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Basic circuit element for the implementation of base-3 and base-4 algorithms realized
by an asymmetric MgO-based double-barrier magnetic tunnel junction
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We study the resistance states and spin dynamics in a Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe/Ag junction
based on a first-principles scattering theory. Spin dynamics simulations show that up to four resistance states with
noticeable difference can be achieved via manipulating the voltage bias scheme and the position of the reference
magnetization. The study indicates possible multiple-valued logic applications in an asymmetric MgO-based
double-barrier magnetic tunnel junction.
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I. INTRODUCTION

Multiple-valued logic (MVL) applications such as multi-
bit storage [1–11] and neuromorphic computing [4,7,12–16]
have achieved much attention recently. Traditional computer
systems use binary logic for their operations for the simplicity
and stability. The use of the MVL not only helps to improve
the efficiency of the arithmetic operations [17,18] but also
reduces the complexity of the computing architecture [19].
The intermediate states can be regarded as uncertainty states.
For example, a ternary number (base-3) can be represented
by {−1, 0, 1}, where 0 can stand for an uncertainty state. The
introduction of the uncertainty state [20] makes the MVL
algorithm more natural to simulate brain intelligence. The
MVL applications can be realized by using magnetic tunnel
junctions (MTJs) with ferroelectric barriers [2,3], memristive
effect of the tunnel junction [1,4,5,7], multilevel cell spin
transfer torque random access memory (STT-RAM) [8,9], a
moving domain wall in the tunnel junction [10], planar Hall
resistance [11], and the negative differential resistance (NDR)
effect in two-dimensional (2D) materials based heterostruc-
ture [19,21].

Magnetic tunnel junction is a good candidate for MVL
applications [1,4,6,7,10,14,16] for large tunnel magnetoresis-
tance ratios (TMRs). Single-barrier MTJ (SMTJ) possesses
two stable resistance states, which can be represented as
“on” and “off” binary logic. Memristive effect enables more
resistance states in the SMTJ than present MVL applications
[1,4,6,10]. The oscillation states of the SMTJ can be used to
mimic volatile synapses [14] and large-scale neural networks
[16]. The good compatibility to the state-of-art semicon-
ductor technique, high endurance, low energy consumption,
and good scalability make MgO-based SMTJ a good can-
didate as the basis circuit element for the implementation
of neuromorphic computing [15]. Compared with the SMTJ,
the double-barrier MTJ (DMTJ) can possess more resistance
states, which can be found in MVL applications naturally.
More parameter space, such as the thickness of barrier and
sandwiched ferromagnet, position of the reference magne-
tization, voltage bias scheme, and so on, enable rich spin
dynamics behaviors in the DMTJ.

A perpendicular magnetized (PM) structure is favorable for
the memory applications; it shows merits of lower switching
current density compared with magnetic structure with in-
plane anisotropy. Spin torque effects including STT effect
[22,23] and spin-orbit torque (SOT) effect [24–36], are fa-
vorable to manipulate the magnetic structure electrically [37].
With the aid of an effective field created by the contacted
materials [30–33,36], SOT effect can switch the PM structure
deterministically. The interplay of STT and SOT can consid-
erably reduce the switching current to an order of 106 A cm−2

in a MgO-based junction with PM structure [35].
In this paper, we report on theoretical studies on

the spin transport and spin dynamics in an asymmetric
Ag/Fe/MgO(3)/Fe/MgO(5)/Fe/Ag junction with PM struc-
ture. The results show that up to four resistance states in the
asymmetric DMTJ with noticeable difference can be manip-
ulated by the voltage bias scheme and the position of the
reference magnetization.

II. CALCULATIONS DETAILS

Considering a magnetic multilayer as shown in Fig. 1, the
ith magnetization is dynamically coupled with the adjacent
magnetizations with a coupled Landau-Lifshitz-Gilbert equa-
tion:

ṁi + α̂imi × ṁi = �a
i −

∑
j �=i

�E
j + �T

i , (1)

where m is the unit vector of the magnetization, �a, �T
i ,

and �T on the right-hand side are torques exerted on mag-
netizations, and tensor α̂ is the magnetic damping constant
including part from the spin-orbit coupling (SOC) effect
α0 and part from interfacial enhancement α̂′. �a = γ m × H
originates from the magnetocrystalline anisotropy including
the uniaxial anisotropy and planar anisotropy. The spin dy-
namics of the magnetic layers would pump spin current.
When the ith magnetization absorbs the spin current, a
torque exerted on the ith magnetization is �E

i = �E
i−1 + �E

i+1
with �E

i−1 = α̂′
Fi−1/Ni

mi−1 × ṁi−1 and �E
i+1 = α̂′

Fi+1/Ni+1
mi+1 ×

ṁi+1. �T is spin transfer torque, which can be composed
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FIG. 1. Schematic N/F/N/F/N/F/N multilayers used in the
study, where F and N stand for ferromagnet and nonmagnet, respec-
tively. Four cases, labeled as C1, C2, C3, and C4, respectively, are
studied according to the voltage bias scheme and the position of the
reference magnetization. Therein, the red (black) arrows stand for
fixed (free) magnetizations. The fixed magnetizations are set along
the quantum axis. The left-side (L), middle-side (M), and right-side
(R) magnetizations show relative angles of θ0, θ1, and θ2 with respect
to the quantum axis.

of an in-plane and out-of-plane contribution �T
i = τ

‖
i + τ⊥

i

with τ
‖
i = τ

||
i,i−1(mi−1 × mi ) + τ

‖
i,i+1(mi+1 × mi ) and τ⊥

i =
τ⊥

i,i−1mi × (mi−1 × mi ) + τ⊥
i,i+1mi+1 × (mi+1 × mi ). For the

ith magnetization, both the right-side and the left-side
interfaces contribute to the enhanced magnetic damping

α̂′
i = α̂′

Fi/Ni
+ α̂′

Fi/Ni+1
with α̂′

Fi/Ni
= γ h̄ĝFi/Ni ĝFi−1/Ni−1

4πMsVFi (ĝFi/Ni +ĝFi−1/Ni−1 ) and

α̂′
Fi/Ni+1

= γ h̄ĝFi/Ni ĝFi+1/Ni+1

4πMsVFi (ĝFi/Ni +ĝFi+1/Ni+1 ) , where ĝ is the effective mix-

ing conductance [38] at the F/N interfaces, Ms is the satu-
ration magnetization, and VF is the volume of the magnetic
layers. The enhanced magnetic damping α̂′ can be calculated
from first principles [39–42]:

α′
i j = γ h̄

4πMsVF

∫
dk Re

{
Tr

[
∂mi S

†(k)∂mj S(k)
]}

, (2)

where S is the scattering matrix with i( j) = x, y, z for
the Cartesian coordinate system and i( j) = θ, φ, r for the
spherical coordinates system. At finite temperature, the

FIG. 2. Angular dependency of the tunneling conductance in
the clean Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag DMTJ with
(a) fixed θ0 = θ1 = 0 and free θ2 and (b) fixed θ0 = 0 and free
θ1 = θ2. Inset of (b): k‖-dependent conductance in the DMTJ with
T = 0 K and Vb = 0 V at a relative angle of 105◦.

thermal Gilbert damping αT should count the effect of thermal
lattice disorder [43,44]. The calculation details can be found
elsewhere [45].

Here, we consider an asymmetric MgO-based DMTJ com-
posed of three Fe layers separated by two MgO barriers.
According to the voltage bias scheme and the position of the
fixed magnetization, there are four cases labeled as C1, C2,
C3, and C4, respectively, as shown in Fig. 1. C1 and C2 are
two-terminal (2T) structures, and one voltage bias is exerted
on two MgO barriers. C3 and C4 are three-terminal (3T)
structures, and voltage biases are exerted on the MgO barriers
independently. The self-consistent calculations are performed
with the tight-binding linear muffin-tin orbital surface Green’s
function method with coherent potential approximation to
deal with the interfacial disorder [46]. During the electronic
structure and transport calculations, we neglect the minor lat-
tice mismatch at the Fe/MgO interface and fix the interfacial
atoms at their bulk positions. For the disordered interface,
we assume oxygen vacancies (OVs) existed only at the first
MgO layer attached to Fe. In the transport calculations, a
1600 × 1600 k mesh is used to sample the two-dimensional
Brillouin zone (2D BZ) for the clean structures to ensure good
numerical convergence. Resonant hot spots from the quantum
well states and interfacial states in the majority spin channel
dominate the conductance, as shown in the inset of Fig. 2,
which is easy to converge. The hot spots from the interfacial
resonant states in the minority spin channel dominate the
enhanced magnetic damping; a much denser k mesh should
be used to get convergence. For the imperfect structures,
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TABLE I. Tunneling conductance G in units of 1011 
−1 m−2

and relative magnetoresistance ratio MR in the Ag/Fe(8)/MgO(3)/
Fe(8)/MgO(5)/Fe(8)/Ag junction in the absence (presence) of
5% OV at Fe/MgO interfaces. For comparison, the Ag/Fe(8)/
MgO/Fe(8)/Ag junction with 3L and 5L MgO barriers are given
also.

Structures 0 K RT

G MR (%) G MR (%)

uuu (ddd ) 6.2(6.9) 3150(115) 5.6 1070
uud (ddu) 0.19(3.2) 0.48
udu (dud ) 0.35(3.6) 86(13) 0.84 75
udd (duu) 0.64(7.2) 240(125) 4.4 820

Fe/MgO(3)/Fe 98(210) 930(71) 17 810
Fe/MgO(5)/Fe 6.7(11) 2900(25) 0.45 980

we use a 7 × 7 supercell and 40 × 40 k mesh, and over 20
configurations are averaged. More numerical details of the
electronic structure and transport calculations can be found
elsewhere [47,48].

III. RESULTS AND DISCUSSION

The spin transport in the MTJ decreases exponentially
as the barrier thickness increases. To manipulate the mag-
netic structure electronically, the barrier thickness should
not be too thick. There are presented four stable resistance
states in the DMTJ, which can be labeled as uuu (ddd ),
uud (ddu), udu (dud ), and udd (duu), respectively. Here, the
left/middle/right symbol represents the magnetization orien-
tation of the left/middle/right-side magnetic layer, which is
parallel (u) or antiparallelg (d) to the spin-quantum axis. For
symmetric DMTJ, the uud (ddu) and udu (dud ) states are de-
generate, and presents three resistance states only. For asym-
metric DMTJ, four resistance states would be presented. Here,
we focus on the asymmetric DMTJ with an ultrathin barrier.

A. Resistance states

The quantum well (QW) states in the DMTJ would en-
hance the conductance noticeably, which is sensitive to the
thickness of sandwiched metal [49–52]. For the asymmetric
Ag/Fe(8)/MgO(3)/Fe/MgO(5)/Fe(8)/Ag junction, where
the numbers in parentheses indicate the thickness in atomic
layers (L), the largest conductance of 2.2 × 1012 
−1 m−2 is
found in a junction with 4 L sandwiched Fe, which decreases
to 6.2(2) × 1011 
−1 m−2 in a junction with 8(12) L sand-
wiched Fe. Here, we focus on the junction with moderate 8 L
Fe (1.2 nm), which is believed to be perpendicular magnetized
[53,54].

Table I shows the resistance states in the asymmet-
ric Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junction,
wherein the relative magnetoresistance ratio is defined as
MR = [G − min(G)]/min(G) with the conductance G =
(e2/h)Tr(tt†), and t is the transmission part of the scattering
matrix. Among the four resistance states, the uud (ddu) state
shows the largest resistance, which is chosen as the reference
state. At zero temperature, the clean junction shows relative

MRs ranging from 86% to 3150% with noticeable differ-
ence. The interfacial disorders would noticeably enhance the
diffusive scattering and deteriorate the specular scattering
[47,55], leading to enhancement of the conductance of the
antiparallelling states. For the dirty junction with 5% OV at
all Fe/MgO interfaces, detailed studies show that the diffusive
scattering should amount to around 96% and 99.9% of the
total transmission of the uuu and uud structures, respectively.
As a result, the relative MRs of the dirty junction are almost
one order smaller compared with the clean junctions, and are
far less distinguishable. The results are well consistent with
our previous study [55]. So, to achieve distinguishable MRs
in the DMTJ, the junction should be as clean as possible.

Thermal lattice disorder can enhance the diffusive scat-
tering and deteriorate the specular scattering also, leading
to a noticeable change in the relative MRs. Comparing the
conductance of the uuu state at room temperature (RT) with
that at zero temperature (0 K), we can estimate that the
deterioration of the specular scattering would exceed the en-
hancement of diffusive scattering. We observe that the largest
relative MRs at room temperature are about one-third of that
at zero temperature. The calculations are well consistent with
the experimental studies [56]. Different from junctions with
thicker barriers, the ultrathin SMTJ with 3L MgO is not so
sensitive to the thermal disorder; this indicates that the thermal
lattice disorder of the barriers shows a larger effect than that
of the metal layers.

Figure 2 gives the angular dependency of conductance of
the clean Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junc-
tion. Two cases are calculated here: one case sets the left
magnetization fixed while the middle and right magnetizations
are free; another case sets the left and middle magnetizations
fixed while the right magnetization is free. The conductance
in the first case can be fitted by the cos2(θ/2) function, while
large deviations from the theoretical relation are found in the
conductance of the second case. The formation of the new
resonant states around the center of the 2D BZ, as shown in
the inset of Fig. 2, as the relative angle changes should be
responsible for the strange angular dependency of the conduc-
tance. Thermal lattice disorder at room temperature reduces
the conductance at smaller relative angles but enhances the
conductance at larger relative angles for both cases, which
shows a larger effect in the latter case than in the former
case, for both voltage bias Vb = 0 and Vb = 0.1 V. Consid-
ering the relation of the in-plane STT and spin-dependent
transmission, an observable difference would be found in the
angular-dependent in-plane STT at zero temperature and room
temperature.

B. Spin dynamics

A macrospin model is used for the spin dynamics
in the Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junction.
We assume here the saturation magnetization MS = 2.2 T,
corresponding to a magnetic moment of 2.25μB, uniaxial
anisotropy field μ0HK = 49.9 mT, and the intrinsic part of the
damping coefficient α0 = 0.003. We also assume that the elec-
trons are fully polarized by the reference magnetization, and
the spin current is fully absorbed by the free magnetizations.
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TABLE II. In-plane spin transfer torque τ ‖ in units of 1014τ0 (τ0 ≡ h̄
2e k 
−1 m−2) and enhanced magnetic damping α′

θθ in the clean
Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag DMTJ and Ag/Fe(8)/MgO/Fe(8)/Ag SMTJs with 3 and 5 L MgO barriers with a relative
angle of 90◦ in the absence (presence) of electric bias of 0.1 V at zero and room temperature. For the DMTJ, the effect of interfacial scattering
at the Ag/Fe interfaces does not factor in.

Interfaces 0 K RT

τ ‖ � (↑) � (↓) α′
θθ � τ ‖ � (↑) � (↓) α′

θθ

Ag/Fe(8)/MgO(3) in DMTJ 56(63) 2.8(3) 0.8(3) 0.12 3.0 41(60) 2.8(2.6) 0.7(2.6) 4.9 × 10−4

Ag/Fe(8)/MgO(5) in DMTJ 14(29) 1.25(1) 1.25(1) 2.4 × 10−4 1.0 12(27) 1.05(1.05) 1.05(1.05) 3.6 × 10−6

Ag/Fe(8)/MgO(3) in SMTJ 39(129) 0.75(1.2) 25(1.2) 0.046 7.0 −101(−64) 1.5(1.5) 1.5(1.5) 1.1 × 10−4

Ag/Fe(8)/MgO(5) in SMTJ 0.083(8.3) 0.75(1.1) 5(1.1) 6.9 × 10−4 4.0 6.0(7.5) 1.0(1.0) 1.0(1.0) 3.5 × 10−6

Ag/Fe(8) 0.0087 0.0075

Enhanced magnetic damping. The enhanced magnetic
damping in the junction with strong interfacial reso-
nant scattering can be sizable [45]. The dynamic ex-
change coupling, which is well studied and can be
parametrized by the enhanced magnetic damping [57–59]
in the DMTJs would enrich the spin dynamic behav-
iors. Table II lists the enhanced magnetic damping α′ in
the clean Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junc-
tion. When the left-side (right-side) Fe layer is fixed and
the other Fe layers are free, we can calculate the α′

of the left-side (right-side) Ag/Fe(8)/MgO interface. α′
θθ

up to 0.12 of the left-side Ag/Fe(8)/MgO(3) interface is
found, which is about two orders of magnitude larger than
α0, and about two times larger than that in the clean
Ag/Fe(8)/MgO(3)/Fe(8)/Ag junction. The existence of QW
resonant scattering should be responsible for the enhance-
ment. The right-side Ag/Fe(8)/MgO(5) interface shows
α′

θθ = 2.4 × 10−4, which is the same order as that in the
clean Ag/Fe(8)/MgO(5)/Fe(8)/Ag junction, and one order
smaller than α0. Generally, the α′ in the MgO-based junction
decreases exponentially as the barrier thickness increases.
This dependence provides a new parameter to tune the spin
dynamics. However, the enhanced magnetic damping along
the φ direction α′

φφ is several orders of magnitude smaller than
that along the θ direction. The angular dependence of α′ can
be fitted by using the asymmetry parameter � also. � = 3
and � = 1.3 are found in the left-side Ag/Fe(8)/MgO(3) and
right-side Ag/Fe(8)/MgO(5), respectively. Both numbers are
considerably smaller than that in the SMTJ with same barrier
thickness. The existence of the QW resonant states in the
DMTJ should be responsible for the difference.

At higher temperature, the thermal lattice disorder would
induce diffusive scattering, which would destroy the specular
scattering at the Fe/MgO interfaces and lead to several orders
of magnitude reduction in α′

θθ . At room temperature, α′
θθ

of the left-side Ag/Fe(8)/MgO(3) interface and right-side
Ag/Fe(8)/MgO(5) interface of the DMTJ reduces to 4.9 ×
10−4 and 3.6 × 10−6, respectively. They are the same order
as α′

φφ and about one order smaller than α0. The angular
dependency of α′ at room temperature is completely differ-
ent from that in zero temperature; α′

φφ follows a cos2(θ/2)

relation while α′
θθ follows a sin2(θ/2) relation. Similar effects

are also found in the SMTJ. The magnetic damping would
change the switching behavior including the switching time

and the critical switching current density and the detail of
the spin dynamics structure, which shows more effect on the
latter than the former. That is, the spin dynamics structures
at room temperature can be noticeably different from that
at zero temperature. Here, we pay more attention to on the
switching behavior rather than the detail of the spin dynamic
structures and we pay more attention to the spin dynamics at
zero temperature in the following.

Spin transfer torque. The STT effect in the DMTJ is con-
siderably different from that in the SMTJ [55]. Figure 3 shows
the normalized in-plane STT (h‖ = τ ‖/2KVF ) in the clean
Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junction under
a voltage bias of 0.1 V, where K = MsHk/2 is the uniaxial
anisotropy constant. We observe skewed in-plane STT for
both zero and room temperature, and the in-plane STT at
zero temperature is larger than that at room temperature.
The normalized out-of-plane STT (h⊥ = τ⊥/2KVF ) changes
the effective field exerted on the magnetization, which is
comparably small and shows less effect on the spin dynamic
[37,60]. When we pay attention to the switching behavior
of the magnetic states rather than the detailed structures of
the spin dynamics, we neglect the effect of the out-of-plane
STT. The in-plane STT on the left-side Fe h‖

L is skewed, and

FIG. 3. Normalized in-plane STT h‖ in the clean Ag/Fe(8)/
MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag DMTJ with bias Vb = 0.1 V.
Therein, (a)/(c) and (b)/(d) are spin torques on the left- and right-
side Fe layers at zero/room temperature.
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the functional form can be fitted to an asymmetry parameter
[22] with � = 3 (2.6) at zero (room) temperature, as listed
in Table II. Comparatively, � = 1 (1.05) is used to fit the in-
plane STT on the right-side Fe h‖

R at zero (room) temperature.
The in-plane STT on the middle-side Fe h‖

M is the sum of that
on the left-side and right-side Fe layers.

The voltage bias shows a noticeable effect on both
the conductance and the STT effect [47,61], as shown
in Table II. Our calculations show that a voltage bias
of 0.1 V can enhance the conductance in the clean
Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junction from
6.2 × 1011 at equilibrium state to 1.4 × 1012 
−1 m−2, and
the electrical torquance on the left-side Fe from 56 × 1014 at
equilibrium state to 63 × 1014τ0 (τ0 ≡ h̄

2e k 
−1 m−2). For the
right-side Fe layer, it is from 14 × 1014 at equilibrium state
to 29 × 1014τ0. Different from finite voltage bias cases, the
angular dependency of the zero voltage bias in-plane STT
on the left-side Fe at zero (room) temperature can be fitted
by two asymmetry parameters with �(↑) = 2.8(2.6) for the
majority spin and �(↓) = 0.8(0.7) for the minority spin, and
one asymmetry parameter � = 1.25(1.05) for that on the
right-side Fe layer.

Compared with the DMTJ, the conductance and STT effect
in the SMTJ are more sensitive to the voltage bias. At zero
temperature, for the clean Ag/Fe(8)/MgO/Fe(8)/Ag junc-
tion with a 3(5) L MgO barrier, the conductance changes
from 9.8(0.67) × 1012 at the equilibrium state to 8.0(0.40) ×
1012 
−1 m−2 under voltage bias of 0.1 V, and the elec-
trical torquance from 39(0.083) to 129(8.3) × 1014τ0, and
two asymmetry parameters with �(↑) = 0.75(0.75) and
�(↓) = 25(5) to one asymmetry parameter � = 1.2(1.1)
for the angular dependency of in-plane STT. At room tem-
perature, the conductance of the clean Ag/Fe(8)/MgO(3)/
Fe(8)/Ag is enhanced compared with that at the zero tem-
perature, and a sign reversal of the spin current polarization is
found as the temperature changes from zero to room tempera-
ture. The sign change would significantly change the spin dy-
namics in the Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag
junction with C3 and C4 structures.

Spin dynamics in the C1 structure. In the C1 structure, the
left-side magnetization M0 is fixed while the middle-side M1

and right-side M2 are free. As the conductance of the DMTJ
is the function of all the magnetizations, the current-induced
spin dynamics in the free magnetizations is dynamically cou-
pled. Figure 4 shows the zero-temperature spin dynamics in
the clean Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junc-
tion with C1 structure. For the case with an initial angle θ2

larger than θ1 in the presence of a small negative voltage bias,
both the M1 and the M2 deviate from the north pole and θ1

increases quicker than θ2 in the beginning, as shown in the
Fig. 3(a), for larger STT on M1 than on M2 [55]. As time
goes on, M1 gets close to M2 and the STT on M2 begins
to decrease. When it is smaller than the damping torque, θ2

begins to decrease and gets smaller than θ1. Driven by the
damping torque and the increasing negative STT from M2, θ1

becomes saturated quickly and then decreases. Finally, both
M1 and M2 would be stabilized to north pole. As the voltage
bias is positive (and the initial angle of θ2 is larger than θ1),
the STT on both M1 and M2 follow the same direction as the

FIG. 4. Zero-temperature spin dynamics in the clean
Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junction with C1
structure.

damping torque, and both M1 and M2 would be stabilized to
the north pole. For cases with initial angle θ1 larger than θ2,
we draw the same conclusion. Moreover, the magnitude of the
voltage bias shows less effect on the spin dynamics in the C1
structure. That is, the uuu structure is dynamically stable.

The dynamically stable uuu structure prevents robust
manipulation of the magnetic states electronically. How-
ever, with the aid of the spin-orbit torque (SOT) ef-
fect, four resistance states can be realized in the clean
Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junction with
C1 structure via the STT effect. Here the normal metal lead
Ag should be replaced by heavy metal Pt, Au, or even layered
transition-metal dichalcogenides [62] with large SOC effect.
Considering a 3 T structure, a pulse with current density of
2 × 107 A cm−2 and duration time 10 ns may be switched
from the uuu structure to the uud structure via the Rashba-
Edelstein effect [24,25,62], and vice versa, where a Hall angle
of 0.1 and a ratio of 0.1 of out-of-plane spin current to in-plane
spin current are used.

The uud structure can switch to the udd and uuu structures
via the STT effect induced by a pulse current with voltage
bias of 0.1 and 0.2 V, respectively, as shown in Fig. 4(b),
corresponding to the current density of 1.2 × 107 A cm−2

and 0.6 × 107 A cm−2, respectively. Compared with the SOT
effect, the switched current density via the STT effect is the
same order while the needed switching time is saved. The udd
structure can switch to uuu and uud via the STT effect, as
shown in Fig. 4(d). It is hard to switch to the the udu structure
from the uuu, uud , and udd structures via the STT effect. As
the deviation of the initial angle θ1 is larger than 0.05 rad, the
udu structure can fall into an oscillation state, as shown in
Fig. 4(c). So, to switch the udd structure to the udu structure
and vice versa, the SOT effect is needed also.

Figure 5 gives the room-temperature spin dynamics in the
clean Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junction
with C1 structure, which is close to the spin dynamics at zero
temperature with small difference. Comparing with the spin
dynamics at zero temperature, we find that the deterioration
of the in-plane STT and magnetic damping by temperature
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FIG. 5. Room-temperature spin dynamics in the clean
Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junction with C1
structure. Therein, the same initial states as that set in Fig. 4 are
taken for comparison.

lengthens the switching time from the uud/udd state to
udd/uud and uuu/uuu states as shown in Figs. 5(b) and 5(d).
The largest difference lies in the inset of Fig. 5(c), therein
a switching from the udu state to the uuu state is taking
place as the initial angle θ1 is larger than 0.05 rad. The
disappearance of the enhanced magnetic damping should be
largely responsible for the difference. Generally, the in-plane
STT dominates the spin switching behavior in the DMTJ,
and the enhanced magnetic damping shows an effect on the
detailed structures of spin dynamics.

Spin dynamics in the C2 structure. The difference between
the C2 and C1 structures lies in the position of the fixed
magnetization. The enhanced magnetic damping affects the
spin dynamics in the C2 (and C4) structure with a different
manner than that in the C1 (and C3) structure. In the former,
the enhanced magnetic damping along the φ direction α′

φφ

affects the spin dynamics along the θ direction while that
along the θ direction affects the spin dynamics along the φ

direction. As α′
φφ is orders of magnitude smaller than α′

θθ , the
spin dynamics in the DMTJs with C2 (and C4) structure along
the θ direction is dominated by the intrinsic magnetic damping
constant rather than α′

φφ . That is, the enhanced magnetic
damping shows less effect on the spin dynamics in the C2
(and C4) structure compared with the C1 (and C3) structure.
So, we observe that the zero-temperature spin dynamics in the
DMTJs with C2 (and C4) structure are almost same as that at
room temperature.

The spin dynamics of the free magnetizations in the
C2 structure are dynamically coupled also. Figure 6
gives the zero-temperature spin dynamics in the clean
Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junction with
C2 structure driven via the STT effect. A pulse with voltage
bias of 0.1 V and −0.1 V would be sufficient to switch the
uuu structure to the uud and duu structures, respectively,
as shown in Figs. 6(a) and 6(b), and switch the uud and
duu structures to the duu and uud structures, respectively,
as shown in Figs. 6(c) and 6(d). By carefully controlling the
duration time, both the uud and the duu structures can switch

FIG. 6. Zero-temperature spin dynamics in the clean
Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junction with C2
structure.

to the uuu structure. However, it is impossible to switch the
uuu, duu, and uud structures to the dud structure via the
STT effect. That is, three resistance states can be achieved
in the Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junction
with C2 structure only via the STT effect.

Spin dynamics in the C3 and C4 structures. Both the
C3 and the C4 structures can be considered as two SMTJs
in series. The joining of independent voltage biases on the
free magnetizations expands the parameter space of the spin
dynamics, leading to rich spin dynamics behaviors in the C3
structure compared with the C1 structure. The spin dynamics
in the C4 structure can be considered as a simple superposition
of two independent spin dynamics in the SMTJs.

Table III summarizes the switching behaviors in the clean
Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag junction with
C3 and C4 structures. For the junction with C3 structure, as

TABLE III. Magnetic switch in the clean Ag/Fe(8)/MgO(3)/
Fe(8)/MgO(5)/Fe(8)/Ag junction with C3 and C4 structures at zero
(room) temperature. Therein, Vb1 and Vb2 are two independent voltage
biases exerted on the left side and right side, respectively, and tp is
the switching time. The upper (lower) sign corresponds to the switch
from the left (right) structure to the right (left) structure.

Behavior Vb1 (V) Vb2 (V) tp (ns)

C3 structure
uuu � uud 0.02(−0.02) ∓0.1(∓0.1) 18(24)
uuu � udd ∓0.02(±0.02) 0.1(0.1) 16(22)
uud � udd ∓0.02(±0.02) 0(0) 17(24)
udu � udd −0.02(0.02) ∓0.1(±0.1) 18(19)

C4 structure
uuu � uud <0.0011(>−0.0023) ±0.1(±0.1) 18(19)
uuu � duu ±0.01(∓0.01) <0.014(<0.015) 18(24)
uuu � dud ±0.01(∓0.01) ±0.1(±0.1) 18(24)
uud � duu ±0.01(∓0.01) ∓0.1(∓0.1) 18(24)
uud � dud ±0.01(∓0.01) >−0.014(>−0.015) 18(24)
duu � dud >−0.0011(<−0.0023) ±0.1(±0.1) 18(19)
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the right-side voltage bias Vb2 is set at 0.1 V and the ratio
Vb1/Vb2 is set at 0.2, four reversible switching processes are
found with the switching time around 18 ns at zero tempera-
ture and 24 ns at room temperature. They are switching from
the uuu state to the uud and udd states and vice versa, and
from the udd state to the uud and udu states and vice versa.
Four resistance states can be fully realized by the combination
of these four reversible switching processes. The increase of
Vb1 and Vb2 would shorten the needed duration time. The
decrease of Vb1 and Vb2, especially when Vb2 is within range
from 0.018 to 0.05 V, would induce an oscillation state at
zero temperature. Reversible switching from the uud state to
the udu state directly is hard to realize at both zero and room
temperatures, and the switching from the uuu state to the udu
state can be realized at room temperature only.

For the C4 structure, four resistance states can directly
switch to each other reversibly, and no oscillation states
are found at both zero temperature and room temperature.
At zero temperature, for Ag/Fe(8)/MgO/Fe(8)/Ag junctions
with three and five L MgO barriers, the critical switching bias
is around 0.0011 V and 0.014 V s, respectively. At room tem-
perature, it is around 0.0023 and 0.015 V, respectively. Taking
Vb1 = 0.01 V and Vb2 = 0.1 V, the switching time is around
18 ns at zero temperature and 24 ns at room temperature.

IV. SUMMARY

We calculate the resistance states and spin dynamics in
the asymmetric Ag/Fe(8)/MgO(3)/Fe(8)/MgO(5)/Fe(8)/Ag
DMTJ from first principles. Four resistance states with no-
ticeable difference are found therein. Rich spin dynamics be-
haviors originated from the larger parameter space compared
with SMTJ are found, and three and four resistance states can
be realized via modulating the voltage bias scheme and the
position of the reference magnetization. Based on our results,
we show that asymmetric MgO-based DMTJs could serve as
a basic circuit element for the implementation of base-3 and
base-4 algorithms.
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