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PACS 75.47.De – Giant magnetoresistance
PACS 75.70.Cn – Magnetic properties of interfaces (multilayers, superlattices, heterostructures)
PACS 73.40.Gk – Tunneling

Abstract – This paper proposes an ultrahigh tunnel magnetoresistance that is achieved by a
magnetic tunnel junction with an artificial superlattice barrier that is composed of alternate layers
of copper and aluminium oxide. By designing proper thickness filling factor of the superlattice
barrier, ultrahigh magnetoresistance can be achieved. The tunnel magnetoresistance increases as
the number of cells in the superlattice barrier increases. This ultrahigh magnetoresistance effect
is attributed to the crystalline property of superlattices, similarly to the high magnetoresistance
effect achieved by traditional crystalline MgO. There are more adjustable parameters, such as the
lattice constant and the barrier height, in the artificial superlattice barrier than in a traditional
crystalline-MgO barrier. This ultrahigh magnetoresistance effect may be used to design spintronic
devices.

Copyright c© EPLA, 2015

Introduction. – Tunnel magnetoresistance in mag-
netic tunnel junctions plays an important role in devices
such as magnetoresistive random access memories, mag-
netic sensors and novel programmable logic gates. Im-
proving the tunnel magnetoresistance (TMR) of magnetic
tunnel junctions (MTJs) has always been an important is-
sue [1–5]. Traditional MTJs with an amorphous aluminum
oxide (Al-O) barrier, which have been widely studied for
device applications, exhibit a TMR ratio up to 70% [6].
A large TMR ratio results if the amorphous Al-O bar-
rier is replaced with crystalline MgO. Theoretical studies
first predicted a TMR of more than 1000% in Fe/MgO/Fe
systems [7,8]. In 2004, Yuasa et al. and Parkin et al. inde-
pendently showed that the TMR ratio of Fe/MgO/Fe sys-
tems can be as much as 180% at room temperature [1,2].
This provides important evidence that crystalline material
is key to improving the TMR ratio. Most recently, a large
magnetoresistive effect has been accomplished because of a
spin blockade in one-dimensional electron transport [3,9].
This generic feature allows the effect to be exploited in a
broad range of one-dimensional systems.

As well as the ferromagnet-insulator-ferromagnet (FM-
I-FM) tunnel junction, many studies have focused on the
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tunnel junction with a non-magnetic metal layer (N) in-
serted, since it has more interesting physics [10–19]. Even
though the geometry of the FM-N-I-FM tunnel junction
is merely a FM-I-FM tunneling junction with the N layer
inserted, the inserted N layer results in different TMR
phenomena, such as TMR oscillation as a function of the
thickness of layer N [11,20]. This phenomenon is related to
the quantum-well states that are formed in non-magnetic
metals and to the resonant tunneling mechanism through-
out the entire system. Coherent tunneling has been proven
to be crucial to a large TMR. Both theoretical and exper-
imental studies have shown that inserting non-magnetic
metals into a MTJ is one of the easiest ways to ensure
coherent tunneling [11,21].

Superlattices, a human-made material, may allow a
higher MR ratio, since there are many adjustable param-
eters in superlattices, such as the lattice constant and
the barrier height. The band structure of the superlat-
tice can be tailored to different applications. It is well
known that superlattices control the propagation of par-
ticles such as electron, photon, phonon and magnon very
well [22–25]. However, superlattices are rarely used as a
barrier in a MTJ. In our previous paper [9], the concept of
using superlattice barrier (SLB) in MTJ is first proposed.
The superlattice barrier is considered as the composition
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of non-magnetic metal and insulator. However, the prop-
erties of materials have not been considered in the previous
study. In this work, parameters with realistic materials,
such as copper, Al-O and cobalt, are adopted in the cal-
culation to get more useful results. Moreover, the effect
of thicknesses ratio of the superlattices on TMR ratio is
studied. Compared to the previous work modulating only
the thickness of non-magnetic metal, higher TMR ratio is
achieved by modulating the thickness ratio of the super-
lattices in this work.

Model and formulation. – The Slonczewski model
has been widely used to determine the magnetic prop-
erties of nano-systems [26]. Recently, this simple model
has accurately described the TMR effect in a ferromag-
net/insulator/ferromagnet (FM/I/FM) MTJ [27]. The
same model is used to determine the TMR effect for a
superlattice barrier MTJ:

H =
(

− �
2

2m
∇2 + U − �h · �σ

)
, (1)

where �h is the molecular field [26], �σ is the Pauli spin op-
erator and U is the potential barrier height. It is assumed
that the effective masses of the tunneling electrons in the
insulator are the free electron masses as it is in the fer-
romagnetic electrodes. The fixed magnetization direction
of the left-hand side electrode is the same as that of the
quantization axis. Although k|| is neglected in these nota-
tions, the effect of summation over k|| is considered in the
calculations. The tunnel current is calculated using the
Landauer-Buttiker formula [28,29]

Jσ =
e

h

∫ ∞

−∞
[T σ(E, V ) {fL(E, V ) − fR(E, V )}] dE, (2)

where T is the transmission coefficient, which can be ob-
tained by the transfer matrix method.

The total current density is the sum of the current due
to spin-up and spin-down electrons: J = J↑ + J↓. The
TMR is defined as TMR = (JP−JAP)/JAP, where JP and
JAP are the current densities for the parallel and the anti-
parallel configurations, respectively. The band structure
of the magnetic tunnel junction with a SLB is determined
using the periodic boundary. Floquet’s theorem states
that wave functions in a system with a periodic boundary
must obey the Bloch waves. If the Bloch wave number,
K, is complex, the Bloch wave is evanescent when it prop-
agates in the system. The forbidden gap is given by the
condition |cos(KL)| > 1. However, if K is a real value,
the Bloch wave is allowed to propagate in the system. The
allowed band occurs if |cos(KL)| < 1.

Results and discussion. – For a one-dimensional fi-
nite SLB that is enclosed by two ferromagnetic electrodes:
Co/(Cu/Al-O)n/Co, where n is the number of cells in the
SLB, a small bias is applied between the two ferromag-
netic electrodes. For cobalt, the magnitude of the molec-
ular field, and the Fermi energy are Δ = 1.45 eV and

Fig. 1: (Color online) TMR ratio of the SLB MTJ and the
single barrier MTJ. (a) The TMR ratio as a function of the
thickness filling factor, F , for n = 1 (green line), n = 2 (blue
line) and n = 3 (orange line), respectively. Inset: a sketch
diagram of the n-cell SLB MTJ. The cobalt, copper, and Al-O
layer are colored green, yellow and gray, respectively. (b) The
TMR ratio as a function of the thickness of the Al-O barrier
for dCu = 0.4 nm. (c) The TMR ratio as a function of the
thickness of the Al-O barrier in the Co/Al-O/Co structure.
Inset: a sketch diagram of the Co/Al-O/Co structure. The
dashed line and the inverted triangle respectively indicate the
theoretical and experimental results in the reference.

EF = 2.2 eV, respectively. The barrier height for the Al-O
layer is 1.6 eV [27]. The layers in the SLB are perpendic-
ular to the x-axis. The TMR ratio of the SLB MTJ as a
function of the thickness of the thickness filling factor, de-
fined as F = dCu/(dCu + dAl-O), is shown in fig. 1(a). The
sum of dCu and dAl-O is 1 nm in the calculation. Oscilla-
tion of the TMR ratio is observed for varying the thickness
filling factor. It is to be expected that this oscillation is
related to the quantum-well states that are formed in non-
magnetic metals and to the resonant tunneling mechanism
that exists throughout the entire system [21]. When dCu
is zero, the structure is reduced to a traditional FM/I/FM
structure. On the other hand, it could be interesting to
examine the effect of the change of the barrier thickness
on the TMR keeping the thickness of the metallic layers
constant, as shown in fig. 1(b). For n = 1, the TMR de-
creases monotonically for increasing barrier thickness. For
n = 2 and n = 3, the TMR increases gradually for small
barrier thickness and decreases gradually after reaching
TMR maximum. Figure 1(c) shows the TMR ratio as a
function of barrier thickness for the Co/Al-O/Co struc-
ture. As seen in fig. 1(c), the TMR ratio decreases as the
barrier thickness increases. This result is consistent with
both experimental and theoretical results in ref. [27]. In
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Fig. 2: (Color online) Sketch diagram and band structure of the SLB MTJ. Sketch diagram for current flow in a SLB MTJ
in (a) parallel configuration and (c) anti-parallel configuration. The thickness filling factor is F = 0.4, for a large TMR, as
shown in fig. 1. The spin-up and spin-down current flow in the SLB are represented by the light red and blue arrows that point
toward the right electrode. The symbol × (◦) indicates that the transport of the electron is forbidden (allowed) in the SLB.
The dispersion relation for a MTJ with a SLB in (b) parallel configuration and (d) anti-parallel configuration. The allowed
(forbidden) band is colored yellow (gray).

fig. 1(a), TMR is large for certain thickness filling factor.
The TMR ratio increases as n increases. Most impor-
tantly, this TMR ratio is orders of magnitude larger than
that without copper. Therefore, band structure formed
by the Cu/Al-O superlattice plays a key role in a higher
TMR ratio.

In order to understand how the TMR ratio is enhanced
by the band structure of the superlattice, figs. 2(a) and (b)
show the sketch diagram and dispersion relation for a MTJ
with a one-dimensional Cu/Al-O superlattice in parallel
configuration. The thicknesses filling factor is F = 0.4.
Therefore, the thicknesses of Cu and Al-O are 0.4 nm and
0.6 nm, respectively. Such thin thicknesses have been re-
alized in the experiments [11,30]. In this configuration,
only spin-up electrons are transmitted. Spin-down elec-
trons cannot be transmitted because of the bandgap that
is formed by the Cu/Al-O superlattice. Therefore, the
current in this configuration is dominated by the contri-
bution of the tunneling of spin-up electrons. Figures 1(c)
and (d) show the sketch diagram and the dispersion re-
lation for a MTJ with a SLB in anti-parallel configura-
tion. In this configuration, both spin-up electrons and
spin-down electrons cannot be transmitted, because of the
bandgap that is formed by the SLB. Therefore, the current
in the anti-parallel configuration, JAP, is extremely small
in a finite SLB MTJ. Since the definition of the TMR is
TMR = (JP − JAP)/JAP, the TMR ratio is large, because
of the suppression of current in the anti-parallel configu-
ration. Analogous to the crystalline effect for MgO, crys-
talline superlattices an alternative way of achieving higher
TMR ratio.

In order to understand this ultrahigh TMR, the trans-
mission spectra for the MTJ with a SLB in the parallel
configuration are shown in fig. 3(a) and fig. 3(b) for spin-
up electrons and spin-down electrons, respectively. The
thickness filling factor is F = 0.4. It is found that the

Fig. 3: (Color online) Transmission spectra in parallel con-
figuration of the SLB MTJ. Transmission spectra for the
Co/(Cu/Al-O)n/Co structure in parallel configuration, for
(a) spin-up and (b) spin-down electrons. The green, blue, or-
ange and red lines denote the n = 1, 2, 3 and 4 structures,
respectively. The thickness filling factor is 0.4. The magnitude
of molecular field for cobalt is Δ = 1.45 eV.

spin-up electrons are transmitted via resonant tunneling,
for n > 1 structures. For n = 2, there is only one res-
onant peak. For n > 2, splitting of the resonance states
can be observed. For n = 4 (system with three quan-
tum wells), there are three resonant peaks. For n = 1,
resonant tunneling is not observed, since the structure is
merely a single barrier structure. The resonant tunnel-
ing energy is within the allowed band. In the forbidden
band, the transmittance decreases as n increases. For spin-
down electrons, only the electrons within the energy range
(Δ, EF) can tunnel through the SLB. However, this energy
range is fully covered by the bandgap. The transmission
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Fig. 4: (Color online) Transmission spectra in anti-parallel
configuration of the SLB MTJ. Transmission spectra for the
Co/(Cu/Al-O)n/Co structure in anti-parallel configuration, for
(a) spin-up and (b) spin-down electrons. The green, blue and
orange lines denote the n = 1, 2 and 3 structures, respectively.
The thickness filling factor is 0.4.

probability decreases significantly as n increases. For the
n = 3 structure, the magnitude of the transmission prob-
ability is about 10−12, so the current that is contributed
by spin-down electrons is suppressed by the bandgap that
is formed by the SLB. Therefore, the current in the par-
allel configuration, JP, is mainly due to spin-up electrons
within the allowed band. For the anti-parallel configura-
tion, the transmission spectra of the MTJ with a n-cell
SLB are shown in fig. 4(a) and fig. 4(b), for spin-up elec-
trons and spin-down electrons, respectively. It is seen that
the energy range (Δ, EF), where spin-up and spin-down
electrons can tunnel through the SLBs, is fully covered by
the bandgap. Therefore, neither spin-up nor spin-down
electrons can be transmitted in the anti-parallel configu-
ration. In other words, the current in the anti-parallel con-
figuration, JAP, is suppressed by the bandgap of the SLB.
This discussion shows that the current in the parallel con-
figuration is due to the spin-up electrons and that in the
anti-parallel configuration is due to neither spin-up elec-
trons nor spin-down electrons. Therefore, the TMR ratio,
defined as (JP − JAP)/JAP, is large, since JAP is quite
small. However, this situation only occurs when there is a
proper thickness filling factor.

In this work, we found that the TMR ratio of the MTJ
with an artificial SLB, which can be both crystalline and
one-dimensional, is strongly enhanced. In contrast to
traditional crystalline-MgO barrier, there are more ad-
justable parameters in the artificial SLB, such as lattice
constant and barrier height.

When the band structure of the SLB are properly de-
signed, both spin-up and spin-down electrons are not
allowed to transport in anti-parallel configuration. Intro-
ducing the band structure engineering of superlattice into
the field of MTJ opens up a new way of achieving ultrahigh
TMR ratio.
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