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Huge spin-transfer torque (STT) in a magnetic tunnel junction (MTJ) achieved by superlattice barrier 
composed of alternate layers of a nonmagnetic metal and an insulator is proposed. The magnitude of 
the STT depends on the number of cells in the superlattice barrier and the nonmagnetic metal layer’s 
thickness. The result shows that the STT of the novel superlattice-barrier MTJ can reach values up to 
four orders of magnitude greater than those of traditional single-barrier stacks based on three cells 
superlattice by designing the nonmagnetic metal layer’s thickness. In addition, the spin-transfer torque 
of the proposed MTJ can also be thousands of magnitude greater than those of traditional double-barrier 
MTJs.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Spintronics developed rapidly for systems such as metallic mag-
netic multilayers, magnetic semiconductors and strongly correlated 
electron systems [1,2]. Of these systems, magnetic tunnel junctions 
(MTJs), attracted widespread attention because of their potential 
applications in magnetic field sensors, nonvolatile magnetic ran-
dom access memories (MRAMs) and other spintronic devices [3,4]. 
Current-induced magnetization switching (CIMS) is an important 
phenomenon in MTJ. The physics behind CIMS is the spin transfer 
from conduction electrons to localized magnetic moments, which 
results in an additional torque exerted on the film’s magnetization. 
This torque is thus named the spin-transfer torque (STT), which 
has attracted much attention since its theoretical prediction [5,6]
and experimental confirmation [7–10]. Potential STT applications 
include the STT-MRAMs, spin-torque nano-oscillators, spin-torque 
wave emitters, and spin-torque memristor [3,11]. The reduction of 
the critical current density is an important issue in the study of 
STT-MRAMs. For a typical single-barrier MTJ, the critical current 
density is usually in the order of 107 A/cm2. For few-nanometer-
thick barriers, a bias voltage of approximately 1 V is required to 
achieve this critical current density [12].

An artificial material, usually called superlattice, consists of two 
different materials, which can be chosen as copper and MgO, in 
regularly periodic arrangement with the nanoscopic scale thick-
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ness. Superlattices are used in different fields such as nanoelec-
tronics [13–18], spintronics [19–22], and photonics [23–27]. Con-
trary to natural materials, superlattices can be more flexible for 
device design because their band structure can be tailored by ad-
justing their parameters. Recently, many studies have been pro-
posed in experimental and theory of the STT superlattice-barrier 
MTJ [28–32]. Magnetic superlattices with special properties such as 
high magnetoresistance effect and magnonic bandgaps were pro-
posed [19,22,33]. According to our previous study [19], the TMR 
ratio of the superlattice-barrier MTJ can be larger than that of the 
traditional single-barrier MTJ.

The STT effect in single-barrier (F/I/F) and double-barrier MTJs 
(F/I/F/I/F) was proposed [12,34–36], where F(I) denotes ferromag-
net (insulator). In particular, the STT is approximately only one 
order of magnitude greater in the double-barrier MTJ when com-
pared with the F/I/F single-barrier MTJ [12]. Recently, an F/I/N/I/F 
type double-barrier MTJ is proposed [37], where N denotes a non-
magnetic metal. The STT of this MTJ can be two orders of magni-
tude larger than that of traditional double-barrier MTJs. However, 
to the best of our knowledge, the STT effect has not yet been inves-
tigated in superlattice-barrier MTJs. Thus, taking advantage of the 
superlattice structure to enhance the STT in MTJs is of significant 
interest. It is well-known that the material of barrier has strong 
influence on the performance of MTJ. For instance, improvement 
of TMR ratio is achieved by replacing AlOx barrier by crystalline 
MgO. In this study, similarly, improvement of STT is achieved by 
replacing MgO with superlattice barrier. In this study, we show 
that by appropriately designing the forbidden and allowed bands 
in the superlattice barrier, the STT of the superlattice-barrier MTJ 
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Fig. 1. (a) Schematic representation of an FP/(N/I)n/FF superlattice-barrier MTJ. FP(F) stands for the pinned (free) layer, N(I) represents the nonmagnetic-metal (insulating) 
layer, and n denotes the number of cells in the superlattice barrier. MP and MF denote the magnetizations of the pinned and the free layer, respectively. (b) The potential 
profile of spin-up (red dashed line) and spin-down (blue solid line) electron for a superlattice-barrier MTJ with n = 3 in parallel configuration. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
can be four (three) orders larger than that of traditional single 
(double)-barrier stacks.

2. Model and formulation

Consider an MTJ with a superlattice-barrier structure compris-
ing alternate binary nanometer-thick layers, a nonmagnetic metal 
layer, and an insulator layer with both sides enclosed by the 
pinned and free layers, as shown in Fig. 1(a). This superlattice-
barrier MTJ is denoted as FP/(N/I)n/FF, where FP(F) denotes the 
pinned (free) layer, N represents the nonmagnetic metal layer, and 
n denotes the number of cells in the superlattice barrier. The ferro-
magnet can be iron, cobalt or CoFeB etc. The non-magnetic metal 
layer can be copper. The insulator used in this study are assumed 
to be amorphous, such as amorphous AlOx or amorphous MgO. 
A bias voltage V is applied between the pinned and free layers. 
The two layers have a magnetization angle θ and are assumed 
to have sufficient thickness to be regarded as semi-infinite [38,
39]. Two local coordinate systems are used in this study, and axial 
(x, y, z) for the pinned layer and layers in the superlattice barrier, 
including insulator layers and nonmagnetic metal layers, and axial 
(x′, y′, z′) for the free layer. The z or z′ axis follows the direction 
of the pinned or free layer magnetization, respectively. The y and 
y′ axes are perpendicular to MTJ layers.

Slonczewski’s parabolic band model [6,40] is adopted to calcu-
late the electron transport in MTJs. Here, the inelastic scattering is 
considered in our model to analyze transport properties of elec-
trons. When the thickness of nonmagnetic metal layer (dN ) in the 
superlattice-barrier MTJ is zero, the results for a traditional single-
barrier MTJ of the form F/I/F can be obtained. The theoretical stud-
ies for the traditional single-barrier MTJ have been investigated in 
Ref. [39]. Our results for dN = 0 nm are quite consistent with the 
results in this reference. Moreover, Wilczyński et al. have found 
that their results for in-plane torque in systems with semi-infinite 
electrodes roughly coincide with those presented in Ref. [38]. Most 
importantly, the theoretical predictions in this reference agree well 
with the experimental measurements [9]. The Schrödinger equa-
tion for the wave function for spin-up (ψ↑) and spin-down (ψ↓) 
electrons with an electron mass m can be written as(

− h̄2

2m
∇2 + U − �� · �σ

)(
ψ↑
ψ↓

)
= E

(
ψ↑
ψ↓

)
, (1)

where U is the potential barrier height. �� is the molecular field 
caused by the exchange interaction [40]. The wave functions in 
layer j can be written as

ψσ
j (y) = Aσ

j eikσ
j (y−y j) + Bσ

j e−ikσ
j (y−y j), (2)

where Aσ
j and Bσ

j are the amplitudes of the waves in the +y and 
−y directions, respectively. The superscript σ = ±1 or (σ =↑, ↓) 
denotes spin-up and spin-down electrons. When a bias is ap-
plied to an MTJ, the potential profile of insulator barriers becomes 
trapezoidal, as shown in Fig. 1(b). Insulator barriers inside the su-
perlattice barrier are sliced into P rectangular barriers. The mag-
nitude of the rectangular barriers is U p = (U + E F ) − p · eV /P , 
where p = 1, 2, . . . , P denotes the pth rectangular barrier counted 
from left to right. Note that the potential height U of the insu-
lator is measured with reference to the Fermi energy. Wave vec-

tors in the pinned and free layers are kσ
F P

=
√

2m
h̄2 (E⊥ + σ�) and 

kσ
F F

=
√

2m
h̄2 (E⊥ + σ� − eV ), respectively, where E⊥ is the trans-

verse component of the total electron energy, given by E⊥ = E −
h̄2k2||/2m. Note that E⊥ is measured with respect to the midpoint 
between the bottom portions of the two spin sub-bands in the 
pinned layer. The wave vectors are kσ

I =
√

2m
h̄2 (E⊥ − U p) in the in-

sulator layer. In the wth nonmagnetic metal layer, the wave vectors 
are expressed as kσ

N =
√

2m
h̄2 (E⊥ − w−1

n eV). The wave function and 
its derivative must be continuous at all MTJ boundaries. Because of 
the quantization axis at the boundary between the rightmost insu-
lator of the superlattice barrier and the free layer, the boundary 
condition is expressed as

ψ
↑
I = ψ

↑
F F

cos (θ/2) + ψ
↓
F F

sin (θ/2) and (3a)

ψ
↓
I = −ψ

↑
F F

sin (θ/2) + ψ
↓
F F

cos (θ/2) . (3b)

The amplitude of the electron wave function can then be calcu-
lated using the transfer-matrix method [41]. The μth component 
(μ = x, y, z) of the spin current density [42] can be expressed as 
js
μ(y) = ih̄

2m

[(
∂
∂ y �+(y)

)
σμ�(y) − �+(y)σμ

(
∂
∂ y �(y)

)]
, where 

� =
[

ψ↑(y)

ψ↓(y)

]
is the wave function in spinor form and σμ is the 

Pauli matrix. The charge current density can be calculated from 
j(y) = eh̄

m Im
∑

σ ψ∗
σ

[
dψσ
dy

]
. When a voltage bias V is applied to 

an MTJ, the total spin current density [39] in the zero temperature 
limit can be expressed as

J s
μ(y) = J s

μ,1(y) + J s
μ,2(y), (4)

where J s
μ,1(y) and J s

μ,2(y) are the spin current densities con-
tributed by electrons with an energy range of [−σ�, E F −eV ] and 
[E F −eV , E F ], respectively. J s

μ,1(y) and J s
μ,2(y) are expressed as

J s
μ,1(y) = 4π2m2

h4

∑
σ

E F −eV∫
−σ�

dE⊥
eV

kσ
F P

(E⊥)
js
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Fig. 2. The effect of nonmagnetic metal layer thickness on (a) RA, (b) power, 
(c) charge current density and (d) STT of the FP/(N/I)n/FF superlattice-barrier MTJ, 
and (e) band structure of the superlattice barrier. The yellow region denotes the 
range of dN that provides an allowed band within the energy range (�, E F ). The 
parameters used for the simulation are the spin-splitting energy � = 1.96 eV, 
Fermi energy, E F = 2.62 eV, height of the insulator layer, U = 1.5 eV, bias volt-
age, V = 0.5 V, angle between the magnetization of pinned layer and free layer, 
θ = π/2 and the insulator layer thickness, dI = (1/n) nm. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
this article.)

The STT exerted per unit square of the free layer [39] can be ex-
pressed as STT = − h̄

2 J s
x′ , where J s

x′ is the x′-component of the spin 
current density. The charge current density can be obtained by re-
placing js

μ with j(y). The band structure of the superlattice barrier 
is calculated using the periodic boundary [37]. The wave func-
tions in the system with a periodic boundary must obey the Bloch 
waves. Therefore, the dispersion relation cos(K L) of the superlat-
tice barrier can be obtained, where K is the Bloch wave number 
and L is the width of a unit cell.

First, we study the effect of the change in the superlattice 
barrier number of cell (n) and the thickness of the nonmagnetic 
layer (dN ) on the resistance-area product (RA), the power con-
sumption, the charge current density and STT of the superlattice-
barrier MTJ. The relevant parameters for iron are the Fermi energy 
E F = 2.62 eV and the spin-splitting energy � = 1.96 eV, which 
is widely used in MTJ modeling [39]. For an insulating barrier, 
the potential height and insulator thickness are U = 1.5 eV and 
dI = (1/n) nm, respectively. The RA and power consumption as 
a function of dN is plotted, as shown in Figs. 2(a–b). The crit-
ical current for magnetization switching is assumed to be fixed 
at IC = 1 mA/μm2. The power for superlattice-barrier MTJ can be 
lower than that of the traditional single-barrier MTJ at certain dN . 
The improvement can be attributed to the resonant tunneling [19,
43] formed in the superlattice barrier. For a single-barrier struc-
ture, there is no resonant tunneling such that the RA is large. 
Larger power is required to achieve critical current. In contrast, the 
resonant tunneling formed in the superlattice-barrier such that the 
RA is lower. Therefore, lower power is required to achieve critical 
current in the superlattice-barrier MTJ.

The charge current density and the STT of the superlattice-
barrier MTJ as a function of dN for different superlattice-barrier 
numbers of cells appear in Figs. 2 (c) and (d). A bias voltage 
V = 0.5 V is applied to the structure. In this case, electrons tunnel 
Fig. 3. Bias dependence of the (a) charge current density and (b) STT for three dif-
ferent numbers of cells in the superlattice barrier. The inset in each figure shows 
an enlarged view of the plot for n = 1. The other parameters of the junction are the 
same as those in Fig. 2, except that dN = 0.6 nm.

from the pinned to free layer. As shown in Figs. 2(c–d), the charge 
current density and STT are strongly influenced by the thickness 
of the nonmagnetic metal layer for the three different number 
of cells. In fact, they oscillate as dN increases. Several peaks are 
observed in Figs. 2(c–d). For thicker dN , the magnitude of these 
peaks decreases, whereas their width increases. For n = 1, the MTJ 
is similar to the traditional single-barrier MTJ [39]. With increas-
ing n, the magnitude of these peaks increases. For n = 2, the MTJ 
structure becomes F/N/I/N/I/F, which is similar to a double-barrier 
structure. The STT of this MTJ can be three orders of magni-
tude larger than traditional single-barrier MTJs at certain dN . Some 
studies [12] showed that the STT of an F/I/F/I/F double-barrier MTJ 
is only approximately one order of magnitude larger than that of 
a single-barrier MTJ. In other words, the STT of the F/N/I/N/I/F MTJ 
can be two orders of magnitude larger than that of traditional 
F/I/F/I/F double-barrier MTJ. For n = 3, the STT is four (one) or-
ders of magnitude larger than that of the MTJ with n = 1 (n = 2). 
This phenomenon can be attributed to the formed band structure 
of the superlattice barrier, as discussed below.

Since the STT is highly dependent on the superlattice-barrier 
structure, it is interesting to see how the band structure of the 
superlattice-barrier is related to the STT. Fig. 2(e) shows the band 
structure of the superlattice barrier. The allowed band within the 
energy range [�, E F ] is colored yellow. The corresponding dN for 
this energy range is the thickness where peaks of the STT can be 
found (Fig. 2d). Therefore, the band structure of the superlattice 
barrier with two parameters obtained from the ferromagnetic elec-
trodes, � and E F , can be used to predict the thicknesses required 
for a large charge current density and STT to occur.

In addition, we investigate the bias dependence of the charge 
current density and the STT, as shown in Fig. 3. The parameters 
are the same as those used in Fig. 2, except for the thickness of 
the nonmagnetic metal, which is set at dN = 0.6 nm, so that a 
large charge current density and STT occurs. For n = 1, the MTJ 
is similar to the traditional single-barrier MTJ. The charge cur-
rent density gradually increases as the applied voltage increases, 
as shown in the inset of Fig. 3(a), similar to the single-barrier MTJ 
[39]. However, with increasing n, the charge current density no 
longer increases monotonically with the applied voltage. An sig-
nificant negative differential resistance is observed at V = 0.5 V. 
Similar effect has been observed in the magnetic multilayer sys-
tems [44]. Fig. 3(b) shows the STT as a function of the applied 
voltage for different numbers of cells. For n = 1, the STT decreases 
monotonically as applied voltage changes from −1.5 V to 0 V and 
increases monotonically as applied voltage changes from 0 V to 
1.5 V. The STT is asymmetric with respect to the bias reversal, even 
in junctions with both identical electrodes, in agreement with both 
experiment and calculation results for single-barrier MTJ [9,39,45]. 
This asymmetric property holds for n > 1. However, the character-
istics of the STT become more complex. In the small bias range (in 
this case, |V | < 0.3 V), the STT characteristics STT for MTJs with 
n = 3 are similar to those for the single-barrier MTJs. However, for 
a larger bias voltage, the curve no longer changes monotonically.
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Fig. 4. (a) The STT as a function of θ for n = 1, 2 and 3. Plot of charge current den-
sity as a function of θ for superlattice-barrier MTJs. The parameters are the same as 
those used in Fig. 2. The inset in (a) shows an enlarged view of the case for n = 1. 
The applied voltage is V = 0.5 V.

Furthermore, we study the effect of the angle θ between the 
magnetic moments of the electrodes on the charge current den-
sity and the STT, as shown in Fig. 4. For n = 1, the STT reaches a 
maximum absolute value for θ = π/2 and θ = 3π/2, and is zero in 
the collinear configuration. This phenomenon is similar to that of 
the single-barrier MTJ. This can be expected, since the STT of the 
superlattice-barrier MTJ with n = 1 is quite similar to that of the 
traditional single-barrier MTJ. In the superlattice-barrier MTJ, the 
features of the STT are quite similar to those in the single-barrier 
MTJ, except for the magnitude of the torque. The maximum STT 
increases with the number of cells in the superlattice barrier, con-
sistently with the discussion for Fig. 2. Figs. 4 (b)–(d) show the 
charge current densities for the three different number of cells. For 
n = 1, the charge current density is maximal in the parallel con-
figuration and monotonically decreases when magnetic moments 
rotate towards the anti-parallel configuration. The same trend is 
observed for increasing n. The charge current density for the MTJ 
with n = 2 is about three orders of magnitude larger than that for 
the MTJ with n = 1. The charge current density of the MTJ with 
n = 3 is about one order of magnitude larger than that of the MTJ 
with n = 2. Therefore, the charge current density and the STT can 
be increased by increasing the number of cells in the superlattice 
barrier.

The effect of the barrier height on the charge current density, 
STT, RA and power is studied, as shown in Fig. 5. For different 
number of cells, the charge current density decreases with in-
creasing barrier height, as shown in Fig. 5(a). However, the charge 
current is greater for MTJs with larger numbers of cells, especially 
when the barrier height is small. A similar phenomenon is ob-
served for the effect of barrier height on the STT, as shown in 
Fig. 5(b). The RA and power increases for increasing barrier height, 
as shown Fig. 5(c) and Fig. 5(d). The power and RA for n = 2 and 
n = 3 superlattice-barrier MTJ are greatly improved as compared 
with the single-barrier MTJ.

In conclusion, the charge current density and the STT can be 
enhanced using superlattice barrier. Indeed, the magnitudes of the 
charge current density and the STT are proportional to the num-
ber of cells in the superlattice barrier. The STT and the charge 
current density of this novel superlattice-barrier MTJ with n = 3
can be about four (three) orders of magnitude larger than those 
of the traditional single- (double-) barrier MTJ, if the thickness of 
the nonmagnetic metal layer in the superlattice-barrier is properly 
designed. This improvement can be attributed to allowed and for-
bidden bands formed in the superlattice barrier.
Fig. 5. Trend in the (a) charge current density, (b) STT, (c) RA and (d) power as a 
function of the barrier height. The parameters are the same as those used in Fig. 2. 
The inset is a partially enlarged view of the trend corresponding to dN = 0 nm.

Acknowledgement

The authors acknowledge the support provided by the Ministry 
of Science and Technology of Taiwan, under grant numbers MOST 
104-3113-E-002-001 and MOST 105-2221-E-002-136.

References
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