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Tunnel magnetoresistance of magnetic tunnel junction improved by a superlattice barrier
composed of alternate layers of a nonmagnetic metal and an insulator is proposed. The forbidden
band of the superlattice is used to predict the low transmission range in the superlattice barrier. By
forbidding electron transport in the anti-parallel configuration, the tunnel magnetoresistance is
enhanced in the superlattice junction. The results show that the tunnel magnetoresistance ratio for a
superlattice magnetic tunnel junction is greater than that for traditional single or double barrier
junctions. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863221]

An emerging field of electronics, called spintronics, has
been developing rapidly for systems such as magnetic semi-
conductors, metallic magnetic multilayers, and strongly cor-
related electron systems.'” Of these systems, magnetic
tunnel junctions (MTJ) have attracted widespread attention
because of their potential applications in nonvolatile mag-
netic random access memories, weak magnetic field sensors,
and other spintronics devices.”> A giant tunnel magnetore-
sistance (TMR) at room temperature was first found in a
ferromagnet/insulator/ferromagnet (F/I/F) magnetic tunnel
junction.® As well as a single barrier MTJ (SBMTYJ), both ex-
perimental and theoretical studies of F/I/F/I/F double barrier
MTJs (DBMTJ) have also been undertaken.’

The concept of a superlattice, which is a man-made
material that consists of alternating layers of two dissimilar
materials with layer thicknesses of the order of nano-
meters, has been used in fields such as photonics,® !
spintronics,'*'* and electronics.'>'® One of the most impor-
tant advantages of a superlattice is its flexibility, compared to
a natural material. The band structure of a superlattice is
specified by adjusting the parameters of the superlattice. A
semiconductor superlattice, which has many interesting prop-
erties, such as a miniband structure and negative differential
conductivity, is composed of two different semiconductors,
such as GaAs and AlAs. Important optoelectronic devices,
such as infrared photodetectors and high electron mobility
transistors, have been produced using a semiconductor super-
lattice.'>'° However, magnetic superlattices, which are com-
posed of two different magnetic materials, have special
properties, such as their giant magnetoresistance effect and
their magnonic bandgap. These properties are useful in the
transmission, storage, and processing of information.'*"?

The theoretical model proposed by Niu et al. was used to
interpret the experimental data for DBMTJs in a sequential re-
gime.'” They found that the TMR ratio for F/I/F/I/F junctions
in the sequential regime cannot exceed the larger of the TMR
ratios of the two single F/I/F junctions that form the double
junction. However, recent studies'®?° have shown that the
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TMR ratio for F/I/F/I/F junctions in a coherent tunneling re-
gime can be larger than the corresponding SBMTJs. The TMR
ratio has been found to oscillate with variations in the thickness
of the middle F layer and can reach large values if this thick-
ness is appropriate.'® However, both experimental and theoret-
ical studies have shown that inserting nonmagnetic metals into
a MT1J is one of the simplest ways to ensure coherent tunnel-
ing.2'?? Although coherent tunneling and the TMR effect for
both SBMTJs and DBMTIs that use nonmagnetic metals have
been studie:d,lg’m*23 there have been no studies of a superlat-
tice barrier (SLB) MT]J that uses nonmagnetic metals. It may
be possible to take advantage of the superlattice to improve the
TMR ratio of a MT1J. In this paper, the TMR of a magnetic tun-
nel junction is improved, using a superlattice barrier that is
composed of alternate layers of a nonmagnetic metal and an in-
sulator. It is found that the formation of the forbidden bands in
the SLB can be used to improve the TMR ratio of a MTJ. The
tunnel magnetoresistance is more than 10°% in a SLBMTJ,
because electron transport is forbidden in the anti-parallel con-
figuration. The results show that the TMR ratio for a SLBMTJ
can be greater than that for a traditional DBMT].

Initially, a SLBMTJ with alternating binary nano-
thickness layers, a nonmagnetic metal layer (N) and an insu-
lating tunnel barrier (I), with both sides enclosed by the
same ferromagnetic electrodes is considered. This SLBMTJ
is denoted as F;/SLB/Fgr, where Fy g, stands for the ferro-
magnetic electrode on the left (right) side. The layers in the
SLB are perpendicular to the x-axis. A small bias is applied
between the two ferromagnetic electrodes. The parabolic
band model, originally proposed by Slonczewski,>* is used
to calculate the transmission of spin-up and spin-down elec-
trons. The wave vector parallel to the plane (k) is assumed
to be conserved (coherent tunneling). The Schrodinger equa-
tion for the wave function for spin-up (y;) and spin down
(U i) electrons with an electron mass, m, can be written as

7 o2 ) Ui\ _ (¥
<—%v LU—K-F <%>_E<%>, (1)

where / is the molecular field?* and @ is the Pauli spin oper-
ator. U is the potential barrier height. It is assumed that the
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fixed magnetization direction of the left-hand side electrode
is the same as that of the quantization axis. The magnetiza-
tion directions in the right-hand side electrodes that are par-
allel or anti-parallel to the ones in the left-hand side
electrodes are termed the parallel configuration and the anti-
parallel configuration, respectively. Although k| is neglected
in these notations, the effects of summation over kH are con-
sidered in the calculations. The wave functions in layer j can
be written as /] (x) = A;’e"k:-f@'_x" ) +B]»”eflk;’(x7x” ), where A7
and B} are the amplitudes of the waves in the +x and —x
directions, respectively. The superscript, ¢ = *1 (or
g =T, ]), denotes spin-up and spin-down electrons, respec-
tively. The relationship between the wave functions and their
derivatives in both interfaces of the layer can be expressed as

v o ne Vi

J(Ll = |: ja {7 :| lpjo— ) (2)
mo | T

-1 j

where f7, g7, and h{ are sec(k{d;), (k7;/m;)tan(k{ d;), and
(m;/k{;)tan(k{ ;d;), respectively. The wave vector in the x
direction can be written as k2, = [(2m;/h*)(E; — U;
+6A)]"/?, where A is the magnitude of the molecular field
and E, is the transverse components of the total electron
energy given by E, = E — hzkﬁ /2myg. Thus, E, is measured
from the middle point between the bottoms of the two
spin subbands in the left electrode. According to Eq. (2), the
relationship between 7, 7, (x//;-’/ /m;j), and (tpﬁ‘;l /mj_y)
can be represented as a two-way graph model.” At the
boundary of each layer, the wave function, 1, and its deriv-
ative m~!'(Oy°/0x), must be continuous. Based on the
boundary conditions and the graph model, the amplitude and
derivative of the wave functions for the entire system can be
represented by a lead type model, which connects the graph
models for all of the layers of the system. Using topology,
the relationship between the amplitude and the derivative of
the wave functions at the ends of the system can be
expressed as

U = 1w+ 0 (u o), (3a)
(g o) = g7 +17 (U5 fm ), (3b)

where f°, g%, and h° can be calculated using the graph
model. >

In order to analyze the transmission in F; /SLB/Fy, it is
assumed that a wave is incident from the left hand side of the
system to the right side. The transmission amplitude of the
waves in the system, #° :A%R /A"L, can be expressed as
1 =2 (1=K, + (07 RS2 ) + (K2, K2, Y (87HT —F72)).
The transmission coefficient of the wave functions that pass
through the system is given by 7% =|t|>. The tunnel cur-
rent®® in the zero-temperature limit is

7o 2 X m X e JEF“V JEFE‘
= 3
h 0 Er—eV—E,

Ep Epr—E.
+ J J T"dE|dEx} . 4)
Ep—eV JO

T°dEdE,
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The total current density is the sum of the current contributed
by the spin-up and the spin-down electrons: J =J! + J}.
The TMR is defined as TMR = (Jp — Jap)/J ap, Where Jp and
Jp are the current densities for the parallel and the anti-
parallel configurations, respectively.

Determining the relationship between the band structure
of a SLB and the spin-polarized resonant tunneling in the SLB
is a major objective of this study. The band structure of a sys-
tem is calculated using the periodic boundary. According to
Floquet’s theorem, wave functions in a system with a periodic
boundary must obey the Bloch waves (lﬂX,l /my) = (tpg' /mp)
exp(iK°L) and Y3, = Ygexp(iK’L), where L is the width of
the system. The dispersion relation is written as

1— goho + (}(‘0)2

cos(K°L) = o7

&)

As the Bloch wave number K° is complex, the Bloch wave
is evanescent when it propagates in the system. Therefore,
the forbidden gap is given by condition, |cos(K?L)| > 1.
However, when K° is a real value, the Bloch wave is allowed
to propagate in the system. The allowed band occurs if
|cos(K?L)| < 1. Therefore, the kernels of the band structure
are the upper and lower bandedges that correspond to
cos(K°L) =1 and —1, respectively. According to Eq. (5), the
upper or lower bandedges are determined using the roots of
the upper or lower bandedge functions, Q% and Q7 ,, respec-
tively, defined by Qf =1+ (f‘T)2 — gh’ —2u’f°, where
u=1, —1. Therefore, the band structure can be drawn by
using the upper and lower bandedge equations, Q%, = 0 and
07, = 0. According to the bandedge equations, it is not nec-
essary to calculate cos(K°L) to determine the allowed or for-
bidden bands of the band structure.

For the TMR effect in a SLBMTJ and a DBMT]J, as shown
in Fig. 1, it is assumed that the left and right electrodes are
made of the same ferromagnetic material. The structure of the
SLB is [nonmagnetic metal/insulator]N, where N is equal to
three in the calculation. The parameters used in these calcula-
tions are the Fermi energy, Ep = 2.62 eV, the magnitude of the
molecular field in the ferromagnetic electrode, A = 1.96¢eV,
the height of the insulating barrier, U; = 3.37¢eV, and the
barrier thickness, d; = 0.5 nm.>>**”*® A bias voltage of V =
20mV is applied to the structure. We also restrict our consider-
ations to the zero temperature limit. The thickness of the

dn=0.7nm
106 4, T —SLBMT)J
° , : ====DBMT)J
o
E10
o | M
1%.5 1 1.5 2 25
dN (nm)

FIG. 1. The TMR as a function of the thickness of the nonmagnetic metal in
a SLBMT]J (solid red line) and a DBMT]J (blue dashed line). The parameters
are Er = 2.62eV, A =1.96eV, U; = 3.37¢V, and d; = 0.5 nm. The corre-
sponding transmission spectra for dy = 0.7 nm is shown in Figs. 2 and 3, for
the parallel and the anti-parallel configuration, respectively. The correspond-
ing transmission spectra for anti-parallel configuration with dy= Inm is
shown in Fig. 4.
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non-magnetic metal layer is adjusted to observe its effect on
the TMR, when the bias voltage, V = 20mV, is applied to the
junction. The plot of the TMR as a function of dy has several
peaks, the height of which decrease as dy increases. For the
SLBMTIJ, the first peak, which corresponds to TMR =~
5% 10°% is at dy=0.7nm. It is to be expected that the peri-
odic oscillation of the TMR as dy increases is related to the
quantum-well states that are formed in the non-magnetic metals
and to the resonant tunneling mechanism throughout the entire
system.l&22 The TMR ratio for the double-barrier junction is
also shown in Fig. 1. It is seen that the TMR ratio for a
SLBMT]J is greater than that for a DBMT]J.

In order to determine why a maximum TMR occurs at
certain thicknesses and why the TMR for a SLBMTJ is
larger than that for a DBMT]J the transmission spectra of the
spin-up and the spin-down electrons are analyzed.18 The
transmission spectra are calculated for the parallel and the
anti-parallel configurations, for dy = 0.7 nm. The transmis-
sion spectra and dispersion relations for the parallel configu-
ration are first considered, as shown in Fig. 2. For a
SLBMTJ, the spin-up electrons on the left electrode tunnel
through the SLB into the electrode on the right side. These
resonance peaks occur in the energy range of the correspond-
ing allowed band that is formed by a SLB. Within the energy
range of each corresponding allowed band, there are two res-
onance peaks. This is because there are two quantum wells
in a 3-cell SLB. Therefore, the number of resonant peaks in
the energy range of the corresponding allowed band for an
n-cell SLB is equal to n-1. However, the transmission proba-
bility for spin-down electrons is low since the energy range
(A, EF) corresponds to a forbidden band of the SLB. In order
to compare the difference in electron transport in a DBMTJ
and a SLBMT], the transmission spectra for the DBMTJ are
also shown in Fig. 2(b). It is seen that there are only two res-
onance peaks for the spin up electron and none for the spin
down electron. In contrast to a SLBMT]J, the probability of
transmission does not decrease to an extremely small value
when resonant tunneling does not occur. For both the
SLBMTJ and the DBMTJ in a parallel configuration, elec-
trons tunnel through the barrier by resonant tunnelling.

. {[sLe[@ {|pB|{

RO B ® X
- 10_10) = E
dn=0.7nm :
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FIG. 2. The transmission spectra for the spin-up (blue solid line) and the
spin-down (red dashed line) electrons in (a) a SLBMTJ and (b) a DBMTJ
with parallel magnetization of the two electrodes. The dispersion relations
of the ferromagnetic electrode on the (c) left and (d) right side, and (e) the
SLB. The gray and green areas indicate the forbidden bands and allowed
bands of the SLB, respectively. The parameters are the same as those used
in Fig. 1, except that dy = 0.7 nm.
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The transmission spectra and dispersion relations in the
anti-parallel configuration are then studied, as shown in Fig. 3.
For a SLBMT]J, only the electrons within the energy range
(A,Ep) can tunnel through the SLB. Below the energy, A,
there is no corresponding state for the two electrodes.
However, the energy range (A, Er) is fully occupied by the
forbidden band that is formed by the SLB, such that both the
spin-up and the spin-down electrons are forbidden to transport
within this energy range. This is similar to the concept of a
complete gap in a photonic crystal, in which the TE mode and
the TM mode are forbidden.® Similarly to a SLBMT]J, only
the electrons within the energy range (A,Er) can tunnel
through the barriers in a DBMTJ. However, since there is no
concept of a forbidden band for a DBMT]J, the probability of
transmission for electrons in a DBMTJ is larger than that in a
SLBMT]J, within the energy range (A, Er).

This discussion explains why the TMR ratio for a
SLBMT]J can be larger than that for a DBMTJ. By the defini-
tion of a TMR ratio, TMR = (Jp —Jap)/Jap, it is intuitive
that the TMR ratio can be improved by reducing the current
density in the antiparallel configuration. As is seen from Eq.
(4), the current density is proportional to the integral of the
transmission spectra with respect to the energy. Therefore,
the current density is reduced by ensuring that the integral of
transmission spectra with respect to energy is as small as
possible. This is achieved by the forbidden band that is
formed by the SLB, where there is low transmission.
However, there is no concept of a forbidden band in a
DBMT]J, so the transmission cannot be less than that in a
SLBMT]J. Therefore, the TMR ratio for a SLBMT]J can be
larger than that for a DBMT]J, since the J4p in the former can
be smaller than that in the latter.

In order to explain why the TMR ratio is small for some
specific thicknesses of the nonmagnetic metal, the transmis-
sion spectra and dispersion relations are calculated at
dy=1nm, for the anti-parallel configuration, as shown in
Fig. 4. For the SLBMT], the forbidden band that is formed by
the SLB is indicated by the gray area. Although there are three
allowed bands, only the electrons in the allowed band within
the energy range (A, Er) are permitted to transport, since the
configuration is antiparallel.”® In contrast to Fig. 3(a), in which

o {[sLB| O 2[DB[S
ol ©
—spin up —=
==spin down r-/ r
-10 \ .
1075 1 2 260 1 2 26
Ex (eV) Ex (eV)
— —r— L — /
sd0 I R
E O . [ (o) _—*/.’
25— 6 120 L0 6 12
kg (nm) K ky(nm1)

FIG. 3. The transmission spectra for the spin-up (blue solid line) and the
spin-down (red dashed line) electrons in (a) a SLBMTJ and (b) a DBMTJ
with anti-parallel magnetization of the two electrodes. The dispersion rela-
tions of the ferromagnetic electrode on the (c) left and (d) right side, and (e)
the SLB. The parameters are the same as those used in Fig. 1, except that
dy = 0.7 nm.
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FIG. 4. The transmission spectra for the spin-up (blue solid line) and the
spin-down (red dashed line) electrons in (a) a SLBMTJ and (b) a DBMTJ
with anti-parallel magnetization of the two electrodes. The dispersion rela-
tions of the ferromagnetic electrode on the (c) left and (d) right side, and (e)
the SLB. The parameters are the same as those used in Fig. 1, except that
dy = 1 nm.

no allowed band exists in the energy range (A, Er), there is an
allowed band in the energy range (A,Er) as shown in
Fig. 4(a). In the former case, the integral of the transmission
spectrum with respect to energy is small, so the TMR ratio is
improved. In the latter case, the integral of the transmission
spectrum with respect to energy is large, so the TMR ratio is
reduced. Therefore, a proper thickness of the layers in the
SLB ensures that the energy region (A, Er) can be fully occu-
pied by the forbidden band that is formed by the SLB. This
phenomenon causes poor transport of electrons in the antipar-
allel configuration and thus a huge TMR ratio. On the other
hand, there is a resonance peak for the DBMT]J in the antipar-
allel configuration, as shown in Fig. 4(b). Electrons can be
transported through this resonance peak, which results in a
large Jop and a small TMR ratio.

In conclusion, the tunnel magnetoresistance effect in a
magnetic tunnel junction with a SLB is studied. Compared to
a traditional DBMTJ, a greater TMR is possible in a
SLBMTI since the electron transport in the anti-parallel con-
figuration is forbidden. The forbidden band of the SLB is
used to predict the low transmission range in the SLB. The
TMR oscillates as a function of the thickness of the nonmag-
netic metal, which is related to the quantum-well states that
are formed in the non-magnetic metals and to the resonant
tunneling mechanism throughout the entire system.
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