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The response of an n-doped dc voltage biased II—VI multi-
quantum well dilute magnetic semiconductor nanostructure
having its first well doped with magnetic (Mn) impurities is
analyzed by sweeping wide ranges of both the voltage and the
Zeeman level splitting induced by an external magnetic field.
The level splitting versus voltage phase diagram shows re-
gions of stable self-sustained current oscillations immersed in
a region of stable stationary states. Transitions between sta-
tionary states and self-sustained current oscillations are syste-
matically analyzed by both voltage and level splitting abrupt
switching. Sudden voltage or/and magnetic field changes may
switch on current oscillations from an initial stationary state,
and reciprocally, current oscillations may disappear after sud-
den changes of voltage or/and magnetic field changes into the
stable stationary states region. The results show how to de-
sign such a device to operate as a spin injector and a spin os-
cillator by tuning the Zeeman splitting (through the applied
external magnetic field), the applied voltage and the sample
configuration parameters (doping density, barrier and well
widths, etc.) to select the desired stationary or oscillatory be-
havior.

1 Introduction Spin-injection is a central aim of spin-
tronics [1], thanks to the potential applications of injectors
as spin LED devices, etc. Also quantum state transfer from
spin electrons to photons by interband transitions is ac-
tively investigated [2, 3].

The use of II-VI dilute magnetic semiconductors that
exhibit the giant Zeeman effect has shown to be one of the
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most efficient ways of building spin-injectors to date [4—
6]: they have a conductivity comparable to that of non-
magnetic semiconductors, and can boast spin polarizations
close to 100% at a small applied magnetic field. However,
spin-injection experiments in semiconductors enter easily
the regime of nonlinear response. Different effects could
contribute to nonlinear transport and therefore to nonlinear
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spin-injection. For example, band bending effects in nano-
structures give rise to a nonlinear current due to the inter-
play between Coulomb interaction and electron tunnel in
these confined systems, which have quasi-discrete states.
Other physical mechanisms inherent to these systems can
explain their current—voltage characteristics: for instance,
a large Zeeman level splitting in an applied magnetic field.

Recently, spin transport through dilute magnetic semi-
conductor (DMS) diodes [7] and multi-quantum well struc-
tures (MQWS) has been analyzed [8—10], especially the
nonlinear features of the current (hysteresis, multistability)
as a function of the external voltage. Under strong dc volt-
age bias V, electric field domains are formed in MQWS
due to the interplay between electron—electron interaction
and resonant tunneling [8]. In other sample configurations
or, for different doping density, there are spin polarized
self-sustained current oscillations (SSCOs) and the system
could behave as a spin-oscillator [9, 10]. To tailor the
properties of these spin-oscillators or injectors, it is impor-
tant to perform a systematic analysis of the transition from
stationary to time dependent current, in terms of sample
configuration, external magnetic field, doping density, etc.

The response to voltage or/and magnetic field switch-
ing in an n-doped dc voltage biased semiconductor MQWS
of N =10 quantum wells (QWs) having the first one doped
with Mn is analyzed. Both spin polarized stationary states
(SSs) and SSCOs are possible stable states of the MQWS
for different values of the parameters. Stationary state field
profiles consist of two electric field domains separated by a
domain wall which is a charge monopole, and SSCOs are
due to periodic triggering of charge dipoles at the Mn-
doped well and their motion towards the collector [10].
Magnetic field switching requires knowing phase diagrams
of the total current density J and the applied voltage V ver-
sus the Zeeman level splitting A (induced by the magnetic
field B). The phase diagram of V versus 4 shows regions
of stable SSCOs embedded in others of stable SSs. Sudden
changes of V or/and B from an initial stable SS may switch
on SSCOs or force the domain wall to change its location;
changes from an oscillatory state may switch off SSCOs or
change their frequency and amplitude.

Thus, large level splitting induced by B provides DMS
MQWSs with a new degree of freedom which is absent in
conventional III-V weakly coupled n-doped semiconduc-
tor MQWSs [12]. Another important difference is that, in
the latter, both charge dipoles and monopoles may be trig-
gered at the injector and both may cause SSCOs [12, 13].
In these III-V compounds, switching the voltage V be-
tween different SSs involves either upward monopole mo-
tion or a dipole—tripole mechanism [12, 14], whereas in
II-VI MQWSs, dipole nucleation at the Mn-doped QW is
always involved in voltage or/and magnetic switching.

2 Model Our sample is a weakly coupled MQWS of
n-doped ZnSe/(Zn,Cd,Mn)Se. The spin for the magnetic
ion Mn"™" is S =5/2 and the exchange interaction between
the Mn local moments and the conduction band electrons
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is ferromagnetic in 11-VI QWs. Using the virtual crystal
and mean field approximations, the exchange interaction
causes the subband energies to depend on spin in those
QWs containing Mn ions, Ef =E,; 74/2, where

A(B)=2JN,, SB, [g“BS BJ (1)

B~ eff

for spin s = +1/2. Here B, J, N,,, and T, are the Bril-
louin function, the exchange integral, the density of mag-
netic impurities and an effective temperature which ac-
counts for Mn interactions, respectively [8, 15].

We model spin-flip scattering coming from spin—orbit
or hyperfine interaction by a phenomenological scattering
time 7, larger than impurity and phonon scattering times.
Vertical transport in the MQW is spin-independent sequen-
tial tunneling between adjacent QWs: when electrons tun-
nel to an excited state they instantaneously relax by pho-
non scattering to the ground state, with the same spin-
polarization. Electron—electron interaction is considered
within the Hartree mean field approximation.

The model consists of a discrete Poisson equation re-
lating the two-dimensional spin-up and spin-down electron
densities n and n; to the average electric field —F; at the
i-th SL period (of lengh /), and N rate equations for 7, :

e(F,—F_)=e(n +n = Ny), 2
e dnr = Jz 1-i ‘]zln-*—l 1(”1 - ni ]5 (3)
dt z-sf,i a[
for i=1, ..., N, where o, =exp [(E,; — 1/ )/y,)] and y,, are

used as a smoothed form of the scattering term [8]. Here
Np is the 2D doping density at the QWs, " is the chemical
potential at the i-th SL period, related with 7" by

*_E-
ln|:1 +exp (,u, L j:| ,
kT

m* is the effective electron mass, ¢ is the average permit-
t1V1ty and E are the spin-dependent subband energies,
E‘ =F, +A/2 and E‘ =F, for i #1. Tunneling current
densmes across the i- th barrler J? ..., are calculated by the

Transfer Hamiltonian method [11].
Defining J,_,,, =J.,,., +J-.

i—i+] i—=i+l =i+l

tions for F,(¢) and the total current density J(¢), to be
N

solved with the voltage bias condition V' = ZEI, assum-

i=0

ing a constant applied voltage (dV/d¢ = 0) [10]:

. miT
ni
2nh’

“4)

we obtain N + 1 equa-

for

ng+JH,‘H=J(t), i=0,..,N. 4)
dr

As boundary conditions for i =0 and N, we use tunneling

currents with n, = n,,,, = N, /2 (identical normal contacts)

[8]. Initially, we set n' =N /2 (normal QWs) and

F, =¢F,, where F, is a reference field [10] and

¢ =VI/[I(N +1)F,, ] is a dimenssionless voltage.
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Figure 1 Electric field F density plots of the response of an N = 10 MQWS to abrupt voltage or/and magnetic switches. a) g =7 — 12,
A=12.5meV;b) 4=5.1->18meV, ¢=8;¢c) §=2—->10, 4=10—->15meV.

3 Results We used a sample of N = 10 periods with
barrier and QW widths of 10 and 5 nm, respectively,
r, =107 s (normal QW) and 10" s (magnetic QW),
m*=0.16m,, N, =10"cm™, £=7.1g,, T=5K, E =
15.76 meV, E, =61.99 meV, y =1meV and y, = 0.1 meV
[10], g=2 and T;; =T +1;, with T, =2 K. The prefactor
in (1) can be estimated from Fig.3 of Ref. [15] to be
23.26 meV. For T=5K, 4A(B) =23.26 B,,(B/2.084); units
of B and 4 are Tesla and meV, respectively.

The phase diagram of B-induced Zeeman level splitting
A vs. dimensionless applied voltage ¢ (cf. Abstract figure)
shows a disconnected region of stable SSCOs embedded in
a region of stable stationary states. Above Ay, = 4.1 meV
(corresponding to B, =0.8 T), voltage intervals of
SSCOs increase with A both in number and width, until
they merge in a large unique interval at approximately A, =
15.6 meV (B; =~ 3.93 T). As 4 increases, the width of this
interval decreases until it colapses at A, ~ 28.8 meV. For a
fixed ¢, as the level splitting A is bounded by a saturating
value 4, = 23.3 meV (4 being a Brillouin function of B),
the interval [B,,, B, ] yielding SSCOs is finite if A(B,) < 4.
or infinite if A(B,) > A4..

The A— ¢ diagram allows to infer the response of the
device to a sudden voltage or/and magnetic field switching.
Figure 1 illustrates how both the applied voltage and the
magnetic field can be used to (a) switch off or (b) switch on
the SSCOs, or (c) tune their frequency. This scenario is
reminiscent of the Gunn effect [16], and similar to what
happens in conventional III-V weakly coupled n-doped
semiconductor SLs, where SSCOs are due to the periodic
motion of charge dipole waves recycling at the cathode [11].
There, once the device configuration is determined, the sta-
ble solutions can be selected only by changing the bias, and
that limits the type of attractors present in a particular SL.

Dilute magnetic semiconductor MQWSs offer a second
tunable control parameter, the external magnetic field B,
which, together with the applied voltage V, allows to select
either stable stationary states or SSCOs as the response of
the device. Our results show how to design a device oper-
ating a spin injector and a spin oscillator by tuning both the
level splitting (via the magnetic field) and the voltage bias.
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