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ABSTRACT

Tunnel magnetoresistance (TMR) ratio is a key parameter characterizing the performance of a magnetic tunnel junction (MTJ), and a large
TMR ratio is essential for the practical application of it. Generally, the traditional solutions to increasing the TMR ratio are to choose
different material combinations as the ferromagnetic (FM) leads and nonmagnetic tunnel barrier. In this work, we study an architecture of
MT]Js of “FM/barrier/FM/barrier/FM” with double barriers, in contrast to the traditional single barrier structure “FM/barrier/FM.” We first
analytically show that double barrier MT] will generally have much higher TMR ratio than the single barrier MT] and then substantiate it
with the well-known example of “Fe/MgO/Fe” MT]J. Based on density functional calculations combined with nonequilibrium Green’s func-
tion technique for quantum transport study, in the single barrier “Fe/MgO/Fe” MT]J, the TMR ratio is obtained as 122%, while in the double
barrier “Fe/MgO/Fe/MgO/Fe” MT]J, it is greatly increased to 802%, suggesting that double barrier design can greatly enhance the TMR and

can be taken into consideration in the design of MTTs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0235559

Since the discovery of giant magnetoresistance effect in magnetic
tunnel junctions (MTJs) by Baibich et al." and Binasch et al,” spin of
electrons as a carrier of information started to attract intensive atten-
tion,” ” and the data storage technique based on it greatly decreases
the energy consumption and greatly increases the storage density.'” "
The basic principle of MTTJs is the electron tunneling, which is a quan-
tum mechanical effect, usually demonstrated in a trilayer system con-
sisting of two metallic electrodes separated by a thin insulator. More
fundamentally, the tunneling probability originates from the complex
band structure'* '° of the insulator. In general material simulation, we
diagonalize the Hamiltonian matrix for each k wave vector and get a
set of eigen values that are all real [E = H(k)]. Each (E, k) pair means
a propagating Bloch state. However, for transport study, since we are
dealing with a problem of how an electron with certain energy E will
propagate across a crystal, we often solve the inverse problem
[k = H(E)] by diagonalizing the Hamiltonian matrix for a certain E to
get k. We will also get a set of k values, but some are real, and the
others are complex, namely, k = k; + ik,. The real k is still a Bloch

state component that propagates through the whole crystal, while the
complex k means a wave function with a factor ek = ekix—hx yhere
e~* is an exponentially decaying factor, meaning that it can only exist
for a very short distance. Thus, such decaying modes are not observ-
able in the interior of the crystal but exist near the edge of the crystal
and actually act as the transport channels for electrons that come
across the interface from another material. Due to the exponential
decaying feature, the electron transmission probability will decrease
exponentially with the propagating distance.

In MTJs, the two electrodes are ferromagnets, such as Fe or Co,
with one electrode relatively hard and one relatively soft and easy to
flip its magnetization direction.'” " In magnetic systems, the electron
scattering is spin dependent. Thus, when the magnetization in the soft
magnetic electrode is reversed, the transmission of both spin channels
will be affected and, accordingly, the total transmission T(E) will be
changed, which leads to the tunnel magnetoresistance.”””' A giant tun-
nel magnetoresistance (TMR) ratio is crucial for practical applications
of MTJs; thus, numerous significant theoretical and experimental
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efforts have been taken to create MTJs with different ferromagnetic
metals and insulating materials in order to generate large TMR ratios.
MgO and Al,Oj; are the most commonly used barrier materials in tra-
ditional MTJs,”**” and particularly MgO MTJs with large TMRs are
greatly useful in many fields, such as field sensing and nonvolatile
magnetic random access memories. As such, much attention has been
paid to increase the TMR ratio of the MgO barrier based MT]Js. For
example, at room temperature, TMR of configurations like Fe/MgO/
Fe, Co/MgO/Co, and CoFeB/MgO/CoFeB have been reported to be
180%, 401%, and 603%, respectively.z’;’27 Recently, 5000% TMR ratio
has been achieved in FeAl/MgO/FeAl MTJ.*® Obviously, choices of dif-
ferent electrodes can lead to greatly enhanced TMR ratio.

In this Letter, we intend to report a completely different mecha-
nism that may systematically increase the TMR ratio of MTJs by
designing a double barrier (DB), as compared with the single barrier
(SB) MT]. A DB-MT]J is composed of two tunnel barrier in series.
Since the pioneering work of Chang et al,”” much research attention
has been paid to the study of such structures. Especially, the current-
voltage characteristics of these structures demonstrate useful features
at room temperature and high bias, unlike most other mesoscopic phe-
nomena that are limited to low temperature and linear response
regime.”” Recently, the double barrier structure has been utilized to
design electronic devices and achieve good performance in them.”'
As will be discussed later in this work, DB-MT] may have higher TMR
than the SB-MT]J. This is proved by the pedagogical example of Fe/
MgO/Fe MT]. It is found that the TMR in the SB-MTJ is 122%, while
that in the DB-MTJ is 802%, increased nearly by one order of
magnitude.

To substantiate the main idea of this work, we constructed a SB-
MT]J and a DB-MTJ with MgO(100) as the tunnel barrier and Fe(100)
as the magnetic leads, as shown in Figs. 1(a) and 1(b). Each tunnel bar-
rier consists of three MgO atomic layers. The atomic plane termina-
tions at each Fe/MgO interface are chosen such that the O atoms in
the MgO plane are directly located above the Fe atoms, which results
in the most stable structure due to the strongest Coulomb attractive
interaction between the Fe cations and O anions in contact. Both the
SB-MT] and the DB-MTJ have a symmetric structure with respect to
the central vertical plane; in this way the transmission probability
through the two barriers in the DB-MT] will be the same. The central
Fe region with 15 Fe atomic planes is much longer than each MgO
barrier to mimic a third lead connecting the two barriers.

The structural relaxation and electronic structure calculations are
performed by density functional theory as implemented in the Vienna
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FIG. 1. The geometry structure of the magnetic tunnel junction: (a) Fe(100)/MgO
(100)/Fe(100) SB-MTJ; (b) Fe(100)/MgO(100)/Fe(100)/MgO(100)/Fe(100) DB-MTJ.
(c) The four sequential atomic planes around the Fe(100)/MgO(100) interface as
indicated in the dashed line box in (a). The arrows show the possible magnetization
directions. The antiparallel magnetic configuration is achieved by reverting the
magnetization in the right lead for SB-MTJ and that in the central Fe region for the
DB-MTJ.
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Ab initio Simulation Package (VASP),” while the transport studies are
performed by the Nanodcal package.”””® The initial lattice constant
(4.054 A) of v/2 x /2 Fe(100) in the transverse direction is very close
to that (4.21 A) of 1 x 1 Mg(100), which leads to a lattice mismatch of
~ 3.78%. In the structural relaxation, following the routine in the liter-
ature,”” ™' the xy plane lattice constant is fixed to that of the Fe(100)
substrate, while the atomic coordinates and z-direction lattice constant
are fully optimized. The structure relaxation performed by VASP takes
an energy cutoff of 600 eV and is deemed to be converged when each
force component on each atom gets smaller than 0.01eV/A. The
Perdew-Burke-Ernzerhof (PBE) form of exchange-correlation
potential under generalized gradient approximation (GGA)" is
adopted. The basis set for transport calculations are chosen as the DZP
type. The energy tolerance of the electronic structure calculations of
either the lead or the central region is chosen as 0.0001. The k-point
sampling grid is chosen as 9 x 9 x 1 for the self-consistency calcula-
tion and 30 x 30 x 1 for the transmission function calculations.

The equilibrium conductance is calculated by "’

Z T(Er, k), (1

ky

with e being the electron charge, 1 the Planck constant, and T(Ef, k| )
the transmission coefficient at the Fermi energy Ep and transverse

Bloch wave vector kjj = (K, k). The tunnel magnetoresistance ratio is
calculated by

TMR = x 100% 2)

’ Ga — Gap
AP

to characterize the conductance difference between the P and AP mag-
netization states.

We first introduce the theoretical basis. A cartoon model for the
SB-MTJ and DB-MT] is shown in Figs. 2(a) and 2(b), respectively. In
the DB-MT], the two barriers are connected by a magnetic metal with
the same materials as the two leads. The parallel (P) and anti-parallel
(AP) magnetization configurations in the SB-MTJ is realized by fixing
the magnetization in the left lead while reverting the magnetization in
the right lead. In contrast, in the DB-MT]J, the P and AP magnetization
configurations are realized by fixing the magnetization of the two leads
and reverting that of the central metal. Thus, in the AP configuration
of the DB-MTJ, the electrons will experience the magnetization mis-
alignment twice. Generally, the transmission probability (T;) in the P
configuration will be larger than that (T,) in the AP configuration
(exception may arise). The transmission function T is actually how
much probability of an electron will be transmitted from the left side
to the right side of the barrier. For example, T; = 0.1 means the elec-
trons have the chance of 10% to tunnel through the barrier. For the
DB-MT]J containing two identical single barriers, the electrons will
tunnel through the barriers twice with equal transmission probability.
As a crude estimation, we may think that after passing the first barrier,
90% electrons are scattered back and only 10% electrons are left.
After passing the second barrier, we will have T =TT,
=10% X% 10% = 1% electrons arriving at the right lead. Following
this logic, if we suppose T} = 0.1 and T, = 0.01, then we will have
the ON/OFF ratio n= % =10 for the SB-MTJ and

/ = n? = 100. Thus, it will increase exponentially with n. Since
T1 > Tz, we will always have n’ > 1, and the TMR ratio of the DB-
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FIG. 2. A cartoon model of a MTJ with (a) single barrier; (b) double barrier, with ¢
indicating the tunnel barrier and u the chemical potential of the metal, and the rela-
tionship (n' /n) between the ON/OFF ratio (n" = T /T,) of the DB-MTJs and that,
n = (Ty/Ty), of the SB-MTJs when the DB-MTJ works in a regime of (c) an ideal
independent sequential tunneling; (d) incoherent tunneling; and (e) coherent tunnel-
ing. Since it is just for a trend prediction, we assume Ty = 0.01 and see how n’/n
changes with n = Ty /T,.

MT] will be increased compared to that of the SB-MT]. Since we treat
the two tunneling processes through the two barriers as sequential and
independent, we may call this the sequential independent tunneling
[see Fig. 2(c)]. The following analysis will be more strict.

According to the quantum transport theory, in the incoherent res-
onant tunneling regime, for a DB structure with two identical barriers,
we have T} = T2/(1 — R?) and T} = T2/(1 — R2),” where R, and R,
represent the reflection probabilities corresponding to the two transmis-
sion probabilities T; and T, of the SB-MTJ under the A and AP config-
urations. Without loss of generality, by taking a specific T, = 0.01, we

numerically consider the ON/OFF ratio n' = % of the DB-MT]J as a

function of the ON/OFF ratio n = % of the SB-MT]. It is seen that n’ of

the DB-MT] is still always larger than » of the SB-MT] [see Fig. 2(d)]. If
we further take the phase shift 0 between the two scatterers into
account, namely, in the coherent resonant tunneling, we will have

ARTICLE pubs.aip.org/aip/apl

T =T?/(1 — 2R, cos 0+ R?), T} = T2/(1 — 2Ry cos 0 + R%)." 1t
is seen that in a very wide range of cos 0, T} /T is much larger than
T, /T, and only when cos  is very close to 1 will the ON/OFF ratio be
close to 1 [see Fig. 2(e)], which means that the ON/OFF ratio will be
greatly increased in most cases by changing from SB to DB in the design
of the MTJs. Thus, no matter whether the DB-MT] is in coherent tunnel-
ing regime or incoherent tunneling regime, the double barrier structure
may lead to the great increase in the TMR ratio in comparison with the
SB-MT]Js. These preliminary estimations suggest a proposal for achieving
enhanced TMR by designing DB-MTJs, which have two identical tunnel
barriers in series between the two electrodes. A practical device will work
at a certain point between the incoherent and coherent regime, and the
actual TMR increase ratio depends on the specific system.

Figure 1 shows the relaxed structures of the Fe/MgO based SB-MT]
and DB-MT] as proposed previously. Before moving to the transport cal-
culations, we have first investigated the electronic structures of the Fe lead
and the tunnel barrier MgO materials. Their band structure and density
of states (DOS) are shown in Fig. 3. Since Fe is ferromagnetic, the elec-
tronic band structure and density of states show the obvious spin polari-
zation feature [see Figs. 3(a) and 3(b)]. MgO is an insulator, with a wide
bandgap of 5.0eV [see Fig. 3(c)]. Since the electron transmission will
decay exponentially with the insulator thickness, in this work, only three
atomic MgO layers will be chosen for each tunnel barrier.

At first, we have studied the transport properties of the SB-MT]J,
with the electron transmission function presented in Fig. 4(a). “U” for
“up” and “D” for “down” mean the magnetization directions of the
leads. Thus, “UU” means a P configuration with the magnetization
directions in both leads pointing up, while “UD” means an AP config-
uration with magnetization up in the left lead and magnetization
down in the right lead. It is seen that the electron transmission in the P
configuration is much larger than that in the AP configuration. The
UU curve is obviously higher than the UD curve. Specifically, at the
Fermi level, for the UU configuration, T} =2.344 x 1072,
T, = 1.261 x 1072. For the “UD” configuration, T; = 4.214 x 10,
T =1.201 x 1072, This will give rise to an ON/OFF ratio of 2.22,
which corresponds to a TMR ratio of 122%. This value is a little larger
than the experimentally reported one (88%),"* most probably because
the tunnel barrier in this work is thinner than that in the literature. In
the following, for simplicity, we will not discuss the TMR ratio, but the
ON/OFF ratio instead. Another feature is that in the UU configura-
tion, the transmission curve is much smoother than that in the UD
configuration.

Energy (eV)

Energy (eV)

FIG. 3. (a) The band structure and (b) the density of states (DOS) of Fe(100) calculated with a rectangular supercell of 4.054 x 4.054 x 2.866 A; and (c) the band structure of
MgO(100) calculated with a cubic supercell of 4.054 x 4.054 x 4.054 A. “UP” and “DN” means spin up and spin down, respectively.
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FIG. 4. The total transmission function (T; -+ T,) under different magnetization configurations for (a) SB-MTJ and DB-MTJ for (b) UUU and UDU; (c) UUU and UUD; and (d)
UUU and UDD. “U” means magnetization pointing up, while “D* means magnetization pointing down.

To get a deeper insight of the transmission, we have performed
the k-resolved transmission analysis at the Fermi level, and it is shown
in . For the UU configuration, the main contributing channels in
the spin up channel are centered around the I" point, and the most
conducting k is located at a circle at some distance to the I' point [see

a) UU-up c) UU-dn

b) UD-up ) UD-dn

]. In contrast, the spin down channel demonstrates completely
different features. The most conducting states are not around the I"
point, but evenly distributed around the diagonal lines of the k, — k,
coordinate system, with a C, symmetry [see ]. For the UD
anti-parallel magnetic configuration, C, symmetry is also observed,

e) UUU-up ) UUU-dn

f) UDU-up ) UDU-dn

FIG. 5. The k-resolved transmission for (a)-(d) the single barrier MTJ under UU and UD configurations, respectively, and (e)-(h) for double barrier MTJ under UUU and UDU
configurations, respectively, where “up” means spin up channel and “dn” means spin down channel. Yellow indicates the maximum and black indicates the minimum.
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but with a different pattern and much decreased transmission [see Figs.
5(b) and 5(d)]. By comparing Fig. 5(a) and 5(c) or Figs. 5(b) and 5(d), it
is seen that, after the magnetization reversal, the contributing k points
are changed. Especially, the contribution of the k points around the I
points in the spin up channel under UU configuration becomes negligi-
ble under UD configuration when the magnetization direction is
reversed due to spin mismatch [Fig. 5(b)]. On the other hand, eight hot
spots appear where electron transmission is considerable due to spin
matching. The case is similar in the spin down channel [Figs. 5(d)].

In the DB-MT] [see Fig. 4(b)], under the UUU parallel configura-
tion, the spin up transmission curve is not as smooth as that in the SB-
MT] due to the sequential tunneling twice. In the UDU anti-parallel
configuration, the oscillation becomes much sharper in the transmis-
sion curve, but the overall trend follows exactly the same as that of the
UUU configuration, so that the UDU curve is much lower than that of
UUU. Specifically, at the Fermi level, for the UUU configuration,
T; =1.70 x 1073, T| = 7.51 x 107>, For the UDU configuration,
T; =9.81 x 107*, T| = 3.94 x 10°. This will give rise to an ON/
OFF ratio of 9.02 or a TMR ratio of 802%, which is greatly increased
as compared to the ON/OFF ratio of 222 in the SB-MT]J. The
k— resolved transmission in the UUU and UDU states show similar
features as the UU and UD in the SB-MT]s [see Figs. 5(e)-5(h)].

As a matter of fact, the functions of the DB-MTTJ can be further
expanded based on the fact that the magnetization directions of the
three magnetic leads can be controlled separately. When the magneti-
zation of the left lead is fixed and those of the central and right leads
are flexible to flip, we will have UUU, UUD, UDU, and UDD magnetic
configurations. The calculations indicate that for the UUD configura-
tion, the equilibrium transmission, T} = 1.28 x 107%, T| = 4.58
x1073. For the UDD configuration, T} = 1.53 x 1073, T = 2.55
%1072, Thus, all the four configurations have different conductances,
and the DB-MTJ may achieve multiple resistance states, very promis-
ing as multi-state memory devices. Specifically, if we take the UUU
state with the largest conductance as the ON state and others as OFF
states, then the ON/OFF ratio of these two states are 1.95 (UUD) and
5.91 (UDD), respectively. Another important parameter characterizing
the performance of an electronic device is the resistance-area product
(RA), which should be as small as possible. Based on the transmission
function and the cross-sectional area, the RA for the UUU, UDD,
UUD, and UDU is obtained as 0.231, 0.452, 1.366, and 2.086 Q - um?,
respectively. Practically, due to the second barrier, the resistance of the
device will be increased as compared with the single barrier case, which
may slow down the operation speed. However, this can be improved
by using thinner barrier layers. The extremely low RA product as
obtained earlier indicates that large current density can still be pro-
duced if the barriers are thin enough.

Finally, we briefly discuss the electrical operation of the DB-
MTJs. Currently, the main electrical operation schemes are the spin
transfer torque (STT) and spin-orbit torque (SOT). Due to the added
complexity and resistance in the double barrier design, an appropriate
electrical operation scheme is needed. If the central magnetic region is
taken as the free magnetic layer, the SOT mechanism may not be
applicable, but the STT mechanism can still be valid. For certain sys-
tems in which a greatly increased ON/OFF ratio can be achieved by
reverting the magnetization of the other substrate, both SOT and STT
will work, and further, the SOT mechanism will suffer much less from
the increased resistance because of the second barrier since the writing

ARTICLE pubs.aip.org/aip/apl

current does not pass by the tunnel barrier, while the reading can be
finished by a small current.

In conclusion, we have designed a type of MT] with double bar-
riers and expected that the TMR ratio would be enhanced. By taking
the traditional MTJ as an example, which is constructed with MgO
(100) as the barrier and Fe(100) as the magnetic leads, we studied the
ONJ/OFF ratio of SB-MT] and DB-MT]J. It is found that the DB-MT]
shows greatly enhanced ON/OFF ratio. Compared with the UUU,
which has the largest conductance, the ON/OFF ratio of UUD, UDD,
and UDU is 1.95, 591, and 9.02. Especially, the ON/OFF ratio is
greatly increased to 9.02 in UUU/UDU, as compared to that (2.22) of
the SB-MT]. More interestingly, since either the central magnetic lead
and the right magnetic lead both have two magnetization configura-
tions, we will achieve four resistance states, with different conductances
and RA, which is important for multi-state memory applications. It is
believed that the DB-MT] will have better performance than the SB-
MT] in terms of ON/OFF ratio and may be considered in the design of
MTTs as memory devices.
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