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Abstract. By use of the scattering matrix method, we investigate the coupling effects of layers on spin-
polarized transport through semimagnetic semiconductor heterostructures with triple paramagnetic layers.
Due to the coupling between double non-magnetic layers or among triple paramagnetic layers, spin tun-
neling exhibits interesting and complex features, which are determined by the structural configuration, the
external fields as well as the spin orientations. It is shown that for electrons with either spin orientation
tunneling through the symmetric or asymmetric heterostructures with triple paramagnetic layers, trans-
mission resonances can approach the optimum under several biases. Moreover, for asymmetric structures,
the resonant enhancement can occur under both several positive and negative biases. The spin-dependent
resonant enhancement is also clearly reflected in the current density. In addition, for spin electrons travers-
ing the multilayer heterostructure, the resonant splitting occurs in the transmission, which shows rich
variations with the bias. These interesting results may be helpful to the development of spintronic devices.

PACS. 73.40.Gk Tunneling — 75.50.Pp Magnetic semiconductors

1 Introduction

As an alternative or complement to the charge-based con-
ventional electronic technology, the nascent field “spin-
tronics” has attracted much attention [1-5]. In quantum-
confined nanostructures, the spin of electrons has shown
an extraordinarily long spin dephasing time approaching
microseconds [2-4] and a surprisingly large phase-coherent
length of up to 100 pum [2]. These achievements provide
intriguing clues for finding novel mechanisms not only for
the functional improvement of conventional electronic de-
vices, but also for information processing and transmis-
sion. Many potential applications of spintronics have been
proposed, such as producing more efficient photoemit-
ters with highly polarized electron beam, creating spin-
memory devices [5] and spin transistors [6], and designing
hardwares of spin quantum computers [7,8]. However, be-
fore any practical spintronic device can be demonstrated,
more experimental progress as well as theoretical inves-
tigations are indispensable [9] to solve the fundamental
questions, such as how to create and detect spin-polarized
carriers and how to control their spin polarization and
spin coherence for a relatively long time.

In semiconductor systems containing semimagnetic
semiconductor(s) (SMS), due to the feasibility of engi-
neering the band-offsets by an external magnetic field,
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a great deal of spin-related phenomena have been stud-
ied extensively in the past few years [10]. Recently, spin
transport becomes one of the hot topics in these systems.
Since the era of theoretical proposal by von Ortenberg [11]
in 1982, spin superlattice was experimentally realized by
Dai et al. [12], Chou et al. [13], and Konig et al. [14], re-
spectively. Very recently, several groups have successfully
injected spin-polarized current into a GaAs-based light-
emitting diode with high efficiency. They used different
Mn-based SMS as the spin-aligner. Fiederling et al. [3]
used quaternary magnetic semiconductor (ZnBeMn)Se.
Ohno et al. [4] chose Mn-doped GaAs. Jonker et al. [15]
observed the maximal optical polarization (about 50%)
using the ordinary paramagnetic ZnMnSe as the spin-
injection contact. In these typical experiments, the sys-
tems work in the diffusive region. In the regime of
ballistic spin-polarized transport, however, few experi-
mental results have been reported. Theoretically, Egues
studied the spin-dependent vertical transport through a
ZnSe/Zn; _,Mn,Se heterostructure in the ballistic region,
where the structure has a single paramagnetic layer [16].
The results showed that one of the spin components of
current density was strongly suppressed while the other
varied slightly with the magnetic field increasing. So this
system should behave as a good spin-filter. Further in-
vestigation on such a structure indicated the decreasing
of polarization degree with the external electric field [17].
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Fig. 1. A band-gap-matched ZnSe/Zn;_.Mn;Se heterostruc-
ture with three paramagnetic layers and its conduction band
profile. (a) Zero band-offsets in the absence of a magnetic field;
(b) in an external magnetic field, the potential profile is spin-
dependent: it is a double-well triple-barrier structure for spin-
up electrons or a triple-well structure for spin-down ones.

In ZnSe/Zn;_,Mn,Se heterostructures with double para-
magnetic layers, Guo et al. examined spin-resonant sup-
pression and enhancement [18] as well as quantum size
effect and temperature effect [19].

In this work, we investigate the coupling effects of
layers in the SMS heterostructure with triple param-
agnetic layers, where the spin-dependent potential is a
triple-barrier double-well structure for spin-up electrons
and a triple-well structure for spin-down ones. It is well
known that triple-barrier double-well electric structures
possess more complex and interesting tunneling features
than double-barrier structures, which is due to the pres-
ence of coupling between two quantum wells [20-23]. In
addition, as mentioned above, the incorporation of local
moments into semiconductor quantum structures brings a
great diversity of phenomena. Therefore, one can expect a
rich spin-dependent transmission behavior in the consid-
ered system. Our study indeed confirms this point. The
results indicate that for electrons with either spin orienta-
tion transporting through an asymmetry structure, trans-
mission resonances can be enhanced to optimum under
both several positive and negative biases.

2 Model and formulation

The system we consider here is a band-gap-matched
ZnSe/Zmn;_,Mn,Se heterostructure with three paramag-
netic layers (PML) separated by double non-magnetic
ZnSe layers (NML), which is depicted in Figure 1. Ly, Ls,
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L5 are the widths of three PMLs, respectively; Lo, Ly are
the widths of two NMLs. In paramagnetic Zn;_,Mn,Se
layers, a homogeneous magnetic field B along the growth
direction (taken as z axis) aligns the localized mag-
netic moments (originating from the half-filled 3d-shell
of Mn2*) parallel to the field orientation, which provides
an average spin (S, ) described by a modified 5/2 Brillouin
function 335/2(%QMBB/]€BTEH‘). Here Teg(= T + Tp) is
the effective temperature used to describe the Mn-Mn
interaction phenomenologically [10]. The sp-d exchange
coupling between the spin of conduction electrons and
the localized magnetic moments gives rise to a spin-
dependent potential V,,. Within mean field approxima-
tion, V,, is proportional to (S,) and can be written as
Vo, = —Noao,xes (S.). Here, Ny« is the electronic sp-d
exchange constant, o, represents the electron spin com-
ponent (£1/2 or T,]), zeg = z(1 — 2)'? is the effec-
tive Mn concentration used to account for the antiferro-
magnetic pair and x is the real Mn concentration. Note
that V,, is zero within the non-magnetic layers. Under
an applied bias V, along z axis, a term —eV,z/L; should
be added to the effective potential, where L; is the total
length of the considered structure along the growth di-
rection. The Hamiltonian of conduction electrons in this
system can be written as

1
2m*

eVyz
Ly

H:

(P+eA)? -

+ Vo, (1)
where the electron effective mass m™* is assumed to be
identical throughout the heterostructure, the vector po-
tential is taken as A = (0, Bz, 0).

The motion along z direction and that in the x — y
plane are separable when electrons are free of any kind of
scattering. The quantized in-plane motion gives Landau
levels with energy E,, = (n + 1/2)hw., where n = 0,1,2,...
and w. = eB/m*. The electron motion along z axis can
be described by a spin-dependent transmission coefficient
T,.(E,, B,V,), which is determined from the reduced one-
dimensional Schrédinger equation

h? A%y

C2m* dz?

+ Us. (2)¢ = E29), (2)
where FE, is the longitudinal energy of electrons and
Us.(2) = V,, — eVuz/Ly is the effective poten-
tial seen by a traverse electron, which includes ef-
fects of spin-dependent conduction-band discontinues at
ZnSe/Zn;_,Mn,Se boundaries as well as external electric
and magnetic fields.

We determine the transmission using the scattering
matrix method [24]. To begin with, we approximate the
exact potential by a series of steps, which are thin enough
so that over each step the potential can be treated as
constant. As a result, the solution to equation (2) in the
jth step is a superposition of plane waves:

’LZ)]‘WZ (Z) = Ajydz eikj"’z (Z7Zj) + Bj

e Hio. (2725)

3)

where the wave vector k; = [2m*(E. — U,_(2;))]Y/?/h
has non-negative imaginary part, z; is the position of the
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jth step’s left-hand side, j = 0,1,2,..., N, N+ 1 for a total
of N steps. For simplicity, we assume all steps have the
same width w, z9 = 21 = 0 and zy4+1 = L;. Imposing
continuity of the wave function and its derivative at the
boundary between step j and step j + 1, one can relate
the expansion coefficients (A;,,, Bjo.) with (Ajt1.0.,
Bji1.,.) by a transfer matrix M,_(j,j + 1)

Aj o .o A +1,0 )
30z — Ma , + 1 J 30z , 4
(Bj,a) (g )<Bj+1,az @

J /%3 J /%3
. . k; i .
In this expression, 77* = —es 877 = eFio® for j >0
Jio s

and s3* =1.

The scattering matrix S, (0, ) couples explicitly the
outgoing states of the subsystem up to the jth step to the
incoming states of the system as follows

Aj,oz . AO,UZ
(Bo,a) i (Bj,az)
From the iterative relation [24] between S, (0,5 + 1) and
S..(0,7) through the transfer matrix M, (4,7 + 1) and
the fact that S, (0,0) = 1, we can evaluate the scattering
matrix S, (0, N+1), which connects the transmission and
reflection amplitudes with the incident amplitude.

By setting Ag,,=1, Bn+1,0,=0, which corresponds
to the situation that a spin electron is incident from the
left-hand side of the system, the transmission amplitude
ANt1,o, is just SI(0,N + 1), the (1,1) component of
Ss. (0, N+1). The transmission coefficients, which are the
ratio of transmitted particle flux to the incident particle
flux, have the simple form as the following

(6)

knii,o
TG;(EZaBaVa) = Do

SIL(0, N +1)|7.
kO,az *

(7)

Note that the transmission coefficients depend on the
traversing energy FE., the magnetic field B, the applied
bias V, as well as the spin orientation.

We assume that the ZnSe layers are the emitter and
collector attached to external leads. With Ey denoting the
emitter Fermi energy, the Fermi-Dirac distribution func-
tion is f(E) = {1 + exp[(E — Ef)/kgT]}~*. The spin-
dependent current density can be determined by [18]

o T
(B;Va) :JOBZ TUZ(EZ;BaVa)
n=0 p

X [f(Enk.) = f(Enk. +eVa)ldEz,

Jo

z

(8)

where Jy = €2 /47202, Ep . = (n+1/2)hw.+ (A%k2/2m*)
are the energies of scattering-states.
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3 Results and discussion

We consider the ballistic transport of a conduction elec-
tron traversing a band-gap-matched SMS heterostructure
with three PMLs separated by two NMLs. To highlight the
spin-dependent coupling between two NMLs, the widths of
all PMLs are chosen to be equal (L1 = Lg = Ls = 20 nm).
Note that under an external magnetic field, each of para-
magnetic layers act as a potential well for spin-down elec-
trons and a potential barrier for spin-up ones. Thus the
potential profile modulated by the external magnetic field
is spin-dependent, which results in magnetic-field-tunable
spin-polarization in this kind of structure [16-19]. In our
considered system, spin-up electrons feel a triple-barrier
double-well potential while spin-down ones see a triple-
well counterpart, as shown in Figure 1. In addition, the
asymmetry of the effective potential induced by the ap-
plied electric field makes the spin polarization also electric-
field tunable [17-19].

Figure 2 presents the spin-dependent transmission co-
efficients for the case of two identical non-magnetic ZnSe
layers (Ls = Ly = 50 nm). In all of the graphs, we use
m* = 0.16 mce (me is the free-electron mass), x = 0.05,
Noaw = 0.26 eV, T = 4.2 K, and Ty = 1.7 K [14]. Under
zero bias, the corresponding potential profile is symmet-
ric triple wells for spin-down electrons or symmetric triple
barriers for spin-up ones. Therefore, for electrons with
both spin orientations tunneling through such a structure,
unit quantum-resonances and resonance-splitting appear
(see Figs. 2d1 and ul). As the traversing energy increases,
the splitting space becomes larger and the dips between
two adjacent splitting resonant peaks (SRP) go up. For
the spin-up case, a wide forbidden region of transmission
exists within two neighboring groups of splitting peaks,
which is in contrast to the spin-down case. In the latter
case, resonance is originated from the above-well virtual-
states. As the bias increases, all transmission peaks shift
towards low energy region and resonances are usually sup-
pressed due to the electric-field-induced asymmetry. Un-
der a small bias and for the spin-up case, the left one of
the two splitting resonant peaks (LSRP) is lower and dis-
appears earlier than the right counterpart (RSRP), which
are clearly shown in Figures 2u2—u4. In addition, the dips
between them drop off. As the applied bias increases, all
LSRPs and dips are going down until to zero while the
height of a RSRP varies non-monotonously. The reason
is that the coupling between wells can (partly) compen-
sate the bias-induced asymmetry. When the compensa-
tion is complete, the unit resonance appears, see Fig-
ure 2u4. As a result, one can see the transition between
complete resonances and incomplete resonances [23] in
the symmetric triple-barrier double-well structures. This
is remarkable because in symmetric double-barrier struc-
tures, no electric-field-induced resonant enhancement oc-
curs. In addition, when the LSRPs vanish, the doublet
resonances turn to singlet resonances, which is similar to
that depicted in reference [23]. At a higher bias, such as
V., = 5 mV, the resonant splitting is not obvious and the
resonance is suppressed in the considered energy region
(Fig. 2ub). For spin-down case, however, the height of
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Fig. 2. Spin-dependent transmission coefficients for electrons traversing a symmetric ZnSe/Zn;—,Mn,Se heterostructure with
three paramagnetic layers under zero bias and several applied biases. All widths of paramagnetic layers are equal and set to
be 20 nm. The two non-magnetic layers have the same widths Ly = Ls = 50 nm. B = 2 T. In the inset of panel (u2), the
transmission is magnified with times 10 to show the first peak clearly.

transmission peaks varies slightly with the bias. Note that
the transmission can also approach unit under a certain
bias (Fig. 2d5), which is due to the presence of coupling
among three wells.

Next we show the spin-dependent transmission coeffi-
cients for the case that double NMLs have different widths
(Ly = 100 nm and Ly = 50 nm). At zero bias, it is obvious
to see that resonances are suppressed (Figs. 3ul and d1),
especially for the spin-up case. This is originated from the
structure-induced asymmetry. In addition, the resonant
splitting is also clear and its features are similar to that of
the symmetric structure under a small bias. For spin-up
electrons tunneling through the asymmetric structure, it is
easily seen that the transmission can be enhanced to opti-

mal resonances under several positive biases (see Figs. 3u3
and ud). The electric-field-induced resonant suppression
and enhancement in an asymmetric three-barrier elec-
tric structure was investigated by Allen and Richardson
[20]. They introduced the asymmetry by adjusting barrier
widths and heights. For spin electrons tunneling through
an asymmetric SMS heterostructure with double PMLs,
spin-dependent resonant suppression and enhancement
were discussed in reference [18], where the structural
asymmetry results from the difference of two PMLs. The
studies indicated that some transmission peaks can be en-
hanced to unit under a certain positive bias for the spin-
up case and under a certain negative bias for spin-down
case. These optimal resonances are originated from the
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Fig. 3. Spin-dependent transmission coefficients for electrons
traversing an asymmetric ZnSe/Zni_MnzSe heterostructure
with three paramagnetic layers under zero bias and several
positive applied biases. All widths of paramagnetic layers are
equal and set to be 20 nm. The two non-magnetic layers have
different widths L2 = 100 nm, L4 = 50 nm. B =2 T.

complete compensation between the structural-induced as
well as electric-field-induced asymmetry and the effect of
bias on energies of quasi-bound states in the well (spin-
up case) or on the coupling of above-well virtual-states in
two quantum wells (spin-down case). In present work we
introduce the structural asymmetry by adjusting only the
widths of two NMLs. A very important result reported
here is that under some negative biases, the resonant en-
hancement for the spin-up case can also occur in the struc-
ture considered here (see Figs. 4u3 and u4), which can
not be seen in the double-barrier structure considered in
reference [18]. Moreover, some peaks may approach unit
under both a certain positive bias and a negative one with
the same absolute value (see Figs. 3u3 and 4u3). The rea-
son is that in three-barrier structure, the optimal reso-
nance appears when the structure-induced and electric-
field-induced asymmetry is completely compensated by
the effect of bias on the coupling between the quasi-bound
states in two quantum-wells. In such an asymmetric struc-
ture, on the other hand, a negative bias and a positive one
modulate the interwell coupling with different ways, as
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Fig. 4. Spin-dependent transmission coefficients for electrons
traversing the same structure as that in Figure 3 under zero
bias and several negative biases. B =2 T.

they adjust the symmetry of the potential profile. There-
fore, both of them at some special values may enhance the
transmission. A remarkable and interesting phenomenon is
that with the absolute value of bias increasing, the heights
of most LSRPs decrease until to zero while those of most
RSRPs first increase until to unit and then decrease. Ac-
cordingly, two types of transitions mentioned above occur.
For spin-down electrons traversing the same structure, be-
cause of the presence of the coupling among three wells,
the transmission can also be up to unit under a certain
positive bias (see Fig. 3d2) or negative bias (see Fig. 4d4).
Under a higher bias (for example, 5 mV), one could see
the similarity of transmission behaviors between the sym-
metric and asymmetric structures.

In order to reveal the coupling effects of layers more
clearly, Figure 5 plots the spin-dependent transmission in
three kinds of (symmetric) SMS heterostructures labeled
with “S”, “D” and “T”, which include single, double, and
triple PML(s), respectively. The parameters are so cho-
sen that all PMLs have the same width 20 nm and each
NML within two adjacent PMLs has width 50 nm. At zero
bias, for spin-down electrons transporting through the “S”
structure, there is a peak in the transmission spectrum;
while for spin-up ones traversing the same structure, the
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Fig. 5. Spin-dependent transmission coefficients for electrons
traversing three different types of ZnSe/Zni—_MngSe het-
erostructures, which have single, double, triple semimagnetic
layer(s), respectively. All widths of magnetic layers are equal
and set to be 20 nm. All non-magnetic layers have width 50 nm.
B=2T.

transmission is increasing monotonously with the longi-
tudinal energy and no peak appears, which is due to the
first virtual resonant state is beyond the considered re-
gion. For electrons with either spin orientation traversing
the “D” or “T” structure at zero bias, one can see obvious
quantum-resonances and some special E, regions (called
“excess region”) where the transmission is not lower than
that for the “S” structure. In addition, for the “D” struc-
ture, each resonant peak is just above the correspond-
ing dip between a LSRP and RSRP; each “excess region”
is covered by the corresponding counterpart of the “T”
structure. It is notable that all dips locate on the trans-
mission curve of the “S” structure. As the applied bias in-
creases, all peaks shift to the low energy region while their
heights vary distinctly in different structures. In the “S”
structure, the transmission for spin-up electrons is moving
up with the bias. For spin-down electrons, the transmis-
sion is decreasing with the bias when E,> 1.8 meV; the
peak goes down until to disappear, thus the transmission
is increasing monotonously with E, (see the dash-dotted
line in Fig. 5d5). In the “D” structure, the resonant peak
for spin-up electrons drops with the bias while that for
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Fig. 6. Spin-dependent current densities for electrons travers-
ing the ZnSe/Zn;_,Mn;Se heterostructure with three param-
agnetic layers. All widths of magnetic layers are equal and set
to be 20 nm. Ey = 5 meV. Solid line: Ly = L4 = 50 nm; dash-
dotted and dotted lines correspond to the heterostructure with
L2 = 100 nm, L4 = 50 nm under positive and negative biases,
respectively.

spin-down electrons varies slightly. In the “T” structure,
however, because of the presence of coupling effects, the
peaks show distinct variation with the bias. For spin-up
electrons, a LSRP decreases up to zero; the height of a
RSRP, however, oscillates with the bias: it first goes down
then increases up to unit, and then decreases again (see
the solid line in Figs. 5ul—ub). For spin-down electrons,
one can also clearly observe the resonant suppression (see
Figs. 5d4 and d5) and enhancement (see Fig. 5d5). For
spin-down case, the “excess region” of the “D” structure
and that of the “T” structure show complex variation with
the bias. For spin-up case, this variation is clear. At small
bias, the “excess region” of the “D” structure is not cov-
ered by that of the “I” structure (see Figs. 5u2—u4) be-
cause the dips (or LSRPs) are underneath the transmis-
sion curve of the “S” structure. Moreover, the total length
of “excess region” of the “D” structure may exceed that
of the “T” structure. At higher bias, such as V, =5 mV,
the “excess region” of the “D” structure disappears while
that of the “T” structure still exists. The reason is also
due to the coupling effects between two wells.

Finally, we see to what extent the spin-dependent res-
onant enhancement and suppression are reflected in the
magnitude of spin-dependent current density, which in-
volves some kind of average of corresponding transmis-
sion coefficients. Figure 6a shows the current densities as
the function of the magnetic field under a fixed bias with
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absolute value V, = 5 mV. At low magnetic field, the two
components of current densities are nearly equal. As the
magnetic field increases, the current densities split and the
spin-polarization becomes more obvious due to the trans-
mission suppression of spin-up electrons. One can see that
under the same bias value, the spin-up current density (J1)
for the symmetric structure is slightly higher than that for
the asymmetric structure. In addition, for the asymmet-
ric structure under the negative bias, J; is slightly higher
than that under a positive counterpart. it is notable that in
certain magnetic field region, the spin-down current den-
sity (J)) for the asymmetric structure under the positive
bias is larger than that both for the symmetric structure
and for the same structure under the reverse bias. The
difference between J| for the asymmetric structure under
negative bias and that for the symmetric structure fluctu-
ates with the magnetic field. Figure 6b show the current
densities as the function of the applied bias under a fixed
external magnetic field B = 2 T. Note that the linear con-
ductance (the ratio J,, (B, V,)/Va, at the limit V, — 0) is
obviously spin-dependent. As the applied bias increases,
the discrepancy between J; and J| firstly increases with
the bias then oscillates weakly. For spin electrons tunnel-
ing through an asymmetric heterostructure, the resonance
enhancement and suppression can be clearly seen in both
spin components of current density under both a positive
bias and a negative one, which are originated from the
enhancement and suppression in the transmission coeffi-
cients. Moreover, in the high-bias region (>4 mV), such
effects for the spin-down case are more obvious than that
for the spin-up case.

4 Conclusions

In this paper, we have investigated the coupling effects of
non-magnetic layers or magnetic layers on spin-polarized
transport through a SMS heterostructure with triple para-
magnetic layers. The results indicate that for electrons
with either spin orientation tunneling through either
symmetric or asymmetric structures, obvious resonant en-
hancement can be seen in the transmission spectrum un-
der several biases. Furthermore, for the asymmetric struc-
ture, optimal resonances may occur under both several
positive and negative biases. The spin-dependent resonant
enhancement is also clearly reflected in the spin-dependent
current density. In addition, either in symmetric
or in asymmetric heterostructure, the splitting transmis-
sion peaks show complicated variations with the bias,
which is obviously displayed in the heights and loca-
tions of peaks. As the bias increases, most LSRPs de-
crease until to zero and vanish earlier than correspond-
ing RSRPs, which usually increase until to unit then go
down. Therefore, one can observe the transition from dou-
blet resonances to single resonances and that between
complete resonances and incomplete resonances. These in-
teresting features are originated from the interplay be-
tween interwell coupling effects and effects induced by
external electric and magnetic fields. We expect these in-
teresting phenomena may shed some light on the develop-
ment of spintronic devices.
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