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An FS/FE/NS/FE/FS double tunnel junction is suggested to have the ability to inject, modulate and detect the
spin-polarized current electrically in a single device, where F'S is the ferromagnetic semiconductor electrode, NS is the

nonmagnetic semiconductor, and FE the ferroelectric barrier. The spin polarization of the current injected into the NS

region can be switched between a highly spin-polarized state and a spin unpolarized state. The high spin polarization

may be detected by measuring the tunneling magnetoresistance ratio of the double tunnel junction.
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1. Introduction

Incorporating spins into existing charge-based
semiconductor technology can add substantially more
capability and performance to electronic products.!!
Three essential elements of a semiconductor spin
transport device are as follows: (i) a mechanism
for electrically injecting spin-polarized current, (ii)
a practical means for spin manipulation and trans-
port, and (iii) an electronic scheme for detecting
the resulting spin polarization.[? So far, the spin
injection and manipulation elements have been a
field of bursting interest. =~ Many endeavors have
been made, such as the famous Datta—Das spin

Bl magnetic p-n junction,

field-effect transistor,
and spin-filtering junctions with ferromagnetic,!®="
ferroelectric,® or multiferroic,[®=12! insulator barriers.

Tunnel barriers are of great importance to spin-
filtering junctions. In ferromagnetic barrier junctions,
the exchange splitting of the barrier band can lead
to spin-dependent barrier heights so as to benefit a
high spin polarization. In ferroelectric (FE) barrier
junctions, when the ferromagnetic semiconductor (FS)
is selected as the spin injector electrode, the reverse
of the electric polarization in FE barrier can produce
spin-dependent changes in the electrostatic potential
profile across the junction, thereby resulting in a siz-
able change in spin polarization of the injected cur-

Bl

rent and providing two-state electrical control.
a multiferroic barrier junction, both ferromagnetism
and ferroelectricity of the barrier can cause a four-level
spin polarization modulation of the injected current, !
Most reported spin-filtering junctions, including the
multiferroic barrier junction, focused on modulating
current among states with different spin polarization
values. In reality, it is also interesting to switch the
spin polarization of currents between a highly spin po-
larized state and a spin unpolarized state, which may
be very useful in spintronics applications.

As to the spin detection element, spin-polarized
currents flow with net magnetization'®) and there-

fore can be sensed by conventional Kerr[?!

or Faraday
rotation,!'?! in which an extra linearly polarized probe
laser or circularly polarized light pulses are needed.
Another popular method is to use a spin light-emitting
diode configuration!'®! to produce a circularly polar-
ized light. This method indicates exactly the spin po-
larization of electron density in the NS region rather
than the spin polarization of injected current. If the
injected current is small or the electron density in the
NS is high, however, the measured spin polarization
may be very low, even though the injected current is
highly polarized.['*] The other method is to measure
the electric current of a ferromagnetic metal /NS single
junction. This is based on the theory that the Rashba

spin-orbit interaction may induce an asymmetry for
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electrons with different spins traveling along a partic-
ular direction. To date, the theoretical prediction and
experimental observation'® have been an issue.[16:17]
In this work, we propose a spin-filtering tunnel junc-
tion with an FS/FE/NS/FE/FS structure, which can
demonstrate a fully electrical scheme for achieving
spin injection, modulation and detection in a single
device. The injected current can not only be multiple-
modulated with different spin polarizations, but also
be switched between a highly spin polarized state and
a spin unpolarized state. The high spin polarization
can also be determined by measuring the tunneling
magnetoresistance (TMR) of the double tunnel junc-

tion.

2. Formalism

As illustrated in figure 1(a), we first consider the
left single barrier junction with an FS electrode for
r < 0, an NS electrode for x > d, and an FE barrier
of thickness d inbetween. Apg is the spin splitting pa-
rameter of the FS electrode, and Axs = 0. prs (pns)
is the Fermi energy with respect to the band bottom
for the FS (NS) electrode. The special potential pro-
file that distinguishes our model from the conventional
one is the band bending prs(z) and ¢ng(x) near two
interfaces. They are related to electric polarization p
in the ferroelectric!® by

easde|xl/%

of (x) = — + A;
(i=FS, = <0), (1)
ecgd;elz—dl/oi
pi(z) = B —
(i=NS, z > d), (2)

and very important in the following discussion. Here
superscript —(+) denotes the minority (majority) sub-
band,

9 e? 2my; 8/2
9; = 12 \ 2 (Vhi + 4 + Vi — Ay)

is the Thomas—Fermi screening length, and

_ —d\|p|/erE
drs/eFs + Ons/ens + d/err

s

is the screening charge per unit area, with ¢; the di-
electric permittivity, and A = +1 (—1) for p orienting
toward the NS (FS) region. From the potential profile,
the transmission probability of the single junction T*

for o =1 (spin up) or | (spin down) channel can be nu-
merically calculated by a transfer matrix method.[!8]

Fig.1. Schematic potential profiles of an FS/FE/NS sin-
gle tunnel junction (a, b) and an FS/FE/NS/FE/FS tun-
nel junction (¢, d). Here P (AP) stands for the paral-
lel (antiparallel) magnetization configuration, and ff de-
notes that p in the left (right) FE barrier points to the
left (right) FS electrode.

Then, another same single junction is introduced
to form the FS/FE/NS/FE/FS double barriers junc-
tion. The sequential tunneling occurs if the thickness
d of the middle NS layer is smaller than the spin dif-
fusion length Ay, but larger than the coherence length
Ap of electronic wave functions. For electrons sequen-
tially tunneling!*® through the two FE barriers, the
total transmission probability for each spin channel is
given by!20]

Ty

Lo = @y TR _TITLY ®)

Here, TX (TZ) is the transmission probability of the
left (right) single junction. The conductance of the
spin-up (down) channel is obtained by the Landauer

formula )

Gy = %TU(EF7 kH = 0) (4)

with the consideration that only the conduction elec-
trons at the Fermi level with wave vector normal to
the barrier make main contributions to conductance
at zero bias voltage.?!] The total conductance of the
junction is G = G; + G| and the spin polarization of
the current is defined as o = (G — G)/G for a small
bias voltage. For @ = +1, the injected current is fully
polarized. For a = 0, the injected current is unpo-
larized. There are eight junction states in the present
junction. The magnetization in the left F'S electrode
is fixed to the +z direction. The magnetization in the
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right FS electrode can be parallel (P) or antiparallel
(AP) to the former one by changing the orientation
of the magnetic field. The electric polarizations p in
two FE barriers may point to the FS electrode (f) or
point to the NS region (n) by applying electric pulses,
forming four types of states: (ff), (nn), (fn), and (nf).

3. Calculation and discussion

In the following calculations, parameters are
taken according to references [8] and [22] as mps =
myns = 0.2m, and mgg = 2m, with m, the free elec-
tron mass, epg = ens = 10eg and epg = 2000y with
€o the permittivity of the vacuum, the barrier height
is taken as Upg = 0.5 eV and the barrier width as
d = 3 nm. The other parameters are ups = 0.1 eV,
puns = 0.02 eV, and Apg = 0.09 eV. Figure 2 shows
the spin polarization of the injected current as a func-
tion of the magnitude of p for different combinations
of the magnetization alignment in two FS electrodes
and orientations of p in two FE barriers. First, for
the two electric polarizations p both orient toward the
FS electrodes (ff state), the spin polarization of the
injected current can be switched from a highly spin-
polarized state to a vanishingly spin-polarized state
by changing the magnetization configuration from P
to AP, and wice versa. Second, for the P magneti-
zation configuration, different electric polarizations in
two FE barriers result in different «, the largest in the
ff state and the smallest in the nn state. Such a spin
polarization of currents is mainly determined by two
factors: the spin polarization of the FS electrode and
the spin-dependent tunneling barrier, the latter aris-
ing from the band-bending effect. If p = 0, there is no
band bending, ¢rs(z) = 0 and pns(xz) = 0, and the
barrier is spin-independent. In this case, the current
is only affected by the polarization of FS electrode.
Therefore, a tends to the polarization of F'S electrode
for the P alignment and is vanishing for the AP align-
ment. If nonzero p points to the FS electrode, the
band bending only adds an additional barrier for the
spin-up channel, as shown in figure 1(a), so that the
spin-dependent barrier benefits a high spin polariza-
tion. If p points to the NS region, electrons in both
spin channels see a same additional barrier, as shown
in figure 1(b).
the decreased spin polarization of F'S electrode causes

The barrier is spin-independent, but

a low spin polarization of current. It is the reason why
« increases with |p| in the (P, fI') state, but decreases

in the (P, nn) state. On the other hand, the barrier for
the spin-up channel is equal to that for the spin-down
channel under (AP, ff) or (AP, nn) state,?! so that
the current is always spin unpolarized.
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Fig.2. Spin polarization « of current as a function of the
magnitude of p.

Figure 3 gives the numerically calculated result
of TMR/a? as a function of |p|, where « is obtained
in the P magnetization alignment. If the two FE bar-
riers are completely symmetric in either (ff) or (nn)
configuration, i.e., p in either barrier orients towards
the FS electrode (or the NS region), TMR/a? = 1
is always satisfied, indicating that the spin polariza-
tion of current can be determined experimentally by
measuring the TMR ratio. If the two FE barriers are
asymmetric, such as in either (fn) or (nf) configura-
tion, TMR/a? = 1 no longer holds. Actually, the
relation of TMR = a2 can be deduced exactly. A
small bias voltage V/2 and —V/2 are applied to the
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Fig.3. TMR/a? as a function of the magnitude of p. The
solid line is obtained with p in either (ff) or (nn) config-
uration, and the dashed line with p in either (fn) or (nf)
configuration.

left and the right F'S electrodes, respectively. For the
(P, ff) state, the number of the spin-up (spin-down)
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electrons tunneling into NS region through the left FE
barrier is equal to that of spin-up (spin-down) elec-
trons tunneling out the NS region through the right
FE barrier. Hence the tunneling conductance of single
junction GL = GE, and the total current density is

14
Jo = (G +GP). (5)

For the (AP, fI) state, the situation is quite differ-
ent. The difference between the number of spin-up
and spin-down electrons tunneling into and out of the
NS region should induce an accumulation of electrons
with one spin and a deficiency of electrons with the
other spin,!'924 As a result, the chemical potentials
of the two spin channels in the NS region are shifted
by +0u, respectively. du can be determined by the

spin-current continuity conditions, i.e.,
(V/2 = 6p)GT = (V/2+ 6p)GF

for the spin-up channel, and
(V/2+6p)Gl = (V/2 = 6p)Gf

for the spin-down channel. Owing to the symmetry,
we have relation Gf = Gff and G = Gf, so that

op = aV/2. The total current density is then given
by
v
JAPZE[GTL(l—a)—FGf(l—Fa)]. (6)

From TMR = (Jp — Jap)/Jp, it then follows

TMR = . (7)

4. Summary

In conclusion, the spin-filtering junction with two
FE tunneling barriers is suggested to multiple modu-
late the spin polarization of the current injected into
the NS region. Such a spin-filtering junction can
switch the current between a highly spin-polarized
state and a spin unpolarized state, and the highest
spin polarization can be detected by measuring the
TMR ratio of the double tunnel junction. Though
the present model is simple and cannot describe real
system quantitatively because it does not take into ac-
count realistic band structure of materials and atomic
modifications at the interfaces due to electric polar-
ization reversal,l?®! the consideration of these compli-
cated factors will not change the qualitative results
obtained here.
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