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Proposal and Analysis of a Ferromagnetic
Triple-Barrier Resonant-Tunneling Spin Filter

Tetsuya Uemura, Takao Marukame, and Masafumi Yamamoto, Member, IEEE

Abstract—A novel spin filter consisting of a triple-barrier res-
onant tunneling system in the form is pro-
posed, where , , and represent a ferromagnetic material, an
insulator, and a nonmagnetic material, respectively. The spin-de-
pendent tunneling current in the triple-barrier resonant tunneling
system is calculated theoretically on the basis of a Tsu–Esaki for-
mula to investigate the output tunnel current polarization. Detailed
calculations using the GaMnAs/AlAs/GaAs material system show
that the two clear split peaks originating from up- and down-spin
holes appear in the current–voltage ( – ) curve due to spin split-
ting of the energy levels formed in the ferromagnetic quantum well.
The polarization can reach more than 98% at the peak positions in
the – curve.

Index Terms—GaMnAs, resonant tunneling, spin filter, spin
splitting.

I. INTRODUCTION

RESONANT tunneling involving electron spin is attracting
much attention because it will enable developing new

functional spin-dependent devices in future electronics [1]–[7].
A spin filter is one such key device. Magnetic quantum well
(QW) structures have been considered applicable as spin filters
because the resonant levels formed in a QW are split depending
on the spin states due to the exchange interaction [3], [5]. The
output current, however, does not show clear peak splitting due
to the overlapping of the resonant conditions. In this paper,
we propose a new type of spin filter that uses a triple-barrier
structure. The proposed device consists of a nonmagnetic and
a ferromagnetic QW. The inherent peaked current–voltage
( – ) characteristics in the triple-barrier resonant structure
result in a distinct peak separation of the up-spin and the
down-spin components regarding the bias voltage, which
leads to an exceedingly high spin polarization. We theoreti-
cally calculated the spin-dependent tunneling current and the
tunnel-barrier-width dependence of both the spin polarization
and the current density.

II. TRIPLE-BARRIER SPIN FILTER

Consider first the double-barrier magnetic QW structure
shown in the inset of Fig. 1. The well and emitter regions
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Fig. 1. SchematicI–V characteristics of double-barrier QW at 0 K. TheJ
andJ cannot be split from each other becauseV = V .

consist of a ferromagnetic material. The Schrödinger equation
may be written as

(1)

where is potential energy, is the molecular field, and
is the conventional Pauli spin operator. Due to the

internal exchange energy , the resonant level in the QW is
split by , depending on the spin states. Because the resonant
tunneling starts when the Fermi energy in the emitter () is
aligned to the energy level formed in the QW, the voltages at
which the resonant tunneling current start to flow are given by

for up-spin

for down-spin (2)

where represents the energy difference between the resonant
level and energy band edge of the QW. The resonant tunneling
current increases as the applied voltage increases until the en-
ergy band edge of the emitter is aligned to the resonant level in
the QW. Because the band edge of the emitter is also split de-
pending on the spin state, the peak voltages at which the reso-
nant tunneling current becomes maximum are equal forup-spin
anddown-spinelectrons, and are given by

(3)

Here, we assume that all the magnetization directions in each
ferromagnet are parallel. Fig. 1 shows schematic– char-
acteristics of the double-barrier magnetic QW structure under
the zero-temperature limit. Because the is equal to , the

0018-9464/03$17.00 © 2003 IEEE



2810 IEEE TRANSACTIONS ON MAGNETICS, VOL. 39, NO. 5, SEPTEMBER 2003

Fig. 2. Energy band profile of the proposed triple-barrier structure.
A nonmagneticQW is inserted between the ferromagnetic emitter and
ferromagnetic QW.

up-spincurrent ( ) and thedown-spincurrent ( ) cannot be
split from each other.

In order to split the and components, we propose a new
structure in which anonmagneticQW is inserted between the
ferromagnetic emitter and the ferromagnetic QW. Fig. 2 shows
an energy-band profile of the proposed triple-barrier resonant-
tunneling structure. In this triple-barrier structure, the resonant
tunneling occurs only when the energy levels formed in the two
wells are aligned with each other. In other words, the– curve
exhibits a shape like a delta-function. Theand , therefore,
can be split by , because the peak voltages of theand

are given by

for up-spin

for down-spin (4)

where is the energy level formed in the nonmagnetic QW.

III. A NALYSIS

The and of the triple-barrier QW structure were calcu-
lated using a Tsu–Esaki formula [9] for a GaMnAs/AlAs/GaAs
material system. We assumed the ballistic or quantum-coherent
transport condition. The triple-barrier QW structure consists of
a GaMnAs emitter, a 3.1-nm-thick AlAs barrier, a 4.2-nm-thick
GaAs well, a 3.1-nm-thick AlAs barrier, a 9.0-nm-thick
GaMnAs well, a 3.1-nm-thick AlAs barrier, and a GaMnAs
collector. We assumed that both the GaMnAs and the GaAs
layers were p-type with 100-meV Fermi energies and that the
AlAs was undoped. We also assumed that the band parameters
of GaMnAs were the same as those of GaAs, because the band
structure of GaMnAs is very similar to that of GaAs. We used
the band discontinuity between GaMnAs and AlAs of 0.5 eV
and the spin splitting energy ( ) of 44 meV. We designed the
device structures such that the energy level formed in the GaAs
QW ( ) lies between the Fermi energy of the emitter and the
first excited state of theup-spincarrier ( ).

The and are given by

(5)

where takes a value of for up-spinand for down-spin,
is the applied bias voltage, is the hole mass, is the

Fig. 3. CalculatedI–V characteristics of magnetic QW structures. (a) Triple
barrier. (b) Double barrier.

Fig. 4. Tunnel-barrier-width dependence of polarization and current density.

Boltzmann constant, is the temperature, and is the
transmission probability of a hole having the longitudinal en-
ergy of . We set the origin of the potential energy to the
valence band edge of the GaAs well. The summation in (5)
was done over the light hole ( ) and the heavy hole
( ) distributed in the emitter. The transmission prob-
ability was calculated by using the transfer matrix method at
every bias point.

IV. RESULTS AND DISCUSSION

Fig. 3(a) shows the calculated– characteristics of the pro-
posed triple-barrier structure consisting of a nonmagnetic GaAs
QW and a magnetic GaMnAs one. Fig. 3(b) shows those of the
double-barrier structure consisting of a GaMnAs QW for com-
parison. The temperature was 4.2 K. In the double-barrier struc-
ture, the and do not split from each other because the
resonant conditions forup-spinanddown-spinholes are over-
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lapped as shown in Fig. 1. In the triple-barrier structure, on the
other hand, the and split from each other. The GaAs QW
works as an energy filter, which enables reducing of the energy
width of injected holes to the GaMnAs QW.

Fig. 4 shows the tunnel-barrier-width dependence of the
polarization and the current density at each peak voltage.
The current density decreases exponentially with increasing
barrier width, while the polarizations increase monotonically
and exceed 98% at a 3.4-nm barrier width. The increase in
polarization is caused by the narrowing of the width of resonant
levels formed in the QWs with increasing tunnel-barrier width.
Moreover, almost no decrease in theup-spinpolarization was
observed, even in the region where the barrier is thin.

V. CONCLUSION

We proposed a new triple-barrier resonant-tunneling spin
filter consisting of a nonmagnetic and a magnetic QW. Detailed
calculations using a GaAs/AlAs/GaMnAs material system
showed that it can produce high spin-polarized currents with
polarizations exceeding 98%.
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