.1. Self-sustained current oscillations

There are SSCOs for a variety of configurations, but only
if one or more QWs contain magnetic impurities yielding a
spin splitting sufficiently large. The nonmagnetic MQW
structure does not exhibit SSCO. We consider a sample with
d ¼ 10nm, w ¼ 5 nm, tsf ¼ 10�9 s (normal QW) and 10�11 s
(magnetic QW), m� ¼ 0:16m0, e ¼ 7:1e0, T ¼ 5K, E1 ¼

15:76meV, E2 ¼ 61:99meV, g ¼ 1meV, D ¼ 15meV,
k ¼ 1. Fig. 1 shows that if the only magnetic QW is the ith
(with 1pioN � 3), the charge dipoles are emitted at this
well, and dipole motion is limited to the last N � i QWs.

3.2. Polarization

The spin polarization is defined as Pi ¼ ðn
þ
i � n�i Þ=

ðnþi þ n�i Þ. Let us consider a 4-well n-doped ZnSe/
(Zn,Cd,Mn)Se weakly coupled MQWS with normal con-
tacts and its first QW doped with magnetic impurities at
5K. Fig. 2 shows the time evolution of the spin-polarized
current densities, the electric field profile and the spin
polarization at the different MQWS periods. We observe
that the first and the second QWs remain highly polarized
for most of the oscillation period ð480%Þ whereas the
polarizations of the third and the fourth QWs are small
o10%Þ. Moreover, spin-up electrons yield the largest part
of the total current through the structure.

3.3. Minimal doping density for self-oscillations

We have studied how doping density ND affect the
SSCOs. When the number of wells NX4, the SSCOs
appear if ND4ND;c. Fig. 3 shows our numerical results for
different values of N. We have sought this first critical
doping density for 4pNp50 and found that the values of
ND;c are fitted very well by the approximate formula

ND;c ¼
2

N � 2
� 1010 cm�2, (5)
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D ¼ 1010 cm�2, F M ¼ 0:64 kV=cm, JM ¼ 0:409A=cm2 if the magnetic QW
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Fig. 2. (a) Tunneling current, (b) electric field, and (c) polarization, as a

function of time during SSCOs at the i QW. Solid line ði ¼ 1Þ; dot-dashed

ði ¼ 2Þ; dashed ði ¼ 3Þ; long dashed ði ¼ 4Þ.

Fig. 3. Minimal doping density for SSCOs vs. N.
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as N increases. It is important to observe that in the con-
tinuum limit as N !1, this yields NND;c � 2� 1010 cm�2
which corresponds to the N–L criterion in the theory of the
Gunn effect [4].

4. Concluding remarks

Our results could be used to construct an oscillatory spin
polarized current injector. Current self-oscillations are due
to periodic triggering of dipole waves at magnetized QWs.
Other wells are fully polarized when the dipole wave is
traversing them. Therefore a short device (with four wells)
would periodically inject pulses of polarized current to the
collector. It is important that normal contacts can be used
to build the oscillator, because the crucial requirement is to
dope the first QW with Mn. We have also indicated the
range of doping density needed to achieve spin polarized
SSCOs. For self-oscillations to occur, a sufficient spin
splitting should be induced by tailoring the magnetic
impurity density and external magnetic fields.
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